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ABSTRACT

B cells exert antigen presenting functions at the crossroad between immune activation and
tolerance induction, a fate notably governed by the B Cell Receptor (BCR) response
regulator CD19/CD21 complex. This duality in B cells raises a particular interest in the case
of acute graft-versus-host disease (GvHD), a common complication post allogeneic
haematopoietic stem cell transplantation (HSCT). In this context, B cells may act either
through the disruption of their capacity to present antigens in an attempt to passively hamper
GVvHD onset, or, conversely, by harnessing their tolerogenic potential to actively protect
host tissues from cytotoxic killing by donor T cells. Hence deciphering a way to fine tune
B cell functions to fit these purposes is critical. Here, we proposed that the maintenance of
B cells in a resting state with the concourse of the anti-CD22 antibody epratuzumab,
inducing reduction in surface CD19/CD21 complex, would mitigate their responsiveness to
allopeptides and thus, prevent the acquisition of potent antigen presenting functions.
Furthermore, the combination with C3d adjunction would direct antigens to CD21-mediated
uptake for class Il MHC presentation, taking advantage of the incapacity to derive any co-
stimulatory activities as part of this process. The subset of B cells hereby generated would
therefore have constituted a large repertoire of antigens towards which a tolerogenic state
would be established. The plausibility of this strategy was investigated in a newly designed
mixed lymphocyte reaction (MLR) model in which we attempted to integrate a critical
component of the cytokine network at the backbone of aGvHD pathophysiology, 1L-15,
stemming as a result of the post-HSCT lymphopenia and initial tissue damage induced by
the pre-conditioning regiment. We found a dichotomy in the effect mediated by C3d. It
decreased by 1.46-fold granzyme b production when used alone, but failed to sustain such
effects when used in conjunction with epratuzumab. The reduction in CD19/CD21
expression induced by epratuzumab could potentially account for this outcome as CD21'"
B cells are reported to be anergic. C3d usually has a role in breaking tolerance, however an
opposite effect was observed here. The targeting of C3d-coated antigens to CD21
independent of BCR engagement appears to be taking place. This study provides an insight
on the potential of fine-tuning the CD19/CD21 complex and sets the foundation for future
research to better characterise the events taking place. This is crucial for the better
optimisation of putative therapeutic strategies targeting the CD19/CD21 complex in the
settings of aGvHD.
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Chapter 1

Introduction




1.1. Allogeneic haematopoietic stem cell transplantation

Allogeneic haematopoietic stem cell transplantation (HSCT) is a potent curative therapy for
a variety of haematological malignancies, notably leukaemias, lymphomas and multiple
myelomas, and myelodysplastic syndromes, through the restoration of normal
haematopoiesis. And yet, it is challenged by the ocurrence of acute graft-versus-host disease
(aGvHD), a leading cause of transplant-related mortality clinically diagnosed within 100
days following transplantation. aGvHD primarily results from the massive inflammatory
response triggered by donor T cells to host tissues expressing allogeneic antigens, notably
class I and Il human leukocyte antigens (HLA) encoded by highly polymorphic genes
constituting the major histocompatibility complex (MHC), stressing the importance of
selecting HLA-matched donor/recipient pairs (Blazar et al., 2012).

Particularly indicated in patients with leukaemia, myeloproliferative neoplasm and bone
marrow failure, allogeneic HSCT implementation in clinical practice achieved a sustained
expansion, recording a 4.5% annual increased activity with a significant rise in the inclusion
of unrelated donors over HLA-identical siblings (Passweg et al., 2016). However, the
emergence of aGvHD in the context of HLA-matched unrelated allogeneic HSCT in 45% of
patients, associated with a 5-year mortality rate of 40% (Jagasia et al., 2012), highlighted the
existence of genetic disparities outside the MHC loci. Predominantly brought about by single
nucleotide polymorphism (SNP) involving the alteration of a single amino acid residue in
the native peptide, they cause the generation of peptides presented by shared class | or class
I MHC molecules, referred to as minor histocompatibility antigens (miHAS), absent from
the immunopeptidome of the donor and thus able to elicit an immune response (Warren et
al., 2012). The broad frequency of SNP in the human genome implies that the repertoire of
potentially immunogenic miHAs generated is substantial, suggesting that achieving
complete miHA matching between the donor/recipient pair would be hardly possible.
Moreover, it is considered that more than 70% of patients will rely on unrelated donors who,
because of the wide genetic diversity, might be unlikely to provide complete HLA-matching,
therefore resorting to partially HLA-mismatched grafts which are associated with higher
rates of engraftment failure, increased incidence of aGvHD with enhanced progression to
severe stage along with a 3-year survival rate dropping by 20% (Kekre and Antin, 2014).

This emphasises the crucial requirement for novel therapies in this area, not only to improve

the clinical outcome but also to address the economic challenge it represents which cannot
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be overlooked, the management of posttransplant complications in case of aGvHD
representing an extra cost of up to $28 000 for each allogeneic HSCT estimated between
$100 000 and $200 000, in addition to which the economic burden associated with disease

relapse must be accounted for (Khera et al., 2012).

1.1.1. Allogeneic HSCT: genetic considerations, graft sources and

conditioning regiments

1.1.1.1.  Genetic basis of the HLA system: finding the right donor

Located on chromosome 6p21, the MHC region contains a total of 253 loci among which
45 HLA-like genes encompassing the class | and Il subregions are characterised, including
the classical class | HLA-A, -B, -C and class Il HLA-DP, -DQ, -DR loci, referred as such
due to their clinical relevance in transplantation settings (Shiina et al., 2009). HLA
molecules are af} heterodimers involving, for the HLA class I, the association of a non-HLA
component B2 microglobulin encoded outside the MHC region on chromosome 15 with a
three-domain containing o chain, while HLA class Il consist of an o and  chain each
comprising two domains, the peptide-binding groove being located on the class | a1/a2 and
class Il a1/B1 domains (Bertaina and Andreani, 2018). Indeed, they contribute to displaying
an extensive repertoire of antigens emerging as a result of the high frequency of substitutions
in amino acid residues clustered on the various pockets within the grove, the structure of
which defining the affinity for a given peptide categorised as either class | HLA-restricted
when endogenously synthesised, or class Il HLA-restricted when endocytosed from the
extracellular environment. These highly polymorphic regions are located on one chain of
the af heterodimeric structure of the HLA molecules, thus the selection of matched donors
is carried out by screening for allelic variants on the class | HLA a-chain encoded by the
HLA-A, -B, and -C loci, and class Il HLA B-chain encoded by the HLA-DPB1, -DQB1, -
DRB1 loci, for which up to 17191 and 6716 alleles, respectively, were recorded in 2019
(Fleischhauer, 2019). The diversity of the HLA system is further broadened by the co-
dominant expression of both alleles inherited from the parents, consequently HLA
incompatibilities are also a function of the combination of these alleles within a distinct
HLA phenotypic profile (Little et al., 2016). While the impact of the polymorphic nature of
the HLA molecule on its immunogenicity is established, the mismatch vector, referring to

the direction of the HLA incompatibility where the non-shared HLA allele drives a graft-
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versus-host (homozygous donor/heterozygous recipient) or host-versus-graft (heterozygous
donor/ homozygous recipient) unidirectional response, otherwise bidirectional when both
are homozygous and mismatched at a given HLA locus, and the cell surface expression level
of the mismatched HLA antigen are also essential criteria to be considered as they allow to
single out high-risk and permissive mismatches and thus, expand the scope of potential
donors when HLA-matched sources cannot be identified (Dehn et al., 2019). The complexity
of donor selection also resides in the inclusion of non-genetic factors, such as the patient
sensitisation status, characterised by the presence of preformed circulating anti-HLA
antibodies derived from prior pregnancies or transplantations and revealed by cross-
matching the patient’s serum with the cells from the potential donor.

With the advances in DNA-based technologies, significant enhancements were achieved in
HLA typing in terms of accuracy, robustness and technical implementation, all the more
critical for racial and ethnic minority populations for which the serologic methods are
limited by the scarcity of available human alloantisera representative of their HLA allotype
(Spellman et al., 2008). The terminology associated with HLA matching depends on the
level of resolution used to determine the compatibility status of a donor/recipient pair, from
reporting results at the antigen level (low resolution) to characterising the set of alleles (high
resolution) or unique nucleotide sequence (allelic resolution) encoding a single antigen
(Nunes et al., 2011). Hence, although sharing identical HLA antigens, referred to as
“antigen-matched”, a donor/recipient transplant pair could present disparities at the allele
level, referred to as “allele-mismatched”, whether which degree of resolution represent a
best fit for a given HLA loci is still a matter of research, notably with respect to the class |
HLA-A, -B and -C loci for which discrepancies at the allele level would appear to be less
detrimental than antigen mismatches on the emergence of graft failure (EW et al., 2001). In
order to reach a consensus on HLA typing guidelines, clinical endpoints are scrutinised,
including, amongst others, overall survival (OS), GvHD incidence, transplant-related
mortality and relapse rates, the outcome of which resulting in the recommendation for the
selection of a 10/10 allele-matched donor (HLA-A, -B, -C, -DRB1 and -DQB1), considered
a gold standard, with the option to combine matching at the HLA-DPB1 locus, thus reaching
a 12/12 matching (Furst et al., 2019). The inheritance of HLA genes is governed by
Mendelian laws, an entire HLA haplotype is passed down from each parent, therefore two
siblings have a 25% chance to be an HLA-identical match, a 50% chance to share one HLA
haplotype, a status referred to as HLA-haploidentical, and a 25% chance to present different
sets of HLA haplotypes (Choo, 2007). Although an HLA-identical sibling is the optimal

4



choice of donor for HSCT, it is only available for 15-30% of patients, in which case a 10/10
allele-matched unrelated donor, identified for 30-70% of patients, represents a good
alternative, eventually resorting to donors exhibiting different degrees of HLA mismatches
for which the difficulty lies in the alleviation of bidirectional immune responses (Nowak,
2008).

1.1.1.2. Haploidentical HSCT: crossing the HLA barrier

Indeed, the incidence of graft failure in more than 20% of patients undergoing T-cell
depleted (TCD) HLA-haploidentical HSCT (haplo-HSCT), designed to mitigate aGvHD, is
due to the predominance of host T cells mediating graft rejection. This is an imbalance that
was attempted to be re-adjusted by increasing the donor stem cell dose in the so-called
“megadose” CD34" grafts, without GvHD prophylaxis (Bertaina et al., 2017). However, the
40% incidence of non-relapse mortality called for a refinement of depleting methodologies
improving immune recovery by selectively excluding donor alloreactive CD3*/CD19" cells,
further narrowed by restricting the pool of T cells infused to y&6* over af* subsets, making
up 1-20% of peripheral circulating T cells, since they exert no substantial role in the
mediation of aGvHD while sustaining anti-pathogen defence mechanisms and anti-tumour
responses (Baumeister et al., 2020; Symons and Fuchs, 2008). Conversely, strategies aiming
at fostering T cell immunosuppression were developed in the settings of T-cell replete haplo-
HSCT where the donor graft is left unmanipulated, introducing an approach referred to as
the “GIAC protocol” which combines G-CSF-primed bone-marrow (BM) and peripheral
blood stem cells (PBSCs) with GvHD prophylaxis and anti-thymocyte globulin (ATG), thus
not only alleviating the extent of donor-mediated alloreactivity but also, as a result of the
infusion of a significantly higher number of T cells polarised towards a Th2 phenotype,
harnessing protective functions against GvHD (Kanakry et al., 2016). An alternative
approach, one of the most popular within this field, although the underlying mechanisms of
action have only been recently clarified, is the use of post-transplantation high-dose
cyclophosphamide (PTCy) administered at 50mg/kg on day 3 and 4 following T-cell replete
haplo-HSCT in patients receiving reduced-intensity conditioning (RIC) and GvHD
prophylaxis, referred to as PTCy-haploHSCT, the therapeutic effects being fulfilled through
reduction of host-alloreactive donor CD4 T cell proliferation combined with a preferential
recovery of donor regulatory T cells (Tregs) exerting immunosuppressive properties
contributing substantially to the functional impairment of host-alloreactive donor T cells
(Nunes and Kanakry, 2019). The attractiveness of PTCy-haploHSCT lies in that it leaves
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haematopoietic stem cells untouched due to their high aldehyde dehydrogenase activity
which converts the phosphoramide mustard active metabolite of cyclophosphamide into its
inactive carboxycyclophosphamide metabolic form, conferring them a resistance similarly
observed in Tregs, recording low incidence of GvHD but similar OS rates as patients
undergoing HLA-matched related or unrelated HSCT, indicative of uncompromised
immune recovery achieved without resorting to TCD “megadose” grafts (Al-Homsi et al.,
2015). What is more, PTCy-haploHSCT could even tolerate less stringent criteria with
respect to the degree of HLA-mismatching on the non-shared HLA-haplotype, thus
expanding the pool of potential donors (Sugita, 2019).

A similar outcome is reported with umbilical cord blood (UCB) due to its inherent restricted
immunological memory and thus, relative paucity of alloreactive T cells, only requiring a
minimum of 4/8 high resolution HLA matching at the HLA-A, -B, -C, and -DRBL. loci and
yet, presenting with the lowest incidence of GvHD out of the two other sources of
haematopoietic stem and progenitor cells (HSPCs), namely BM and peripheral blood (PB)
(Gupta and Wagner, 2020). A distinct advantage lies in the existence of established UCB
banks allowing a prompt availability of UCB, drastically shortening the selection process
from months to weeks, all the more crucial when dealing with rapidly evolving and high-
risk malignancies for which delays could compromise the chances of disease recovery
(Mayani et al., 2019). Unlike G-CSF-mobilized PB and BM aspirates, UCB collection is a
non-invasive and relatively simple procedure where the blood is drawn out by venepuncture
of the severed umbilical cord vein, otherwise discarded, however the HSPCs content yielded
is the lowest, raising concerns with respect to engraftment delays in adult HSCT recipients,
addressed by resorting to double UCB unit grafts (Panch et al., 2017). Nevertheless,
prolonged periods of cytopenias surpassing those recorded in PTCy-haploHSCT regardless
of the HSPC source still persist, with a neutrophil recovery time extended by at least 7 days
for an overall duration of 21.5 days, testifying of a defective immune reconstitution resulting
in higher rates of transplant-related mortality (TRM) (Kekre and Antin, 2016). However,
conflicting evidence exist suggesting similar endpoints between UCB and haploidentical
graft sources used in HSCT, potentially explained by the lack of comparable cases used in
retrospective studies, thus no particular consensus was reached as to which source of
mismatched donors would be prioritized although in practice there is a pronounced
inclination towards haploHSCT (Vanegas et al., 2021).



1.1.2. Mixed chimerism: towards immune tolerance

The most anticipated outcome of the aforementioned non-myeloablative and non-
cytoreductive strategies is the establishment of stable mixed chimerism, a state defined as
the coexistence of donor and recipient haematopoietic cells, setting the foundation for
immune tolerance which characterises a context of unresponsiveness to both host and donor
tissues (Sachs et al., 2014). This concept can be divided into two notions, namely central
and peripheral tolerance, the former involving intrathymic clonal deletion of reactive clones
essential for the establishment of long-term tolerance, and the latter bringing into play
anergic/exhaustion, deletional and regulatory mechanisms taking place in secondary
lymphoid tissues (Zuber and Sykes, 2017).

T cell anergy and exhaustion are distinct processes yielding antigen-specific hypofunctional
T cells, the divergence lying in the very existence of an initial activation conferring
exhaustion with a later onset than anergy (Wherry, 2011). Indeed, exhaustion occurs further
to chronic persistent antigen exposure in an immunosuppressive environment deprived of
adequate support from CD4 helper T cells, rich in IL-10 and TGF-f in addition to providing
a high availability of inhibitory receptors, notably PD-1 and CTLA-4 (Yi et al., 2010).
Consequently, the acquisition of a quiescent CD122* memory-like phenotype is hampered,
thus not only exhibiting poor homeostatic responsiveness to IL-7, which shortens their
lifespan, but also exerting poor IL-2 production and proliferation, rendering them
susceptible to peripheral deletion (Wherry and Kurachi, 2015). On the other hand, anergy
involves an active repression characterised by TCR engagement in the absence of
CD28/CD86 co-stimulatory interaction with APCs, here contrary to exhaustion yielding
alive but incompetent T cells in terms of proliferative and IL-2 productive capacities
(Chappert and Schwartz, 2010). In addition, the lack of initial activation mitigates the
induction of CD40L expression which, further to ligating CD40 on the opposing APC,
brings an essential feedback loop enforcing even more T cell activation as it upregulates
CD86 (Appleman et al., 2001). This state can however be reversed when T cells are exposed
to IL-2, hence anergic mechanisms are suggested to represent a barrier against autoreactive
T cells mounting an immune response towards cross-specific antigens (Powell, 2006).

The backbone of full chimerism-induced tolerance following HSC engraftment is attributed
to the repopulation of the medullary thymic microenvironment by newly-generated donor-
derived T cells and DCs which drive the negative selection of donor-reactive T cells (Zuber

and Sykes, 2017). However, the part taken by peripheral regulatory mechanisms emerges as
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being equally relevant to the generation of tolerising events when the degree of chimerism
lessens, here highlighting a reliance inversely correlated with the intensity of the
conditioning regiments (Hock et al., 2015). In fact, the induction of mixed chimeras
represents a more favourable approach than full chimerism when optimised less stringent
conditioning regiments, in addition to avert the risk of toxicity, mitigate GvHD incidence,
due to intrathymic recipient APCs building a tissue-specific tolerogenic repertoire, while
anti-tumour responses are still fulfilled (Al-Adra and Anderson, 2011). This implies that a
subtle balance must be met to allow stable mixed chimeras survival since when overridden
by recipient-led haematopoiesis, donor components are at risk of being rejected (Liesveld
and Rothberg, 2008). Meanwhile, one of the main challenges of mixed chimerism is to
override the increased rates of disease relapse as tolerance established towards the host also
includes malignant cells and thus, eliminates the beneficial graft-versus-tumour (GvT)

effect, also called graft-versus-leukaemia (GvL) effect (Deeg, 2021).

1.1.3. GvL effect: towards disease eradication

The term GvT effect generalises a concept first described in 1956 in leukaemic mice
recipient of isologous BM or spleen cell transplantation showing leukaemia elimination and
recovery and thus, rescuing the mortality observed in animals given radiotherapy only
(Barnes et al., 1956). The manifestation of GvT effect was evidenced when the outcome of
TCD allogeneic HSCT involving a reduced risk of GVHD was paralleled with higher disease
relapse rates, this latter being resolved with donor lymphocyte infusion (DLI) after which
patients showed durable remission (Negrin, 2015). The relationship between the GvT effect
and GvHD is in fact inversely correlated as data indicate that the relapse risk was reduced
with the occurrence of aGvHD and cGvHD, thus the strength of the GvT effect is strongly
associated with the incidence of GvHD (Barrett, 2008). The implementation of RIC sought
to favour this synergistic mechanism, however the high rates of disease recurrence revealed
a failure to sustain engraftment and thus, highlighted the requirement for full donor
chimerism to be achieved for the GvT effect to be operational (Barrett, 2008; Sweeney and
Vyas, 2019). The exact mechanisms at the root of the GvT effect is still a matter of debate,
some postulating that the implication of a specific anti-tumour response distinct of a
miHA/HLA-disparate-driven process, which is at the core of GVHD, can be at stake, also
evoking the sensitivity of leukaemic cells to the cytokine storm characteristic of GVHD

settings (Gale and Fuchs, 2016). Among the genetic drivers of the GvL effect are non-shared
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miHAs for which the donor is homozygous and recipient is heterozygous, thus triggering a
unidirectional response against the host tissues where miHAS restricted to haematopoietic
cells would separate the GvT effect from GvHD (Summers et al., 2020). Of note, the concept
of permissive mismatches adds another level at which the balance between GvHD and GvT
effect can be shifted due to the limited magnitude of the immune response they elicit, only
sufficient for the GvT effect to be triggered, notably identifying HLA-DPB1 disparities as
clinically relevant in this prospect (Fleischhauer and Shaw, 2017).

1.1.4. Allogeneic HSCT: are there any alternatives?

The therapeutic potential of allogeneic HSCT is thus hindered by histocompatibility barriers
which have not yet been overcome since its establishment in the 1960s, representing the
only stem cell-based therapy implemented in clinical practice despite the promising outlook
of induced pluripotent stem cells (iPSCs) in overriding the requirement for HLA and miHA
matching while fulfilling immune reconstitution.

Derived from somatic cells, initially dermal fibroblasts, as part of a reprogramming
procedure involving transduction with a lentiviral vector encoding four transcription factors,
including Oct3/4, Sox2, c-Myc and Klf4, iPSCs were shown to exert similar properties as
embryonic stem cells (ESCs) with regards to their unlimited self-renewal abilities while
preserving their capacity to give rise to cells of the three germ layers conferred by their
pluripotent state (Takahashi et al., 2006). Paving the way for regenerative medicine, the
translational application of iPSCs encompasses the fields of cell replacement therapy and
gene therapy when autologously generated iPSC, recapitulating patient-specific disease, are
genetically corrected and the corresponding differentiated cells are subsequently
transplanted, restoring normal cellular functions (Wu and Hochedlinger, 2011). However,
their implementation in clinical settings is constrained by inefficient cell-lineage specific
differentiation protocols along with unreliable purification of differentiated cell populations
ensuring complete removal of any residual iPSCs, presenting a potential hazard of teratoma
formation, as well as inadequate reprogramming methods. Indeed, the prospect of deriving
complete matched haematopoietic stem cells (HSCs) rose a considerable interest, although
the intricate process governing haematopoiesis was hardly reproducible in vitro, leading to
poorly engraftable cells failing to reconstitute all cell lineages with impaired migratory
capacities within the bone marrow, emphasising here that actual differentiation protocols

are inaccurate (Slukvin, 2013). Also, the existence of genetic heterogeneity in iPSCs at the
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single cell level compared with their embryonic counterparts, evidenced notably by
differential responsiveness to robust protocols of cardiomyocyte differentiation, suggests
the presence of cells exhibiting a different state of maturity, calling into question the efficacy
of the reprogramming procedure (Narsinh et al., 2011). The major outlook of the
implementation of self-derived iPSCs in HSCT lies in the generation of immune-tolerated
cells, escaping then allorecognition by the newly formed immune system and thus avoiding
the emergence of acute GVHD. However, their immunogenicity was brought into light when
checking their capacity to form teratomas in syngeneic mice as T cell infiltration was
detected with subsequent regression of the teratomas (Zhao et al., 2011), a feature observed
in a similar experiment using several iPSCs lines providing T cell infiltration at a varied
extent (Araki et al., 2013). This assertion was disputed, arguing that the immunogenicity
should be assessed on therapeutically relevant cells, therefore cells representative of the
three germ layers obtained from iPSCs-derived embryoid bodies were transplanted into the
subcapsular renal space of syngeneic mice, resulting in no rejection (Guha et al., 2013).
Despite this pertinent approach, the effects observed are questionable with regards to the
site of transplantation chosen as it was demonstrated that the graft microenvironment is
determinant for the provision of all components necessary to initiate an immune response,
notably mature dendritic cells, absent from the kidney capsule (Todorova et al., 2016). This
breach in peripheral tolerance could be explained by the acquisition of somatic mutations
throughout the reprogramming process and subsequent expansion of iPSCs, most of them
occurring in tumour-related genes (Gore et al., 2011), potentially resulting in the expression
of new antigenic determinant in addition to presenting a risk of cancer development.

While major work must be undertaken to refine the reprogramming procedure so as to
generate a homogeneous population of mutation-free iPSCs, safety concerns related to the
use of a lentiviral vector have been raised. Indeed, it poses a risk of insertional mutagenesis
into the host genome, the integration of the vectors occurring randomly, it could potentially
reactivate the transcription of oncogenes and lead to disease progression (Wu and Dunbar,
2011). This was particularly observed in a clinical trial for X-linked severe combined
immunodeficiency where the integration of the retroviral enhancer upstream of the proto-
oncogene LMO2 caused the development of leukaemia 3 years following transplantation of
genetically corrected HSCs. This phenomenon was also described in clinical trials for X-
linked chronic granulomatous disease, which ended up with the occurrence of
myelodysplasia and acute myeloid leukaemia between 2 and 3 years post-transplantation.

Thus, the development of integration-free reprogramming systems represented an attractive
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approach to iPSC generation, mostly involving the use of replication-defective viruses,
episomal plasmids as well as RNA and protein delivery (Gonzélez et al., 2011). However,
these technics were associated with poor reprogramming efficiency, either resulting from
impaired transfection efficacy or slow kinetics, also favouring the acquisition of somatic
mutations, and tumorigenic risks related to the inclusion of high dose of the proto-oncogene
c-Myc.

It emerges from these data how complex the challenges surrounding iPSC technology are,
hampering their application for HSCT, whether related to the reprogramming itself as it fails
to generate a homogenous population of iPSCs. Consequently, this is exerting a mixed
response to differentiation protocols, and induces a high rate of genetic alterations
compromising the prospect for immune tolerance, or the derivation procedures, failing to
reproduce in vitro the complex mechanisms behind haematopoiesis resulting in cell-lineage
restriction and engraftment failure. Moreover, until the risks of tumour formation are
minimised, the implementation of iPSCs-derived HSCs in clinical practice will be hard to
achieve, stressing that major progress must be made in the development of integration-free
reprogramming vectors restraining as well the inclusion of high dose tumour-related genes.
Importantly, besides restoring normal haematopoiesis, allogeneic HSCT mediates its
curative potential through the GvT effect which, following the same mechanisms as aGvHD,
contributes to the eradication of host residual malignant haematopoietic cells, thus hindering
a potential resurgence of the disease (Blazar et al., 2012), a feature not likely to be supported

by iPSCs-derived HSCs since immunological ignorance would be acquired.

Taken together, this indicates that allogeneic HSCT will remain the exclusive therapy
available, therefore emphasising how crucial the establishment of novel therapies impeding
the manifestation of aGvHD is to bypass the inevitable histocompatibility barrier

encountered as a result of the increased reliance on incompatible unrelated donors.

1.2. Pathophysiology of aGvHD

A thorough understanding of the pathophysiology of aGvHD has been acquired since the
basis of graft-versus-host reactions were first set in the 1960s by Billingham, defining the
requirement for immunologically competent cells in the graft and an immunocompromised
recipient presenting tissue antigens absent from the graft (Billingham, 1966). Although

bringing into play intricate mechanisms, it is conventionally broken down into three distinct
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phases. That is the initial breach in tissue integrity triggering the priming of T cells and
differentiation into cytotoxic effectors further aggravating the damages incurred by the
tissues, the main targets being the liver, the skin and the gut (Kuba and Raida, 2018) (Figure
1).
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Figure 1. The three phases making up the timeline of GvHD pathophysiology:
initiation, priming and effector phases The breach in the gastrointestinal epithelial barrier
integrity as a consequence of the toxic nature of the conditioning regiment is a central event
at the foundation of GvHD initiation. It results in the release of DAMPs, PAMPs, as well
as in the propagation of a cytokine storm (TNF-a, IL-1p and IL-6 being characteristic
components), facilitating host APC activation. Subsequently, donor alloreactive T cells are
primed and traffic to target organs where they will complete their differentiation program
and take part in the effector cytotoxic response.

1.2.1. Initiation phase

The onset of aGVHD is governed not only by the extent of the genetic disparities at the HLA
and miHA level, but also by the intensity of the myeloablative and immunosuppressive pre-
transplant conditioning regimen. This is central to the eradication of the malignant cells and
prevention of graft rejection. However, it sets the breadth of tissue damage, notably
associating total body irradiation (TBI), the standard preparative radiotherapy, with an
increased risk of progression to grade IlI-1V aGvHD (Nakasone et al., 2015). The high
incidence of mucositis and gastroenteritis, involving endothelium damages in the

gastrointestinal tract, consecutive to TBI administration, are among the key drivers.
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1.2.1.1. Emerging role of the gastrointestinal tract microbiota

A growing body of evidence shed light on the putative impact of the intestinal microbiota
and metabolome in the acceleration of aGvHD subsequent to intestinal epithelium
architecture atrophy (Figure 2). The apoptosis of intestinal stem cells located in the crypts is
emerging as a key initiator, since their role in the restoration of altered epithelium, Paneth
and Goblet cell loss, would not be fulfilled (Teshima et al., 2016). Goblet cells protect from
bacterial invasion by maintaining the mucosal barrier integrity through secretion of mucin,
which forms a gel-like layer coating the epithelium. Therefore, the consequence of their
targeting after allogeneic HSCT results in the permeabilisation of endothelium junctions,
allowing the translocation of bacteria, pathogen-associated molecular pattern (PAMP) and
damage-associated molecular pattern (DAMP) from the lumen into the mucosa, further
recognised by pattern recognition receptors (PRR)-bearing cells and thus, fuelling even more
the inflammatory environment.

These “danger signals” are indeed key factors interconnecting the innate and adaptive branch
of the immune system. They are categorised as PAMPs for small exogenous conserved
motifs of the bacterial cell wall such as LPS, flagellin, peptidoglycans and CpG-DNA, or
DAMPs for host-derived fragments released from the intracellular compartment of necrotic
cells, such as heat shock proteins, purine metabolites and ATP, or deriving as breakdown
products of their extracellular matrix, notably biglycan, heparin sulphate and hyaluronan
(Zitzer et al., 2018). They interact with the PRRs-related family Toll-like receptors (TLRS)
ubiquitously distributed among haematopoietic cells as well as across non-immune tissues,
such as epithelial cells, endothelial cells and fibroblast, and trigger a signalling cascade
resulting in the clearance of infected cells and repair mechanisms ultimately shaping an
adaptive immune response (El-Zayat et al., 2019). TLRs engage distinct ligands relative to
their cellular localisation, cell surface TLRs recognising notably lipoproteins (TLR1, TLR 2
and TLR6), LPS (TLR4) and flagellin (TLR5), while TLRs confined in intracellular vesicles
bind double-stranded RNA (TLR3), single-stranded RNA (TLR7 and TLR8) or DNA
(TLR9) derived from invading pathogens or uptaken following phagocytosis of infected
cells, bearing in mind that a redundancy exists in PAMPs and DAMPSs targeting across other
PRRs (Kawai and Akira, 2011). Indeed, although not as well described as TLRs, the NOD-
like receptor (NLRs)-related NLRP3 inflammasome, a major intracellular sensor of PAMPs
and DAMPs highly dependent on the cross-talk with the LPS/TLR4 signalling (Ratajczak et
al., 2020), was shown to be critical for the occurrence of aGvHD via an IL-1B-driven
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polarisation towards a Th17 effector adaptive response (Jankovic et al., 2013). MyD88 is a
central adapter protein operating downstream of all TLRs, except TL3, which converges the
signal potentiated towards NF-«kB activation resulting in the production of TNF-a, IL-1p,
IL-6, IL-12 and IFN-y. This is ultimately enhancing APCs maturation and alloreactive T cell
homing to target organs where their differentiation into Th1/Th2/Th17 effector T cells and
Tregs is promoted, thus conferring TLRs with a role at a local level (Tu et al., 2016).
However, despite using similar stimuli, diverging outcomes of the signal transduced by
TLRs, notably TLR4 and TLR1/TLR2, between leukocytes and non-immune cells are
reported, partly explained by the differential functions fulfilled by components of the MAPK
pathway and discrepancies in the cellular distribution of TLRs, describing intracellular forms
of TLR2 and TLR4 in endothelial cells while these are absent in monocytes, macrophages,
neutrophils, DCs and NK cells (Vijay, 2018). Although LPS translocation is an established
driver of GvHD lethality, conflicting data arise with respect to the requirement of the
LPS/TLRA4 signalling for the development of GvHD, revealed notably by the insignificant
influence exerted by the introduction of SNPs yielding a dysregulated potentiation of LPS
signalling in TLR4, an outcome potentially biased by the routine administration of bacterial
control medication to allogeneic HSCT recipients (Penack et al., 2010). A more complex
system seems to be at stake since evidence highlights the protective functions of donor TLR4
against aGvHD, its disruption resulting in an increased intestinal infiltration of TNF-a-
producing macrophages along with a defective epithelial cells homeostatic response to tissue
injury (Imado et al., 2010). On a broader perspective, MyD88 appears to exert diverging
functions relative to the cell type considered allowing the distinction between GvHD and
GvL effect, however, the direction preferentially sustained needs clarifications. Indeed,
while evidence concords to associating donor T cell MyD88 deficiency with a shift from a
Th1/Thl7 to a Treg/Th2 effector adaptive response ultimately impacting the CD8 T cell-
mediated cytotoxicity, it either showed that MyD88 is critical for the preservation of the
GvL effect (Lim et al., 2015) or for the sustainment of GvHD (Matsuoka et al., 2020), each
mechanism occurring independently of the other, thus holding promising prospects for a

targeted approach.
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Figure 2. Atrophy of the intestinal epithelium and dysbiosis, pillar of the onset of
aGvHD The integrity of the intestinal epithelium is altered by the conditioning regiment,
conducive to the permeabilisation of the endothelial junctions, resulting from Paneth and
Goblet cell loss, and further translocation of bacteria, PAMPs and DAMPs from the lumen
into the mucosa, recognized by PRR-bearing cells. Moreover, a breach of the microbiota
diversity characterised by a progressive replacement of the commensal flora by
enteropathogenic species fuels the inflammation with systemic LPS dissemination. These
events converge to the exacerbation of the initial cytokine storm and antigen presenting
cells (APCs) activation propitious to T cells activation and associated target-tissue damage.

The drop in Paneth cell number has been linked to the emergence of intestinal dysbiosis,
characterised by a breach in the microbial diversity where the population of commensal
bacteria declines, progressively replaced by an enteropathogenic flora exacerbating the
inflammation through systemic LPS dissemination (Eriguchi et al., 2012). Indeed, Paneth
cells are important regulators of microbiota homeostasis, maintaining its diversity by
hampering colonisation and outgrowth of enteric populations through secretion of
antimicrobial peptides, notably o-defensins, exerting the strongest bactericidal activity,
which levels were shown to be dramatically decreased in aGvHD. In fact, the decline in the
antimicrobial peptide-related C-type lectin Reg3a and a-defensins 5 and 6 along with Paneth

15



cell metaplasia was correlated with the development of grade II-IV aGvHD in the
gastrointestinal tract (Weber et al., 2017). While the intestinal microbiota is overwhelmed
with the growth of enteropathogens, sustaining a deleterious influence on the escalation of
aGVvHD pathogenesis, it suffers the loss of Clostridia species, the broad-spectrum antibiotic
treatment used to circumvent the neutropenia suggested to be the key mediator, at the
expense of their beneficial tissue protective properties through production of short-chain
fatty acids, the most often described being butyrate, stressing here how gastrointestinal
microbial metabolites can modulate the severity of aGvHD (Staffas et al., 2017). Indeed, as
a mean to bypass the observed drastic decrease in butyrate levels, altering epithelium
junctional integrity, 17 Clostridial strains were administered via intragastric gavage to mice
before allogeneic bone marrow transplantation in an attempt to shift the host intestinal
microbiota towards a high butyrate producing microbial flora, resulting in the alleviation of
aGVvHD severity (Mathewson et al., 2016).

1.2.1.2.  Angiogenesis: fuelling or mitigating aGvHD?

Angiogenesis is among the first events ensuing endothelial injury, thus a growing interest in
the role of angiogenesis in aGvHD pathogenesis has built up over the years. Indeed, a
substantial rise in VEGF levels, a pro-angiogenic factor, and microvessel density, a marker
of neovascularization, were correlated with aGvHD pathology, whereas both of these were
declining with a disease recovery (Medinger et al., 2013). A more detailed insight on the
dynamics of angiogenesis was brought forward, defining an early angiogenic phase driven
by endothelial cell metabolic and cytoskeleton alterations, thus independent of the
conventional VEGF pathway, occurring ahead of leukocyte infiltration irrespective of
conditioning-induced inflammation. Thus, underlining here the intricate relationship
between angiogenesis and aGvHD initiation, switching to a more classical pathological
process with the establishment of aGvHD and conditioning-associated endothelial cell
damage (Riesner et al., 2017). A controversy arose as to what outcome resulted from
angiogenesis, whether intensifying the inflammation or supporting tissue healing. It has been
suggested that the nature of circulating angiogenic factors at stake could dictate the
prognosis of aGvHD, a dysregulation in the balance between promoters of
damage/inflammation and repair/regeneration being identified in favour of the former,
inferring notably that low levels of EGF, a predominant mediator of tissue healing, resulted

from the loss of EGF-producing cells in the gastrointestinal tract, Paneth cells being among
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these (Holtan et al., 2015). It was therefore investigated whether counteracting this pattern
would mitigate aGvHD, prompting attempts to re adjust angiopoietins (Ang) levels with
simvastatin which, by compromising TNF-a-induced release of Ang-2, shifted the
angiogenic environment towards a predominant expression of Ang-1, hence propitious to
the maintenance of endothelium integrity and hermetic endothelial junctions, resulting in

the attenuation of aGvHD-associated organ damages (Zheng et al., 2017).
1.2.2. Priming phase

Altogether, these early events converge to the establishment of an intense inflammatory
environment, TNF-a, IL-1p and 1L-6 cited as the leading components of the initial wave of
cytokine released, facilitating access to target tissues and enhancing host cells antigen
presenting functions, through upregulation of class-I1l MHC antigens and co-stimulatory
molecules expression. This is paving the way for potent donor T cell priming and activation,
IFN-y, TNF-a and IL-2 being characteristic of the cytokines secreted at later stage,

reinforcing the allogeneic response and tissue injury (Ball and Egeler, 2008) (Figure 3).

TRIGGERS
Initiation * Histocompatibility disparities (HLA, miHA, KIR)
phase * Danger signals (PAMPs and DAMPs)

*+TNF-a
*IL-1b

“IL-6 Cytokine Host APC
* Others . .
Response activation

Recruitment
of effectors

APC presentation
of Ag to T cells

SENSORS
* Host non-hematopoietic APCs
* Host DCs, Langerhans, B cells
* Donor hematopoietic APCs

(Holtan et al., 2014)

Figure 3. Key components laying out the foundation for the priming phase of aGvHD
The existence of histocompatibility mismatches and buildup of inflammatory cues
(PAMPS/ DAMPS) are critical drivers of APC activation ultimately yielding donor T cell
priming. The concurrent propagation of the cytokine storm fuels even more the
inflammatory environment, leading to the escalation of the immune response. The source
and subsets of APCs involved is manifold, including haematopoietic APCs of host or donor
origin and host non-haematopoietic APCs.
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A discrepancy in aGvHD outcome arises whether naive or memory T cells are brought to
play. The heterogeneity of the T cell memory compartment reflects diverging temporal
contributions to secondary immune responses, describing a fast immediate engagement of
Tem (CD62L'" /CCR7I°) progressively dominated overtime by Tem (CD62LMI"
/CCRT7"9") (Roberts et al., 2005). In aGvHD settings though, it is commonly accepted that
naive T cells are the main initiators. Their frequency is increased in the PB of GvHD patients
(Sairafi et al., 2016). Also, accumulating evidence correlate naive T cells with GvHD
severity, milder or no incidence being recorded with Tcmand Tewm, respectively (Bleakley et
al., 2015; Jiang et al., 2021), rather imparting to them a latter role in perpetuating the
inflammation (Holtan et al., 2014). In contrast, a protocol of naive T cell-deplete PBSC
HSCT preserving Tcwm failed to show any significant protection against aGvHD compared
to historical internal clinical data, although a discrepancy in aGvHD prophylaxis and
conditioning regimens could explain this outcome (Bleakley et al., 2015). In support of this,
lethal GVHD occurred in TCD BMT mice recipients of naive T cells, gradually resolved as
their depletion from bulk T cell grafts increased, however Tem and Tcm were unable to exert
such effect (Chen et al., 2007).

1.2.2.1. Mechanisms of allorecognition

While only 0.01% of the peripheral T cell repertoire can recognize a specific antigenic
determinant presented by a self-MHC molecule, it is in reality up to 1-10% which are
reactive against intact mismatched MHC-allopeptide complexes, attributed to a process
termed “direct allorecognition” (Koyama and Hill, 2021). Two theories were raised to
identify the nature of the interactions at stake. In the peptide-centric model, allogeneic MHC
molecules are capable of self-like structural mimicry allowing them to adopt a conformation
providing docking sites for self-MHC molecules, the disparities being localised within the
peptide-binding groove, hence a diverse antigenic pool encompassing a wide range of
specificities can engage a substantial fraction of T cells, fulfilling the “multiple binary
hypothesis” (Boardman et al., 2016). Conversely, the MHC-centric model brings into play
fundamental discrepancies in polymorphic residues recognised as foreign by self-MHC
molecules, irrespective of the peptide presented, a process facilitated by the high ligand
content displayed by APCs, here referring to the “high determinant density” hypothesis.
While direct allorecognition was long considered the dominant mechanism driving the onset

of transplant rejection, it is only a transitory short-lived episode, progressively replaced by
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“indirect allorecognition” which becomes the motor of the allogeneic reaction (Benichou
and Thomson, 2009). Indeed, driven by the high frequency of the alloreactive T cell
repertoire along with a less stringent requirement for co-stimulatory signals, the direct
allorecognition yields a strong initial effector cytotoxic response however limited in its
extent, the redirection of allopeptides to indirect targeting being favoured (Lin and Gill,
2016). Here, the degradation of allogeneic MHC-peptide complexes by direct alloreactivity
generates a pool of antigens available for uptake by donor APCs, further integrated into the
indirect presentation process (Sun et al., 2007). Briefly, the proteolysis of internalised
antigens in acidic endolysosomal structures, enriched in asparaginyl endopeptidase or
cathepsin S, generates peptides capable of loading on class I MHC molecules
peptide-binding groove. The newly-formed complex being ultimately exported to the
membrane for recognition by CD4 T cells (Roche and Furuta, 2015). Alternatively, DCs
possess the unique ability to deliver endocytosed antigens to class | MHC molecules for
CD8 T cell priming via a process called “cross-presentation” (Joffre et al., 2012; ten Broeke
et al., 2013). The resulting dual licensing is critical considering CD8 T cells requirement for
concomitant CD4 helper T cell support to achieve activation and, ultimately, exert cytolytic
functions. Two major “tracks” can drive this mechanism, either a vacuolar pathway taking
place in endocytic structures akin to the class 11 MHC machinery, or a proteasome-dependent
cytosolic pathway where the degraded peptides translocate to the endoplasmic reticulum
(ER) via the transporter associated with antigen processing (TAP) and bind class | MHC
molecules (Embgenbroich and Burgdorf, 2018; Segura and Villadangos, 2011). The
relevance of cross-presentation was demonstrated in a class I MHC-deficient skin graft
model in which CD8 T cells were identified as the sole mediators of the rejection process
(He and Heeger, 2004). In contrast, class I MHC molecules can be led to present
endogenously synthesised peptides and thus, hijack the class | MHC route. Indeed, while the
invariant chain restrains access to the peptide-binding cleft of class Il MHC in the ER, an
imbalance in the class Il MHC to invariant chain ratio is suggested to allow the binding of
unfolded proteins (Leung, 2015). In addition, peptide loading on recycling class 1l MHC
molecules could feed into this non-classical form of endogenous presentation, postulated to
cause the displacement of the original peptide. Lastly, a “semi-direct allorecognition” in
which donor APCs display intact host cell-derived full class | and 1l MHC-allopeptide
complex was reported (Afzali et al., 2008). It sets the foundation for the “three-cell” cluster
model of antigen presentation involving a common APC concomitantly indirectly priming

CD4 T cells and licencing CD8 T cells directly through acquired host-derived class | MHC-
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allopeptide complex (Marino et al., 2016a; Siu et al., 2018). This cross-dressing, stable for
48h, occurs either through a receptor-mediated exchange of membrane material between
recipient and host cells termed trogocytosis, or further to interaction with exosomes
trafficking to lymphoid organs in which case the transfer of class Il MHC molecules are
primarily brought into play (Rangaraju et al., 2013). However, despite the characterisation
of such events in solid organ and BM transplantation, the functional relevance of semi-direct

allorecognition in these settings remains to be elucidated (Marino et al., 2016b).

1.2.2.2.  APCs sources and subsets: challenges in defining a targeting

strategy

A clear identification of the source and subsets of APCs critical for aGvHD onset still
remains a matter of controversy. Indeed, full donor APC chimerism is often precluded by
the co-existence of tissue resident radioresistant precursor cells sustaining a pool of reactive
host skin macrophages, dermal DCs and epithelial Langerhans cells (Chakraverty and Sykes,
2007). For instance, the kinetic of host tissue resident macrophage replacement, notably
Kupffer cells in the liver, alveolar macrophages in the lung and microglia cells in the central
nervous system, by BM-derived monocytes appears to be significantly delayed compared to
haematopoietic tissue engraftment (Kennedy and Abkowitz, 1997). Host DCs alone were
shown to reverse the resistance to CD4-dependent GvHD in a class || MHC-deficient mice
and also efficiently directly prime a CD8 T cell-driven GvHD in a class | MHC-disparate
mice model of syngeneic BMT, contrasting with the absence of such elicitation by host B
cells irrespective of any auxiliary tolerogenic functions (Duffner et al., 2004). A time
window of 24h was recorded for the achievement of host DCs-mediated priming of miHA-
mismatched CD8 T cells in mice transplanted with grafts depleted from donor CD8*CD11c*
lymphoid DCs, resulting in lethal GvHD, a temporality explained by the short lifespan of
host DCs induced by TBI (Zhang et al., 2002a). In addition, tissue resident macrophages and
DCs contribute substantially to the recruitment of CD8 cytotoxic T cells to target organs,
notably shown to mediate localised liver and spleen aGvHD (Zhang et al., 2002b). While
the role of host resident epidermal Langerhans cells in driving an in situ Th2-polarised
pathogenicity was demonstrated, fuelled by concomitant skin microbiome dysbiosis, they
were found to be sufficient for the initiation of skin GVHD unless they were made redundant
by the presence of other APCs, notably tissue-infiltrating macrophages, a trend also

described with keratinocytes which would otherwise exert tolerogenic functions in normal
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conditions (Santos e Sousa et al., 2018). In fact, the prevailing dogma placing host residual
haematopoietic APCs as predominant in the initiation of aGvHD through direct
allorecognition is reconsidered as emerging evidence suggests that host non-haematopoietic
cells residing in connective tissues, epithelium and endothelium exert such capacity
(Koyama and Hill, 2016). Indeed, even refuting any critical involvement of host DCs for the
induction of aGvHD in a mice model of class Il MHC-restricted peptide BMT, this role is
rather attributed to class Il MHC-expressing myofibroblast within the gastrointestinal tract
(Koyama et al., 2011). On the other hand, donor APCs seem to exert minimal functions in
this outcome as indirect cross-priming was shown to be insufficient for aGvHD onset in
absence of class | MHC-expressing host APCs, a more prominent role of this pathway in the
extent of tissue injury being rather suggested to impact aGvHD incidence and severity
(Chakraverty and Sykes, 2007). Notably, donor monocyte-derived macrophages were the
most prominent subset among leukocytes to be found in cutaneous GvHD lesions where

they exerted potent T cell-stimulatory activities (Jardine et al., 2020).

In fact, no consensus was reached as to what distinct subset of haematopoietic APC is
fundamental in the induction of aGvHD (Holtan et al., 2014). It is even suggested that
depleting strategies would be inefficient, if not deleterious, with respects to the elimination
of APCs with protective functions, instead advised to favour therapeutic approaches aimed
at fine-tuning their signalling (MacDonald et al., 2013). Indeed, while fibroblasts are
competent APCs in aGvHD induction (Koyama et al., 2011), their targeting could also
undermine their tissue repair activities mediated by keratinocyte growth factor and R-
spondin secretion (Zeiser and Blazar, 2017). In line with this, the contribution of Kupffer
cells as well as splenic macrophages and DCs in the clearance of apoptotic cells, termed
efferocytosis, also precludes from any universal therapeutic targeting of their APC functions
(Saas et al., 2016). Indeed, as part of immunological silent phagocytosis, efferocytosis is
initiated by features characteristic of dying cells, notably the exposure of phosphatidylserine
on the outer leaflet of the plasma membrane, are recognized by phagocytic cells and
engulfed, ultimately triggering the secretion of ant-inflammatory signals, notably IL-10
(Boada-Romero et al., 2020). Hence, its moderating functions act like an immunological
break to refrain from excessive inflammation, a feature lost with inefficient efferocytosis,
commonly found in the pathogenesis of autoimmune diseases resulting in the exacerbation
of clinical manifestations. Among the key players involved in this tolerogenic approach of

apoptotic clearance, the complement pathway through Clg and iC3b opsonisation of
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apoptotic cells mediates a disbalance between IL-10 and IL-12, supporting the secretion of
the former by phagocytes along with the suppression of the latter, hence installing a non-
immunogenic state (Merle et al., 2015). Also, the dual engagement of the CD36 and PAFR
“scavenger receptors” to oxidised phospholipids presented by apoptotic cells induces the
generation of phagocytic cells with regulatory properties, displaying a 1L-10M9"/[]-12'*"
profile, hence corroborating the polarisation of the inflammatory environment towards
immune silence since the ratio between IL-10 and IL-12 levels are commensurate with the
extent of efferocytosis (Ferracini et al., 2013). The relevance of efferocytosis in the settings
of GVvHD is corroborated by therapeutic approaches consisting in the intravenous infusion
of apoptotic cells, not only delaying the incidence of lethal GvHD through expansion of
donor T regs dependent on splenic host macrophages (Kleinclauss et al., 2006), but also
facilitating haematopoietic reconstitution without causing GvHD (De Carvalho Bittencourt
et al., 2001). The existence of dual and yet, contrasting functions exerted by donor APCs
also restricts the scope for a putative ubiquitous targeting of APCs. Indeed, while donor DCs
were identified as critical APCs for indirect antigen presentation shortly after allogeneic
BMT, evidence showed that donor B cells promoted a concomitant tolerogenic signal since
their removal resulted in the enhancement of DCs presenting potency (Markey et al., 2009).
Here, B cells regulatory properties would be directed at re-balancing the allogeneic reaction,
their interconnection with DCs notably relying on the defective polarisation towards a CD4
Th1 response, thus curtailing the prospect for mounting robust cytotoxic activities (Moulin
et al., 2000). Moreover, as demonstrated by the administration of donor-derived ex vivo
polarised M2 macrophages which, further to migration to localised GvHD tissues, attenuated
GVHD severity by suppressing T cell proliferation (Hanaki et al., 2021), the repression of
such immunosuppressive subset could be deleterious. Indeed, the M1/M2 ratio of tissue
infiltrating macrophages was correlated with the incidence of aGvHD (Hong et al., 2020),
hence a disbalance of this ratio towards M1 classical pro-inflammatory subset could be
induced and, ultimately, lead to an aggravation of aGvHD. Overall, the dichotomy existing
in APCs stresses the relevance of designing therapeutic strategies aimed at fine-tuning
distinct pathways and ultimately uncouple these diverging signals in favour of the

establishment of stable peripheral tolerance (Figure 4).
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Figure 4. Dual response brought to play throughout the early phase of aGvHD While
the initial breach of the intestinal barrier integrity propagates a pro-inflammatory response,
signals promoting anti-inflammatory events are also generated, including the secretion of
tolerogenic soluble factors, the production of Tregs-specific chemoattractants, the support
of tissue healing and repair mechanisms as well as the re-shaping of the intestinal microbiota
through release of metabolites and peptides exerting anti-microbial activities.

1.2.3. Effector phase

1.2.3.1.  Plurality of the effector arm of aGvHD

The local cytokine environment at the time of priming dictates the polarisation of naive T
cells towards various lineages of effectors, including Tregs, Th1l, Th2 and Th17 cells, which

secrete distinct panels of cytokines mediating tissue-specific injuries (Henden and Hill,
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2015). The dominance of INF-y-producing Th1l subsets in aGvHD is well established and
drives damages to the gastrointestinal tract, while Th2 cells, often mistakenly solely seen as
a Thl antagonist, elicit cutaneous and pulmonary pathology. In fact, this functional duality
constitutes an attractive target, the injection of in vitro GM-CSF-derived myeloid-derived
suppressor cells (MDSCs) in BMT mice models favouring the shift towards a Th2-polarised
immune response critical for GVHD prevention (Messmann et al., 2015; Scheurer et al.,
2021). The alteration of the cytokine environment by MDSCs is here apparent, further
exacerbated in combined MDSCs/Tregs adoptive therapy with IL-10-producing Breg
induction and Treg skewing at the expense of Th1/Thl7 lineages, resulting in aGvHD
alleviation (Park et al., 2020). The Th1/Th2 paradigm was indeed revisited with the
inclusion of Th17 subsets since lethal aGvHD presenting cutaneous and pulmonary lesions
was evidenced following infusion of in vitro IL-6/ TGF-B-differentiated Th17, with TNF-a
and IL-17 as the key mediators (Carlson et al., 2009). Interestingly, the dynamic changes of
Th17 cells and Tregs are inversely correlated during the onset and resolution of aGvHD,
emphasising a reciprocal relationship mediated by Th17-associated cytokines altering the
fate of Treg phenotype (Liu et al., 2013). Indeed, Th17 cells developmental commitment is
closely linked to that of Tregs, with IL-6 identified as a critical determining factor of the
balance between these two lineages by inhibiting TGF-B-induced Treg differentiation (Fu
etal., 2014). This interchangeability is not restricted to the Th17/Treg axis as evidence show
the existence of a mutual regulation between Thl and Th2/Th17 cytokines which may
favour one subset over another and consequently, redirect tissue targeting to specific
localisations (Yi et al., 2009). As T cell activation persists, the milieu is progressively
exhausted in IL-15 and thus, limits its availability for NK cell homeostasis (Simonetta et
al., 2017), dismissing here a key moderator of aGvHD severity. Indeed, the infusion of IL-
15 pre-activated NK cells in TCD-BMT mice suppressed aGvHD (Huber et al., 2015). In
support of this, a reduction of GvHD severity in TCD-BMT mice was attributed to donor
NK cell-mediated lysis of co-injected INF-y-producing donor Tcons and increase of the
donor Tregs/Tcons ratio, an effect seemingly restricted to an early time window before
GVHD induction (Olson et al., 2010). Of note, up to 14 days post-transplantation, T cells
are outnumbered by IL-10-producing NK cells, however the NK:T ratio progressively
declines as the time progresses (Chan et al., 2018).

Altogether, the cytokine milieu appears to exert a tight control of the outcome of the immune

response by introducing a shift in the balance between suppressors and promotors of
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aGvHD, the complexity of which lying in the dual functions held by certain components of
the immune system, ultimately dictating the extent of tissue damage (Holtan et al., 2014)
(Figure 5).

Tregs
NK and NKT cells
MDSC

Suppressors B cells

reduce
GVHD

Naive T cells
Memory T cells
NK and NKT cells
B cells
Activated macrophages
Th1, Th2, Th17 cytokines

Overall balance relates to Biomarkers:

extent of organ damage: Elafin, REG3a,
skin, gut, liver, endothelium ST2, miRNA

(Holtan et al., 2014)

Figure 5. The balance between tolerogenic and pro-inflammatory signals dictates the
extent of tissue damage The composition of the cytokine micro-environment at the priming
stage governs the polarisation into a Th1/Th17 or Treg/Th2 effector adaptive response,
either resulting in localised tissue damage or aGvHD alleviation, respectively. INF-y-
producing Th1l cells mediate gastrointestinal damages while TNF-a- and IL-17-producing
Th17 elicit pulmonary and cutaneous injuries. The Treg/Thl7 axis is subject to
interchangeability relative to IL-6 levels which preferentially supports Th17 differentiation.
NK cells can increase the Treg/Tcons ratio and confer protection against aGvHD unless IL-
15 availability becomes limited in case of persistent T cell activation. MDSC induce IL-10-
producing Bregs which drive a shift towards a Th2 phenotype at the expense of Th1 subsets
and stimulate Treg development over the Th1l/Thl7 axis, supporting the resolution of
aGvHD. However, a possible alteration of skin and lung tissues by Th2 could still be at
stake. Overall, the extent of tissue damage is closely related to a tight balance between
suppressor and effectors of aGvHD interconnected with the nature of the cytokine milieu.

Alloreactive donor T cells enter target tissues through a chemokine receptor-mediated
homing mechanism to perform their cytolytic functions, CD8 T cells inducing apoptosis in
adjacent cells through Fas/FasL interaction, perforin/granzyme signalling and TNF-a
secretion, therefore requiring cognate interaction, whereas this prerequisite is eluded in the
CDA4 T cell response in which TNF-a and IL-1p are the major mediators (Markey et al.,
2014).
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1.2.3.2.  Clinical manifestations of aGvHD

The clinical manifestation of aGvHD is commonly assessed through the extent of cutaneous
alterations, classically evoking the outbreak of a maculopapular rash on the face, palms,
soles spreading out to the trunk with a risk of progression to diffuse erythroderma and toxic
epidermal necrolysis (Strong Rodrigues et al., 2018). Indeed, TNF-a and IL-1p are reported
to be among the key drivers of the premature induction of apoptosis in basal stem cell-like
epidermal keratinocytes present in lesional skin resulting in the dysregulation of normal skin
tissue homeostasis, impeding the sustainment of wound healing mechanisms (Hofmeister et
al., 2004). Also, a breach in the skin commensal microbiota integrity could be a stake
considering the antimicrobial functions exerted by TLR-expressing keratinocytes via
cathelicidin and B-defensins secretion (Matejuk, 2018), here extrapolating from the
dysbiotic events taking place in gut aGvHD. The third key clinical occurrence is hepatic
GvHD, characterised by altered biliary epithelial tissues conducive to ductopenia,
cholestasis, necroinflammation and deposition of fibrotic tissue, however no precise
histopathological criteria clearly singles out a GvHD aetiology from other liver
dysfunctions, hence the concomitant manifestation of skin and/or gastrointestinal GvHD is
sought (Matsukuma et al., 2016). While associated with the lowest incidence, its diagnosis
is all the more critical since evidence identifies hepatic aGvHD complications as a strong
prognostic factor for worsened OS and higher rates of TRM in grades II-1V aGvHD,
correlating the existence of previous history of hepatitis C infections and liver failures as
risk factors alerting on the need for new prophylactic strategies better addressing these
outcomes (Arai et al., 2015).

As soon as the involvement of classical target organs of aGvHD are identified, the
differential diagnosis for kidney aGvHD should be carried out in case of acute kidney injury
since it is a multifactorial complication, arising as a result of the GvHD prophylactic
nephrotoxic and thrombotic medication, exposure to cryoprecipitants infused with the graft
or reactivation of viruses in immunocompromised patients (Krishnappa et al., 2016). In fact,
the spectrum of aGvHD affected organs is being extended, including the lungs and central
nervous system although, similarly to acute kidney injury, no exclusive diagnostic criteria
exists to attribute their clinical manifestations, encephalitis and idiopathic pneumonia
syndrome, respectively, to an aGvHD aetiology without resorting to the identification of
concurrent skin, gut or liver aGvHD (Mariotti et al., 2020). Also, aGvHD seems to be driven

against the BM stromal cell environment which sets the foundation for normal functional
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haematopoiesis, the outcome of the alterations introduced being graft failure caused by poor
graft function (PGF) (Chen et al., 2020). Occurring in 5-27% of allogeneic HSCT recipients
with aGvHD accounting for 14% of cases, PGF presents a minimum of persistent bilineage
cytopenia commonly describing a thrombocytopenia with concomitant neutropenia and
anaemia, which, unlike graft rejection, involves an hypoplastic BM under full donor
chimerism (Imamura, 2021). Interestingly, the dysregulation of the B cell compartment
seems to be a major manifestation of PGF, a lesser effect being recorded on the myeloid
lineage while T lymphopoiesis appears to rather be influenced by the extent of thymic and
lymphoid organ injuries (Muskens et al., 2021). Emerging evidence shows a CD4 T cell-
directed destruction of the endosteal osteoblastic niche resulting in the impairment of B
lymphopoiesis independent of class Il MHC recognition (Shono et al., 2010). This
mechanism is suggested to be fuelled by the induction of apoptotic pathways triggered by
TNF-a and INF-y, also driving dysfunctional mesenchymal stem cell activities which no
longer support HSPCs renewal (Miskens et al., 2021). In line with this, the sinusoidal
vascular endothelial niche undergoes apoptosis mediated by CD4 T cells through Fas/FasL
interaction supposedly bringing into play TCR-class Il MHC ligation, consequently failing

to sustain haematopoietic reconstitution (Yao et al., 2014).

1.3. IL-15: a putative role in aGvHD

Over the past 60 years, a better insight of the intricate machinery driving aGvHD has been
acquired, notably outlining more accurately how the initial breach in tissue integrity sets its
foundation, a process within which IL-15 appears to hold a significant role.

Primarily produced by dendritic cells (DCs), macrophages and a variety of tissues, notably
epithelial cells, endothelial cells, fibroblasts and keratinocytes, IL-15 is a major regulator of
CD8 T cell and NK cell homeostasis and effector functions signalled through a receptor
complex formed by the shared IL-2/15Rp and the yC subunit (Castillo and Schluns, 2012;
Stonier and Schluns, 2010). The existence of a private a receptor subunit displaying a higher
affinity for IL-15, namely IL-15Ra, which, further to its association with 1L-2/15RB/yC,
enhances a distinct response providing notably a better sustainment of T cell proliferation,
shed light on a specific mechanism behind the IL-15 response. Indeed, IL-15Ra/IL-15
complex found on haematopoietic cells, endogenously synthesised and shuttled to the cell

surface, can interact with IL-2/15RB/yC on an opposing cell to stimulate it as part of a
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mechanism called trans-presentation, particularly required for the promotion of CD8 T cell
proliferation since they express IL-2/15Rp/yC but not IL-15Ra. Strikingly, empty cell
surface IL-15Ra are ubiquitously expressed across the lymphoid and myeloid compartment,
accounting for the existence of an alternative mechanism, referred to as cis-presentation,
postulated to prevail in IL-15-rich environments in which, further to its capture, the hereby
formed IL-15Ro/IL-15 complex would interact with an adjacent IL-2/15Rp/yC in an
autocrine fashion. Furthermore, in circumstances where all 1L-15Ra are occupied, IL-15
would transduce its signal directly through IL-2/15Rp/yC, although exerting a weaker T cell

response as opposed to an IL-15Ra-dependent pathway.

Efforts were put in scrutinising the cytokine network existing in aGvHD, notably unravelling
the kinetics of plasma IL-15 production which, although exhibiting minor discrepancies with
regards to the exact time course, provided a correlation between chronic systemic levels of
IL-15 and the incidence of severe aGvHD. Thus, identifying IL-15 as a key effector since
its production paralleled the manifestation of clinical symptoms, regardless of the intensity
and nature of the conditioning regimen applied (Sakata et al., 2001; Thiant et al., 2011,
2010). The potential sources of tis cytokine are manifold, whether released as a consequence
of tissue injury or secreted by macrophages and DCs in response to the acute inflammatory
environment established. 1L-15 is also produced by BM stromal cells in response to the
profound lymphopenia commonly identified in allogeneic HSCT patients, here targeting the
homeostatic status of T cell in an attempt to drive their proliferation and survival to
ultimately achieve immune reconstitution (Matsuoka et al., 2013). Notably, post-transplant
IL-15 administration to TCD HSCT recipients was found to enhance the recovery of
CD122*CD44* memory CD8 T cells, NK cells and NK T cells and was associated with
modest GvT effect against lymphoma cells while no aggravation of GVHD in T cell-replete
settings was observed, although this was dose and time dependent (Alpdogan et al., 2005).
Similar recovery patterns were recorded in TCD haplo-HSCT recipients undergoing post-
transplant 1L-15, although showing a preferential sustainment of slow-proliferative
CD62"CD44 memory-like CD8 T cell reconstitution with a higher INF-y secretory status.
This is suggested to be the main mediators of the GvT effect achieving P815 tumour
resolution when combined with low-dose donor T cell infusion without significant induction
of GVHD (Sauter et al., 2013). Hence, IL-15 used as an adjuvant therapy for TCD HSCT
offers interesting outlook to address the high rates of disease relapse, graft failure and

infections recorded in this particular context (Bertaina et al., 2017; Negrin, 2015). However,
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this approach would be difficult to apply to other types of allogeneic HSCT as evidence
showed that unlike IL-2, IL-15 administration resulted in lethal xenogeneic GvHD in severe-
combined immunodeficient mice grafted with human peripheral blood lymphocytes (hu-
PBL-SCID) paralleled with high systemic INF-y levels, also depicting a selective expansion
of memory CD8 T cells (Roychowdhury et al., 2005). Of note, IL-15 constitutes a
determining regulator of the fate of autoreactive CD8 T cells by inducing a breach in the
existing peripheral tolerogenic state. This was demonstrated in a K14-mOVA!*" Tg mice by
the conversion of adoptively transferred tolerant OT-I1 cells into functionally active INF-y-
producing effectors, resulting in the emergence of clinical hallmarks of GvHD equalling
those observed in K14-mOVA"I" Tg mice in which case endogenous IL-15 was identified
as a key contributor (Miyagawa et al., 2008). In fact, these characteristic functions of 1L-15
are described in therapeutic strategies aiming at rescuing the anti-tumour activity of tolerant
CD8 T cells. Indeed, the tolerance of TCR®% CD8 T cells towards the hepatic Gag antigen,
representing a candidate tumour antigen, in TCR®%-Tg mice was abrogated in response to
exogenous IL-15 and resulted in their proliferation and acquisition of antigen
responsiveness, an effect poorly reproduced with IL-2 administration (Teague et al., 2006).
Supporting results involving TCRP™" mice expressing the self/melanoma antigen gp100
towards which TCRP™1 CD8 T cells are tolerant showed that the adoptive transfer of
antigen-primed TCRP™!! CD8 T cells cultured in IL-15 supported the expansion of
CD44*CD122" central memory (Tcwm)-like CD8 T cells, which delayed tumour growth and
improved survival of recipients. This is in contrast to the effect observed with IL-2, which
favoured the polarisation to IL-10-producing effector memory (Tem)-like T cell phenotype
(Klebanoff et al., 2004). The advantage conferred by IL-15-mediated expansion of tumour-
reactive CD8 T cell responses over IL-2 may also find an explanation in the delay/reversal
of Tem-like CD8 T cell senescence evidenced by the high percentage of cells arrested in the
S/G2 phase under proliferative stimulus, increased STATS signalling and decrease in
senescence-associated markers (Weng et al., 2016).

Furthermore, IL-15 trans-presentation between donor haematopoietic IL15Ro/IL-15-
producing and -bearing cells and primed donor allogeneic CD8 T cells emerged as central
to the onset and mortality of aGvHD, promoting particularly the polarisation towards CD8
Tcl cells at the expense of CD4 Th2 and CD8 Tc2 lineages, as evidenced by the increased
levels of T-bet MRNA and IFN-y (Blaser et al., 2006, 2005). This could exacerbate aGvHD,
since IFN-y is described as a key enhancer of antigen presenting functions, the surface

expression of class II MHC molecules and costimulatory ligands being upregulated, but also
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a mediator of tissue damage. Although posed as the predominant mechanism driving
aGVvHD, the abrogation of donor-derived IL-15 trans-presentation did not achieve complete
recovery, but only postponed its associated mortality, thus highlighting distinct impact of
the host-derived cytokine microenvironment (Blaser et al., 2006). Notably, a kinetics of IL-
15 production is correlated with aGvHD severity, potentially signalling through a trans-

presentation independent pathway as described in IL-15-rich settings.

Altogether, these data suggest that IL-15 represents a key component of the aGvHD
pathophysiology, decisive for the breach in peripheral tolerance, and consequently, a
relevant target for putative therapeutic strategies.

1.4. aGvHD prophylaxis: refining the therapeutic strategies

1.4.1. Current challenges

Pivotal in cutting down the tumour burden and ensuring proper engraftment, the preparative
regimens face a major setback as they are at the root of early tissue injury, a key event setting
the ground for aGvHD initiation (Nakasone et al., 2015). This prompted attempts to resort
to RIC which harness the GvT effect to counterbalance the curb in chemotherapy and
radiation doses and thus, sustain the elimination of malignant cells (Barrett, 2008; Sweeney
and Vyas, 2019). However, the extent to which it relies on the GvT effect determines the
level of immunosuppressive agents required to support HSC engraftment (Figure 6)
(Gyurkocza and Sandmaier, 2014). Hence, although minimising tissue trauma, RIC is
associated with higher incidence of disease relapse, interpatient variances being also

reported. As a result, no standards treatment is yet at hand.
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Figure 6. Spectrum of RIC regiments displaying the extent of their
iImmunosuppressive properties in correlation with their toxicity and reliance on the
GvT effect In an attempt to minimise the extent of tissue injury incurred by chemotherapy
and TBI, and thus, curtail aGvHD initiation, RIC of varying intensities were developed. The
reliance on the GvT effect increases as the intensity of RIC lessens, posing however a higher
risk of disease relapse.

The classical T cell-targeted immunosuppressive therapeutics encompass inhibitors of
calcineurin (cyclosporine, tacrolimus), cell proliferation (methotrexate, mycophenolate
mofetil) and mTOR (rapamycin, sirolimus). They suffer major drawbacks with regards to
their lack of selectivity and narrow therapeutic index, conducive to off-target toxicities
(Ferrara et al., 2009). Not only is it compromising the prospect for patient full recovery, but
it can also potentially further propagate the aGvHD reaction. Indeed, these therapeutics
induce endothelial damage and mucositis which are characteristic complications associated

with TBI, correlated with the progression to grade I1-1V aGvHD (Nakasone et al., 2015).

As the pathophysiology of aGvHD was better understood, therapeutic strategies directed
against distinct key T cell-centred processes were implemented. This included the targeting
of T cell activation by disrupting the JAK/STAT pathway-mediated transduction of pro-
inflammatory cytokine signals. Alternatively, hampering their priming and trafficking by
altering co-stimulatory and co-inhibitory signals and chemokine receptor-ligand binding,
respectively. However, these two latter approaches adversely affect the beneficial

suppressive response induced by Tregs (Blazar et al., 2012).
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Indeed, a successful approach taking advantage of the distinct patterns of homeostatic
support provided by low-dose IL-2 offered a promising outlook for the selective expansion
of stable and functional Tregs to sustain corneal transplant survival (Tahvildari and Dana,
2019). This is based on the exclusive and abundant constitutive expression of the high
affinity IL-2 receptor a (CD25) on Tregs, hence conventional T cells (Tcons) are eluded as
they would require high IL-2 concentrations, a deprivation of homeostatic support further
sustained as the achievement of lymphocyte recovery reinstates basal IL-7 and IL-15 levels
(Matsuoka et al., 2013). The injection of ultra-low dose IL-2 in a clinical trial increased the
frequency of in vivo Tregs from 4.8% to 11.1% which was sufficient to protect against
aGvHD (Guo et al., 2021). Importantly, this mechanism seems to spare the GvT effect since
no record of disease relapse in patients with active cGvHD was made while a reduction of
the clinical manifestations in the liver, skin, gastrointestinal tract and lungs was observed
(Elias and Rudensky, 2019). Although prolonged exposure to low-dose IL-2 appears to exert
antagonistic functions and bring Tcons to an equal state of sensitivity towards IL-2 than
Tregs, the concurrent administration of rapamycin seems to rescue the original homeostatic
imbalance, emphasising the synergistic effect of its selective immunosuppressive targeting
of Tcons resulting in the protection against skin graft rejection in mice (Pilon et al., 2014).
Alternatively, low-dose IL-2 as an adjuvant to in vitro Treg expansion protocols represents
an interesting strategy to yield sufficient numbers for adoptive therapy since they only
account for 2-10% of peripheral CD4 T cells, further supported in vivo with the concourse
of low-dose IL-2 therapy (Blazar et al., 2018). Tregs in these settings displayed a diverse
degree of protection against GVHD, an effect also recorded whether infused concomitantly
with Tcons at a 1:1 ratio or 2 days before at a 1:10 ratio although the Tcons-mediated GvT
effect is spared (Mancusi et al., 2019). Indeed, while attempting to impede aGvHD, care
must be taken to not completely obliterate the GvT effect, notably demonstrated in TCD-
HSCT where increased incidence of graft failure, disease relapse and severe opportunistic
infections are recorded (Li Pira et al., 2016). Thus, it is crucial to fine-tune the balance
between the GvT effect and aGvHD. Delayed DLI in TCD-HSCT patients aimed to restore
the GvT effect prior to host APC activation, however diverging outcomes linked to the
lymphopenic state of the patient were observed, questioning the applicability of this strategy
(Lietal., 2009).

Therefore, the potency of a therapeutic strategy relies on the achievement of a clear
separation between the GvT effect and aGvHD. Low-dose IL-2 protocols seem to
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successfully address this issue in a generic approach. The rational for a more refined method
taking advantage of miHA differential tissue distribution could also offer interesting

prospects in this aspect.

1.4.2. Separating GvL from aGvHD: miHA targeting

The evidence showing that the GvT effect could arise independently of GvHD led to the
assumption that miHAs may be differentially expressed across tissues and that therapeutic
strategies exploiting these non-self antigenic determinants could help separate GvHD
response from GvT (Feng et al., 2008). Indeed, miHAs restricted to cells of the
haematopoietic compartment were shown to trigger donor-derived T cell cytotoxicity
against leukemic cells resulting in disease remission with minimal reactivity against host
non-haematopoietic tissues, emphasising the need for the distribution profile of miHAs to
be determined. This is achieved through molecular characterisation of peptides eluted from
miHA-specific cytotoxic T cells, isolated either from allogeneic HSCT patients or following
co-culture with skin fibroblasts, genome-wide analysis through cDNA library screening,
genetic linkage study or prediction using the HapMap project which indexes common SNP
variants associated with haematological malignancies (Bleakley and Riddell, 2011). The
immunodominant nature of miHAs, referring to their ability to trigger an immune response,
is however not taken into account. Moreover, in cases involving ubiquitously-expressed
miHAs, the absence of GvHD was reported although host non-haematopoietic miHA-
specific T cells were detected, suggesting that a certain threshold of reactivity must be
reached for GvHD to occur (Griffioen et al.,, 2016). Hence, in addition to its tissue
distribution, the therapeutic value of a given miHA not only depends on its
immunodominance but also on the intensity of the alloresponse it can elicit. This stresses
the importance of evaluating the strength of the inflammatory response in in vitro models
accounting for the physiological environment observed in the context of allogeneic HSCT,
especially the early phase since the impact of the conditioning regimens on the amplification

of the immune response is considerable.
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1.4.2.1. Harnessing the cytotoxic potential of miHA-specific CD8 T cells
to restore the GvL effect

Following the development of tissue restricted-miHA targeting therapeutic strategies, the
MHC specificity of miHAs was considered to be relevant. Although class | MHC molecules
are expressed on all nucleated cells, class Il MHC molecules are exclusively found in the
haematopoietic compartment on professional APCs, whether malignant or not, therefore
providing conditions where T cells specific for class Il MHC-restricted miHAs could
promote the GvT effect (Warren et al., 2012).

A particular attention was given to the adoptive transfer of ex-vivo expanded miHA-specific
CD8" T cells isolated from patients with post-transplantation relapse in order to restore the
GVT response. The objective being to generate class Il MHC-restricted miHA-specific
cytotoxic CD8 T cells for the specific targeting of any remaining malignant haematopoietic
cells, although involving a complex multistep protocol unfit for implementation in a clinical
setting and unlikely to reach the expected cell yield (Warren et al., 2010). Moreover, the
short in vivo viability of these cells negated the achievement of sustained remission,
potentially arising from the appearance of IL2-dependent effector T cells throughout the in
vitro selection and expansion process. In order to circumvent these issues, T cells genetically
engineered to express a miHA-specific T cell receptor (TCR) represented a considerable
advantage with respect to their efficient generation involving a short-term in vitro culture
for the transduction of the vector of interest (Bendle et al., 2010). However, the
manifestation of GvHD following the adoptive transfer of T cells expressing a transgenic
ovalbumin-specific OT-I TCR in leuko-depleted mice highlighted the existence of self-
reactive chimeric TCRs characterised by a mispairing between the TCR dimers. Presenting
similar technical benefits, the generation of chimeric antigen receptor (CAR)-expressing T
cells consisting in the miHA-specific monoclonal antibody variable regions conjugated with
the CD28 transmembrane and CD3( domains were found to be 100fold less sensitive to
exposure to the miHA than the cognate cytotoxic T cell, limiting the prospect for clinical
implementation (Inaguma et al., 2014).
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1.4.2.2.  Tolerance induction: a safer approach?

An alternative way of taking advantage of the differential miHA tissue distribution is to
drive a tolerogenic immune response towards T cells specific for miHAs presented on host
non-haematopoietic cells and therefore, impair aGvHD while sustaining the GvT effect.
Because class | MHC molecules are ubiquitously expressed on nucleated cells, establishing
tolerance specifically towards class | MHC-restricted miHAs could repress donor-derived
miHA-specific T cell activation and consequently, preserve the integrity of host non-
haematopoietic tissues presenting these particular miHA. Although class | MHC molecules
are also present in the haematopoietic compartment, the GvT effect would still be sustained
considering the large repertoire of miHAs for which donor/recipient pairs are mismatched
(Warren et al., 2012). Indeed, the existence of disparities in class ll-restricted miHAs would
provide the elimination of any residual malignant haematopoietic cells bearing the
corresponding miHAS.

Noteworthy, the induction of tolerance represents a safer approach than establishing a
targeted cytotoxicity for the exclusive removal of malignant cells using class Il MHC-
restricted miHA-specific T cells. Indeed, mechanisms of endogenous class Il MHC
presentation of peptides were reported, implying that class | MHC-restricted miHAs could
potentially be also presented on class II MHC molecules, leading to a cross-reactivity
causing deleterious effects on host non-haematopoietic tissue. Furthermore, as part of the
well described semi-direct priming, donor APCs could be led to acquire host cell-derived
full class I and 11 MHC-allopeptide complex following trogocytosis and thus become
potential targets for class Il MHC-restricted miHA-specific cytotoxic CD8 T cells, the
prospect for successful engraftment being therefore severely hindered.

However, in the context of intense inflammatory environment such as that observed in
aGVvHD, host non-haematopoietic cells could be induced to express class Il MHC molecules,
thus escaping the desired tolerogenic response directed towards class | MHC-restricted
miHAs and becoming potential target for aGvHD. Primarily mediated by INF-y, this
phenomenon was reported to notably occur in the intestine and liver where the functional
outcomes remain to be determined (Duraes et al., 2013). It is suggested that, while they can
participate in their proliferation once activated, non-haematopoietic APCs cannot efficiently
prime naive T cells, thus no clinical significance was observed. They even show suppressive
functions potentially resulting from the lack of strong co-stimulatory activities, as evidenced

by the absence of B7 molecules, or provision of anergic stimuli via the expression of ICOS-
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L and PDL-1, although this function could be restored after treatment with IL-1p and IL-6.
Therefore, it seems that the micro-environment inflammatory status dictates the functional
capacity of non-haematopoietic cells to initiate a potent immune response, strictly depending
on a tight balance between pro-inflammatory and tolerogenic mediators. This context is
characteristic of aGvHD in which IL-1B and IL-6 constitute the predominant cytokines
released during the early phase, as a consequence of conditioning-induced tissue injury.
Hence, with the mitigation of early inflammation, it can be speculated that if such non-
haematopoietic APC were generated in the course of aGvHD, the likelihood to trigger T cell
activation would be low. And in so far as any were detected, the clinical relevance would be
negligible considering the poor reactivity of these T cells, particularly in an immunological
context where a certain threshold of reactivity must be met to induce a clinical effect.

In practice, such tolerogenic approach was undertaken through the ex vivo expansion of
miHA-specific Tregs by coculture with HLA-matched host DCs following purification from
leukopheresis samples using CD25-coated beads, achieving a 78% purity (Veerapathran et
al., 2013). Although fully functionally characterised with respect to their suppressive
activities, TGF-p production and FoxP3 expression, the stability of this phenotype was not
investigated in the context of GvHD and thus, does not take into account the intense
inflammatory environment elicited in the physiological conditions which could potentially
alter the effector functions of these miHA-specific Tregs after adoptive transfer. Indeed,
FoxP3 expression can be repressed following methylation of the FoxP3 enhancer region,
leading to the abrogation of the suppressive functions of Tregs, a process mediated by the
pro-inflammatory cytokine I1L-6 (Lal et al., 2009). Similarly, IL-21 was shown to block the
acquisition of FoxP3 expression in naive T cells and thus, disrupt their conversion into
Tregs, emphasising the unstable nature of the regulatory phenotype of these cells in the

inflammatory milieu of GVHD (Bucher et al., 2009).

It emerges from these data that prospective therapeutic strategies should integrate a dual
strategy. Firstly, to curtail early inflammatory events, while limiting the breach in tissue
integrity. Then, to promote therapies propitious to tissue healing and regeneration. This
could be achieved by targeting the priming phase of GvHD and introducing a state of
tolerance. Overall, the goal is to readjust the existing equilibrium amongst promoters and
suppressors of aGVHD in an effort to achieve long-term tolerance (Zeiser and Blazar, 2017).

Although constrained by technical limitations, miHA-specific Tregs hold promising
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potential considering the successful outcomes achieved with low-dose IL-2 protocols. It

remains to be determined, however, if other cells could offer such tolerogenic signal.

1.5. B cells as APCs in acute GvHD: a potential target?

1.5.1. Emerging evidence of a role for B cells in aGvHD: which B cell

targeting options hold interesting prospects?

Although GVvHD is primarily defined as a T-cell-mediated event, a growing interest in the
relevance of B cells emerged regarding the critical impact of their antigen-presenting and
antibody-producing functions. This could be particularly important in the setting of chronic
GVHD (cGvHD) (Sarantopoulos et al., 2015). Indeed, the successful implementation of the
anti-CD20 chimeric antibody rituximab, a B cell depleting agent, for the management of
established cGvHD prompted attempts of including rituximab also as a preventive treatment
for acute GvHD. However, the reported immunoregulatory functions exerted by B cells,
either through indirect expansion of Tregs or mediated by the newly described regulatory B
cells (Bregs) (Clatworthy, 2011) could complicate this therapeutic approach. Bregs are still
poorly phenotypically characterised, their identification relying on the detection of 1L-10
production. However, the extent of the immunosuppressive functions of Bregs is now better
outlined, including the impairment of the CD8" cytotoxic T cell-mediated response and the
cytokine-induced inflammation as well as the promotion of Treg expansion and functions,
brought about by IL-10, I1L-35 and TGF-p production (C. Wortel and Heidt, 2017). The
activation of Bregs results from the presence of an inflammatory milieu as a way to provide
a negative feedback loop and to control its intensity, notably to oppose the pro-inflammatory
cytokine IL-6, belonging to the cytokine storm produced in the initiation phase of aGvHD.
Despite the therapeutic potential of Bregs, until their phenotype is better characterised and
a robust protocol of Breg induction is designed, the establishment of B cell depleting
strategies preserving Bregs, as well as the development of Breg-induced tolerance towards
miHAs expressed on host non-haematopoietic cells remain limited (Mauri and Menon,
2015). It is worth noting however that the prophylactic potency of rituximab for the
prevention of aGvHD was evidenced as its administration prior to allogeneic HSCT was
correlated with a lower incidence of aGvHD, stressing here a role of B cells in early aGvHD
as priming effectors (Christopeit et al., 2009; Crocchiolo et al., 2011). Hence, it appears that
the timing of treatment dictates which B cell subset will be affected, either the Breg-
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associated immunosuppressive response or the B cell-associated T cell priming. Notably,
this latter mechanistic option also offers interesting prospects to harness the tolerogenic
potential of B cells with poor antigen presenting functions, referred to as resting B cells.

Indeed, these properties of resting B cells have been demonstrated in InsSHA mice expressing
the haemagglutinin protein HA from the PR8 influenza virus. In this model, K‘HA-specific
resting B cells, recognising the variant KYHA, generated by peptide pulsing were shown to
induce self-tolerance within KYHA-specific naive CD8 T cells through induction of their
proliferation without acquisition of effector functions followed by their depletion, referred
to as abortive activation (Fraser et al., 2006). Similarly, in a mouse model of autoimmune
encephalomyelitis, resting B cells genetically engineered to express the myelin
oligodendrocyte glycoprotein (MOG) provided a protective effect against the T cell-
mediated demyelination by inhibiting the accumulation of autoreactive CD8" and CD4" T
cell and affecting the humoral immunity, as evidenced by the reduced level of autoantibodies
(Calderén-Gémez et al., 2011). Their immunoregulatory properties are also manifested
through the instauration of an anergic state in CD4" Th0 clones unable to produce IL-2,
therefore impairing the acquisition of the CD4" Tnl phenotype, which exert critical
stimulatory functions in CD8" T cell activation (Gajewski et al., 1994). Further to their
immunoinhibitory functions, the contribution of resting B cells to the maintenance of
peripheral tolerance was highlighted, as they can promote the expansion and survival of
existing Tregs through TGF-B3 secretion, a feature lost when they get activated (Shah and
Qiao, 2008). Recently, the assumption that thymic B cells are only generated as a “default
cell fate” from Notch-negative early thymic progenitors has been revisited, conferring
resting B cells with a role in central tolerance (Yamano et al., 2015). Indeed, they were
shown to migrate into the thymus where they recapitulate the phenotype of thymic B cells
after a licensing process performed by CD4" SP cells and take part in the negative selection
of autoreactive CD4" T cells, following the same mechanism as medullary thymic epithelial
cells (mTECs) with regard to the Aire-dependent expression of tissue-restricted peripheral
antigen (TRAS). The extent of thymic B cell functions was revisited, bringing into light their
involvement in the generation and expansion of thymus-derived Tregs similarly to thymic
DCs (Lu et al., 2015). Overall, this gives an insight into the breadth of the tolerogenic
potential of resting B cells. However, the significance of the contribution of resting B cells
to the thymic B cell repertoire was disputed. A study using mouse model of parabiosis
showed that resting B cells were minimally recirculated to the thymus as opposed to the

phenomenon observed with splenic B cells (Perera et al., 2013). Nonetheless, this does not
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take into account the impact of extrinsic factors modulating the homing process. Such
signalling could be induced in acute GvHD where mTECs are eliminated by alloreactive
donor T cells (Dertschnig et al., 2015), as a mean of re-shaping the thymic environment.

Hence, abrogating B cell antigen presenting functions could be of clinical significance to
shield from aGvHD. In addition, harnessing the tolerogenic properties harboured by resting
B cells could offer patients promising prospects for long term recovery, although this has
been given surprisingly little attention. Indeed, such strategy would take advantage of their
peripheral immunoinhibitory potential exerted through mitigation of the CD4 T cell help
and induction of Treg expansion, as well as their participation to the establishment of central
T-cell tolerance. The contribution of Bregs to the mediation or amplification of this effect,
as they exert similar functions, needs to be determined. In order to fully exploit these
properties, the identification of the regulators involved in the transition from resting to

activated B cells is essential.

1.5.2. B cells: from resting to activated state

15.2.1. B cell ontogeny and priming

The basic structure of an 1g, present at the surface of B cells as an antigen receptor (BCR),
consists in two identical heavy (H) and light (L) chains, either k or A, which N-terminal
domains are home to three hypervariable regions implicated in antigen recognition, termed
complementarity-determining regions (CDR1-3) (Tonegawa, 1983). Initiated in the BM
from HSC-derived common lymphoid progenitor cells, B cell development involves a
stepwise process of V(D)J immunoglobulin (Ig) gene rearrangement within the Ig variable
regions, also termed somatic recombination, yielding unique specificities at the root of BCR
diversity (Wang et al., 2020). Each V (variable), D (diversity), and J (joining) gene segment
is flanked by recombination signal sequences (RSSs) consisting of an heptamer and nonamer
motif with an intervening 12- or 23-bp spacer, defined as 12RSS and 23RSS, respectively,
recognized by recombination activating gene (RAG) proteins (RAG1 and RAG2) (Roth,
2014). In accordance with the 12/23 rule, a 12RSS/23RSS synaptic complex is formed,
followed by DNA nicking at the heptamer/coding flank border and subsequent double
stranded DNA break, ultimately generating a covalently sealed hairpin coding end and a
blunt signal joint (Schatz and Ji, 2011). The random loss of nucleotides at the junctional

interface and thus, imprecise joining end, introduces additional diversity to that yielded with
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the combinatorial diversity across the various V, D and J segments, further expanded with
the inclusion of short non-templated nucleotides by terminal deoxynucleotidyl transferase
to coding ends (TdT) (Jung and Alt, 2004). When a productive IgH locus VVDJ rearrangement
is completed on one allele, a pre-BCR comprising a iH chain paired with VpreB and A5
surrogate light chains is displayed at the B cell surface to take part in a checkpoint regulating
IgH allelic exclusion and progression to IgL loci VJ rearrangement (Winkler and
Martensson, 2018). This mechanism ensures a monoallelic encoding of the IgH chain, also
applied to IgL loci rearrangement in addition to which isotype exclusion restricts to either a
IgLx or IgLA chain, here securing the production of a BCR of unique specificity (Martensson
et al., 2010). The fate of immature B cells expressing a mature BCR is manifold as they are
screened for self-reactivity in the BM environment in order to perpetuate effective central
tolerance (Melchers, 2015). Autoreactive B cells undergo central clonal deletion by
apoptosis or enter into an anergic state accounting for 30-40% of transitional B cells
(Nemazee, 2017). Alternatively, this fate can be rescued through receptor editing in an
attempt to alter BCR specificity into becoming self-ignorant, here not only reducing the
frequency of autoreactive B cells but also reinforcing the diversification of the antibody
repertoire (Luning Prak et al., 2011). Lastly, non-autoreactive immature B cells producing
adequate BCR tonic signal differentiate into transitional B cells which acquire markers
associated with a mature phenotype, notably IgD, CD21 and CD23, ultimately exported to
secondary lymphoid organs where their maturation is initiated further to antigen encounter
(Pelanda and Torres, 2012).

Consequently, germinal centres (GCs) in B cell follicles form, a process mediated by
follicular DCs (FDCs) displaying intact antigens captured via deposition of circulating
immune complexes on FcyRIIB or C3d-coated antigens on CD21 (Batista and Harwood,
2009). Further to BCR-mediated antigen retrieval and engagement in the class Il MHC
presenting process, resting B cells migrate at the interface between the follicular border and
T cell zone where they receive cognate signals from CD4 helper T cells initiating a process
of BCR affinity maturation (Zhang et al., 2016). Hence, an interclonal competition exists at
the V(D)J level between naive B cell precursors across the diverse BCR repertoire in a “T
cell-centric” model involving the preferential selection of B cells presenting high surface
levels of peptide-MHC Il complexes (Yeh et al., 2018). Indeed, the discrimination between
GC B cells of varied affinities does not seem to be strictly dependent on the strength of BCR
tonic signal, rather evoking a model where it is their ability to capture high antigen contents

which dictates whether they can outcompete other subsets for follicular CD4 helper T cells
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(Allen et al., 2007). The segregation of the GC into two anatomically distinct compartments
ensues, notably a dark zone primarily containing compact clusters of highly proliferative B
cells, known as centroblasts, where somatic hypermutation (SHM) are introduced in the
variable regions of the BCR along with antibody isotype class-switching (Tsai et al., 2019).
They subsequently enter the light zone as centrocytes where an intraclonal selection between
SHM variants of identical clone origin occurs, ultimately favouring rare B cell clones with
the highest BCR affinity (Yeh et al., 2018). A fraction of SHM B cell variants is retained in
the GC and re-enter the dark zone to undergo iterative cycles of somatic hypermutations
before returning to the light zone for selection by, here emphasizing the dynamic nature of
germinal centre reactions (Mesin et al., 2016). This interzonal migration relies on the
sequential ability of GC B cells to endocytose antigens deposited on FDCs and present them
to GC-resident follicular CD4 helper T cells for selection (Victora and Mesin, 2014).
Alternatively, there are driven to transit out of the GC as plasma cells (PCs), returning to the
BM to drive the effector arm of the humoral immunity via antibody production, or memory
B cells (MBCs), migrating back to secondary peripheral organs to scan for antigens and
mount secondary responses (Lau and Brink, 2020). A dichotomy seems to exist in their
differentiation programs as PCs exit the GC through the dark zone while MBCs directly
egress from the light zone, the later emergence of PCs suggested to facilitate further
accumulations of mutations introducing higher antigen affinities compared to MBCs (Suan
et al., 2017). These subsets eventually replace IgM-producing short-lived extrafollicular
plasma cells yielded in a GC-independent fashion, thus eluding SHM mechanisms,

supporting immediate relatively low-affinity humoral responses (Akkaya et al., 2019).

1.5.2.2. Modulators of the BCR-activation threshold

Naive peripheral circulating naive B cells, referred to as resting B cells, are indeed poor
antigen presenting cells, associated with tolerogenic properties, due to the absence of co-
stimulatory activities, further acquired after activation by primed CD4" T cells through
CD40-CD40L/CD154 signalling (Rodriguez-Pinto, 2005). They express a BCR complex,
formed by the membrane-bound immunoglobulin molecule (IgM, IgD) and the Iga-Igf
heterodimer transmembrane signalling components, also called CD79a-CD79, containing
the immunoreceptor tyrosine-based activation motif (ITAM) transducing the signal for BCR
activation following antigen encounter, organized in an autoinhibited form as oligomers

(Yang and Reth, 2010a, 2010b). The proposed dissociation-activation model leading to BCR

41



activation involving the rearrangement into monomeric clusters and subsequent
conformational changes exposing the ITAM-containing domains to the protein kinases Lyn
and Syk does not exclude the presence of active BCR monomers essential for the provision
of the tonic survival signal, mediated through the PI3 kinase signalling pathway, critical for
the survival of resting B cells in absence of antigenic response (Srinivasan et al., 2009)
(Figure 7).

(Closed) (Closed) (Open) (Open) cluster
oligomer monomer monomer
+ Ag
~ ~ ~
Signal - - + ++

(Yang and Reth, 2010b)

Figure 7. From resting to activated B cell: dissociation-activation model of the BCR
Further to antigen ligation, BCR in closed autoinhibited oligomer conformation dissociate
into monomeric structures, exposing ITAM-containing domains to Lyn and Syk to
transduce the signal for BCR activation.

While suggested to generate redundant immune functions since they display identical unique
antigen specificity triggering signalling through shared Iga-Igp heterodimers, emerging data
shed light on distinct regulatory events mediated by IgD and IgM. Indeed, data identified
IgD*/IgM'®¥ B cell subsets as anergic, proposed to shunt undesired autoreactive B cells
differentiation into short-lived plasma cells since IgD is less efficient at sensing monovalent
endogenous antigens in vivo as IgM while mounting appropriate immune responses against
infectious agents (Gutzeit et al., 2018). Also, this discrepancy could be explained by the
existence of differential nanocluster size, number and organisation relative to their
association with co-receptors, potentially modulating the BCR signal strength or fine-tuning

distinct downstream components of the signalling cascade (Noviski et al., 2018).
The threshold for BCR activation is indeed tightly regulated by response regulator

components, determining the fate of the immune response, all the more crucial as it draws a

line between immune escape and autoimmunity.
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Among these is CD22 which provides a negative feedback loop upon antigen engagement
with the BCR, initiating its co-localisation and phosphorylation of immunoreceptor
tyrosine-based inhibition motifs (ITIM) by Lyn. This is followed by the recruitment of SH2
domain-containing protein tyrosine phosphatase 1 (SHP-1) subsequently dephosphorylating
BCR signalling transducers, notably the Iga-IgB heterodimer transmembrane signalling
components and Syk, ultimately raising the threshold for BCR activation (Enterina et al.,
2019) (Figure 8).
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Figure 8. Role of CD22 in the modulation of the BCR signalling: direct BCR targeting
CD22 acts as an inhibitory BCR co-receptor by dephosphorylating BCR signalling
transducers. CD22 co-localises with the BCR further to antigen engagement and
phosphorylates ITIM-containing domains. SHP-1 is recruited and subsequently
dephosphorylates Iga-Igp heterodimers and Syk resulting in heightened BCR threshold,
ultimately hampering BCR activation.

In addition to directly modulating BCR phosphorylation, SHP-1 also exerts a broader
dephosphorylation, not only of downstream components of the signalling cascade, notably
Vav-land BLNK, but also of the membrane adaptor protein CD19, which, as part of the
complex it forms with the complement receptor type 2 (CR2) CD21, is a critical stimulatory
regulator of BCR activation (Walker and Smith, 2008) (Figure 9).
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Figure 9. Role of CD22 in the modulation of the BCR signalling: broader targeting
CD22 transduces an inhibitory signal extending to downstream components of the
signalling cascade initiated by the BCR as well as to the positive response regulator
CD19/CD21 complex.

On resting B cells, CD22 is present in distinct independent nanoclusters at a density similar
to IgM while IgD is the most densely clustered molecule (Gasparrini et al., 2016). Thus, a
differential sensitivity to the inhibitory functions of CD22 may be at stake between IgM and
IgD, their association with CD22 suggested to be contingent to its ability to access the BCR
(Noviski et al., 2018). Here, the difference in cluster density could be a determining factor

in this outcome.

Although long considered solely as a branch of the innate host defense, the interconnexion
of the complement system with the adaptive arm of the immunity is now established
(Dunkelberger and Song, 2010). C3d is one of the central components involved in this
interplay through the signal mediated by the CD19/CD21 complex acting synergistically
with the BCR. Indeed, when C3d-coated antigens bound to CD21 cross-link the BCR, CD19
is brought in close vicinity which potentiates the signal transduced by Lyn (Figure 10), not
only lowering the threshold of BCR activation but also scaling up antigen engagement in
the class Il MHC processing pathway (Cherukuri et al., 2001; Poe et al., 2001; Toapanta and
Ross, 2006). C3d-coated antigens co-ligating the BCR are preferentially presented over
those lacking this interaction, denoting 100-fold increased efficiency, here ensuring the
specificity of the immune response (Zsef Prechl et al., 2002).
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Enhanced B-cell Activation

(Toapanta and Ross, 2006)

Figure 10. Role of C3d and the CD19/CD21 complex in the modulation of the BCR
signalling The CD19/CD21 complex acts as a potentiator of BCR signalling when C3d-
coated antigens bound to CD21 through C3d crosslink the BCR. CD19 moves in close
proximity with the BCR where its association with Lyn potentiate the recruitment and
activity of Syk and PI3K which ultimately enhance BCR activation.

C3d is a by-product of a proteolytic cascade within an intricate system of plasma and
membrane-associated proteins (Figure 11), either initiated by Clqg interaction with
antibodies in immune complexes (classical pathway), capture of pathogenic carbohydrate
structures on PAMPs by mannose-binding lectin (MBL) (lectin pathway) or through
spontaneous hydrolysis of C3 (alternative pathway) (Lubbers et al., 2017). They all converge
to the generation of the C3 convertase (C4b2a/C3bBb), cleaving C3 in downstream
components exerting chemoattractant properties (C3a/C5a), targeted lysis through
formation of the membrane attack complex (MAC) and phagocytosis of opsonised particles
(C3b/iC3b/C3d) (Gros, 2011; Lubbers et al., 2017).
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Figure 11. The three pathways of the complement system and C3d generation The
complement pathway can be initiated further to binding of C1q to immune complexes
(classical pathway), recognition of carbohydrates on the surface of PAMPs (lectin pathway)
or spontaneous hydrolysis of C3 (alternative pathway). They all converge to the formation
of the C3 convertase which, further down the proteolytic cascade, generates anaphylatoxins
(C3a, Cha), the MAC complex and opsonins (C3b/iC3b/C3d).

The synergistic potential of C3d was demonstrated in a collagen-induced arthritis (CIA)
mice model where immunisation with C3d-bound type Il collagen efficiently initiated
inflammatory arthritis, substituting for the conventional mycobacterial components of the
Freund’s adjuvant, a mechanism strictly linked to the CD19/CD21 complex and resulting
enhancement of antigen presentation to CD4 helper T cells (Del Nagro et al., 2005).
Similarly, the exacerbation of demyelination in experimental autoimmune
encephalomyelitis was reported with the adjunction of C3d-coated MOG, drawing upon the
facilitation of germinal centre formation in draining lymph nodes which supports the shift
to adaptive autoimmunity (Jégou et al., 2007). Failure to direct C3d-coated antigen to CD21

abrogates these functions as demonstrated with the adjunction of the complement factor H-

46



related protein-3 (FHR-3) which, by altering the tertiary structure of C3d proteins
consecutive to its association, hinders their engagement with CD21 (Buhlmann et al., 2016).
Interestingly, C3d-tagged antigens can be captured by CD21 in a BCR-independent way,
irrespective of epitope specificity, and endocytosed to then co-localise with compartments
associated with the endocytic pathway of class Il MHC presentation (Hess et al., 2000). In
fact, this mechanism was demonstrated in resting B cells to efficiently elicit T cell activation
in a class Il MHC-restricted fashion, strictly dependent on T cell help to upregulate CD86
expression on B cells, here suggesting that failure to receive such support would instead
drive a tolerogenic response (Boackle et al., 1998) (Figure 12). Also, these data indicate that
prior B cell activation is not a prerequisite for C3d-coated antigens to be internalised by
CD21. Hence, resting B cells, regardless of their specificity, could present a large repertoire
of antigens towards which a tolerogenic response would be propagated. However, this state
could be reverted further to BCR cross-linking since antigen specificity is prioritised (Zsef

Prechl et al., 2002), driving resting B cells into becoming potent APCs.

Activation Activation

++

CD40

(Boackle et al., 1998)

Figure 12. Model of C3d-directed antigen presentation by B cells: differential
outcomes B cell activation is amplified when C3d drive BCR-bound antigens to CD21 as
compared to a CD21-independent antigen engagement with the BCR (2" and 3 rows).
C3d-coated antigen uptake independent of BCR cross-linking mediate poor or tolerogenic
signals depending on the provision of T cell help for the acquisition of co-stimulatory
molecules (1% and 4" rows).
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Hence, it can be speculated that fine-tuning the signal potentiated by CD19/CD21 could
give the upper hand to determine B cells fate. It would provide a strategic approach to
sustain a resting state of B cells and take full advantage of their tolerogenic properties. This
could be achieved either indirectly, through CD22 targeting in order to shift the equilibrium
dictating BCR activation towards inhibition, here overriding the CD19/CD21-induced
potentiation. Or directly, by engaging a CD21-mediated antigen capture facilitated by C3d
independent BCR cross-linking.

The key challenge to fully investigate this approach and correlate the findings with the
settings of aGvHD is to design a model that integrates the histocompatibility background
as well as the inflammatory environment characteristic of that observed in severe grades
aGvHD. This would provide an insight on whether B cells are brought to play in the priming

phase and to what extent the tolerogenic properties of resting B cells could be exploited.

1.6. In vitro models of histocompatibility: limitations of current mixed lymphocyte

reactions

The major concern is to use an in vitro model which best reflects the clinical settings of
aGvHD. However, the existing models, based on the principle of the mixed lymphocyte
reaction (MLR), essentially consist of the use of isolated allogeneic T cell populations,
derived from two different blood samples, where the outcome of the immune response is
assessed by evaluating the magnitude of their proliferation (DeWolf et al., 2016). As a
consequence, they present a major drawback since the complex intercommunication
between the components of the immune system, including the production of cytokines and
cellular interactions, is not integrated while elementary in the pathogenesis of aGvHD.
Hence, any therapeutic approaches assessed through these models raise concerns with
regards to their implementation in clinical settings as the effects observed might be
artificially created. Other models partly overcome this barrier. Notably, those involving
peripheral blood mononuclear cells (PBMCs) as responders to represent the donor-derived
immune system. They are used in conjunction with distinct stimulatory cell populations,
commonly splenocytes (Beilhack et al., 2005), DCs or macrophages differentiated from
PBMC-derived monocytes (Kulakova et al., 2010; Jardine et al., 2020) isolated from a
secondary donor source which replicate the host tissues expressing host-specific self-

antigens absent from the donor repertoire. Here, the advantage resides in the avoidance of
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treatment with mitomycin C or irradiation to block stimulator cell proliferation, which is a
procedure commonly used in standard MLRs involving PBMCs (Sairafi et al., 2016) or
isolated T cell populations (Lim et al., 1998). Although standard MLR was designed to
precisely measure the outcome of the reaction triggered by the responder population, it also
alters the stimulatory capabilities of the irradiated or mitomycin-treated population. While
PBMC-based responders integrate a larger panel of immune cells, including B and T cells,
NK cells and monocytes, the MLR misses out on the presumed contribution of DCs,
neutrophils and other granulocytes in the cellular and cytokine network making up aGvHD.
Thus, it underestimates, amongst others, the apoptotic arm of aGvHD since tissue apoptosis
can lead to the generation of apoptotic bodies and extracellular vesicle recruiting the
aforementioned phagocytic cells for clearance, further fuelling the inflammation (Caruso
and Poon, 2018). Moreover, the exclusion of B cells from the pool of stimulators may be
prejudicial considering the growing interest in their role as APCs in the initiation of aGvHD.
It could be argued that the use of primary cells as stimulators could be associated with
numerous limitations. Indeed, the lack of reproducibility and the existing variability between
donors, risking the MLR not to be robust enough to provide consistent and reliable results,
could ultimately lead to biased interpretations. In place of PBMC-derived monocytes, the
stimulator cells could be derived from the Thp-1 monocytic tumour cell line which, because
of its genetic homogeneity, confers the distinct advantage of maintaining a stable phenotype
and, as a result, providing reproducible responses (Chanput et al., 2014). The use of
immortalised cell lines is however disputed, attributing them with a different degree of
sensitivity than primary cells which could lead to artificial responses not reproducible in
vivo. Indeed, although macrophages derived from the Thp-1 cell line using PMA were
shown to exert similar features as their PBMC counterparts with regard to the expression
pattern of cell surface markers, morphological characteristics (granularity, presence of
lysosomes, cytoplasmic volume) as well as functional properties (cytokine and nitric oxide
production, phagocytosis of opsonized particles and resistance to apoptosis) (Daigneault et
al., 2010), the immune response triggered by the responders might not reflect the one
occurring in the course of aGvHD. Thus, any findings generated with Thp-1 monocytes
would be hardly transferrable into in vivo settings.

While the cellular composition of MLRs has been the subject of many variations, the
inclusion of a particular inflammatory status at its induction was rarely addressed. Indeed,
only the presence of allogeneic components represented by the stimulators and responders

is accounted for in the standard MLR. However, this could constitute a caveat when
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modelling aGvHD settings considering the initial intense inflammatory environment
established further to pre-conditioning and aGvHD prophylaxis at the foundation of its
initiation phase (Holtan et al., 2014; Kuba and Raida, 2018).

1.7. Research aims

The present study aims at evaluating the putative role of B cells as APCs in the
pathophysiology of aGvHD, focusing on the regulatory properties of the CD19/CD21
complex, and evaluate the extent of the tolerogenic potential of resting B cells in the context
of allogeneic HSCT. KHA-specific resting B cells were shown to induce abortive activation
of KYHA-specific naive CD8 T cells in InsHA mice (Fraser et al., 2006). Also, resting B
cells presenting MOG-derived epitopes via their class I MHC molecules protected against
demyelination in EAE (Calder6n-Gomez et al., 2011). However, what remains to be
determined is whether the tolerogenic functions of resting B cells would be sustained in an
intense inflammatory environment such as that observed in aGvHD. In order to address this
issue, a MLR integrating IL-15, a critical component identified in early phases post-HSCT,
will be designed and optimised. The identification of an immunological readout identifying
the cytotoxic effector response is critical to address the research questions raised in the
present study. First, to assess whether reducing the surface expression of the CD19/CD21
complex hinders the establishment of the allogeneic reaction, here addressing the role of B
cells in the onset of aGvHD. Then, to identify a way to fine-tune the CD19/CD21 complex
so that antigen capture is directed through CD21 in a context of low or high surface
CD19/CD21 complex expression, here addressing whether resting B cells inducing tolerance
towards a large repertoire of antigens can be yielded. Overall, this study will give an insight
on whether resting B cells could be introduced as a new clinical asset for the prevention or
management of acute GvHD. A promising application would be to selectively target non-
haematopoietic miHAs to preserve the GvT effect and thus, maximise the prospect for long-
term survival and disease remission. Here, a differential tolerance based on the tissue
distribution of miHAs would be established. The implementation of such therapeutic
strategies is all the more urgent for partially HLA-mismatched donor/recipient pairs. Indeed,
despite being associated with higher rates of graft failures, aGvHD incidence and
progression to severe grades, these will constitute the main alternative HSC source due to
the scarcity of HLA-matched unrelated donors (Kekre and Antin, 2014).
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Chapter 2

Material and Methods
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2.1. Human blood samples

A total of 16 human buffy coat samples collected from healthy individuals were provided
by the National Health Service Blood and Transplant (NHSBT, Colindale, London, UK). It
supplies research laboratories with biologic material unfit for therapeutic application,
ensuring that the ethics requirements are fulfilled through the informed consent given by the
donors regarding the use of their blood for training, education and ethically approved
research (National Health Service Blood and Transplant, 2015).

2.2. Cell preparation

The blood samples were collected into sodium heparin tubes (6mL BD Vacutainer, Becton
Dickinson, Franklin Lakes, New Jersey, USA) and treated with 10 volumes of red blood cell
lysis buffer (R&D System, Minneapolis, USA) per volume of blood, a total of 3mL for each
donor being processed, for 7 minutes at 37°C then washed with PBS. Cell viability was
checked by trypan blue exclusion (Sigma-Aldrich, Saint-Louis, Missouri, USA) on the
CellDrop automated cell counter (DeNovix, Wilmington, Delaware, USA) recording on
average 95% viability. Overall, 40 x 10° cells were yielded, either brought to 2 x 10® cells/mL
in complete RPMI-1640 (Life Technologies, Carlsbad, California, USA), supplemented with
10% FBS (Life Technologies, Carlsbad, California, USA) and 1% penicillin/streptomycin
(GE Healthcare, Little Chalfont, Buckinghamshire, UK) or resuspended in 500uL PBS for
further CFSE staining (BD Horizon, BD Biosciences, East Rutherford, New Jersey, USA).
The major concern being to eliminate any trace of serum proteins which could interfere with
the incorporation of the CFSE pro-dye in the cells since it interacts with amine groups. Then,
500uL of a 10uM CFSE labelling solution was added to the cell suspension, achieving a
final concentration of 5uM CFSE for 40 x 10° cells/mL, incubated 3 minutes at 37°C in the
dark. The reaction was quenched and washed twice with 10 volumes of RPMI-1640, the
resulting cell pellet being resuspended at 2 x 10° cells/mL in RPMI-1640. The differential
CFSE staining was designed to help discriminate between the responders, unstained, and the
stimulators, CFSE labelled, when the MLR was set up (Figure 13). The stability of CFSE
staining in the 3-day culture was verified against CFSE-unstained blood.
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Figure 13. Protocol implemented for the preparation of the responders and

stimulators
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2.3. Optimisation of the Stim/Resp ratio and IL-15 concentration of the Mixed
Lymphocyte Reaction

The MLR was first optimised for the Stim/Resp ratio and IL-15 concentration. The
stimulators were not CFSE-stained for this work, they were prepared following the same
protocol as the responders as detailed in Figure 13. These preliminary data were generated
before CFSE staining was included for the discrimination between stimulators and
responders. First, the MLR was carried out following a Stim/Resp ratio of 1:2, 1:5 or 1:10
in 500pL/24-flat bottom wells (1 x 10° cells/well). Then, the MLR set up with the validated
Stim/Resp ratio was supplemented with 5, 10 or 100ng/mL IL-15 (Sigma-Aldrich, Saint-
Louis, Missouri, USA). The outcome of the reaction was examined at Day 3 of incubation
at 37°C, 5% CO., by measuring surface expression of CD86 and HLA-DR by flow
cytometry. The resulting fold-change in CD86 and HLA-DR levels yielded between the
MLR and the corresponding responder controls was calculated to determine which
parameter provided the largest assay window. A Day 6 readout for the conditions showing
an increase in signal at Day 3 was performed to see whether a wider assay window could be

obtained.

2.4. Setup of the Mixed Lymphocyte reaction

The MLR was carried out following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom
wells (1 x 10° cells/well) and supplemented with 5ng/mL IL-15, further referred to as M15
in the results section. The outcome of the reaction was examined at Day 3 of incubation at
37°C, 5% CO2. 50ng/mL Epratuzumab (Biovision, Milpitas, California, USA) or/and
50ng/mL C3d (Sigma-Aldrich, Saint-Louis, Missouri, USA) were added to R15 and M15
concomitantly at the start of the reaction. The supernatants were harvested and stored at -
20°C for further quantification of Granzyme b, IL-10 and TNFa production by ELISA. B
cell, CD4 T cell and CD8 T cell surface marker expression levels were determined by flow

cytometry.
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2.5. Quantification of Granzyme b, IL-10 and TNF-a production by ELISA

Granzyme b, 1L-10 and TNF-a levels in culture supernatants were measured using the
DuoSet ELISA kit (R&D Systems, Minneapolis, Minnesota, USA) following the
manufacturer’s instructions. Briefly, polystyrene plastic microplates (COSTAR 96) were
coated with anti- Granzyme b or I1L-10 capture antibody overnight at 4°C, blocked for 1h at
room temperature with 10% BSA solution, then 50uL of supernatant, with the adjusted
dilution, and standards, realised in duplicates, were added for an overnight incubation at 4°C.
The bound proteins were detected by the biotin-conjugated antibodies, incubated 2h at room
temperature, then, protected from light, coupled with the HRP for 20 minutes at room
temperature. The complexes formed were revealed after 20 minutes incubation at room
temperature with TMB substrate solution, the reaction being stopped by addition of sulfuric
acid. The reading was carried out at both 450nm and 570nm to account for non-specific
emissions on SPECTROstar Nano (BMG Labtech, Aylesbury, England). The data were
generated with MARS software (BGM Labtech, Aylesbury, England).

2.6. Live/dead cell exclusion: fixable viability stain

The staining was carried out on 1 x 10° cells/mL, therefore a whole well was used, the cells
being first washed in 2mL PBS since the proteins contained in RPMI-1640 could alter the
reactivity of the dye, then resuspended in 1mL of 1pg/mL FVS staining solution (FVS780,
BD Biosciences, East Rutherford, New Jersey, USA) and incubated 15 minutes in the dark
at room temperature, any remaining free dye being quenched by washing twice with 2mL
staining buffer (BD Biosciences, East Rutherford, New Jersey, USA). The cells were finally
brought up to a 200uL suspension in staining buffer. The analysis was carried out on the BD
LSRFortessa X-20 (Becton, Dickinson and Company, BD Biosciences, San Jose, California,
USA), FVS being detected using the APC-Cy’ channel, data acquisition was performed with
the BD FACS DIVA software (BD FACSDiva v8.0) and the graphs and data were generated
with the FCSalyzer software (version 0.9.18-alpha; Sven Mostbhock). Dead cells generated
in the MLR were used as an internal control to set the threshold for FVS positivity. They are
identified as FSC'®"/FSCM9" and gated on CFSE" to distinguish them from debris.
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2.7. Surface marker staining and gating strategy

2.7.1. Protocol used for the optimisation of the MLR

The staining was carried out on 5 x 10° cells/100pL with antibody concentrations used at
recommended manufacturer’s instructions. 10uL of the APC-conjugated selection marker
CD19 in combination with 10uL of either PE-conjugated CD86 or HLA-DR (BD
Biosciences, East Rutherford, New Jersey, USA) were added to the cells and incubated for
20 minutes in the dark at room temperature. FMO controls were added to determine where
to set the gates to distinguish negative from positive populations. The cells were washed
with PBS and resuspended in 200puL staining buffer (BD Biosciences, East Rutherford, New
Jersey, USA). The analysis was carried out on the CyAn ADP (Beckman Coulter, Pasadena,
California, USA). The Summit software (Summit v4.3) was used for data acquisition and
graphs and data generation. The lymphocytes were identified on a SSC-A/FSC-A dot plot
as the FSC'®"/SSC'®" population and the B cells identified as CD19" cells. The assessment
of HLA-DR and CD86 expression levels was performed by recording the MFI of HLA-DR
and the %CD86" B cells.

2.7.2. Protocol used for the optimised MLR

The staining was carried out on 5 x 10° cells/100uL with antibody concentrations used at
recommended manufacturer’s instructions. 10uL of the corresponding combination of the
APC-conjugated selection markers, CD19, CD4 or CD8, with either PE-conjugated CD86,
HLA-DR, CD21 or CD25, CD40L, CTLA-4 or CD2, CD29, TCR, respectively (BD
Biosciences, East Rutherford, New Jersey, USA) was added to the cells and incubated for
20 minutes in the dark at room temperature. The cells were washed with PBS and
resuspended in 200uL staining buffer (BD Biosciences, East Rutherford, New Jersey, USA).
The analysis was carried out on the BD LSRFortessa X-20 (Becton, Dickinson and
Company, BD Biosciences, San Jose, California, USA). The PE-conjugated antibodies were
selected for the measurements of changes in the expression levels of markers, as this
fluorophore is one of the most stable and brightest reagents available for flow cytometry.
Data acquisition was performed with the BD FACS DIVA software (BD FACSDiva v8.0),
the graphs and data were generated with the FCSalyzer software (version 0.9.18-alpha; Sven
Mostbock). The lymphocytes were identified on a SSC-A/FSC-A dot plot as the
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FSC'Y/SSC'™ population. Then, a double gating combining CFSE with either CD19 (B
cells), CD4 (CD4 T cells) or CD8 (CD8 T cells) was used to select either responder B cells
(CD19%/CFSE’), responder CD4 T cells (CD4*/CFSE) or responder CD8 T cells
(CD8*/CFSE"). 1000 events were collected for each population. The MFI was recorded for
all markers except CD86 for which the %CD86" responder B cells was chosen and CD25,
CD40L and CTLA-4 for which the %CD25*, %CD40L" and %CTLA-4" responder CD4 T
cells were chosen. The MFI of CD19 on responder B cells was also assessed. However, no
isotype control was used since the whole population expresses CD19 and that a shift in total
MFI is investigated. PE-conjugated IgG2a and IgG1k isotype controls were added in place
of the corresponding PE-conjugated marker in order to determine where to set the gate to
distinguish negative from positive populations. They account for non-specific background
staining resulting from binding to Fc receptors. CS&T beads (Becton, Dickinson and
Company, BD Biosciences, San Jose, California, USA) were used to ensure quality control
of the flow cytometer’s optics, electronics and fluidics. Optimal instrument setup was
performed to minimise spectral overlap between fluorochromes. Unstained cells were used
to account for the intrinsic autofluorescence of the lymphocytes and set the detector
voltages. OneComp eBeads™ (ThermoFisher Scientific, Waltham, Massachusetts, United
States) were used to correct any potential background spillover of fluorophores into
secondary detectors (Supplementary figure 1). Briefly, the beads were either unstained
(Supplementary figure 1B) or single-stained (Supplementary figure 1C) with 1uL CD3
FITC, CD19 APC or HLA-DR PE, identified in the P1 gate (Supplementary figure 1A).
After 15min in the dark at RT incubation, the beads are washed with PBS and resuspended
in 200uL staining buffer. A compensation matrix was generated (Supplementary Figure

1D) and the compensation was applied.

2.8. Statistical analysis

Statistical analysis was carried when a minimum of 3 experimental repeats are obtained for
each readout. For each experimental approach, two or more independent categorical data
were compared for one dependent continuous variable, hence a one-way analysis of variance
(one-way ANOVA) was used for data processing. Statistical analysis and corresponding
graphs were generated with Prism (version 7; GraphPad Software). Repeated-measures one-
way analysis of variance (RM one-way ANOVA) was used to account for uncontrolled

experimental variabilities, here embodied by the diversity of HLA- and miHA-mismatches
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at stake for each experiment because of the diversity of blood sources, hence each pairing
involves different histocompatibility disparities and the ensuing immune response could
fluctuate from one experiment to another with regards to its strength. The reliance on
repeated measures was validated by testing for the effectiveness of the matching (p<0.005).
The Shapiro-Wilk normality test was run in order to verify that the data follow a Gaussian
distribution, a prerequisite for the application of RM one-way ANOVA, if passed, the
sphericity is assumed since the present study depends on matching rather than repeated
measures, and post-hoc analysis is carried out with Sidak method. The data that failed the
Shapiro-Wilk normality test use the Friedman non-parametric test followed by the Dunn’s
multiple comparison test. The p<0.05 was considered as significant, the data being reported
as the means + SEM.

2.9. Ethics

The present research fully complies with the ethics requirements as stated by the University

of Westminster research ethics committee (ethics application reference: ETH1617-1175)
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Results

59



3.1. Introduction

Over the past 60 years, a better understanding of the underlying mechanisms constituting
the backbone of acute GvHD has been acquired. Particularly, the critical and yet tight
balance existing between promotors fuelling the allogeneic reaction and suppressors
dampening it was outlined. This is opening new prospects for the establishment of
therapeutic strategies which potential for long term recovery relies on the dual and
combinatory impact of the alleviation of the initial cytokine storm and introduction of a
tolerogenic signal. The perspective of separating the GvT effect from GvHD by taking
advantage of the differential tissue distribution of miHA could indeed fulfil this prerequisite
by directing a tolerogenic response towards mismatched HLA and host non-haematopoietic,
mismatched miHA. Thus, the protection of host tissues from acute GvHD would be
promoted while the GvT effect would be indirectly sustained through targeting of
haematopoietic mismatched-miHA, stressing that class | MHC-restricted miHA would be
of great interest for this application. The development of miHA-specific Tregs sought to
fulfil this strategy, however yielding inconclusive results with respect to the cumbersome
procedure to generate them as well as the unstable nature of their phenotype and specificity
further to adoptive transfer. Interestingly, B cells received scarce attention despite their
tolerogenic potential when in a resting state. However, a better characterisation of their
contribution as antigen presenting cells to aGvHD pathophysiology has to be addressed. The
objective would not only be to validate the relevance of B cells as therapeutic targets, but
also to assess whether these tolerogenic functions would be overwhelmed in the intense
inflammatory environment that is prevailing in aGvHD.

It is therefore essential to investigate this particular aspect in a MLR which integrates key
components of the events contributing to aGvHD onset so that the effects observed are better
aligned with distinct aspects of the pathological settings. It will ensure a better reliability of
the effects observed when assessing the relevance of the therapeutic potency of abrogating
B cell antigen presenting functions and additional impact associated with the preservation
of their resting state for possible clinical applications. Hence, this MLR could serve as a
cell-based assay platform used in drug discovery to assess the potency of compounds and
help in the decision-making process for progression to next stages of validation.

The current MLRs fail to account for these particular settings. Indeed, they elude the existing
complex cellular and cytokine network generated as a result of conjugate formation, but also

underestimating the predominant role of the initial inflammatory milieu prevailing in the
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onset of aGvHD. Therefore, the present study aims to address this drawback and come up
with the implementation of a MLR which includes IL-15 as a core component since it was
demonstrated to be abundantly secreted in the early phase to correct the lymphopenic state,
supposedly exacerbated by its release from injured tissues or secretion by macrophages and
DCs in response to the acute inflammation.

The key challenge here is to design a model that integrates the HLA disparities as well as
the inflammatory environment prevailing in aGvHD. IL-15 systemic plasma levels being
correlated with the incidence of severe grades, it constitutes the core of this newly designed
MLR such that any findings give an insight into their applicability in clinical settings. The
emphasis is put on deciphering to what extent B cells are involved in the onset of aGvHD
as APCs, a feature poorly addressed in the literature.

The duality of B cells in their signalling as APCs, at the crossroad between immune
activation and tolerance induction, constitutes an attractive aspect in the case of aGvHD.
This is relevant either in the disruption of the capacity of B cells to present antigens and
thus, passively hinder the onset of aGvHD. Or conversely, in the harnessing of their
tolerogenic properties, here actively sustaining an anergic state protecting host tissues from
unwanted cytotoxic killing. This latter holds interesting prospects for long term recovery
with regards to the selective shielding of host non-haematopoietic miHAs for the
preservation of the GvT effect. Hence, this chapter addresses the plausibility of these
strategies. Also, it provides an insight on whether B cells occupy a central role in the
priming phase of aGvHD. Given the prominent regulatory activities of the CD19/CD21
complex with respect to the potentiation of BCR signalling, not only through the reduction
of its activation threshold but also in the amplification of antigen processing for class Il
MHC presentation (Cherukuri et al., 2001; Poe et al., 2001; Toapanta and Ross, 2006), it
logically represented an ideal target for the induction of a resting state. The anti-CD22
antibody epratuzumab is relevant for this prospect since, further to CD22 ligation, it
provokes the internalisation and also trogocytosis of the CD19/CD21 complex (Dorner et
al., 2015), overall resulting in its diminished representation on the surface of B cells. The
mechanistic impact of epratuzumab was indeed well described with regards to the
phenotypic changes incurred to B cells, however its functional impact has never been clearly
addressed. Given the reduced surface expression of the CD19/CD21 complex and BCR, it
could be anticipated that the hereby generated B cells would be unresponsive. This aspect

will be investigated in the MLR. Although this strategy would fulfil the first hypothesis,
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that is the passive hindrance of aGvHD initiation, it is not clear whether these resting B cells
would spontaneously propagate a tolerogenic signal. Indeed, the anticipated obstruction of
antigen uptake would mitigate the specificity of the anergic signal associated with resting
B cells, hence a way to circumvent the reliance on the BCR in this mechanism must be
found. A way to do so could be to redirect antigen uptake to CD21, a process which,
independent of co-ligation with the BCR, can ultimately drive T cells in an anergic state via
a class Il MHC-restricted way due to the failure to acquire co-stimulatory receptors (Hess
et al., 2000). Ultimately, resting B cells displaying a wide antigen repertoire towards which
a tolerogenic state would be established could be yielded. However, this strategy is double
edged, the desired tolerance possibly thwarted by the exaggerated prevalence of C3d,
potentially reviving B cells out of their resting state. The strength of C3d-coated antigen
adjunction was indeed evidenced as efficient at breaking anergy (Del Nagro et al., 2005),
hence posing C3d as a crucial trigger to set off the immune response. Following the same
reasoning, it could be feasible that C3d mediates divergent responses relative to the extent
of CD19/CD21 surface density expression. Thus, it could represent a limiting factor for the
redirection of antigens to the CD21-mediated class Il MHC presentation, consequently
mitigating the chances to propagate a tolerogenic state. Here two issues need to be
addressed. Firstly, the risk of breaking the resting state of B cells and thus, failing to keep
them away from the pool of APCs involved in T cell priming. And also, the obstruction of
C3d-coated antigen internalisation via CD21, hampering the prospect for the constitution
of a repertoire of tolerated antigens. Therefore, C3d adjunction was applied in two contexts,
one where B cells are unmodified and thus, have the potential to participate in the
alloreaction, and another where the surface expression of the CD19/CD21 complex is

reduced in an attempt to maintain B cells unresponsive.

What remains to be determined however is whether the attempt to put a hold on the initiation
of aGvHD is not interfered with by bystander APCs which would substitute for the
incompetence of B cells in this matter. Also, it raises the question around the stability of the
resting state in such an overwhelming inflammatory environment, potentially
compromising the prospect for harnessing their tolerogenic potential. Our MLR will help
to get an insight on these issues. Indeed, it integrates a complex cellular network accounting
for the interplay between the various immune components at stake and resulting cytokine
production together with inflammatory settings, characteristic of severe grades aGvHD

through the inclusion of 1L-15.
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3.2. Model development: two-way mixed lymphocyte reaction supplemented with
IL-15

3.2.1. Rational for the integration of IL-15 as a core component of the MLR

One of the major drawbacks of current models is the failure to integrate pre-existing
inflammatory settings whereas these are characteristic features of aGvHD (Ball and Egeler,
2008; Holtan et al., 2014). It is all the more crucial as it will ensure a better reliability of the
effects observed. Indeed, the intense inflammatory milieu hereby reproduced potentially
adds more weight to the tight balance between suppressors and promotors of aGvHD in
favour of the latter, challenging the strength of the tolerogenic response induced by resting

B cells.

Considering the wide diversity of the cytokine environment, the selection of the most
representative or relevant to the pathogenesis of aGvHD is critical. Based on the literature,
IL-15 and the leading components of the cytokine storm, TNF-a, IL-1 and IL-6, came out as
particularly pertinent for this prospect. Indeed, high systemic IL-15 levels were correlated
with the incidence of severe aGvHD (Sakata et al., 2001; Thiant et al., 2011, 2010). While
tissue injury and secretion by macrophages and DCs in response to the acute inflammation
can exacerbate IL-15 plasma levels, the post-HSCT lymphopenic state provides a strong
trigger for IL-15 production by BM stromal cells to support homeostatic T cell proliferation
and sustain immune reconstitution (Matsuoka et al., 2013). Post-transplant IL-15 is in fact a
promising strategy in TCD HSCT to correct the high rates of disease relapse, graft failure
and infections commonly arising in these settings (Alpdogan et al., 2005; Bertaina et al.,
2017; Negrin, 2015; Sauter et al., 2013). In other contexts, however, IL-15 is a key driver of
the breach in peripheral tolerance (Miyagawa et al., 2008), a potential harnessed to rescue
anti-tumour activities in tolerant CD8 T cells (Klebanoff et al., 2004; Teague et al., 2006).
On the other hand, TNF-a, IL-1p and IL-6 are shown to facilitate homing to target tissues
and activation of host APCs (Ball and Egeler, 2008). Moreover, the role of IL-1p and TNF-
a in causing tissue lesions is well described (Carlson et al., 2009; Du and Cao, 2018;
Hofmeister et al., 2004; Markey et al., 2014; Miskens et al., 2021; Tu et al., 2016), notably
involving Th17 which polarization requires IL-1p and IL-6 (Jankovic et al., 2013).
Altogether, it appears that IL-15 and the lead cytokines TNF-a, IL-1pB and IL-6 exert distinct

functions, these latter being greatly involved in directing the effector response whereas IL-
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15 stands out in the priming stage. The aim of this study being to investigate whether B cells
could modulate the direct allorecognition portrayed in the MLR, IL-15 represents the most
relevant option. All the more so considering that PB cells are in a quiescent state, readily
reversable by IL-15 if appropriate TCR engagement is provided (Dooms et al., 1998). TNF-
a, IL-1p and IL-6 were shown to be produced in the MLR (Bishara et al., 1998; Jordan and
Ritter, 2002), however, their involvement in responder T cell proliferation was not required
when PBMCs are used as stimulators, suggested to be due to their superior antigen
presenting functions over isolated cells (Leenaerts et al., 1992). Hence, the MLR used in this

study may not represent an appropriate model to test the impact of TNF-a., IL-1p and IL-6.

Interestingly, the literature is scare on IL-15 in MLR settings. A study however showed that
IL-15 is not produced despite evidence of T cell proliferation attributed to IL-2, its
involvement being even refuted since blocking the shared IL-2/IL-15R yC subunit failed to
show further anti-proliferative effect than that obtained with the inhibition of the private IL-
2Ra subunit (Praditpornsilpa et al., 2003). However, IL-15 mediates alloreactive CD8 T cell
proliferation through trans-presentation of endogenously produced 15Ro/IL-15 (Blaser et
al., 2006, 2005), which could account for this outcome. In spite of that, the presence of
empty cell surface IL-15Ra on most cells was emphasized, suggested to represent a state
where IL-15 expression has not yet been triggered (Stonier and Schluns, 2010). Hence,
trans-presentation seems to be tightly regulated according to the magnitude of the
inflammatory environment. The binding of soluble IL-15 to empty IL-15Ra was
demonstrated to be unlikely in BMT mice recipients of mixed BM cells efficiently producing
either IL-15 or IL-15Ra as they displayed similar survival trend as those receiving one type
separately (Blaser et al., 2006). However, it was shown that the strict requirement for trans-
presentation to be endogenously mediated could be bypassed if the level of secreted IL-15
was abundant enough to bind all IL-15Ra molecules (Stonier and Schluns, 2010). These are
circumstances presumably encountered in the settings of severe aGvHD where prolonged
systemic plasma IL-15 levels make up the host cytokine microenvironment (Sakata et al.,
2001; Thiant et al., 2011, 2010), the breadth of which being commensurate with the extent
of tissue damage. Ultimately, it would further fuel the immune response in an allospecific
fashion since 15Ra/IL-15 transduces its signal to primed T cells. Here, 1L-15 adjunction in

the MLR seeks to replicate this aspect.
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3.2.2. Cellular and cytokine environment in MLRs

The robustness of the newly-established MLR (Figure 14) lies in the inclusion of
unmanipulated buffy coat samples obtained from two healthy individuals, only red blood
cell lysis being carried out to rule out transfusion reactions, for both the stimulators and
responders. Here, the inclusion of B cells, T cells, NK cells, DCs, monocytes, neutrophils
and other granulocytes allows to integrate the complex interplay existing between these
components, both in terms of cellular interactions and cytokines produced, thus representing
a step forward to better model part of the events contributing to aGvHD onset. A
comprehensive understanding of the cellular and cytokine environment at stake in the MLR
is essential to help in the interpretation of the experimental outcomes generated in the
present study. It can be in part extrapolated from studies characterising blood product

composition as well as the current knowledge accumulated in the MLR field.

A comparative leukocyte count between peripheral blood and buffy coat revealed similar
distribution profiles for each individual subset, also emphasising a predominance of
neutrophils (60%) and lymphocytes (30%) over monocytes, eosinophil and basophils
(<10%) (Teetson et al., 1983). As for DCs, they represent a minority, only accounting for
0.25-0.84% of PB leukocytes and 0.60-1.69% of PBMCs (Hasskamp et al., 2005). Precisely,
T cells account for 55.2% of the lymphocyte population in PBMCs, with a CD4:CD8 ratio
of 1.44, including 22.1% naive T cells, 12.6% Tcwm, 35.9% Tem and 21.7% terminally
differentiated T cells, considerably surpassing B cells (15.5%) and NK cells (10.1%) (Sairafi
etal., 2016).

As the most represented subset, commonly found to account for 50% to 70% of peripheral
leukocytes (Mayadas et al., 2014), the influence that neutrophils would exert with respect to
their short lifespan needs to be anticipated. Indeed, while having a 8h half-life in periphery,
not exceedingly increased in-vivo as less than a 24h half-life was reported, neutrophils were
shown to readily die over a 24h blood storage partly explained by altered cholesterol levels
(Bonilla et al., 2020). Although buffy coats are processed fresh for the MLR setup, the 3-
day incubation period, exceeding the average 6-8h peripheral half-life (Blanter et al., 2021),
could in fact replicate neutrophils death as depicted in stored blood. At the end of their life,
neutrophils undergo spontaneous death via apoptosis and are degraded by resident
macrophages resolving the inflammation (Geering and Simon, 2011). However, a failure to

process apoptotic neutrophils in a timely manner leads to a shift towards secondary necrosis,
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involving the release of DAMPs further to plasma membrane disintegration and nuclear
content exfiltration, instead fuelling the inflammation (Chatfield et al., 2018; Iba et al.,
2013). Since macrophages are the key mediators in the phagocytosis of apoptotic
neutrophils, it is essential to envisage whether such mechanism is conceivable in the MLR.
In vivo, macrophages derive from tissue infiltrating circulating monocytes, a replenishment
of skin CD14" macrophages 12 days post-HSCT from peripheral CD14" recovered 4 days
prior to this illustrating this property (Coillard and Segura, 2019). The recruitment of
monocytes to local inflamed tissues is in fact a well described event, whether dependent on
CCR2 to mobilize bone marrow-derived monocytes or LFA-1 to support extravasation of
circulating monocyte into tissues (Kratofil et al., 2017). In vitro, established protocols
integrate distinct cytokine cocktails to polarise monocytes towards selected macrophage
phenotypes, notably GM-CSF/IFN-y/LPS and M-CSF/IL-4/1L-13 driving pro- (M1) or anti-
inflammatory (M2) subsets, respectively (Orekhov et al., 2019). Monocyte-derived
macrophages are usually yielded after 5-9 days of culture with these protocols, occasionally
involving a stepwise addition of GM-CSF or M-CSF first completed at a later stage with the
full set of cytokines (Nielsen et al., 2020; Rey-Giraud et al., 2012; Zarif et al., 2016). The
completion of macrophage differentiation from monocytes in our MLR remains unlikely.
Not only is it limited by the low frequency of monocytes in the buffy coat (<10%) (Teetson
et al., 1983), but also it would not be adequately supported in a short-term incubation time,
3 days, which is preferred in this study. Hence, the phagocytosis of apoptotic neutrophils,
described as being macrophage-driven (Geering and Simon, 2011), appears improbable,
indicating a most probable switch to necrotic death (Chatfield et al., 2018; Iba et al., 2013).
Here, the MLR could include a background inflammatory status derived from neutrophil
necrosis and, considering the ubiquitous expression of PRRs, notably TLRs, across the
leukocyte compartment (El-Zayat et al., 2019), a broad repercussion on all leukocytes at
stake in the MLR could be expected. Neutrophils are among the first cells to reconstitute
following a 10-20-day pancytopenia post-HSCT and evidence shows that they have a role
in the establishment of an inflammatory microenvironment feeding into aGvHD
pathogenesis (Tecchio and Cassatella, 2020). Hence, despite the uncontrollable nature of
neutrophils death in the MLR, their inclusion represents an important aspect.

This unspecific inflammation accounted for, direct alloreaction of intact mismatched MHC-
allopeptide complexes would allegedly be supported by responder naive T cells since they
are identified as the key drivers of aGvHD initiation (Chen et al., 2007; Sairafi et al., 2016),
representing 22.1% of the T cell population (Sairafi et al., 2016). Unlike B cells and
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monocytes, the involvement of the existing pool of DCs as APCs in this process would be
minor considering the low DC frequency in PB (Hasskamp et al., 2005). The generation of
monocyte-derived DCs is described in established protocols using a GM-CSF/IL-4-driven
stimulation over a 7-day course (Marzaioli et al., 2020). However, the completion of DC
differentiation would be unlikely in our MLR. The small monocyte fraction in the buffy coat
as well as the preferred short culture time, 3-days, would not adequately support such
process. Yet, IL-15-based short-term protocols are published. Either broken down into a first
48h generation of DCs with GM-CSF/IL-15 followed by maturation for 24h with a TLR7/8
agonist-based cocktail, yielding competent DCs exerting more potent T cell stimulatory
capacity than DCs matured with TNF-a, IL-1B, IL-6 and PGE2 (Anguille et al., 2009). Or,
similarly, consisting in 28h of GM-CSF/IL-15/R848-based DC derivation and subsequent
maturation with a culture in IFN-y/TNF-o/PGE2 for 20h, producing DCs potentiating
efficient anti-leukemic T cell functions (Van Acker et al., 2018). Here the timeframe for
completion better aligns with the 3-day M15. What’s more, the cytokine kinetic profile at
stake in standard MLRs revealed a 24h post-induction peak of IL-1 and TNF-a followed at
72h by IL-6, although presumably spontaneously released irrespective of the allogeneic
context (Bishara et al., 1998). In line with this, the 24h-peak of TNF-o was similarly
evidenced, however also denoting a slow kinetic for IFN-y only starting at day 3 (Jordan and
Ritter, 2002). These cytokines could in fact feed into the maturation process of DCs if
yielded by IL-15 in M15 as TNF-a, IL-1p and IL-6 are part of such in vitro protocols
(Anguille et al., 2009). Also, the intrinsic inflammatory properties harnessed by IL-15 could
facilitate this mechanism. Indeed, co-cultures of IL-15-activated PB and monocytes
indirectly induced their secretion of TNF-a as part of a cross-talk with NK cells, these later
in turn producing IFN-y as activated monocytes cross-present membrane-bound I1L-15
(Gonzélez-Alvaro et al., 2006). Of note, in addition to impacting the cytokine environment,
IL-15 also promotes the acquisition of phenotypic profiles characteristic of potent APCs.
Indeed, IL-15 was shown to not only strongly induce HLA-DR and CD86 upregulation on
monocytes, but also to bring the expression levels of other co-stimulatory molecules, notably
CD86, CD80 and CD40, to those found on DCs derived with a standard GM-CSF/IL-4/TNF-
a for 7 days (Saikh et al., 2001).
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3.2.3. Setup of the model

The setup of the newly-designed two-way MLR is presented in Figure 14.

Mixed Lymphocyte Reaction

Host tissue Donor immune system
(Stimulators CFSE) (Responders)
Buffy coat 1 Buffy coat 2
In excess
N N
Trigger the immune response Perform the immune
response

thus considering
cell-cell interactions
cytokine production

+/-
IL15
Highly produced early after allogeneic HSCT
Contributes to the severity of acute GvHD

Figure 14. Setup of the newly-designed MLR Unmanipulated buffy coats obtained from
two healthy individuals are mixed together to replicate the host tissues (stimulators)
expressing self-antigens recognised as foreign by the donor-derived immune system
(responders). The MLR is setup up at a Stim/Resp ratio of 1:10 and supplemented with
5ng/mL IL-15 as it was shown to be central to the afferent and priming phases of aGvHD
and correlates with the incidence of severe clinical grades. The differential CFSE labelling
of the stimulators allows the unequivocal selection of the responders since the focus is on
the outcome of the immune response at the donor level. The phenotypic status of both
responder B (CD19*/CFSE") and CD8 T cells (CD8*/CFSE") is determined at the end of the
3-day incubation period at 37°C, 5% CO:z by flow cytometry for CD21, HLA-DR and CD86
(B cells) or TCR, CD2 and CD29 (CD8 T cells). The MFI is recorded for all markers except
CD86 for which the %CD86" B cells is chosen. Also, supernatants are collected and frozen
at -20°C for further granzyme b and IL-10 levels quantification by ELISA.

The methodology and hypothetical outcomes presented in Figure 15 were designed to

determine whether IL-15 is critical for the onset of the immune response or exert a

substantial role in its escalation.
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Figure 15. Methodology and hypothetical outcomes emerging from the different
contexts designed to uncover the role of the inflammation induced by IL-15 The aim of
this study is to elucidate whether the inflammatory environment established by IL-15 is a
prerequisite for the initiation of the immune reaction, or if it solely contributes to its
escalation. The MLR supplemented with IL-15 (M15) is used to model this context. An
unstimulated MLR (M) will help determine the outcome of the reaction elicited by the
allogeneic context in a milieu devoid of pre-existing inflammatory cues and thus, whether
or not the presence of allogeneic components only is enough to trigger an immune response.
Responders stimulated with I1L-15 (R15) will help identify IL-15-mediated regulation of
selected cell markers and effector cytokines independent of antigen specificity. The
background expression profile of these markers and cytokine levels will be defined using
unstimulated responders (R).

3.2.3.1.  Optimisation of the assay parameters and considerations for data

acquisition

3.2.3.1.1. Optimisation of the Stim/Resp ratio and IL-15

concentration

The assay parameters were optimized for the stimulator to responder ratio (Figure 16) and
IL-15 concentration (Figure 17). They were validated when CD86 and HLA-DR expression
levels provided an acceptable assay window with the corresponding responder control.
CD86 and HLA-DR were selected as validation markers since they represent central
readouts for the characterisation of phenotypic changes in B cells further to CD19/CD21

complex modulation.
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3.2.3.1.1.1. Optimisation of the Stim/Resp ratio
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Figure 16. MLR optimisation: Stim/Resp ratio Stim/Resp ratios of A) 1:2 (n=1) or B)
1:5(n=1) ina 3-day MLR and C) 1:10 (n=1) in a a) 3-day and b) 6-day MLR were setup in
500uL/24-flat bottom wells (1 x 10° cells/well). Flow cytometry profiles of the MLRs and
respective responder controls were overlaid together with a FMO control (clear peak).
Gating on CD19" B cells (1000 events recorded) within the lymphocyte population
(FSC™/SSC'*%), D) the % CD86" B cells and MFI of HLA-DR were plotted along with the
calculated fold change between the MLRs and respective responder controls. The analysis
was carried out on the CyAn ADP (Beckman Coulter, Brea, California, United States) and
the data acquired with the Summit software (Summit VV4.4.00 Build 2500). The histograms
were generated with the Summit software (Summit VV4.4.00 Build 2500) and the data plotted
with Prism (version 7; GraphPad Software).
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The 3-day MLR set up following a 1:10 Stim/Resp ratio (Figure 16Ca and D) generated the
highest signal window with a 1.73-fold change in CD86 expression compared to a 1.45-fold
increase obtained with either a 1:2 (Figure 16A and D) or 1:5 ratio (Figure 16B and D).
HLA-DR ratio was similar in the 1:2 (Figure 16A and D) and 1:5 (Figure 16B and D) ratio,
contrasting with the 1.34-fold increase yielded with the 1:10 ratio (Figure 16Ca and D). The
1:10 Stim/Resp ratio seems therefore to comply with the desired validation criteria for the
cellular composition of the MLR. An extended timepoint at day 6 of culture (Figure 16Ch
and D) was tested to see if the assay window could be further increased. Although a slight
raise for both CD86 and HLA-DR levels was denoted, reaching a 1.82- and 1.54-fold
change, respectively, as compared to day 3, a decrease in the signal was also recorded. Here,
a breach in plasma membrane integrity could be at stake since the loss of surface receptors
is a characteristic consequence of membrane damage and ensuing repair mechanisms
(Ammendolia et al., 2021). Long term incubation for B cells whole blood culture may not
be adequate to maintain their viability and thus, any interpretation of data generated at day
6 may not be reliable.

Altogether, a 3-day culture and 1:10 Stim/Resp ratio are validated parameters for the setup
of the MLR.
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3.2.3.1.1.2. Optimisation of IL-15 concentration
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Figure 17. MLR optimisation: IL-15 concentration Using a Stim/Resp ratio of 1:10, the
MLR was supplemented with IL-15 at A) 100ng/mL (n=1) or B) 10ng/mL (n=1) and
incubated for 3 days, or C) 5ng/mL (n=1) for a a) 3-day and b) 6-day incubation time in
500uL/24-flat bottom wells (1 x 10° cells/well). Flow cytometry profiles of the MLRs and
respective responder controls were overlaid together with a FMO control (clear peak).
Gating on CD19" B cells (1000 events recorded) within the lymphocyte population
(FSC™/SSC'*%), D) the % CD86" B cells and MFI of HLA-DR were plotted along with the
calculated fold change between the MLRs and respective responder controls. The analysis
was carried out on the CyAn ADP (Beckman Coulter, Brea, California, United States) and
the data acquired with the Summit software (Summit VV4.4.00 Build 2500). The histograms
were generated with the Summit software (Summit VV4.4.00 Build 2500) and the data plotted
with Prism (version 7; GraphPad Software).
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The supplementation of the hereby optimised 1:10 Stim/Resp ratio MLR with IL-15 at
100ng/mL (Figure 17A and D) or 10ng/mL (Figure 17B and D) resulted in minor
differences in CD86 and HLA-DR expressions with the responder control, despite the
notable upregulation of both markers imputable to IL-15 only. In contrast, at 5ng/mL, a
signal window is particularly visible with CD86, recording a 1.41-fold-change (Figure
17C.aand D), whereas HLA-DR only provided a slight upregulation in the MLR as denoted
by the 1.15-fold change. Thus, IL-15 used at 5ng/mL seems to comply with the desired
validation criteria for the introduction of an initial inflammatory environment in the MLR.
It is worth noting that IL-15 induces a dose-dependent increase in CD86 and HLA-DR
expression. Here again, an extended timepoint at day 6 of culture (Figure 17C.b and D) was
tested to see if the assay window could be further increased, relying on the homeostatic
functions exerted by IL-15 to potentially help sustain B cell integrity. A 1.73-fold increase
in the CD86 signal window is recorded, contrasting with the absence of a substantial change
in HLA-DR expression levels. However, a similar decrease in the signal is apparent,
suggesting that the proposed loss of surface markers may still be occurring despite 1L-15

adjunction.

Based on the optimisation data, 11-15 used at 5ng/mL is validated for the setup of the MLR.

Only one instance of the experiments used for assay optimisation was done. However, they
only constitute preliminary data aimed at giving enough confidence to select parameters for
further assay development. Ultimately, the optimisation process validated a 3-day MLR
using a 1:10 Stim/Resp ratio and 5ng/mL IL-15 supplementation as key parameters offering
optimum assay conditions with respect to CD86 and HLA-DR expression levels. This

model is further referred to as M15.

3.2.3.1.2. Considerations for the discrimination between stimulators

and responders

The optimisation of the assay parameters was carried out on the whole B cell population,
irrespective of any distinction between stimulators and responders. However, this study
focuses on the immune response at the donor level, more specifically on responder B, CD4
and CD8 T cells. A stimulator to responder ratio of 1:10 was chosen thus, as the responders

are in excess, the outcome of the reaction will primarily be reflective of their alloreactivity.
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This notwithstanding, as a mean to confidently link the experimental observations to the
responders only, a differential labelling will be carried out in order to discriminate between
responders and stimulators. Whether this improves the signal remains to be determined.

3.2.3.1.3. Considerations for doublet cell exclusion

The outcome of MLRs is the generation of activated responders further to direct
allorecognition of stimulator APCs. Conventionally, events deviating from the linear
correlation between FSC-A and FSC-H are excluded from data analysis as they may not
represent single cells. The increase in FSC-A could indeed denote two cells going through
the interrogation point at the same time. Indeed, a rare lymphocyte population expressing
both a TCR and BCR identified in the blood of patients with Type | diabetes revealed to be
contaminated with T-and B- cell conjugates (Stadinski and Huseby, 2020). In contrast, the
integration of doublet cells as a parameter to monitor the proliferation of activated T cells
since it is accompanied by an increase in size reflected on the FSC suggested that doublet
cell exclusion could be counterproductive (Béhmer et al., 2011). In the present study, the
focus is made on the activation of responder B, CD4 and CD8 T cells in the MLR. Excluding

doublets could thus be made at the expense of these cells and the data would be biased.

Nevertheless, the proportion of doublet-like cells in our model was determined. The
standard singlet/doublet profile for the lymphocytes within the optimised MLR was graphed
by plotting the FSC-A and FSC-H together (Figure 18). This will allow to determine the
extent of cells outside the linear scale, that is presenting a higher FSC-A compared to the
main population, commonly identified as doublets. It can be noted that the fraction of this
cell subset accounts for less than 5% of the unstimulated responders (Figure 18A) and MLR
(Figure 18B) while it reaches 10% when IL-15 supplementation is applied on the responders
(Figure 18C) and MLR (Figure 18D). Although it cannot be ascertained, the extra 5% of
cells identified in the standard doublet cell population of the IL-15-stimulated responders

and MLR could represent activated cells.
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Figure 18. Standard singlet/doublet profile of the optimised MLR and controls The
standard singlet/doublet profile of the optimised 3-day MLR (Stim/Resp ratio of 1:10 in
500uL/24-flat bottom wells (1 x 10° cells/well) supplemented with 5ng/mL IL-15) is
graphed to determine the extent of cells commonly identified as doublets. The standard
gating for doublet cell exclusion was carried out on the lymphocyte population (gated on a
SSC/FSC dot plot as FSCmed/SSClow) by plotting the FSC-A and FSC-H to retrieve the
%cells within the linear scale, identified as singlets. This was done for unstimulated A)
responders (R) and B) MLR (M) as well as IL-15-stimulated C) responders (R15) and D)
MLR (M15) in order to determine whether an increase in the doublet cell-like population in
the optimised MLR can be found. Data acquisition was carried out on the CyAn ADP
(Beckman Coulter, Brea, California, United States) The graphs and data are generated with
the FCSalyzer software (version 0.9.18-alpha; Sven Mostbock). These graphs were
generated from the data obtained in the optimisation experiment presented in Figure 17.

75



3.2.3.2. Validation of the stability and reliability of CFSE labelling
applied to the MLR

The present study is strictly relying on the selective focus on the responders, this model
includes CFSE-labelled stimulators to exclude them from the analysis. Although care is
taken to offset the risk associated with CFSE toxicity by bringing the concentration (SuM
CFSE) and exposure (3 minutes) to a minimum, a potential deterioration of the cell’s
physiological functions cannot be fully ruled out, potential hampering the activation or
interfering with the expression levels of activation-associated cellular markers (Last’ovic¢ka
et al., 2009) of the responders if they were to be CFSE labelled. Furthermore, the purpose
of the stimulators being merely to sustain appropriate presentation of the mismatched
HLAs/miHAs, such drawback would have marginal impact on the overall outcome of the
response. All the more so given that the integrity of the extracellular structure is preserved
since CFSE diffuses passively through the membrane into the cytoplasm where it is

irreversibly anchored.

Despite these precautions, it is essential that the strategy adopted can be confidently used,
therefore the pertinence of CFSE labelling must be validated (Figure 19).

Firstly, the intrinsic stability of CFSE staining applied to this particular protocol is verified
against unstained blood (Figure 19A) to rule out an eventual spontaneous loss of
fluorescence attributable to a natural decay. Since only one population of CFSE-stained cells
is visible, it is validated.

Then, the application of CFSE labelling to the MLR over the 3-day incubation period for the
discrimination between responders and stimulators is validated by setting up a MLR
following a StimCFSE/RespCFSE ratio of 1:10, both samples being CFSE-stained, in
500uL/24-flat bottom wells, supplemented or not with 5ng/mL IL-15 (Figure 19B). Its
reliability will thus be verified to rule out an eventual proliferation of the StimCFSE resulting
in the generation of a new population harbouring a dimmed fluorescence as they receive half
the initial CFSE content from one generation to another, potentially overlapping with the
peak of unstained responders, hence, posing a risk to misconstrue responders for newly
generated stimulators. Here, no secondary peak is noticeable, testifying of the absence of
proliferation of either of the 2 populations, hence no doubt can rise when gating on the

responder B or CD8 T cells in our analysis as they represent true initial responders.
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Lastly, the model relying on a StimCFSE/Resp ratio of 1:10, it needs to be assured that it is
experimentally respected and consistent throughout our study, thus their relative distribution
Is verified within the lymphocyte population (Figure 19C). Altogether, the stimulators
account for 11.53% (nv=15) and 11.16% (nm15=16) of the lymphocytes, ensuring then that

the data collected from different experiment can be confidently discussed against one
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Figure 19. Validation of the stability and reliability of CFSE labelling A 3-day MLR
was carried out following a StimCFSE/Resp or StimCFSE/RespCFSE ratio of 1:10 in
500uL/24-flat bottom wells (1 x 10° cells/well) supplemented (M15) or not (M) with
5ng/mL IL-15.A) The stability of CFSE staining within the lymphocyte population gated
on a SSC/FSC (FSC™/SSC'%) dot plot is verified against unstained blood over a 3-day
incubation period (n=6), as well as B) its reliability with regards to a potential proliferation
of StimCFSE within [StimCFSE/RespCFSE]M (n=3) or [StimCFSE/RespCFSE]M15 (n=3)
C) The StimCFSE/Resp ratio in M (n=15) and M15 (n=16) is verified against the 1:10
theoretical ratio. The analysis is carried out on the BD LSRFortessa X-20 (Becton,
Dickinson and Company, BD Biosciences, San Jose, California, USA). Data acquisition is
performed with the BD FACS DIVA software (BD FACSDiva v8.0) and the graphs and
data are generated with the FCSalyzer software (version 0.9.18-alpha; Sven Mostbdck).
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In conclusion, the application of CSE labelling to this model is validated, any acquired data
can be confidently analysed without including technical bias. The absence of proliferation
IS unexpected, although short incubation time compared to 5-7 days of cell culture in
standard MLR could explain this observation.

3.2.3.3.  Gating strategy

The gating strategy used for the present study is presented in Figure 20.
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Figure 20. Gating strategy for the selection of responder B and CD8 T cells A 3-day
MLR was carried out following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom
wells (1 x 10° cells/well) supplemented (M15) with 5ng/mL IL-15. Gating on the A)
lymphocytes (FSC™/SSC'®", purple), the responder B (pink), CD8 T cells (yellow) and
CDA4 T cells (orange) are identified through the differential CFSE labelling plotted together
with CD19 (B cells), CD8 (CD8 T cells) or CD4 (CD4 T cells) by selecting the B)
CD19%/CFSE", C) CD8*/CFSE or D) CD4*/CFSE" populations respectively (1000 events
recorded). Data acquisition was carried out on the BD LSRFortessa X-20 with the BD
FACS DIVA software (BD FACSDiva v8.0) and the graphs were generated with the

FCSalyzer software (version 0.9.18-alpha; Sven Mostbdck).
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The differential CFSE labelling of the stimulators allows the unequivocal selection of
CFSE responders. Precisely, the phenotypic status of both responder B (CD19*/CFSE") and
CD8 T cells (CD8*/CFSE") is determined at the end of the 3-day incubation period by flow
cytometry. The gating strategy (Figure 20) involves a first selection of the lymphocytes on
the SSC-A/FSC-A dot plot which allows the discrimination between populations in a
heterogeneous samples based on their size (FSC-A) and granularity/internal complexity
(SSC-A) (Figure 20A). The lymphocytes are 6-9um in diameter and have a low granularity
content, therefore they display a (FSC™/SSC'Y, purple) profile (purple population). Then,
a double gating of CFSE plotted against either CD19 (B cells) (Figure 20B), CD8 (CD8 T
cells) (Figure 20C) or CD4 (CD4 T cells) (Figure 20D) is carried out to identify responder
B cells (CD19"/CFSE", pink population), responder CD8 T cells (CD8*/CFSE", yellow
population) or responder CD4 T cells (CD4*/CFSE", orange population), respectively.

3.2.3.4.  Determination of the extent of cell death within the lymphocytes

The induction of cell death inherent to the MLR, all the more likely in an intense
inflammatory environment induced by IL-15, could be detrimental to the accuracy of the
data collected since dead cells could unspecifically bind the staining antibodies, hence
potentially shifting the results towards false positivity. Thus, the extent of cell death in M15
is assessed by differentially labelling the necrotic cells using fixable viability stain (FVS).
The loss of membrane integrity is characteristic of cells death and, since it has become
permeable, the dye will be able to passively diffuse into the cytoplasm where it will be
irreversibly anchored. As a results, dead cells are identified as FVS*. The gating strategy
used to determine the extent of cell death in the MLR with and without IL-15 is presented

Figure 21.
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Figure 21. Determination of the extent of cell death with FVS live/dead cell
discrimination A 3-day MLR was carried out following a StimCFSE/Resp ratio of 1:10 in
500uL/24-flat bottom wells (1 x 10° cells/well) supplemented (M15) or not (M) with
5ng/mL IL-15. FVS staining was performed as per the methods section. A) Gating on the
lymphocytes (FSC™Y/SSC'*%; yellow) or the dead cells/debris (purple), a further
characterisation based on CFSE labelling allows the selection of the B) dead cells (grey),
which have retained CFSE, or C) responder lymphocytes (pink; 1000 events recorded),
CFSE-unstained, the extent of cell death in the responder lymphocytes (pink) within D) M
(n=4) and E) M15 (n=4) verified against the dead cells used (grey) as an internal control
setting the threshold for FVS positivity, allowing the discrimination between live and dead
cells. Data acquisition was carried out on the BD LSRFortessa X-20 with the BD FACS
DIVA software (BD FACSDiva v8.0) and the graphs were generated with the FCSalyzer
software (version 0.9.18-alpha; Sven Mostbdck).

80



A threshold of positivity must be set so as to clearly define what level of FVS fluorescence
intensity characterises dead cells. The MLR uses buffy coats which, after 3 days, will involve
a large pool of dead cells which can be used as internal controls for FVS positivity. The most
characteristic feature of dead cells is pyknosis, which results from chromatin condensation
in the nucleus, resulting in increased SSC. Also, their size is considerably shrunk, appearing
as small clumps, consequently dead cells display lower FSC than viable cells. Thus, dead
cells are found on the far-left side of the SSC-A/FSC-A dot plot. A gate was drawn around
the population displaying these characteristics, although it is an approximate estimation
since this zone also contains a fair number of debris (Figure 21A). Therefore, in order to be
more selective, a further discrimination based on CFSE labelling (Figure 21B; grey) was
performed on the reasoning that, although presenting alterations to their membrane, the dead
cells will have retained CFSE since it cannot diffuse out of the cells. The debris, however,
would only present artefacts of CFSE-associated fluorescence if any, therefore the dead cells

are defined by a positive CFSE staining.

Cell viability within the responder lymphocytes was assessed irrespective of the subset
involved, no specific selection of responder B cells, CD4 T cells or CD8 T cells was
performed since an overall estimate of the extent of cell death is needed. Hence, following
the gating strategy established to differentiate responder from stimulator lymphocytes, a first
selection of the lymphocytes on the FSC/SSC dot plot by gating on the FSC™d/SSC'oW
(Figure 21A; yellow) population was carried out, within which the responders are selected
as CFSE- cells (Figure 21C; pink).

On average, less than 2% (uv=1.72%; umi1s=1.94%) (Figure 21D and 21E) of the responder

lymphocytes account for dead cells.
However, it is worth noting that the population located between the lymphocytes and the

dead cells/debris contains cells which have started the apoptosis/necrosis process (Figure
22).
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Figure 22. Comparison of the FVS expression profile between the responder
lymphocytes and the FCS'*%/SSC™ed population A 3-day MLR was carried out following
a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x 10° cells/well)
supplemented (M15) or not (M) with 5ng/mL IL-15. FVS staining was performed as per the
methods section. A) Gating on the lymphocytes (FSC™9/SSC'™": vyellow) or the
FCS'ow/SSC™Med population (purple), a further characterisation based on CFSE labelling
allows the selection of the responder cells for the B) FCS'®%/SSC™ed population (grey) and
C) lymphocytes (pink; 1000 events recorded), both CFSE-unstained. The FVS expression
profile of the responder lymphocytes (pink) and FCS'*%/SSC™ed population (grey) D) M
(n=4) and E) M15 (n=4) were overlaid together. The threshold of FVS positivity was set
using the dead cells as described in Figure 21. Data acquisition was carried out on the BD
LSRFortessa X-20 with the BD FACS DIVA software (BD FACSDiva v8.0) and the graphs
were generated with the FCSalyzer software (version 0.9.18-alpha; Sven Mostbdck).
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The apoptotic/necrotic cells have a reduced size (lower FSC) along with a more complex
internal structure (higher SSC), however no to the same extent as the dead cells. This could
account for the initiation of pyknosis. An average of 77.03% (Figure 22D) and 72.42%
(Figure 22E) of the FSC'®/SSC™d population is FVS*. Although a fraction of this
population is FVS™ and thus, would still appear viable, they would not be integrated within
the population gated for data analysis. Indeed, they do not display FSC/SSC parameters
characteristic of the lymphocyte population. Indeed, the activated cells would show an
increase in the size, the opposite being observed here. It could be argued that the remaining
fraction of FVS cells represents a transitory state, expected to shift towards a full FVS*

profile with a longer incubation time.

It is accepted that a high level of cell death takes place in the MLR. Notably, this is due to
the short lifespan of neutrophils, not exceeding 24h (Bonilla et al., 2020; Blanter et al., 2021),
which undergo spontaneous death via apoptosis, further progressing to secondary necrosis
if not phagocytosed (Iba et al., 2013; Chatfield et al., 2018). It can be assumed that after 3
days of culture, these dead neutrophils would constitute the major part of the dead cells and
debris identified on the far-left part of the FSC/SSC dot plot. The FSC'*Y/SSC™ population
could be a collection of monocytes and lymphocytes entering cell death. Hence, while only
less than 2% of the responder lymphocytes are identified as dead, it should not be assumed
that it accounts for the whole lymphocyte population within the MLR. This fraction only
relates to the lymphocyte population identified as FSC™/SSC'®", which is the standard

practice for gating on lymphocytes in whole blood/buffy coat samples.

The decision to not routinely include live/dead cell exclusion with FVS was based on the
assumption that the fraction of dead cells was minor and, as a result, would not interfere with
data analysis since an eventual unspecific binding of staining reagent would be
inconsequential. However, this could lead to difficult interpretation of the data in case of
minor changes considered statistically significant. Indeed, the distinction between true
variations due to the allogeneic reaction or unspecific staining of the dead cells would be
challenging to do. If such situation is encountered in the present study, care will be taken
with data interpretation.
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2.2.3.5. Determination of the outcome of the reaction in M15: selection of

immunological readouts

3.2.35.1. Characterisation of B and T cell phenotypes: panel design

The aim is to get an insight on the phenotypic status of key drivers of the allogeneic response.
It includes B cells since their APC functions is the focus of the present study, but also CD4
T cells considering their supporting functions, and CD8 T cells considering their crucial part
taken in the cytotoxic effector response. This will allow to distinguish what functions and
cell subsets are modulated and, ultimately, identify potential targets for therapeutic
strategies. Here, the question of whether B cells as APCs can drive a tolerogenic signal

hampering the cytotoxic effector response will be addressed.

3.2.35.1.1. B cell phenotype

3.2.3.5.1.1.1. CD19/CD21 complex

The emphasis being put on the modulation of the CD19/CD21 complex for the sustainment
of tolerogenic signals and diversion of antigen uptake away from the classical pathway, both

these receptors are assessed for surface expression.

3.2.35.1.1.2. HLA-DR and CD86

The expression pattern of markers deemed as hallmark of antigen presenting potency are
examined, including the class 1l MHC component HLA-DR, producing signal 1 through
provision of allopeptide interaction with the TCR, constitutively expressed on B cells, and
the co-stimulatory ligand CD86, delivering signal 2 through engagement with CD28 on the

T cell for efficient activation.
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3.2.35.1.2. CDA4 T cell phenotype

3.235.1.2.1. CD25

Described in aGvHD and linked to both pro-inflammatory and regulatory mechanisms, the
expression pattern of CD25 on CD4 T cells, the high affinity private IL-2Ra, is investigated.
Indeed, elevated frequencies of CD25" CD4 T cells in the donor graft are correlated with the
incidence of aGvHD (Stanzani et al., 2004). On the other hand, blockade of the p55 subunit
of IL-2Ra using the humanized monoclonal antibody daclizumab as a prophylactic treatment
for aGvHD did not mitigate its incidence. Also, other clinical endpoints, such as severity,
mortality and NRM were not affected by daclizumab, but this treatment resulted in delayed
Treg reconstitution (Locke et al., 2017). The fact that Tregs constitutively express CD25
unlike Tcons could explain this effect, a discrepancy which is at the core of low-dose I1L-2
therapy potency (Matsuoka et al., 2013). CD4"CD25*Foxp3* Tregs make up around 5% of
human PB CD4 T cells (Baatar et al., 2007), hence they would constitute a minor population
in our study. Regardless, the existence of a Treg response will not be ruled out since naive
Tcons can be driven to express Foxp3 under conditions of suboptimal provision of hight
affinity ligands or co-stimulatory signals, generating induced Tregs (iTregs) (Schmitt and
Williams, 2013).

3.2.35.1.2.2. CD40L

CD40L, expressed on activated CD4 T cells, interacts with CD40 on opposing APCs,
resulting in the upregulation of co-stimulatory molecules, notably class I MHC molecules
and CD86, in turn enhancing T cell activation (Appleman et al., 2001). Blockade of CD40L
induces tolerant CD4 T cells towards host alloantigens, hence preserving the GvT effect,
ultimately reducing GvHD in a more efficient way than blocking CD28 (Briones et al.,
2011). An inhibition of Th1 proliferation and associated cytokine production, consequently
interfering with host-allospecific cytotoxic CD8 T cell generation, was identified as the
mode of action of anti-CD40L antibodies in aGvHD mice models (Tamada et al., 2002).
Hence, assessing CD40L levels on CD4 T cells will help give an insight on the direction

taken by the immune reaction, either activation or tolerance induction.
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3.2.35.1.23. CTLA-4

Activated CD4 T cells upregulate surface CTLA-4, a negative immune checkpoint regulator
displaying higher affinity than CD28 for CD86, thus generating a competition which results
in either T cell activation or anergy (Buchbinder and Desai, 2016). The administration of
abatacept, a humanised CTLA-4-1g fusion protein, proved to be effective in reducing GvHD
incidence not only by interfering with the CD28/CD86 signal but also by increasing PD-1
expression on T cells (Thangavelu and Blazar, 2019). The accumulation of inhibitory
regulators such as CTLA-4 and PD-1 contributes to the sustainment of an
immunosuppressive environment which, in a context of chronic persistent antigen exposure,
can lead to exhaustion (Yi et al., 2010). Here again, a trend showing the direction taken by
the immune reaction could be extrapolated from the levels of CTLA-4 expression on CD4

T cells recorder in our model.

3.2.35.1.3. CD8 T cell phenotype

3.235.13.1. TCR

The modulation of TCR expression will give an insight on the propensity for antigen
recognition.
3.235.13.2. CD2

The potentiation of CD8 T cell activation is determined by focussing on CD2. Further to its
engagement with CD58 (LFA3) on the opposing APCs or target cells, CD2 represents a
crucial enhancer of TCR signalling, even reported to break the anergic state of CD8 T cells
lacking the conventional stimulatory receptor CD28, bearing in mind that such conditions
are not the prerequisite for the completion of CD2-mediated signalling (Leitner et al., 2015).
Located at the interface between the T cells and their cognate APCs or target cells, referred
to as the immunological synapse (1S), CD2 facilitates the enrichment of co-stimulatory
molecules in close vicinity with the TCR/class | or 11 MHC-allopeptide complex in the
central supramolecular activation complex (cCSMAC) (Binder et al., 2020). It also provides
an extended adhesion area favouring interactions between the cellular conjugates through
the existence of CD2/CD58 (LFA3) clusters arranged in a corolla pattern in regions at its

periphery, sustaining scanning activities of the cell surface for co-stimulatory complexes
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(Demetriou et al., 2019). These are subsequently captured and recruited to the corolla where
TCR signalling is initiated, decreasing the threshold of TCR activation. CD2 expression
levels are thus correlated with the intensity of TCR signalling, hence incarnating here a role

as a quantitative checkpoint governing the fate of T cells (Figure 23).
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Figure 23. Distribution and role of CD2 in the immunological synapse (IS) CD2
potentiate enhanced TCR signalling. CD2 localised in the cSMAC facilitates the enrichment
of co-stimulatory molecules in close proximity with the TCR. In a peripherical region of
the IS, arranged in a corolla pattern, CD2 forms clusters with CD58 (LFA3) exposed on
opposing APCs or target cells enhancing scanning activities for class | or 11 MHC-
allopeptide complexes and co-stimulatory ligands.

Moreover, CD2 engages in reinforcing CD8 T cells adhesion avidity for their selective class
I MHC-restricted antigen, posing indeed as a key mediator for optimal conjugate formation
with their target cells, critical for the completion of potent cytotoxic effector functions
(Bierer et al., 1989).

3.2.35.1.3.3. CD29

A particular emphasis is put on the expression of CD29, the integrin f1 subunit which,
further to association with the corresponding o subunit, forms heterodimeric dimers making
up the very late activation antigen (VLA). It belongs to a family of adhesion receptors, the
most studied being the a4P1 integrin VLA-4, found to exert co-stimulatory properties
dependent on CD28 engagement, potentiating T cells activation subsequent to recruitment
to the pSMAC (Kim et al., 2010; Mittelbrunn et al., 2004). Moreover, the cytotoxic status
of CD8 T cells, characterised by selective INF-y production and intensification of granzyme

b-mediated effector functions, was linked to CD29 expression (Nicolet et al., 2020). Its
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implication in CD8 T cell degranulation events following connexion to extracellular matrix
proteins, triggering the activation of focal adhesion kinases re-arranging the microtubular
network (Doucey et al., 2003), is seemingly at the core of this effect. Hence, the dual levels
at which CD29 acts will help get a broader picture of CD8 T cell physiological status at

stake in the present model.

3.2.35.2. Effector response

The intricate cytokine network governing the physiopathology of aGvHD depicts its
timeline into three well defined phases. Thus, from the initial cytokine storm, disseminated
as a result of the breach in tissue integrity brought about by the myeloablative and
conditioning regimens, expanding into a wave driving the emergence of the cytotoxic
effector arm, and ultimately exerting target tissue apoptosis through a diverse array of
mediators (Henden and Hill, 2015) (Figure 24).

Naive Radiation and Cytokine driven Tissue Acute Ex Chronic
cells chemotherapy cellular differentiation damage GVHD GVHD
conditioning
damage
T cells TNF,
L6 TCA7/Th7;IL-17,IL-21,IL-22 perforin and
IL-4 Tc2/Th2; IL-4, IL-5, IL-13 granzyme
O 1L12 Tc1/Th1; IFNy, TNF, IL-2 mediated APOPTOSIS FIBROSIS
O O IL-1 cytolysis
NK/NKT/ IFNy o
Innate TNF [
Lymphoid S
Cells (ILC) NK/NKT/ILC activation —_—
IL-1
and IL-6 /
Microbiota 1
Monocytes derived DAMPs Acti:ated mofiocytes
and and macrophages
macrophages and PAMPs TGF-B

(Henden and Hill, 2015)

Figure 24. Cytokine network governing the timeline of aGvHD pathophysiology The
cytokine environment drives the progression through the different phases of aGvHD
pathophysiology. The initiation phase is mainly characterised by the propagation of the
cytokine storm, comprising TNF-o, IL-1p and IL-6, in response to tissue damage
consecutive to the toxicity induced by the chemotherapy and radiation pre-conditioning
regiment. The priming stage involves a cytokine-driven differentiation of naive T cells
towards Thl, Th2, and Th17 cell subsets determining the localisation and extent of tissue-
injury identified in the effector phase. End-organ damage is elicited by Tcl1/Thl through
apoptosis mediated by TNF-a or in a perforin/granzyme cytolytic pathway requiring
cognate TCR-MHC interaction.
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Hence, the selection of cytokines characteristic of distinct time windows represents an
interesting strategy to adopt in an attempt to reveal what stage the MLR particularly portrays,
whether it spans the cytotoxic outcome being of notable interest.

3.2.35.2.1. Cytotoxic response: Granzyme b

The present study proposes that the induction of resting B cells along with the re-direction
of antigen uptake to the CD19/CD21 complex via C3d supplementation holds tolerogenic
potential. It is thus crucial to attest of the propagation of these signals, that is whether or not
the alleviation of the cytotoxic response takes place. Hence, a way to quantitively measure
this outcome must be identified, one pre-requisite being that the marker chosen does not
have overlapping functions from one phase of immune response to another. Based on these
requirements, resorting to the assessment of granzyme b secretion constitutes an optimal
approach. It is described as being primarily of CD8 T cell origin in aGvHD since the CD4
T cells demonstrated, if any, only to a lesser degree a potency in mediating this pathway,
bearing in mind that the pathogenesis of aGvHD manifests itself via alternative routes,
notably through Fas/FasL interaction or INF-y and TNF-a production (Du and Cao, 2018).
The latter, although quantifiable, would be hardly distinguishable from earlier phases, hence
attributing any correlation between the targeted alteration of B cells antigen presenting
activities and the cytotoxic effector phase, defined by INF-y and TNF-a levels, involves a

considerable bias.

Granzyme b, together with perforin, is stored in cytolytic granules which, upon conjugate
formation, discharge their content within the synaptic cleft separating the cytotoxic T cell
from its target, further crossing the membrane into the cytosol through pores formed by
perforin (Boivin et al., 2009). However, this long held dogma is challenged, suggesting an
endocytic uptake out of which granzyme b is released in a perforin-dependent way,
ultimately inducing apoptosis by eliciting the caspase pathway or mitochondrial membrane
destabilisation (Lieberman, 2003) (Figure 25).
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Figure 25. Granzyme b-mediated apoptosis of target cells Granzyme b discharged by the
cytotoxic T cell in the synaptic cleft enters the target cell through pores formed by perforin
or via endocytic uptake followed by a perforin-dependent release in the cytosol. Granzyme
b then induces apoptosis by promoting the caspase cascade by cleaving caspase-3 into pro-
caspase-3, or by disrupting the mitochondrial membrane which causes the leakage of the
pro-apoptotic molecule cytochrome-c.

Importantly, the persistent increase in granzyme b serum levels following allogeneic HSCT
was shown to be predictive of the incidence of aGvHD, establishing a correlation with its
severity. It thus suggests that granzyme b would be a powerful marker to track the
progression of aGVHD in these settings (Kircher et al., 2009). This confirms the pertinence

of selecting granzyme b in our study.

3.2.3.5.2.2. Immunosuppressive response: 1L-10

The implementation of the B cell depleting agent rituximab early after allogeneic HSCT
yielding a high incidence of aGvHD has suggested that the withdrawal of B cells with
immunosuppressive properties was achieved, thus shedding light on the potential role of
Bregs (Clatworthy, 2011). The aim of the present study revolving around the dysregulation
of the balance governed by promoters and suppressors of aGvHD in favour of the latter
through the induction of resting B cells and redirection of their tolerogenic properties, it was
of particular interest to determine whether such subset would be actively involved in the

propagation of tolerogenic signal. Although efforts were made into the phenotypic
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characterisation of Bregs, no consensus was found to this date on a set of markers
exclusively identifying them. This questioned whether Bregs are even a distinct lineage,
rather emerging from the whole pool of B cells as a result of the inflammatory stimuli
surrounding them, hence leaving as the sole option to resort to their functional hallmark, that
is their ability to produce the regulatory cytokine I1L-10 (C. M. Wortel and Heidt, 2017).
However, IL-10 is not restrictively of Breg origin, as a matter of fact it is ubiquitously
secreted within the lymphoid and myeloid compartment as a negative feedback loop in a
way to counterbalance any excessive immune response (Saraiva and O’Garra, 2010),
therefore the challenge lies, if IL-10 levels are found to fluctuate in our model, in singling

out the subset of cells at stake.

3.2.3.5.2.3. TNF-a

TNF-a is particularly represented throughout GvHD pathophysiology (Figure 22). Notably,
TNF-a is one of the most commonly described components of the cytokine storm during
the initiation phase of aGvHD (Kuba and Raida, 2018). Also, TNF-a is among the cytokines
produced by primed T cells, further fuelling the allogeneic reaction (Ball and Egeler, 2008).
Finally, TNF-a induces tissue injury as part of the effector phase (Markey et al., 2014).
Hence, the determination of TNF-a levels would allow to follow the unravelling of the
inflammatory environment within our model, the identification of the particular phase

depicted being however challenging to achieve.

3.2.4. Impact of IL-15 supplementation on the MLR

3.24.1. Experimental strategy

The present study aims to address whether IL-15 is critical for the initiation of aGvHD or if
its role lies primarily in the escalation of the inflammation. Although being a simplified
system, the MLR supplemented with IL-15 was designed to model this context. The
methodology applied to characterise the key drivers in M15 is presented Figure 26. The
extent of discrepancies in surface marker expression and cytokine levels between R, the
background status, and M, R15 and M15 is evaluated. The extent of the reaction in M15
attributable to the inflammatory environment established by IL-15 (M—MI15) or the

presence of allogeneic components (R15—M15) will indicate whether one parameter is
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predominant in driving the recorded changes within M15 (R—M15) or if both are
interrelated, in which case two scenarios are envisaged. Indeed, the outcome of the immune
response could be a consequence of a synergistic effect further intensifying the inflammation
observed in either contexts separately, or reveal an interdependence where both the presence

of allogeneic components and IL-15 is required to elicit a reaction.
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Figure 26. Methodology applied to identify the key players involved in the outcome of
the allogeneic reaction in the newly designed in vitro model of histocompatibility The
extent of the contribution within M15 of the inflammatory environment established by IL-
15 and allogeneic context will be determined by comparing the surface marker expression
and cytokine levels recorded with those obtained with R15 and M, respectively. This will
reveal whether one parameter is a predominant driver of the reaction, or if both are
interrelated, resulting in a synergistic effect escalating the inflammation or interdependence
setting as a pre-requisite the co-existence of both parameters.
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3.24.2. Responder B, CD8 and CD4 T cell phenotype
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Figure 27. Impact of IL-15 on responder B cell phenotype A 3-day MLR was carried out
following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x 10° cells/well)
supplemented (M15) or not (M) with 5ng/mL IL-15, including responders supplemented
(R15) or not (R) with 5ng/mL IL-15. The MFI of A) CD19 (n=11) B) CD21 (n=8) C) HLA-
DR (n=6) and D) %CD86" cells (n=9) on CD19*/CFSE" responder B cells (1000 events
recorded) gated within the lymphocyte population (FSC™Y/SSC'%) were recorded. Data
acquisition was carried out on the BD LSRFortessa X-20 with the BD FACS DIV A software
(BD FACSDiva v8.0) and the graphs were generated with the FCSalyzer software (version
0.9.18-alpha; Sven Mostbdck). Flow cytometry profiles representative of the experiments
were overlaid together with the isotope control (clear peak). Statistical analysis was carried
out with Prism (version 7; GraphPad Software) with the data reported as the means + SEM
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Regardless of the context involved, a substantial rise in CD19 (Figure 27A) expression is
brought about. It reaches a 1.28-fold increase within an allospecific environment (ur=3535;
uv=4527; p<0.0001) and 1.35-fold increase with IL-15 (ur=3535; pr15=4788; p<0.0001).
Both these contexts combined yield a 1.44-fold upregulation (ur=3535; um15=5096;
p<0.0001), involving a synergistic effect at the root of which IL-15 appears to have the
upper hand (um=4527; umi1s=5096; p<0.05) although, in spite of this ascendancy, the
inclusion of an allogeneic aspect in CD19 upregulation cannot be excluded.

Interestingly, the modulation of CD21 (Figure 27B) expression is in sharp contrast with
CD19, only showing a significant 1.25-fold upregulation in response to IL-15 (ur=8400;
ur15=11132; p<0.05). The presence of allogeneic components, whatever the inflammatory
environment, exerts little influence although the upward trend observed in the allogeneic
context (ur=8400; um=10183) is not reflected when combined with IL-15 (ur15=11132;
um15=10598). Furthermore, the loss of correlation in CD21 surface levels inputted by IL-15
when the allogeneic context is at stake (ur=8400; um15=10598) could point to a
downmodulation of CD21, keeping in mind that it would be minor since no significant drop

stands out.

Interestingly, while a 1.55- and 1.36-fold upregulation of HLA-DR (Figure 27C) expression
can be noticed when in the sole presence of allogeneic cells (ur=20650; um=32009; p<0.01)
and IL-15 (ur=20650; nr15=28087; p<0.05), respectively, providing a significant outcome,
it is the synergistic effect between these two contexts which brings about the strongest
response, increasing by 2-fold HLA-DR surface levels (ur=20650; pum15=43855; p<0.0001).
This emphasizes here a marked shift towards a HLA-DR"9" B cell population. When
isolating the single engagement of the alloreaction (ur15=28087; um15=43855; p<0.001) or
inflammation (um=32009; um15=43855; p<0.01), neither stands out particularly, achieving a
1.51- and 1.37-fold rise in HLA-DR surface expression, respectively. Here, only the effect
initially recorded in both contexts independently is retrieved, emphasising a cumulative
effect.

An analogous trend is observed with CD86 (Figure 27D) expression, here presenting as well
a strong correlation with the presence of allogeneic cells (ur=46.50%; unm=55.17%; p<0.01)
and IL-15 (ur=46.50%; nr15=53.84%; p<0.05), achieving a 1.19- and 1.16-fold increase in

responder CD86" B cells, respectively. Both contexts equally take part in the synergistic
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outcome (Ur=46.50%; pm15=64.78%; p<0.0001) in which a 1.39-fold upregulation is noted.
Indeed, this is evidenced by the similar contribution of the alloresponse ([r15=53.84%;
um15=64.78%; p<0.001) and inflammation (uv=55.17%; um15=64.78%; p<0.01) to this

trend, accounting for 1.20- and 1.17-fold change, respectively.

The acquisition of significant assay windows imputable to the allogeneic reaction for CD86
and HLA-DR testifies of the successful optimisation procedure carried out to validate the
Stim/Resp ratio (Figure 16) and IL-15 concentration (Figure 17). However, it can be noted
that the use of CFSE staining to exclude the stimulators from the analysis has changed the
fold ranges initially obtained during assay development. Indeed, it seemed to have shortened
the assay window for CD86 (1.73 vs 1.19 in M; 1.41 vs 1.20 in M15) and increased it for
HLA-DR (1.34 vs 1.55in M; 1.15 vs 1.51 in M15). HLA-DR appears to be a more sensitive
marker of the allogeneic reaction than CD86. Hence, the 10% stimulators making up the
MLR seems to have an influence of the final data, despite representing a minor fraction of
the cellular environment. However, as only one instance of the optimisation experiments

was performed, a careful interpretation of these differences should be done.

95



A B Cc
Allogenig Allogeni
€ € €
=1 =1 3
(=] Q o
o o Qo
5 5 § ll y
> > >
w w w
I K
4 L
545 10f0? 10° 104 10° -545  10f0? 10° 10f 10°
CD40L CTLA-4
= wm  m— I wm
R R R
IL-15 IL-15 IL-15
€ € €
3 = 2
3 A 8 8
€ < €
g 2 ]
w w w
|
545 q0f? 10% 104 10° 545 10f? 10® 104 10° -545  10fb? 10° 10t 10°
CD25 CD40L CTLA-4
B R15 3 Rr15 3 R15
R [ R R
T 1
Allogenig
IL-15
€ € € F |
> 3 3
8 8 8 {
€ € €
[ o o ]
i o frr
I
545 10f02 10° 104 10° -545  10f0? 10° 104 10°
CD40L CTLA-4
/3 mi15 3 mi15 3 mis
R R R
CD25
—
I ——
50+
| |
£ 0 {
[
g »
i t
204
:
8 104
0 T T T
@ ES Q._@ ‘\:@

Figure 28. Impact of IL-15 on responder CD4 T cell phenotype A 3-day MLR was
carried out following a SimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x
106 cells/well) supplemented (M15) or not (M) with 5ng/mL IL-15, including responders
supplemented (R15) or not (R) with 5ng/mL IL-15. The A) %C25* (n=5) B) %CD40L"
(n=2) and C) %CTLA-4" (n=2) on CD4*/CFSE" responder CD4 T cells (1000 events
recorded) gated within the lymphocyte population (FSC™Y/SSC'%) was recorded. Data
acquisition was carried out on the BD LSRFortessa X-20 with the BD FACS DIV A software
(BD FACSDiva v8.0) and the graphs were generated with the FCSalyzer software (version
0.9.18-alpha; Sven Mostbdck). Flow cytometry profiles representative of the experiments
were overlaid together with the isotope control (clear peak). Statistical analysis was carried
out with Prism (version 7; GraphPad Software) with the data reported as the means + SEM
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Noteworthy, a 1.9-fold upregulation of responder CD25" CD4 T cells imputed by IL-15 is
recorded (ur=20.62%; pr15=39.59%; p<0.0001) (Figure 28A). However, the inclusion of
allogeneic components within this milieu induces a 0.66-fold drop in this subset
(ur15=39.59%:; um15=26.16%; p<0.01). Here, the fraction of CD25* CD4 T cells is reaching
a similar level range as that found in the initial background status (ur=20.62%;
um15=26.16%). Although no correlation is found, a slight decrease in responder CD25" CD4
T cells can be observed in the allogeneic context devoid of IL-15 (ur=20.62%; um=15.92%).
Consequently, the effect of 1L-15 on the allogeneic reaction generates a 1.64-fold increase
in the subset of responder CD25" CD4 T cells (uv=15.92%; umi15=26.16%), here only

reflecting the effect of IL-15 as seen in the context independent of antigen specificity.

As for CD40L (Figure 28B) and CTLA-4 (Figure 28C), the data indicate that the responder
CD4 T cells do not show any detectable levels at a basal status. It also appears that IL-15
has no effect on CD40L and CTLA-4 expression, a similar outcome being observed within
an allogeneic context whether or not an IL-15-rich milieu is present. However, the
interpretation of the data obtained for CD40L and CTLA-4 must be cautiously drawn since
only two experiments were carried out instead of the 3 instances, as usually required for in

vitro studies.
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Figure 29. Impact of IL-15 on responder CD8 T cell phenotype A 3-day MLR was
carried out following a SimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x
106 cells/well) supplemented (M15) or not (M) with 5ng/mL IL-15, including responders
supplemented (R15) or not (R) with 5ng/mL IL-15. The MFI of A) TCR (n=6) B) CD2
(n=6) and C) CD29 (n=6) on CD8"/CFSE responder CD8 T cells (1000 events recorded)
gated within the lymphocyte population (FSC™9/SSC'®") was recorded. Data acquisition
was carried out on the BD LSRFortessa X-20 with the BD FACS DIVA software (BD
FACSDiva v8.0) and the graphs were generated with the FCSalyzer software (version
0.9.18-alpha; Sven Mostbdck). Flow cytometry profiles representative of the experiments
were overlaid together with the isotope control (clear peak). Statistical analysis was carried
out with Prism (version 7; GraphPad Software) with the data reported as the means + SEM
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).

98




Whether at the allospecific (ur=5030; um=9066; p<0.0001) or inflammatory level (ur=5030;
ur15=10107; p<0.0001), a sharp upregulation of TCR (Figure 29A) surface expression, up
to 1.8- and 2-fold respectively, is achieved, similarly observed when both parameters are
accounted for (ur=5030; um15=10096; p<0.0001), reaching a 2-fold change. Thus, it appears
that no cumulative effect is materialized here quantitatively, nor is a sole repercussion of IL-
15 envisaged although it seems to potentiate a strongest increase. Thus, it could be
speculated that a plateau in TCR surface expression is reached, the allospecificity of which
most likely established since the allogeneic context on its own triggers its elevation, IL-15

possibly accelerating this process.

While all CD8 T cells express CD2 (Figure 29B), a 1.1-fold rise in surface density
expression imputable to 1L-15 (ur=14475; pr15s=16255; p<0.01) is recorded, interestingly
denoting the formation of a secondary subset not clearly distinct from the initial population.
This indicates that only a fraction of CD8 T cells is responsive to IL-15 as opposed to a
general effect that would result in the shift of the entire population. A comparable
modulation is observed when a possible synergy with the allogeneic response was sought,
reaching a 1.18-fold increase. (ur=14475; um1s=17129; p<0.001). Here, although slightly
higher, it mainly stems from the presence of IL-15 (uwv=13881; um15=17129; p<0.0001).
Thus, no significant impact of the allogeneic reaction itself can be assumed here. Since no
alteration in CD2 expression profile is observed in the allogeneic context only (ur=14475;
uv=13881), it can be asserted that IL-15 is the predominant factor in the shaping of CD2

modulation.

A trend analogous to that of CD2 applies to CD29 (Figure 29C) profile expression, that is
the repercussion of IL-15 on CD29 upregulation by 1.52-fold (ur=9597; ur15=14619;
p<0.01), comparable to the 1.47-fold change observed when an allogeneic component was
introduced within this inflammatory milieu (uLr=9597; um15=14037; p<0.01). No particular
effect attributable to the allogeneic reaction (nr15=14619; pmis=14037) seems to take place.
Given that CD29 is immutable in the sole presence of allogeneic components (ur=9597;
uv=10136) and that only the addition of IL-15 (uwv=10136; um15=14037; p<0.05) results in
a significant difference, it is apparent that IL-15 is the sole regulator at stake here.
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3.2.4.3.  Effector response: granzyme b, IL-10 and TNF-a production
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Figure 30. Impact of IL-15 on the effector response A 3-day MLR was carried out
following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x 10° cells/well)
supplemented (M15) or not (M) with 5ng/mL IL-15, including responders supplemented
(R15) or not (R) with 5ng/mL IL-15. The production of A) granzyme b (n=8), B) IL-10
(n=5) and C) TNF-a (n=4) in frozen supernatants was measured by ELISA. Data acquisition
was carried out on the SPECTROstar Nano (BMG Labtech, Aylesbury, England) and the
data were generated with MARS software (BGM Labtech, Aylesbury, England). Statistical
analysis was carried out with Prism (version 7; GraphPad Software) with the data reported
as the means = SEM (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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It clearly stands out that only the allogeneic context combined with IL-15 (ur=171.56pg/mL;
um1s=5.66ng/mL; p<0.0001) shows a significant escalation in Granzyme b (Figure 30A)
production, more than 30 times higher than the background status. This trend is similarly
denoted when analysing the part taken by each component separately, whether exclusively
linked to the allogeneic (ur15=824.81pg/mL; umis=5.66ng/mL; p<0.001) or inflammatory
(um=615.84pg/mL; umis=5.66ng/mL; p<0.0001) milieu, characterised by a 6.86-fold and
9.19-fold incrementation respectively. Hence, it evidently emphasises that the synergy
observed is not solely attributed to a cumulative effect but is indeed generating a singular

outcome, revealing of their interdependence.

Likewise, whereas IL-10 (Figure 30B) levels attributable to the presence of allogeneic
components  (ur=72.25pg/mL; um=121.45pg/mL) or IL-15 (ur=72.25pg/mL;
uRr15=96.87pg/mL) do not reflect any particular variations, they seem however self-
explanatory of the 3.49-fold augmentation observed when both these parameters are
accounted for (Lr=72.25pg/mL; um15=252.49pg/mL; p<0.01). Hence, following the pattern
observed with granzyme b, the synergy emphasised here does not show a cumulative effect
nor an ascendent trend where one of the factors investigated would exert a distinct effect,
predominant on the other. They rather show a mutual reciprocity, the contribution of the
allogeneic reaction equally significant (ur15=96.87pg/mL; umis=252.49pg/mL; p<0.05) as
that of IL-15 (uwv=121.45pg/mL; um1s=252.49pg/mL), achieving a 2.61-fold and 2.08-fold

increase, respectively.

Unlike granzyme-b and IL-10, TNF-a (Figure 30C) is highly responsive to IL-15
stimulation, denoting an 81.76-fold increase in TNF-a secretion (ur=13.43pg/mL;
ur15=1,098ng/mL; p<0.01). The allogeneic context, whether enriched in IL-15
(r15=1.098ng/mL; pum15=1.087ng/mL) or not (ur=13.43pg/mL; um=15.19pg/mL), does not
impact TNF-a levels. Hence, only the impact of IL-15 stimulation on TNF-a secretion is

visible here.
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3.24.4. Summary

The data generated in this chapter gave us the opportunity to extract the effects inherent to
each context individually, with respect to M and R15, on the markers investigated, allowing
us to draw a trend on their eventual synergistic outcomes, represented by M15, whether this
influences the course of the immune response as depicted by the nature of the inflammatory
environment is highlighted (Figure 31).
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Figure 31. Summary of the effects inherent to M and R15 individually and their
synergistic impact, represented by M15, on the outcome of the immune reaction Only
B cell, CD4 and CD8 T cell markers for which a trend exists (upregulation: 1;
downregulation: { ) in M or R15 individually are included. The outcome of the combination
of M and R15, represented by M15, is expressed according to the resulting trend, either
promoting a positive (+) or negative (-) synergistic effect, no synergy (=) or no effect at all
(?). In green are identified the markers which trend reflects a distinct divergence.
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3.3. Fine-tuning B cell activation: targeting the CD19/CD21 complex with
epratuzumab and C3d

3.3.1. Epratuzumab

3.3.1.1.  Rational for the inclusion of epratuzumab

The strategy adopted in the present study to dictate the fate of B cells into the induction of a
resting state is twofold. Firstly, to shift the balance existing between the signals transduced
by antagonistic BCR response regulators in favour of an inhibitory feedback. This would
raise the threshold for BCR activation and thus, hinder the completion of antigen uptake and
processing for presentation. The second strategy being to divert antigen engagement through
an alternative pathway failing to provide adequate co-stimulatory activities, here betting on

the potential to harness tolerogenic properties.

The humanised monoclonal anti-CD22 antibody epratuzumab induces in less than 1h,
independent of antigen engagement, the mobilisation of CD22 into lipid rafts neighbouring
the BCR, co-localising with CD79a (Sieger et al., 2013). Subsequently, it precipitates the
dephosphorylation of downstream BCR signal transducers, notably Syk and PLCy2,
ultimately hindering B cell activation. Concurrently, epratuzumab triggers the internalisation
of the BCR complex along with CD19 and CD21 and, alternatively, exert the physical
surface downregulation of these components through a process referred to as trogocytosis
(Dorner et al., 2015) (Figure 32). It brings into play the transfer of cell surface material onto
the membrane of FcyR-bearing cells, notably monocytes, here emphasizing the implication
of the Fc domain of epratuzumab since such mechanism was absent with the use of the

F(ab’)2 fragment of epratuzumab.
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Figure 32. Inhibition of B cell activation by the humanised monoclonal anti-CD22
antibody epratuzumab: mode of action Epratuzumab induces the generation of
hyporesponsive B cells through sustained inhibitory signals and reduction in cell surface
expression of the BCR response regulator CD19/CD21 complex through internalisation or
trogocytosis.

While evidence shows that endocytosed CD22 can shuttle glycan ligand-based cargo to
endosomal compartments and recycle back to the cell surface with its binding groove empty,
contrasting outcomes arise when the anti-CD22 antibody RFB4 is involved (O‘Reilly et al.,
2011). Indeed, it rather depicts a joint recycling/redistribution of the CD22/anti-CD22
antibody RFB4 complex to the membrane. This mechanism was corroborated in a study
testing 5 antibodies recognizing overlapping or distinct CD22 epitopes, showing that
internalised anti-CD22 antibodies promptly recycled to the surface and thus, underwent
minimal degradation in lysosomes, except when extensive recycling occurred (Ingle and
Scales, 2013). Although epratuzumab-mediated CD22 turnover has not been the subject of
such investigations, it is reasonably assumed that it would adopt similar processes. Indeed,
epratuzumab exerts high binding affinity to CD22 across a wide range of acidic pH’s
characteristics of sorting endosomes and lysosomes, thus refuting a possible dissociation of
epratuzumab from CD22 (Erefio-Orbea et al., 2017). Hence, the persistence of epratuzumab
on the cell surface could not only sustain prolonged inhibitory signals but also even fuel the

completion of trogocytic events. Alternatively, the absence of detectable surface CD22
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recorded for an extended period of time in Huki mice, up to 57 days after epratuzumab
injection followed by a recovery to baseline expression by day 84, was proposed to be caused
by the residual serum persistence of epratuzumab systematically engaging CD22, ruling out

a potential involvement of trogocytosis in this effect (Ozgor et al., 2016).

Unlike rituximab which promotes B cell depletion through either antibody-dependent
cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC), epratuzumab
generates hyporesponsive B cells by providing a sustained inhibitory signal mediated by the
intensification of CD22 signalling, together with a reduction of surface CD19/CD21
complex expression (Dorner et al., 2015), Here, the advantage lies in the benefit of this

resting state as opposed to solely depleting B cells

Hence, epratuzumab represents an ideal candidate to fulfil the first requirement of the present

study.

3.3.1.2.  Technical considerations

Epratuzumab is commonly used at 10ug/mL in in vitro experimental studies (Lumb et al.,
2016; Sieger et al., 2013). At this concentration, CD22, CD19 and CD21 are reduced by
50%, 52% and 70%, respectively, however, similar effects are recorded for CD19 and CD22
when epratuzumab is used at lower concentrations (Rossi et al., 2013) (Figure 33). CD21
supposedly follows the same trend. According to this study, 50ng/mL epratuzumab is the

lowest concentration at which such identical profiles are yielded.
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Figure 33. Profile of CD19 and CD22 reduction obtained with epratuzumab
concentrations ranging from Ing/mL to 100pg/mL The 10pg/mL epratuzumab
concentration conventionally used in experimental studies provides similar reductions in
CD19 and CD22 to 50ng/mL, which is selected for the MLR.

Hence, since care is taken not to unbalance the milieu at stake in the MLR, the lowest
concentration providing optimal decrease in surface expression levels of CD19 and CD21 is
selected. Based on the CD19 and CD22 reduction profile (Rossi et al., 2013), a concentration
of 50ng/mL clearly fulfils this prerequisite.

The effect of epratuzumab signalling is not tightly linked to an allogeneic context since the
reduction in CD22, CD19 and CD21 is observed without BCR engagement (Sieger et al.,
2013). Consequently, the distinction with an allospecific outcome, indicative of whether a
more targeted response is triggered as opposed to a sole broad consequence of the loss of
surface CD19/CD21 complex, should be accounted for in the present study. To this aim,
control conditions including the impact of epratuzumab on responders supplemented with
IL-15 (R15gpratuzumab), Which represents the inflammatory environment of our model without
the allogeneic component, is included. Ultimately, the identification of an eventual alteration
of the allogeneic response within these conditioned environments from its original course

will help evaluate the strength of the signal transduced.
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3.3.2. C3d

3.3.2.1. Rational for the inclusion of C3d

While epratuzumab is used to drive B cells in a state of unresponsiveness, the chances that
they can exert tolerogenic properties are limited since the acquisition of antigen specificity
is a pre-requisite. The induction of self-tolerance within K{HA-specific naive CD8 T cells
required KYHA-specific resting B cells (Fraser et al., 2006). Similarly, the protection against
T cell-mediated demyelination in EAE required resting B cells presenting MOG-derived
epitopes via their class Il MHC molecule (Calderon-Gomez et al., 2011). Given that
epratuzumab would disrupt their capacity to capture and present antigen, no tolerogenic
signal would be supported. A way to circumvent this issue would be to drive antigen uptake,
irrespective of any specificity, through CD21 with the concourse of C3d. Here, it would
provide the “switch on” signal for tolerance induction. In such a context, the
immunopeptidome towards which resting B cells could potentiate their immunosuppressive
response would be extensive (Boackle et al., 1998; Zsef Prechl et al., 2002). This strategy
could however be double-edged considering that C3d supplementation is documented as
being instead the critical missing factor at the root of disease onset, hence C3d adjunction
could be counterproductive. Nonetheless, the hyporesponsive state induced by epratuzumab
could set the line between these two outcomes, tilting the balance towards tolerance. To test
this hypothesis, C3d adjunction will be performed in our model in presence and absence of
epratuzumab, providing an insight on whether CD19/CD21 surface level expression,
associated with a resting state, could be a determining factor which dictates the direction

taken by the immune response, emphasising here the dual effect of C3d.

Hence C3d supplementation within these two contexts would fulfil the second requirement

of the present study.
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3.3.2.2. Technical considerations

While the adjuvant power of C3d was the subject of few investigations, it was used ina CIA
mouse model (Del Nagro et al., 2005) and MOG/C3d fusion protein construct (Jégou et al.,
2007), thus no standard C3d concentration is available for in vitro experimental studies.
However, physiological C3d serum levels in patients with systemic lupus erythematosus
(SLE) were determined, ranging from 129-291ng/mL (Krauledat et al., 1985), providing
here reference values in disease settings. The aim of the present study being only to divert
antigen uptake towards CD21 in an effort to favour tolerance over activation, it can be
speculated that pathogenic levels would antagonise this effect, hence bringing down the
concentration to 50ng/mL, more than half the lowest value recorded in SLE, would account
for this problem.

Since epratuzumab exerts its effects 30-45 minutes following induction (Dérner et al., 2015)
and achieve complete response within a few hours (Rossi et al., 2013), the generation of
hyporesponsive B cells (M15gpratuzumab) Will occur prior to any engagement of C3d with
antigens would take place, this temporality ensuring that it is the impact of C3d adjunction
on hyporesponsive B (M215gpratuizumabicad) Cells that is particularly investigated. This,
however, raises the questions as to whether the extent of CD19/CD21 complex surface
density determines the nature of the signal transduced by C3d, hence the effect of C3d

adjunction on unmodified B cells (M15+C3d) is investigated.

Although C3d signalling is tightly linked to an allogeneic context, similar controls as those
included for epratuzumab are used to rule out any unspecific effect. Therefore, based on the
same reasoning, the impact of C3d on responders supplemented with 1L-15 (R15+C3d) is

carried out in order to confirm that its activity is restricted to the allogeneic context.

Altogether, this strategy will provide an insight on the strength of the tolerogenic signal
propagated by the hereby generated resting B cells. On a broader perspective, it will also
give the opportunity to evaluate the extent to which the CD19/CD21 complex participate in
B cells antigen presenting potency within the priming phase of aGvHD, if any commitment
at this level is noticed on behalf of B cells, since the model designed here attempts to reflect
the inflammatory environment described in patients presenting severe grade aGvHD. The

key challenge lies indeed in the intense inflammatory milieu at stake in aGvHD which could
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supersede the strategy taken to sustain a resting state in B cells, questioning the pertinence

of a hypothetical therapeutic implementation in clinical practice.

3.3.3. Experimental strategy

The targeting of the CD19/CD21 complex on responder B cells was divided into 3 core
investigations, each providing a detailed understanding of the mechanistic impact of
epratuzumab and C3d supplementation, whether on unresponsive or unmodified B cells
(Figure 34).
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Figure 34. Methodology applied to identify the key players involved in the outcome of
the allogeneic reaction A) Induction of unresponsive B cells with epratuzumab B) C3d
supplementation on epratuzumab-induced unresponsive B cells C) C3d supplementation on
unmodified B cells
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Epratuzumab exerts reduction in CD22, CD19 and CD21 without BCR engagement. A
distinction with an allogeneic outcome indicative of a more targeted response must be made.
These distinct features will be isolated by evaluating its unspecific (R15gpratuzumab) and
allospecific (M15gpratuzumab) effects (Figure 34A), whether or not the elicitation of the
alloreaction within the epratuzumab-conditioned milieu (M15gpratuizumab) diverges from its

typical course in unmodified conditions (M15) is investigated.

Then, the adjunctive or synergistic effect of C3d on epratuzumab-induced unresponsive B
cells (M15+epratuzumabicad) IS €xamined so as to identify a potential diversion of the immune
response from that triggered by epratuzumab only (M15gpratuzumab), hence attributable to the
direction of C3d-coated antigens away from classical processing and presentation (Figure
34B).

Finally, analogous to the reasoning governing the isolation of the intrinsic and incidental
consequences of epratuzumab application, the above-mentioned mechanism is sought in
unmodified B cells. This will provide an insight as to whether the initial status of B cells, at
the core of which prevails the described surface reduction in CD19/CD21 complex, is a
determining factor for the direction taken by the C3d-mediated signalling (Figure 34C) as
evidence show a dual, yet, contrasting effect, either potentiating BCR activation or inversely

promoting tolerance.

The distribution of CD21 throughout the lymphocyte compartment up until now sparks an
open debate over its exclusiveness to B cells (Braun, 1998). It indeed adopts an ubiquitous
pattern as arising evidence correlates T cells predisposition for CD21 expression with
pathophysiological settings, a subset attributed with the capability to strengthen cellular
adhesion in SLE or facilitate Epstein-Barr virus entry into T cells (Levy et al., 1992; Smith
et al., 2020). Thus, it needs to be assured that the existence of such phenotype is ruled out
in our model before any assertion can be drawn on the signalling transduced by unresponsive
B cells when C3d adjunction is investigated. Although representing a minor fraction of the
events involved in aGvHD onset, the inclusion of IL-15 could induce such events

considering its critical role in the progression to severe aGvHD.

Taking advantage of the omnipresence of CD21 on the surface of B cells to set a threshold

value for the determination of the extent of its prevalence on non-B cells (Figure 35), it
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appears that CD21 solely pertains to B cells. This expression profile is unaffected by the
immune response characterised in the MLR as mirroring the IL-15-centred progression to
severe aGvHD.
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Figure 35. Evolution of CD21 expression profile in non-responder B cells in M15 A 3-
day MLR was carried out following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom
wells (1 x 108 cells/well) supplemented with 5ng/mL 1L-15 (M15), including untouched
responders (R). Gating on the lymphocytes, (FSC™/SSC'®"), non-responder B cells were
selected as CD197/CFSE cells and responder B cells as CD19*/CFSE" cells. Flow cytometry
profiles of CD21 expression in R (top histogram) and M15 (bottom histogram show the
extent of CD21 expression acquired during the alloreaction in a milieu rich in IL-15. Data
acquisition was carried out on the BD LSRFortessa X-20 with the BD FACS DIV A software
(BD FACSDiva v8.0) and the graphs were generated with the FCSalyzer software (version
0.9.18-alpha; Sven Mostbock).

Since no overlapping mechanism can emanate from C3d adjunction, strictly restricted to B
cells, any modulation of CD8 T cells phenotypic characteristics will be a consequence of the
signalling propagated by B cells as a downstream target of C3d-coated antigen co-
engagement with CD21, the unresponsive or untouched state in which B cells are maintained

revealing of the direction taken by the immune response.
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3.3.4. Induction of an unresponsive state in B cells: Epratuzumab

3.3.4.1. Responder B and CD8 T cell phenotype
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Figure 36. Impact of epratuzumab on responder B cell phenotype A 3-day MLR was
carried out following a SimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x
106 cells/well) supplemented with 5ng/mL IL-15 and treated (M15gptauzumab) OF not (M15)
with 50ng/mL epratuzumab, including responders supplemented with 5ng/mL IL-15 and
treated (R15eptauzumab) OF ot (R15) with 50ng/mL epratuzumab. The MFI of A) CD19 (n=9)
B) CD21 (n=6) C) HLA-DR (n=8) and D) %CD86" cells (n=7) on CD19"/CFSE" responder
B cells (1000 events recorded) gated within the lymphocyte population (FSC™¢/SSC'o%)
were recorded. Data acquisition was carried out on the BD LSRFortessa X-20 with the BD
FACS DIVA software (BD FACSDiva v8.0) and the graphs were generated with the
FCSalyzer software (version 0.9.18-alpha; Sven Mostbdck). Flow cytometry profiles
representative of the experiments were overlaid together with the isotope control (clear
peak). Statistical analysis was carried out with Prism (version 7; GraphPad Software) with
the data reported as the means + SEM (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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The efficacy of epratuzumab is clearly apparent here, as denoted by the dramatic 1.66- and
2.06-fold unspecific reduction in CDI19 (uri15=5268; pRis+Epratuizumab=3165; p<0.0001)
(Figure 36A) and CD21 (pr15=11272; pris+Epratuizumab=5466; p<0.0001) (Figure 36B) surface
expression respectively. Here, a stronger effect on CD21 is emphasized. Only CD19
modulation showed an allospecific outcome with a 1.34-fold decrease (URr15+Epratuzumab=3165;
UM15+Epratuzumab=2360; p<0.05). Conversely, while CD21 internalisation further to C3d-
coated antigen uptake could be argued for its loss, it seems here to only be imputed to the

inherent features of epratuzumab (HR15+Epratuzumab:5466; HM15+Epratuzumab:3535).

HLA-DR (Figure 36C) does not seem to be directly modulated by epratuzumab, neither
unspecifically (pur15=31569; pRi5+Epratuzumab=38087) nor allospecifically (um15=46039;
LM15+Epratuizumab=52565). It appears however to be a downstream target of the immune
response altered within the epratuzumab-conditioned environment as evidenced by the
failure to identify the allogeneic reaction (URris+Epratuzumab=38087; Lm15+Epratuzumab=52565)
although a distinguishable 1.46-fold upregulation is recorded in unmodified conditions
(Ur15=31567; um15=46039; p<0.01).

A similar trend is observed with CD86 (Figure 36D). That is, an unresponsiveness to
epratuzumab, whether in a context devoid of allogeneic components (ur15=53.80%;
UR15+Epratuzumab=57.15%) or including this aspect (um15=64.46%; Lm15+Epratuzumab=63.12%).
And vyet, a loss of the 1.2-fold upregulation observed in unmodified conditions
(LR15=53.80%; um15=64.46%; p<0.05) is recorded within the epratuzumab-conditioned

environment (},lR15+Epratuzumab:57.15%; HM15+Epratuzumab:63.12%).
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Figure 37. Impact of epratuzumab on responder CD8 T cell phenotype A 3-day MLR
was carried out following a SimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1
x 106 cells/well) supplemented with 5ng/mL IL-15 and treated (M15gpratuzumab) OF hot (M15)
with 50ng/mL epratuzumab, including responders supplemented with 5ng/mL IL-15 and
treated (R15gpratuzumab) OF NOt (R15) with 50ng/mL epratuzumab. The MFI of A) TCR (n=7)
B) CD2 (n=5) and C) CD29 (n=9) on CD8*/CFSE" responder CD8 T cells (1000 events
recorded) gated within the lymphocyte population (FSC™9/SSC'*") was recorded. Data
acquisition was carried out on the BD LSRFortessa X-20 with the BD FACS DIV A software
(BD FACSDiva v8.0) and the graphs were generated with the FCSalyzer software (version
0.9.18-alpha; Sven Mostbdck). Flow cytometry profiles representative of the experiments
were overlaid together with the isotope control (clear peak). Statistical analysis was carried
out with Prism (version 7; GraphPad Software) with the data reported as the means + SEM
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Surprisingly, whereas CD22 is exclusively expressed on B cells, epratuzumab induces a
1.27-fold decrease in TCR (Figure 37A) expression unspecifically (ur15=9624;
UR15+Epratuzumab=7601; p<0.05). This trend is also observed in the allogeneic context
(um15=10575; pmis+Epratuzumab=7538; p<0.0001), with a 1.4-fold decrease. This is only
reflective of the intrinsic properties of epratuzumab since no significant outcome arises from
the allogeneic reaction itself (pRris+Epratuzumab=7601; pm15+Epratizumab=7538), similarly

observed when epratuzumab is lacking (ur15=9624; um1s=10575).

Conversely, epratuzumab does not seem to propagate its effect on CD2 (Figure 37B)
expression unspecifically (ur15=13582; uris+epratuizumab=14635), nor is a notable discrepancy
arising within the allogeneic context uncovered (umis=15361; umis+Epratuzumab=18376). The
allogeneic reaction remains unaffected since, similarly to unmodified conditions
(ur15=13582; umis=15361), no correlation is found in the variation in CD2 surface levels
within the epratuzumab-conditioned environment (MR15+Epratuzumab=14635;

UM15+Epratuzumab=18376).

An analogous trend is recorded with CD29 (Figure 37C), that is the absence of regulation
induced by epratuzumab either unspecifically (pr15=12770; pR15+Epratuzumab=12775) or
allospecifically (umis=12771; umis+epratuzumab=10871). No diversion in the outcome of the
alloreaction is detectable (R15+Epratuzumab=12775; Um1s+Epratuizumab=10871) as it is likewise

unidentifiable within untouched conditions (ur15=12770; pumis=12271).
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3.3.4.2.

Effector response: granzyme b and IL-10 production
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Figure 38. Impact of epratuzumab on the effector response A 3-day MLR was carried
out following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x 10°
cells/well) supplemented with 5ng/mL IL-15 and treated (M15gptauzumab) Or not (M15) with
50ng/mL epratuzumab, including responders supplemented with 5ng/mL IL-15 and treated
(R15epratuzuman) Or not (R15) with 50ng/mL epratuzumab. The production of A) granzyme b
(n=7) and B) IL-10 (n=5) in frozen supernatants was measured by ELISA. Data acquisition
was carried out on the SPECTROstar Nano (BMG Labtech, Aylesbury, England) and the
data were generated with MARS software (BGM Labtech, Aylesbury, England). Statistical
analysis was carried out with Prism (version 7; GraphPad Software) with the data reported

as the means = SEM (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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The outcome of the reaction as depicted by Granzyme b (Figure 38A) production remains
unchanged. The aftermath of epratuzumab is inexistant allospecifically (umi5=5.29ng/mL;
UM15+Epratuizumab=2.33ng/mL) and no variation in the course of the allogeneic reaction is
uncovered, yielding a 5.49-fold (pRr15+Epratuzuman=971.36pg/mL; pm15+Epratuzumab=5.33ng/mML;
p<0.05) and 6.29-fold (ur15=840.57pg/mL; pum15=52.88ng/mL; p<0.05) incrementation,
hence comparable in their strength.

As for IL-10 production (Figure 38B), it stands out that no unspecific influence of
epratuzumab occurs (ur1s=121.04pg/mL; pRris+Epratuzuman=151.4pg/mL), nor are critical
disparities observed allospecifically (um15=308.16pg/mL; pmis+Epratuzumab=233.6pg/mL),
although it seems that the allogeneic reaction initially identified with a 2.5-fold
incrementation (pr15=121.04pg/mL; um15=308.16pg/mL; p<0.05) has disappeared
UR15+Epratuzumab=151.4pg/mL; umis+Epratuzumab=233.6pg/mL).
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3.3.4.3. Summary of the effects of epratuzumab

The data generated in this chapter gave us the opportunity to extract the effects inherent to
epratuzumab, unspecific or allospecific, on the markers investigated, and see their outcome
on the alloreaction. Hence they allow to determine whether a milieu where unresponsive B
cells are prevalent still maintains the course of the immune response, as depicted by the
extent of the cytotoxic response represented by granzyme b production, or rather alters it
(Figure 39).
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Figure 39. Summary of the effects inherent to epratuzumab and its outcome on the
alloreaction Only B cell and CD8 T cell markers for which a trend exists (upregulation: 1;
downregulation: { ) are included, unless there is a total absence of effect on a subset (@).
Similarly, only diverging trends in B cell and CD8 T cell markers as products of the
alloreaction in the milieu conditioned with epratuzumab are given, including in addition to
those previously mentioned the loss of the allogeneic-induced regulation of the markers
(X). The outcome of the response on the inflammatory environment is indicated in terms
of increased (1"), decreased (4 ) or unchanged (=) production. All trends are expressed in
comparison with unmodified conditions.
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3.3.5. Driving antigens to the CD19/CD21 complex in unresponsive B cells:
Epratuzumab and C3d supplementation

3.3.5.1. Responder B and CD8 T cell phenotype
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Figure 40. Impact of epratuzumab/C3d on responder B cell phenotype A 3-day MLR
was carried out following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1
x 10° cells/well) supplemented with 5ng/mL IL-15 and either untouched (M15) or treated
with 50ng/mL epratuzumab with (M15gpratuzumab+cad) Or without (M15gpratuzumab) 50ng/mL
C3d. The MFI of A) CD19 (n=10) B) CD21 (n=8) C) HLA-DR (n=9) and D) %CD86" cells
(n=6) on CD19*/CFSE" responder B cells (1000 events recorded) gated within the
lymphocyte population (FSC™Y/SSC'*") were recorded. Data acquisition was carried out on
the BD LSRFortessa X-20 with the BD FACS DIVA software (BD FACSDiva v8.0) and
the graphs were generated with the FCSalyzer software (version 0.9.18-alpha; Sven
Mostbock). Flow cytometry profiles representative of the experiments were overlaid
together with the isotope control (clear peak). Statistical analysis was carried out with Prism
(version 7; GraphPad Software) with the data reported as the means £ SEM (*p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001).
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Although recording a 2.43-fold drop in CDI19 expression (um15=4489;
UM15+Epratuizumab/cad=1848; p<0.0001) (Figure 40A), this putative synergistic effect only
reflects the original downregulation imputed to epratuzumab (umi5=4489;
Um1s+Epratuzumab=2042;  p<0.0001), the absence of any adjunctive effect of C3d

(MM15+Epratuzumab:2042; MM15+Epratuzumab/C3d:1848) atteSting of it.

The same profile is obtained for CD21 (Figure 40B), that is a failure to yield any adjuvant
event with C3d (pmis+Epratuzumab=4654; Umis+Epratuzumanbicad=4412), the 2.52-fold reduction
reported in the combined environment (umis=11114; umis+Epratuzumabicad=4412; p<0.0001)
only attributable to the efficacy exerted by epratuzumab (umis=11114; umis+Epratuzumab=4654;
p<0.0001).

Finally, C3d adjunction is inconsequential with respect to HLA-DR (um15=49233;
LM15+Epratuzumab/cad=50251 (Figure 40C) and CD86 (umis=67.75%; Um1s+Epratuzumabic3d=66.72)
(Figure 38D) expressions, failing to promote any differential response from epratuzumab,
whether for HLA-DR (um15=49233; umis+Epratuzumab=54979) or CD86 (umis=67.75%;

M15+Epratuzumab=66.31%).
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Figure 41. Impact of epratuzumab/C3d on responder CD8 T cell phenotype A 3-day
MLR was carried out following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom
wells (1 x 10° cells/well) supplemented with 5ng/mL IL-15 and either untouched (M15) or
treated with 50ng/mL epratuzumab with (M15gpratuzuman+cad) OF without (M15epratuzumab)
50ng/mL C3d. The MFI of A) TCR (n=8) B) CD2 (n=6) and C) CD29 (n=6) on
CD8*/CFSE" responder CD8 T cells (1000 events recorded) gated within the lymphocyte
population (FSC™Y/SSC'®") was recorded. Data acquisition was carried out on the BD
LSRFortessa X-20 with the BD FACS DIVA software (BD FACSDiva v8.0) and the graphs
were generated with the FCSalyzer software (version 0.9.18-alpha; Sven Mostbdck). Flow
cytometry profiles representative of the experiments were overlaid together with the isotope
control (clear peak). Statistical analysis was carried out with Prism (version 7; GraphPad
Software) with the data reported as the means + SEM (*p<0.05; **p<0.01; ***p<0.001,
****n<0.0001).
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The recorded 1.53-fold reduction in TCR (Figure 41A) expression within the context
involving C3d combination (umi5=12025; pmis+Epratuzumab/cad=7866, p<0.001) seems only
attributable to epratuzumab (um15=12025; pmis+Epratuzumab=9480, p<0.05) since no significant
variation imputable to the supplementation with C3d is brough to light

(MM15+Epratuzumab:9480; MM15+Epratuzumab/C3d:7866)-

However, a contrasting modulation of CD2 (Figure 41B) and CD29 (Figure 41C) is
observed. Indeed, a modest 1.19-fold downregulation of CD29 resulting from the synergistic
effect of epratuzumab and C3d (um15=11700; pumis+Epratuzumabicad=9767, p<0.01) emerges, a
trend not observed with epratuzumab only (umis=11700; umis+Epratizumab=10784). CD2
within  the same context features a 1.23-fold increase  (um15=17615;
UM15+Epratuzumab/cad=21614, p<0.01), also solely linked to its combination with epratuzumab
(um15=17615; umis+Epratuzumab=19408).
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3.3.5.2.  Effector response: granzyme b and IL-10 production
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Figure 42. Impact of epratuzumab/C3d on the effector response A 3-day MLR was
carried out following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x 10°
cells/well) supplemented with 5ng/mL IL-15 and either untouched (M15) or treated with
50ng/mL epratuzumab with (M15gpratuzumab+cad) Or without (M15gpratuzumab) 50ng/mL C3d.
The production of A) granzyme b (n=8) and B) IL-10 (n=6) in frozen supernatants was
measured by ELISA. Data acquisition was carried out on the SPECTROstar Nano (BMG
Labtech, Aylesbury, England) and the data were generated with MARS software (BGM
Labtech, Aylesbury, England). Statistical analysis was carried out with Prism (version 7,
GraphPad Software) with the data reported as the means £ SEM (*p<0.05; **p<0.01,;
***p<0.001; ****p<0.0001).
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Manifestly, the immune response persisted through its course without suffering any
alteration stemming from C3d combination, granzyme b (um15=4.57ng/mL;
UM15+Epratuizumab/icad=4.23ng/mL)  (Figure  42A) and IL-10  (um15=209.49pg/mL;
Um1s+Epratuzumab/cad=177.12pg/mL) (Figure 42B) productions displaying as little variability as
with  epratuzumab  only  (umis=4.57ng/mL;  pmis+Eprauzuman=4.22ng/mL  and
(um15=209.49pg/mL; pmis+Epratuzumabicad=177.12pg/mL, respectively).
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3.3.5.3.  Summary of the effects of C3d

The data generated in this chapter gave us the opportunity to extract the adjunctive effect of
C3d on the investigated markers in a milieu where unresponsive B cells are prevailing. Thus,
this will allow to determine whether the desired redirection of C3d-coated antigens to CD21-
mediated uptake for class Il MHC presentation effectively took place and, if so, altered the
course of the immune response depicted by the extent of granzyme b production, or leaves
it unchanged (Figure 43).

B cells CD8 T cells Eff. response

1 CD2 = Granzyme b

J CD29 =1L10

S istic effect

M15 ——JNCTIISHCETIBe:  ,  M15 + Epratuzumab/C3d
7N ISVN
7 \ /®0 ~
e N 8 N
- Yo\ /@ ~
// 6 AN g \\
Ve 6 N\ / (‘}\' ~
// ‘_;O\ /§ \\
e 2\ /b\ ~
// %\ / [0 \\
e \ //"bb ~
/// O \\\
il M15 + Epratuzumab o
-7 | S~
7 ! S
// | \-\
B cells CD8 T cells Eff. response : B cells CD8 T cells Eff. response
|
{1 CD19 L TCR = Granzyme b II (1)} 1) = Granzyme b
4 CD21 =IL10 | =IL10
|

Figure 43. Summary of the adjunctive effect of C3d on unresponsive B cells Only B
cell and CD8 T cell markers for which a trend exists (upregulation: 1; downregulation: )
are included, unless there is an absence of effect on a subset (@). The outcome of the
response on the inflammatory environment is indicated in terms of increased (1), decreased
(J) orunchanged (=) production. All trends are expressed in comparison with the condition
lacking the component considered. In green are the markers that show the trends which
reflect the effects inherent to epratuzumab.
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3.3.6. Driving antigens to the CD19/CD21 complex in unmodified B cells: C3d

supplementation

3.3.6.1. Responder B and CD8 T cell phenotype
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Figure 44. Impact of C3d on responder B cell phenotype A 3-day MLR was carried out
following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x 10 cells/well)
supplemented with 5ng/mL IL-15 and treated (M15c3q) or not (M15) with 50ng/mL C3d,
including responders supplemented with 5ng/mL IL-15 and treated (R15c3q4) or not (R15)
with 50ng/mL C3d. The MFI of A) CD19 (n=7) B) CD21 (n=6) C) HLA-DR (n=6) and D)
%CD86" cells (n=7) on CD19*/CFSE" responder B cells (1000 events recorded) gated
within the lymphocyte population (FSC™Y/SSC'*") were recorded. Data acquisition was
carried out on the BD LSRFortessa X-20 with the BD FACS DIVA software (BD
FACSDiva v8.0) and the graphs were generated with the FCSalyzer software (version
0.9.18-alpha; Sven Mostbdck). Flow cytometry profiles representative of the experiments
were overlaid together with the isotope control (clear peak). Statistical analysis was carried
out with Prism (version 7; GraphPad Software) with the data reported as the means + SEM
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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What clearly stands out is that C3d adjunction solely acts on the CD19/CD21 complex
through an allospecific fashion, as neither of these markers show a substantial change within
an unspecific context. CD19 (ur15=3376; pRr15+c3¢=3546) (Figure 44A) and CD21
(Lr15=10288; pRr15+c3¢=10518) (Figure 44B) are indeed stable as opposed to the 1.28-
(um15=3746; umis+c3a=2931; p<0.0001) and 1.34-fold (um15=10301; pmis+c30=7688; p<0.01)
recorded reduction, respectively, imputed to the presence of allogenic components. The
1.37-fold downregulation in CD21 expression generated by the alloreaction
(URr15+c3¢=10518; pmis+c3a=7688; p<0.01) is only reflective of the allospecificity of C3d,
otherwise inexistant in untreated conditions (ur15=10288; um15=10301). The 1.21-fold drop
noted in CD19 levels imputable to the allogenic reaction within a C3d supplemented milieu
(UR15+c3d=3546; umis+c3d=2931; p<0.001) is in sharp contrast with the original 1.11-fold
upregulation (ur15=3376; um15=3746; p<0.05).

This absence of unspecific repercussion of C3d in HLA-DR (ur15=25959; pr15+c3¢=29300)
(Figure 44C) and CD86 (ur15=57.47%; Hris+c3d=58.12%) (Figure 44D) is apparent here. Its
distinct propensity for a selective targeting of allogeneic components is however
indisputable, triggering a 1.41- (um15=40789; umis+c3d=28836; p<0.01) and 1.19-fold
(um15=71.51%; pm1s+c3¢=60.11%; p<0.01) reduction in HLA-DR and CD86 expressions,
respectively. Furthermore, whereas the allogeneic reaction itself is revealed by an
upregulation of HLA-DR and CD86 by 1.57- (ur15=25959; umis=40789; p<0.001) and 1.24-
fold (ur15=57.47%; um1s=71.51%; p<0.01), respectively, this trend is clearly abrogated with
C3d adjunction, whether at the HLA-DR (ur15+c3¢=29300; umis+c3d=28836) or CD86
(MR15+c30=58.12%); pmis+c3d=60.11%) level.
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Figure 45. Impact of C3d on responder CD8 T cell phenotype A 3-day MLR was carried
out following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x 10°
cells/well) supplemented with 5ng/mL IL-15 and treated (M15c34) or not (M15) with
50ng/mL C3d, including responders supplemented with 5Sng/mL IL-15 and treated (R15¢3q)
or not (R15) with 50ng/mL C3d. The MFI of A) TCR (n=8) B) CD2 (n=6) and C) CD29
(n=6) on CD8/CFSE" responder CD8 T cells (1000 events recorded) gated within the
lymphocyte population (FSC™¢/SSC'*") was recorded. Data acquisition was carried out on
the BD LSRFortessa X-20 with the BD FACS DIVA software (BD FACSDiva v8.0) and
the graphs were generated with the FCSalyzer software (version 0.9.18-alpha; Sven
Mostbock). Flow cytometry profiles representative of the experiments were overlaid
together with the isotope control (clear peak). Statistical analysis was carried out with Prism
(version 7; GraphPad Software) with the data reported as the means + SEM (*p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001).
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Whereas the absence of unspecific modulation characterises both TCR (ur15=8415;
ur1s+c3d=8644) (Figure 45A) and CD2 (ur15=14363; pris+c3t=16158) (Figure 45B), the
aftermath of C3d adjunction appears to exhibit a differential outcome allospecifically,
denoting a sharp 1.62-fold inflection in TCR (um15=9618; umis+c3d=5947; p<0.01)
expression while CD2 does not fluctuate substantially (umi5=17087; umis+c3¢=19507). The
1.45-fold drop in TCR expression attributed to the allogenic reaction within a C3d-rich
environment (UR15+c3d=8644; nmis+c3a=5947; p<0.05) appears to only be imputable to the
allospecific shift impelled by C3d. Since a quantitative plateau is reached for TCR in
unmodified conditions (ur15=8415; um1s=9618), isolating a distinct effect of the presence of
allogeneic components is infeasible. However, it seems to hold a more preponderant role
with regards to CD2 expression as denoted by the 1.21-fold incrementation (ur15+c3d=16158;
umis+c3d=19507; p<0.05) otherwise lacking in a context devoid of C3d (ur15=14363;
um1s=17087). Here, it supports the reasoning that C3d solely does not sustain particular
functions but it is rather the allogeneic reaction which, in its course within this milieu, is

driven to upregulate CD2.

Interestingly here, CD29 (Figure 45C) is not affected in any way by C3d adjunction, whether
unspecifically (ur15=7614; pr1s+c30=8181) or allospecifically (um1s=7819; umis+caa=7227).
It neither reflects an intrinsic engagement of the alloreaction unique to the C3d-rich milieu
(Ur15+c30=8181; pmis+cag=7227) which could have contrasted with the absence of such
distinction in untouched conditions (ur15=7614; umis=7819). Thus, the immutable CD29
levels evidenced here are only the product of the inflammatory environment established by
IL-15.
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3.3.6.2.  Effector response: granzyme b and I1-10 production
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Figure 46. Impact of C3d on the effector response A 3-day MLR was carried out
following a StimCFSE/Resp ratio of 1:10 in 500uL/24-flat bottom wells (1 x 10° cells/well)
supplemented with 5ng/mL IL-15 and treated (M15c3q4) or not (M15) with 50ng/mL C3d,
including responders supplemented with 5ng/mL IL-15 and treated (R15¢c3q4) or not (R15)
with 50ng/mL C3d. The production of A) granzyme b (n=5) and B) IL-10 (n=6) in frozen
supernatants was measured by ELISA. Data acquisition was carried out on the
SPECTROstar Nano (BMG Labtech, Aylesbury, England) and the data were generated with
MARS software (BGM Labtech, Aylesbury, England). Statistical analysis was carried out
with Prism (version 7; GraphPad Software) with the data reported as the means + SEM
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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The outstanding event emerging from our data is the significant allospecific 1.46-fold
decrease in granzyme b production (umis=50ng/mL; umis+c3d=34.31ng/mL; p<0.01) (Figure
46A), exonerated from unspecific aftereffects (Lr15=752.76pg/mL; pris+c3d=647.86pg/mL).
However, the allogeneic reaction prevailing within the C3d-rich environment remains
clearly identified, recording a 5.3-fold incrementation (uRr15+c3¢=647.86pg/mL;
umis+cad=34.31ng/mL; p<0.0001), still contrasting with the 6.6-fold escalation in
unmodified conditions (pr15=752.76pg/mL; umis=50ng/mL; p<0.0001).

This outcome is achieved independently of IL-10 production as evidenced by its immutable
profile when an allospecific impact of C3d was sought (umis=142.88pg/mL;
umis+cad=142.66pg/mL) (Figure 46B), the allogeneic reaction similarly distinguished within
the unmodified (ur15=69.33pg/mL; um15=142.88pg/mL; p<0.05) and C3d-rich milieu
(1r15=609.48pg/mL; um1s=142.66pg/mL; p<0.05).
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3.3.6.3.  Summary of the effects of C3d on the alloreaction where B cells

are unmodified

The data generated in this chapter gave us the opportunity to extract the effects inherent to
C3d, unspecific or allospecific, on the markers investigated, and see their outcome on the
alloreaction where B cells are unmodified. Thus, determining whether the desired redirection
of C3d-coated antigen to CD21-mediated uptake for class Il MHC presentation effectively
took place and, if so, altered the course of the immune response, as depicted by the extent of
the cytotoxic response represented by granzyme b production, or leaves it unchanged (Figure
47).
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Figure 47. Summary of the effects inherent to C3d and its outcome on the alloreaction
where B cells are unmodified Only B cell and CD8 T cell markers for which a trend exists
(upregulation: 1; downregulation: {,) are included, unless there is a total absence of effect
on a subset (@). Similarly, only diverging trends in B cell and CD8 T cell markers as
products of the alloreaction in the milieu conditioned with C3d are given, including in
addition to those previously mentioned the loss of the allogeneic-induced regulation of the
markers ( X). The outcome of the response on the inflammatory environment is indicated in
terms of increased (), decreased (J,) or unchanged (=) production. All trends are
expressed in comparison with unmodified conditions. In green are the markers that show
the trend which is reflection of the allospecific effect of C3d.
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Chapter 4

Discussion

133



The fate of resting B cells is governed by the BCR response regulator CD19/CD21 complex,
setting the foundation of the dichotomy in their functions as APCs, at the crossroad between
tolerance induction and immune activation. Identifying a way to fine-tune the CD19/CD21
complex to uncouple these functionalities holds interesting prospects in the settings of
aGVvHD, a lethal complication post-allogeneic HSCT. The establishment of novel therapies
in this area is critical since no standard aGvHD prophylactic strategy is yet at hand whereas
allogeneic HSCT remains the exclusive therapy for a wide range of haematological
malignancies. This aspect of B cells is barely addressed in the literature, nor is their role in
aGvHD onset. The present study will thus attempt to give an insight as to whether such
functions could be derived as well as their relevance to aGvHD, ultimately setting the

foundation for future research.

We proposed that reducing the surface expression of the CD19/CD21 complex with the anti-
CD22 antibody epratuzumab could disrupt B cells antigen presenting capacity by mitigating
their responsiveness to allopeptides. We also introduced concomitant C3d adjunction as a
way to re-direct antigens towards the CD21-mediated class Il MHC presentation and build
a diverse peripheral repertoire of tolerated antigens based on evidence that eluding BCR co-
ligation fails to drive the acquisition of features characteristic of potent APCs. This strategy
faces two challenges, not only the potential breach in the B cell resting state as C3d is
described as the limiting factor driving the shift from anergy to immune activation, but also
the inaptitude to efficiently target C3d-coated antigens to CD21 on B cells displaying low
surface density of the CD19/CD21 complex. To test these hypotheses, we devised a two-
way MLR using raw human buffy coats and IL-15 as a core component as it is one of the
key drivers of GVHD pathogenesis, potentially challenging the stability of the resting state

of B cells derived in our experimental approach.

We found that C3d adjunction on unmodified MLRs hampered the effector response by
1.46-fold as measured by granzyme b production, associated with a sharp reduction in CD21
and CD19 expression. Chronically engaged C3d-coated antigens in SLE patients were
shown to induce CD21 and CD19 internalisation leading to their reduction from the surface
of B cells, suggested to be the result of increased turnover of these receptors (Hasegawa et
al., 2001; Inaoki et al., 1997). Considering the prevalence of C3d in the MLR, this scenario
could parallel our experimental observations. In line with this, our data indicate that the

impact of C3d is tightly linked to the presence of allogeneic components since the level of
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CD21 and CD19 expression was unchanged in responder cells, confirming that C3d on its
own does not engage this pathway. This would support the assumption that peptides are
produced in the MLR and further complexed with C3d, ultimately binding CD21. However,
the outcome contrasts with the well-described role of C3d in breaking tolerance in
autoimmune diseases (Del Nagro et al., 2005; Jégou et al., 2007). Our data even show a
decrease in HLA-DR and CD86 expression, suggesting a shift away from a phenotype
characteristic of potent APCs. This effect is however reported in the context of CD21
targeting by C3d-coated antigens independent of BCR co-engagement (Boackle et al.,
1998). It would indicate that B cells are not involved in the acquisition of the effector
response depicted in the MLR. B cells displaying low-affinity BCR strictly rely on C3d co-
ligation to sustain efficient activation (Mongini et al., 2002). The MLR involves naive B
cells which have not undergone affinity maturation in GCs, thus it is most likely that such
B cells are involved. If host-derived antigen capture by the BCR had taken place, C3d
adjunction would have facilitated B cell activation. As expected, indirect allorecognition is
not represented in the MLR. The upregulation of B cell markers recorded in the MLR
without IL-15 would rather be attributed to DAMPS release further to neutrophil necrosis
(Chatfield et al., 2018; Iba et al., 2013; Land, 2015) as this short-live population represented
up to 70% of the MLR. This observation is difficult to correlate with other studies since
most MLRs involve isolated B, T, PBMCs or macrophages and DCs derived from
monocytes used as adherent stimulators.

Surprisingly, C3d adjunction in epratuzumab-treated MLR had not influence on the
outcome of the effector response. Our data show a decrease in CD19 and CD21 expression
characteristic of the intrinsic properties of epratuzumab, although not quite to same extent
to the reductions obtained using same concentrations in another study (Rossi et al., 2013).
CD217°" B cells enriched in patients with CVID and RA were shown to fail to get activated,
induce [Ca2+] influx or proliferate further to BCR and CD40 triggering (Isnardi et al.,
2010). CD217"°" B cells in primary Sjogren’s syndrome were similarly refractory to this
stimuli (Saadoun et al., 2013). This unresponsiveness indicates that CD217'°" B cells may
be anergic. On the other hand, the enhancement of CD19 expression in CD21/CD35 mice
was sufficient to augment the BCR-induced [Ca2+] response when challenged with
Streptococcus pneumonia infection (Haas et al., 2009). Similarly, CD19 overexpression
was shown to be enough to break the tolerance in mice expressing the soluble hen egg
lysozyme model autoantigen together with its cognate receptors (Inaoki et al., 1997). These

data would indicate that the anergic state could be rescued by excessive CD19 expression.
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In the MLR, epratuzumab yields CD19'°V/CD21'°% B cells. It could be speculated that the
anergic state described to be associated with CD21'°" expression would be sustained. Thus,
it would appear that the outcome of C3d-coated antigen engagement depends on the degree
of CD19/CD21 expression. This would also demonstrate a distinct aspect of the functional
impact exerted by epratuzumab at the cell level. The inclusion of epratuzumab in SLE
standard therapy resulted in the reduction of IgM serum levels, although showing diverging
outcomes with respect to the impact on disease activity (Clowse et al., 2017; Gottenberg et
al., 2018). Here, the impact of epratuzumab on the effector response does not indicate what
mechanism was involved. The induction of an anergic state in B cells could be explaining
these events. These failure to proliferate, differentiate and produce antibodies are the
characteristic consequences of anergy (Yarkoni et al., 2010).

Unexpectedly, the MLR failed to generate proliferative cells despite yielding a considerable
effector response as depicted with the substantial production of granzyme b. MLRs are
standard assays originally developed to predict the risk of GVHD reactions (Lim et al., 1988;
Sairafi et al., 2016; Visentainer et al., 2002) where T cell proliferation is the most common
immunological readout (DeWolf et al., 2016). Evidence showing that proliferating CD8 T
cells failed to exert effector functions demonstrated that these events could be uncoupled
(Hernéndez et al., 2002). T cells in synovial fluid from patients with juvenile idiopathic
arthritis showed features of activated cells, notably CD69, HLA-DR, CD25 and CD71
independently of proliferation, suggested to be caused by alterations in the
microenvironment, here hypoxia (Black et al., 2002). IL-15 is preponderant in the MLR. Its
role in T cell homeostasis (Castillo and Schluns, 2012) is well described, notably in the
correction of the lymphopenic state post-HSCT (Matsuoka et al., 2013), but also in the
breach of immunological tolerance (Miyagawa et al., 2008; Teague et al., 2006). The
implication of IL-15 in this inhibition would be surprising. However, it is suggested that the
extent of IL-15 levels determines a threshold at which proliferation is promoted. Notably,
while 50ng/mL IL-15 induced T cell proliferation, the use of 5ng/mL failed to do so (Teague
et al., 2006). The MLR uses this particular concentration. However, there is no evidence
that the effector functions would still be sustained in spite of that. In anti-CD3-stumlated T
cells, 10®M IL-15 treatment independent of TCR engagement resulted in acquisition of
intracellular granzyme b expression before T cell proliferation started at day 3 of culture
(Tamang et al., 2006). The outcome of the MLR is assessed at day 3. However, the
possibility that TCR engagement does not occur is unlikely as IL-15 on responders only did
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not cause granzyme b production. Autophagy is a mechanism regulating the direction of
cytoplasmic substrates to lysosomes for degradation (Merkley et al., 2018). The ATG5-
mediated inhibition of autophagy resulted in greater accumulation of granzyme b in CD8 T
cells conferring them a stronger cytotoxic profile while proliferation was significantly
reduced (Oravecz-Wilson et al., 2021). However, IL-15 was described to stimulate
autophagy in NKT cells involving TBK-binding protein 1 and support their survival (Zhu
et al., 2018). Hence, a mechanism through which IL-15 would inhibit autophagy and

uncouple granzyme b production from proliferation would be unlikely.

Despite this unexpected outcome, the MLR integrates events characteristic of the
establishment of the immune reaction in addition to granzyme b production. Notably, the
0.66-fold drop in CD25" CD4 T cells. This phenomenon most likely stems from the
cleavage of CD25 as a downstream event of the alloreactive response. It is commonly
described in autoimmune diseases such as type | diabetes (Downes et al., 2014) or systemic
lupus erythematosus (Zhang et al., 2018). Hence, plasma soluble CD25 concentration
constitutes a relevant biomarker to monitor disease progression, as it correlates with the
extent of the inflammation. Also, granzyme b production is paralleled with a 3.49-fold
increase in IL-10 levels. High IL-10 serum levels are reported in clinical aGvHD and found
to correlate with the onset of aGvHD, suggested to represent a compensatory mechanism
where IL-10 acts as a negative feedback loop (Abraham et al., 2017). Thus, similarly to
granzyme b, 1L-10 in our MLR could be used as a readout to follow the course of the
allogeneic reaction. IL-10 protein expression was shown to be significantly increased in a
MLR bringing into play a concurrent stimulation by MHC H-2d and H-2k which resulted
in partial inhibition of T cell proliferation (Zhou et al., 2014). Here, it was suggested that
the existence of a competition between lymphocytes of different specificities could curtail
the strength of the immune response. This context is encountered in our MLR since the
blood of random donors are mixed together without any consideration for HLA matching.
The extent of the HLA disparities at stake is presumably large and thus, the introduction of
a competition between T cells is plausible and could be the source of IL-10 production in
the MLR. What stands out is the crucial role of IL-15 in triggering these events, supporting
the reasoning detailed in the present study that the inclusion of an inflammatory
environment at the initiation of the MLR is critical. Importantly, the inflammation induced
by IL-15 supplementation promoted a 2-, 1.1- and 1.52-fold upregulation in TCR, CD2 and
CD29 surface levels on CD8 T cells, respectively. The literature in the expression profile
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of these markers in MLR models is surprisingly scarce, thus the discussion of this data
proves challenging. However, it could be speculated that IL-15 primes CD8 T cells into a
state of better preparedness for antigen encounter. Indeed, CD2 is an important enhancer of
TCR signalling through remodelling of the IS, facilitating the enrichment of co-stimulatory
signals and conjugate formation (Demetriou et al., 2019; Binder et al., 2020). CD29
expression identifies CD8 T cells with an active cytotoxic potential notably in the
production of granzyme b (Nicolet et al., 2020). Finally, the increase in TCR would sustain
better scanning capabilities. However, while TCR downmodulation is a well-accepted
consequence of its engagement with class | or I1 MHC-allopeptide (Liu et al., 2000), it came
as a surprise to see levels similar to those induced by IL-15. A distinct dynamic referred to
as TCR replenishment could account for this observation. It describes a recovery system
further to prolonged exposure to high dose cognate ligand, revealed when TCR engagement
terminates (Schrum et al., 2003). Such context could be at stake in the MLR consequently
to the direct allorecognition. Indeed, the initial fast response to the preponderant presence
of HLA-mismatched epitopes is only short-lived (Benichou and Thomson, 2009), thus TCR

engagement would cease, enabling recovery of TCR basal levels.

The use of in vitro models in the pre-clinical development of new therapeutic strategies is
valuable. The MLR remains however a reductive platform, hence care must be taken when
extrapolating any effects observed to a clinical perspective. Indeed, the MLR focusses on a
restricted stage which has been simplified in terms of spatio-temporal framework and so,
eludes characteristic features of aGvHD, notably tissue infiltration and the key role of host-
non hematopoietic cells as APCs (Koyama and Hill, 2016). In addition, despite being the
central theme of this study, the priming stage is extremely simplified as it excludes the
intricate reactions prevailing in secondary lymphoid organs as exemplified by GC reactions,
critical for the development of effective B cell responses. Also, keeping in mind that aGvHD
is not a linear, sequential unravelling of isolated events, but rather a combination of
overlapping and contrasting effects altering the fate of the immune response, here referring
to the tight balance between promoters and suppressors of aGvHD (Holtan et al., 2014). It
is therefore challenging to reproduce this differential dynamic into a MLR which only gives
a glimpse of a distinct, disconnected, stage. Besides, HLA-matched or HLA-partially
matched HSCT, resorting notably to the inclusion of HLA haploidentical donors, is standard
practice in clinic (Kekre and Antin, 2014). The MLR designed in this study presumably

involves a wide variety of HLA disparities since blood from random donors are mixed
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together without concerns for HLA matching. Here, it is rather a proof of concept based on
observations made in the field of aGvHD which is tested, the effort being put in the inclusion
of a key factor identified as critical in aGvHD pathogenesis, IL-15 (Sakata et al., 2001,
Thiant et al., 2011, 2010), to try and emulate more physiological conditions. Based on the
protection against aGvHD conferred by pre-transplant administration with rituximab
(Christopeit et al., 2009; Crocchiolo et al., 2011), the question that the MLR addressed is
whether B cells fine-tuning B cells functions would alter the direct allorecognition despite
their restricted role in indirect allorecognition as class 1l MHC-expressing APCs. In fact,
the MLR only depicts the direct alloresponse (Afzali et al., 2008), it thus represents a
relevant model to test this hypothesis.

In addition, no readout allowing to determine the activation status of the cells has been
performed. Whereas increased HLA-DR and CD86 expressions is indicative of better
potency as APCs, they do not clearly establish that antigen presentation effectively
occurred. Only conjectures can be made in this aspect. However, the use of C3d greatly
helped in giving directions. Here, downstream components of BCR and TCR signalling,
such as SIK (Ackermann et al., 2015) or ZAP-70 (Hwang et al., 2020) could be used to
accurately assess the extent of B and T cell activation.

Also, although the specificity of epratuzumab was established by recording distinct features
characteristic of its impact, that is the reduction of CD19 and CD21, the decrease in TCR
expression raises question as to the presence of unspecific aspects. Another mechanism
explaining the reduction in B cell surface markers is trogocytosis, involving the transfer of
cell surface material onto the membrane of FcyR-bearing cells, notably monocytes, hence
involving the Fc domain of epratuzumab. The full range of consequences arising from
trogocytosis are not clearly established, raising concerns about the physiological processes
it could perturb. It could introduce a bias in experimental studies attempting to decipher the
functional role of cells in a complex environment, as it is in our model, and bring about off-
target effects. Whether T cells are affected in the process is unclear. It could be tested by
using the F(ab). fragment of epratuzumab as it was shown to effectively drive CD22 co-
localisation and BCR-complex internalisation. Here, a F(ab). control would be more suited
to the MLR used in this study than an isotype control which would be more suited to cultures
involving isolated unique subsets (Giltiay et al., 2017; Lumb et al., 2016).

Lastly, the presence of neutrophils, and the inflammation they induce, makes it hard to
distinguish allogeneic- and IL-15- specific effects. Notably, the increase in TCR expression

is induced on the whole CD8 T cell population whereas up to 10% of these cells should be
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involved in the alloreaction (Koyama and Hill, 2016). The B cells follow the same trend.

The use of PBMCs may help in distinguishing these effects.

Our findings suggest that anergic B cells could be induced by epratuzumab. Moreover, C3d
adjunction on resting B cells, not yet engaged in the allogeneic reaction, could drive a
tolerogenic response where the cytotoxic T cells would become anergic. Despite this
encouraging result, it must be mentioned that the allogeneic reaction was not completely
abrogated. This would imply that the antigen-specific tolerogenic resting B cells generated
would only provide a limited protection. In fact, the repertoire of antigens presented,
although supposedly varied since the specificity of the BCR is eluded, may only represent a
fraction of the entire pool generated following direct allorecognition. However, further
investigations need to be performed to confirm these hypotheses. Anergy is an active
repressive state where engagement with the TCR is not accompanied by the provision of
CD28/CD86 co-stimulatory interaction with APCs (Chappert and Schwartz, 2010). Here,
the addition of an anti-CD28 antibody could restore the loss of granzyme B production
observed in the MLR supplemented with C3d.

These findings constitute interesting preliminary data on the potential of targeting
CD19/CD21 complex to fine-tune B cells into driving a tolerogenic potential. In addition,
the MLR established seems to constitute an interesting platform to test the potency of

selected compounds.
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Chapter 5

Conclusion
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The occurrence of aGvHD constitutes a substantial barrier to a routine implementation of
allogeneic HSCT and yet, no definite therapeutic strategy received a unanimous agreement.
Its foundation lying on a complex network of promotors and suppressors of the
inflammation, the alteration of this balance in favour of a shift towards the instauration of a
tolerogenic state offers promising outlook to achieve long term recovery post allogeneic
HSCT. With this perspective in mind, the present study attempted to develop a strategy
centred on the targeting of B cells as APCs in the onset of aGVHD. Only here, we focused
on their regulatory properties as APCs via harnessing of their tolerogenic potential. The
reshaping of their functions to fit our purpose was only made possible by fine tuning the
CD19/CD21 complex using C3d as a mediator on resting B cell. Further to this, a significant
decrease in granzyme b production was recorded, although not completely abrogated, here
suggesting that tolerogenic B cells were derived

If C3d supplementation were to be administered to patients undergoing allogeneic HSCT, it
would have to be shortly after infusion of the graft cells, when the initial cytotoxic killing of
host tissues as part of direct presentation occurred, releasing further to their degradation
antigenic components which would then be coated with C3d for redirection to B cells
through CD21. However, considering that C3d is also described as a key trigger at the root
of the initiation of autoimmune diseases, breaking the anergic state, it would hold serious
concerns with respect to its safety. All the more so that off-target effects were observed in
our model, hence rejecting the potential of implementing such protocols in clinical practice.
What holds therapeutic value are the resulting tolerogenic resting B cell. Hence, instead of
inducing this subset in vivo, it could be generated in vitro for future administration to
patients. An earlier temporality could be considered since these cells would already be
antigen competent, even concomitantly with the infusion of the graft cells, here constituting
the arm of adoptive therapy.

The recent findings highlighting the contribution of resting B cells to the thymic B cell
repertoire (Yamano et al., 2015) and therefore, to the diversity of central tolerance, holds
promising prospects for the conversion of mismatched HLAs and non-haematopoietic
miHAs into self-antigens to become ignored by the donor immune system, thus achieving
long term recovery post allogeneic HSCT. This mechanism is disputed, attributing only a
minor role to resting B cells in this process since they were shown to poorly recirculate to
the thymus of parabiotic mice (Perera et al., 2013), however it could be that the impact of

extrinsic factors on the homing process of resting B cells was not considered in this model
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and that such mediators are induced in the settings of allogeneic HSCT, facilitating then the
circulation of resting B cells to the thymus (Dertschnig et al., 2015).

This emphasises how crucial the establishment of models reflecting the settings of aGvHD
are. Our newly designed in vitro model of histocompatibility attempted to recreate the
inflammatory settings characteristics of severe grades aGvHD with the inclusion of IL-15.
Although having its limitations with respect, notably, to the exclusion of the migration of
immune cells to the lymph nodes and associated homing process, it constitutes a relevant
platform for the evaluation of the therapeutic potency of selected compounds, as carried out
in the present study. Here, epratuzumab did not alter the effector response, thus its
application for the prevention of aGvHD onset seems limited. This would in fact provide a
first glance with respect to their relevance in aGvHD. As established earlier, the generation
of tolerogenic resting B cells with C3d supplementation carried out in our model is not
transferable as it is into clinical practice. However, the mere fact that these cells propagated
their signal in spite of the intense inflammatory environment prevailing in our model attests
of their strength and stability, thus the adoptive transfer of these cells in patients presenting
such a context looks promising in terms of their functional robustness.

This study was built around the pathogenesis of aGvHD, however the application of the
induction of tolerogenic B cells with C3d could also extent to solid organ transplantation as
the basics for rejection mechanisms are shared.

Despite this successful achievement, more needs to be done to get a detailed picture of the
immune response at stake in our model so as to get a better understanding of the mechanisms
at the root of the tolerogenic signal induced by resting B cells fashioned by C3d

supplementation.
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Compensation setup:
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Supplementary figure 1. Compensation setup A) The beads are identified on the P1 gate.
B) Unstained and C) single-stained beads were used to generate D) the compensation

matrix.
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OneComp eBeads™ (ThermoFisher Scientific, Waltham, Massachusetts, United States)
were used to setup the compensation. Panel design was established so that minimal
compensation was needed by choosing the highest energy emitters of each laser (APC/red
laser; 660/20 filter — FITC (CFSE)/green laser; 530/30 filter - PE/yellow-green laser; 585/42
filter). No spectral overlap was recorded between APC—FITC (both directions), PE—FITC
(unidirectional) or APC—PE (unidirectional), otherwise near-zero spectral overlaps were
recorded for FITC—PE (unidirectional; 0.36%), PE—APC (unidirectional; 0.03%).

Despite having minimal spill over, the compensation matrix was applied.
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Statement on the Impact of Covid-19 restrictions on PhD project work

The Covid-19 restrictions came at the critical phase for my PhD project work. Namely, my
project was in the final year when the key experiments were planned. Prior to Covid-19
restrictions, the experimental model was fully optimised, theoretical concepts were clearly
defined and detail experimental plans were developed. Furthermore, the University has
acquired the new, sophisticated flow cytometry instrument, BD LSR Fortessa X-20. In
contrast to CyAn ADP instrument, 2 laser flow cytometer with modest specifications that |
have used for the first 2 years of my PhD work, this new instrument has 4 lasers and is able
to detect up to 18 parameters simultaneously. However, my plan to fully exploit the potential
of the new instrument for multicolor flow cytometry were severely hampered by Covid-19
restrictions. Indeed, due to restrictions in access to the laboratory, limitations in training
options and support by supervisory team, | was unable to develop the new flow cytometry
protocols that would be tailored to LST Fortessa instrument. Instead, | had to continue
relying on previously developed methods that were optimised for CyAn ADP flow
cytometer. This has created some issue in flow cytometry experimental design that were
difficult to address, particularly as | had to conduct the analysis with limited support due to
Covid-19 restrictions.

Furthermore, the ordering procedure and delivery of critical reagents were severely delayed
due to Covid-19 restrictions. This has impacted the number of experiments that were
feasible resulting in limited repeats of some important observations. Also, the late delivery
of the essential reagents has resulted in forced cancelation of the planned experimental work
that could have generated additional novel data. Consequently, the quantity of the results
and to a lesser extent the quality of the data were curtailed by Covid-19 restrictions.

I acknowledge that due to Covid-19 my research activities could not be performed as
planned and that it was not possible to acquire the results that would enhance the thesis. In
such difficult circumstances, with restricted access to reagents and limited supervisory
support, alternative choices had to be made to adapt the work. Consequently, there are

weaknesses in the quantity of the experimental data that could not be overcome.
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