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General Introduction

Allogeneic haematopoietic stem cell transplantation (allo-HSCT) is the only curative
treatment option for various haematologic malignancies. In this complex procedure, a
recipient first undergoes conditioning to prepare for the infusion of hematopoietic stem
cells from a healthy donor, after which the donor cells replace the recipient’s entire he-
matopoietic system. Allo-HSCT was first performed in humans in the 1950s’. In the first
decades, allo-HSCT procedures were complicated by lethal immunological reactions
of the graft against the host, now known as graft-versus-host disease (GVHD)2. Despite
these initial setbacks, the identification of human leukocyte antigens (HLA) enabled bet-
ter matching of recipient-donor pairs’. This led to the first successful transplants being
performed in the 1970**, with two major publications reporting powerful graft-versus-
leukaemia (GVL) effect®®.

Over the years, the success of allo-HSCT has risen dramatically. As of 2020, nearly 1.5 mil-
lion allo-HSCT procedures had been performed in more than 1,500 centres, underscoring
the importance of this procedure’. Nevertheless, there is still a high risk of mortality and
morbidity after allo-HSCT. In a European registry cohort, 1-year non-relapse mortality
after allo-HSCT remains substantial (~12% in 2010-2016), and clinically relevant GVHD is
still common (extensive chronic GVHD ~14% at 1—year)8. Thus, even after all these years,
the main challenge of allo-HSCT remains preventing GVHD without sacrificing GVL ef-
fects, while minimising additional toxicities. The first part of this thesis examines how an
allo-HSCT platform combining myeloablative conditioning with ex vivo afT-cell depletion
affects clinical outcomes. The second part of this thesis focuses on how the immune sys-
tem, especially T cells, recovers after allo-HSCT and on the factors that shape this recovery.

PART I: FACTORS INFLUENCING CLINICAL OUTCOMES
AFTER ALLO-HSCT

Conditioning Regimens

One of the key determinants of the balance between GVL and toxicity is the conditioning
regimen administered before transplantation. The role of a conditioning regimen in hae-
matologic malignancies is dual: to reduce the number of patient T cells to prevent graft
rejection and to decrease the number of malignant cells. Conditioning-induced tissue in-
jury and tumour cell death can also shape the early inflammatory environment and anti-
gen exposure, which, in turn, influence the post-transplant immune response’. Total body
irradiation (TBI) was the only conditioning regimen used in the early days of allo-HSCT, as
it is both myeloablative and immunosuppressive®. Later, effective drug-based condition-
ing regimens were discovered'®. Due to the high toxicity of myeloablative conditioning
regimens in older patients and patients with comorbidities, reduced-intensity regimens
were developed in the late 1990s>'""%. These reduced-intensity regimens depend on the
graft to eradicate the cancer, leading to higher relapse rates in advanced haematologic
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maIignanciesB. However, they have also led to the broader application of allo-HSCT, es-
pecially in elderly patients and/or those with comorbidities®. While these conditioning
regimens can influence toxicities and thereby non-relapse mortality, GVHD risk depends
mainly on donor immune cells and their regulation. Thus, if we seek to further modulate
the balance between GVHD and GVL, we must look beyond conditioning regimens.

T cell depletion and graft engineering strategies

Because GVHD arises primarily from donor afiT cells, decades of work have focused on
graft-engineering strategies to decouple GVHD from GVL activity, for example, by de-
pleting T cells from the allograft. Clinically, these approaches aim to reduce GVHD while
maintaining disease control and acceptable infectious risk. While early efforts were less
successful due to increased relapse risk', there has recently been increased interest in
both in vivo and ex vivo depletion or selection ofimmune cells. In vivo strategies to deplete
T cells include anti-thymocyte globulin (ATG), Alemtuzumab, and post-transplantation
cyclophosphamide (PT-Cy)"®. ATG is an infusion of antibodies against human T cells, typi-
cally administered pre-transplant, and broadly reduces T-cell numbers. Alemtuzumab is
an anti-CD52 monoclonal antibody that can be administered directly to the patient or
added to the allograft product (‘in the bag’) shortly before infusion, resulting in broad
lymphocyte depletion. In contrast, PT-Cy is given after graft infusion and is thought to
preferentially target rapidly proliferating alloreactive T cells early after transplantation.

Exvivo depletion, also known as graft engineering, is increasingly used in Europe'®. Several
options are available; the most stringent is CD34" selection'”'®. Among ex vivo depletion
options, most patients in Europe are treated with an afT-cell-depleted allograft'®. aBT-
cell-depleted allo-HSCT was first pioneered in children and in a haploidentical setting'®?,
and later introduced in adults with 9/10- or 10/10-HLA-matched related or unrelated
donors®. To reduce the risk of Epstein-Barr virus (EBV) reactivation, CD19 depletion was
subsequently added to this procedure®?**. These in vivo and ex vivo depletion strategies
can shape post-transplant immune recovery, often reflecting a clinical trade-off: lowering
GVHD by limiting early af3T-cell alloreactivity, while potentially altering viral control. Ac-
cordingly, their downstream effects on immune-reconstitution trajectories are discussed

in more detail in Part l.

Beyond the choice of graft engineering method, transplant outcomes may also be
influenced by graft composition, including the dose of CD34" hematopoietic stem cells,
as well as by implementation factors such as cryopreservation®. These considerations
became particularly relevant during the COVID-19 pandemic, when logistics and donor
availability increased the use of cryopreserved products in many centres. Beyond these
graft-related variables, additional peri-transplant interventions further shape outcomes
and immune recovery.
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GVHD prophylaxis and peri-transplantimmunomodulation

Peri-transplant immunomodulation is a third modifiable component that directly shapes
GVHD risk and may influence immune recovery. GVHD prophylaxis strategies differ across
centres and are closely linked to the transplantation platform (T-cell-depleted or non-T-
cell-depleted/T-cell-replete). In our afT-cell-depleted platform, a short-term course of
mycophenolate mofetil (MMF) is used as GVHD prophylaxis. In contrast, T-cell-replete
platforms generally require more intensive GVHD prophylaxis regimens’. Because these
approaches differentially suppress or deplete T cells early after transplantation, they are
likely to contribute to platform-specific patterns of immune reconstitution.

Beyond standard prophylaxis, targeted peri-transplant immunomodulation may be
considered in selected patient groups. For example, ruxolitinib, established as a treat-
ment option for glucocorticoid-refractory GVHD?, has been explored peri-transplant in
patients with myelofibrosis®"?
GVHD susceptibility. This strategy and its clinical impact are examined in Chapter 4. To-
gether, these platform- and disease-tailored choices help set the conditions for immune

reconstitution after allo-HSCT.

, a group with a high inflammatory burden and increased

PART II: IMMUNE RECONSTITUTION AFTER ALLO-HSCT

Immune reconstitution of all immune subsets partly determines the success of stem cell
transplantation, as it plays a central role in balancing the GVL effect, preventing infec-
tions, and minimising the risk of GVHD?. Because transplantation platforms differ in the
extent to which donor T cells are infused and/or pharmacologically suppressed, they can
generate distinct post-transplant immune trajectories, with potential consequences for
clinical outcomes.

Overall timeline of immune recovery

Generally, immune reconstitution occurs in two distinct waves: the innate system recon-
stitutes early after allo-HSCT, whereas the adaptive system reconstitutes more slowly***°
(Figure 1). Reconstitution of the innate immune system generally takes weeks to a few
months. Neutrophils and monocytes are the first cells to recover, typically within 20 days
and a few weeks, respectively, with the absolute neutrophil count being used as an early
indicator of engraftment® . Of the lymphocyte population, NK cells are the first to re-
cover to normal numbers, a process that can take up to four months. On the other hand,
complete recovery of the adaptive immune system can take months to years, as this
process is more complex. Moreover, for adaptive cells, both the quantity and the diversity
of the repertoire are essential.
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Figure 1. Overview of dynamics and influences on immune reconstitution after allogeneic he-
matopoietic stem cell transplantation. Schematic overview of factors influencing immune reconstitution
and the kinetics of lymphocyte recovery after allogeneic haematopoietic stem cell transplantation (allo-HSCT). Top
panel: Innate cells recover relatively early, while adaptive cells take longer to recover. Early T-cell recovery results from
peripheral T-cell expansion. Pre-transplant and post-transplant factors can modulate immune reconstitution. Bottom
panel: Two distinct mechanisms contribute to T-cell reconstitution: (1) homeostatic expansion of (naive) donor T cells
transferred with the graft and (2) de novo T-cell formation through reactivation of thymic function, generating new
T cells from donor stem cells with increased T cell receptor (TCR) repertoire diversity and antigen specificity. Adapted
from Velardi et al’*

Across these waves, a few cell types dominate early clinical risk: neutrophils and mono-
cytes provide the first barrier against bacterial and fungal infections, NK cells expand
early and can contribute to anti-leukemic activity, and adaptive lymphocytes, particularly
T cells, shape the balance between GVL, viral control, and GVHD. In this thesis, T cells are
central because both the desired (GVL) and undesired (GVHD) effects are primarily
T-cell-mediated®™. Accordingly, T-cell reconstitution is a major predictor of clinical out-
come”?, Importantly, the kinetics and phenotype of these recovering cells are strongly
shaped by the early post-transplant environment.

Early after allo-HSCT, conditioning-related tissue injury, lymphodepletion, and microbial
translocation can trigger systemic inflammation and strong cytokine signals. This inflam-
matory milieu shapes antigen exposure and cytokine availability, thereby influencing
the expansion and differentiation of emerging immune subsets’. In parallel, viral reac-
tivations, particularly cytomegalovirus (CMV), can exert strong selective pressure on the
post-transplant lymphocyte pool.



General Introduction

T cell subsets and repertoire diversity

Against this background, we next outline how T-cell subsets and TCR repertoire diversity
recover, because these qualitative features can shift the balance between GVHD, GVL,
and viral control even when overall lymphocyte counts appear similar. In addition to
conventional apT cells, we also consider y&T cells, because they can reconstitute early
after allo-HSCT and have been implicated in anti-leukaemic and antiviral responses.

Here, ‘diversity’ refers to the number and distribution of unique TCR clonotypes, as cap-
tured by sequencing-based repertoire analyses. TCR diversity is generated by somatic
recombination of the V-J (for a and y) and V-D-J (for 3 and &) gene segments, resulting
in different amino acid sequences and antigen specificity. The cleavage of hairpin loops,
the addition of P-nucleotides, and the random addition and subtraction of N-nucleotides
further increase this diversity, leading to around 10”° aBTCR possibilities®. The theoretical
diversity of the yOTCR repertoire is lower than that of aTCRs because fewer distinct V-D-J
segments are available for recombination. However, multiple D gene segments can be
incorporated into the 6 chain during recombination, leading to an estimated theoretical
diversity of 10'® y§TCRs**.

y&T cells in humans can be subdivided into two main subsets based on their V6 gene
segment: V62 and V62" y&T cells (Table 1). The majority of y&T cells in healthy donors
are V62 and express a Vy9°*y chain. These Vy9V52P* y&T cells are semi-invariant, thus
having lower diversity than expected. Moreover, it has been found that individuals can
share identical Vy9V&82°* y8TCR sequences, termed ‘public’ TCRs*. Vy9V52°* y&T cells are
described as innate-like and respond to phosphorylated antigens in an MHC-indepen-
dent manner, which are increased in infected and tumorous cells. In contrast, V82" yoT
cells are described as adaptive-like and share phenotypic and functional characteristics
with CD8" afT cells** . Furthermore, V629 y8TCRs are ‘private] even in highly expanded
clonotypes®***_This private repertoire complicates ligand identification. While several
ligands have been described for V82" y8TCRs, ranging from MHC and MHC-like mol-
ecules to MHC-unrelated proteins, most remain unknown**,

Table 1. Overview of two main y8T cell subsets

V62P* y8T cells V82"9y8T cells

1-5% of peripheral CD3+T cells up to 50% of tissue CD3+ T cells
anti-tumour reactivity anti-tumour reactivity

anti-EBV reactivity anti-CMV reactivity

innate-like adaptive-like

EBV, Epstein-Barr Virus; CMV, cytomegalovirus

13
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Whereas the aTCR repertoire in healthy donors is highly diverse, the V62°* y8TCR reper-
toire is more oligoclonal, with relatively large TCR clonotypes already present in the foetal
stage of development®®*. In contrast, studies of cord blood have shown that the V52"
TCR repertoire is diverse before birth, whereas sequencing adult peripheral blood has

revealed more focused repertoires with a limited number of highly expanded clones**®,

T cell reconstitution in allo-HSCT

After this general overview of repertoire concepts, we focus on the mechanisms and sub-
set-specific kinetics of T-cell recovery after allo-HSCT. T cell reconstitution is influenced by
multiple pre- and post-transplant factors, including the conditioning regimen, recipient
and donor age, infections, and graft engineering®®. Reconstitution of T cells consists of
two mechanisms in distinct waves: peripheral expansion and thymopoiesis (Figure 1).
Peripheral expansion is the first wave, in which donor T cells in the graft expand and pro-
liferate in response to cytokine exposure and/or TCR stimulation®*****'. The second wave
is thymopoiesis, the generation of T cells from donor-derived haematopoietic stem
cells in the thymus. Thymopoiesis yields novel, phenotypically naive T cells with increased
TCR diversity*>**,

de novo

However, there is variation between the recovery of several T cell subsets (Figure 1). The
‘unconventional’ yoT cell population is one of the earliest to recover post-HSCT. y&T cell
reconstitution is thought to mainly derive from homeostatic peripheral expansion during
the first year post-allo-HSCT*"**®’. Considering aBT cells, CD8" afT cells can reconstitute
to normal levels within 10 months after allo-HSCT*®%®%°, On the other hand, CD4" afT cells
generally reconstitute slowly, remaining low for 2 to 5 years after transplantation, even in
the T-cell-replete setting’. This slow recovery of CD4" afT cells suggests that they may be
more dependent on thymopoiesis. After prolonged follow-up of over 5 years, CD4" a3T
cells can recover to near-normal levels in T-cell-replete allo-HSCT’". For both CD4* and
CD8" af3T cells, the recovery of the naive pool is delayed. This delay is more pronounced
in adults than in children due to thymic involution, which is likely to affect TCR repertoire
diversity”.

TCR repertoire dynamics in allo-HSCT

Beyond cell counts, the diversity of the TCR repertoire is increasingly associated with
better clinical outcomes®*®. Using next-generation sequencing (NGS) methods, several
studies have found that afTCR repertoire diversity remains diminished after allo-HSCT
compared to healthy donor repertoires””®. Clinical factors such as donor type, condition-
ing regimen, and the use of ATG have been shown to affect aBTCR repertoire diversity’®”’.
However, there is conflicting evidence on whether afTCR repertoire diversity is correlated
with or predictive of clinical outcomes, such as acute GVHD and relapse””’”. By compari-
son, the yOTCR repertoire has been less extensively studied after allo-HSCT. However, one
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sequencing study in a T-cell-replete setting reported that yoT-cell reconstitution was
accompanied by a ySTCR repertoire diversity similar to that of healthy donors*.

Impact of viral reactivations on af3 and y8TCR repertoires

Among the factors shaping post-transplant af3 and y6TCR repertoire dynamics are viral
reactivations. A significant force shaping post-transplant diversity in both the a3 and
YOTCR repertoires is CMV reactivation. CMV reactivation is associated with many changes
in the T cell repertoire, including skewing of both CD8* afiT cells and V&2"9 y&T cells
towards effector phenotypes, and causing a shift from a predominant V62°* y8TCR reper-
toire to a V62" repertoire’®®'. Specifically, CMV reactivation induces clonal expansion of
CMV-specific CD8" apT cells and V62" y8T cells, resulting in reduced diversity of the TCR
repertoire*®”>”, This process is called “memory inflation” and is thought to lead to signifi-
cant defects in the CD8" aBTCR repertoire. Moreover, this effect on the TCR repertoire may
be very long-lasting, with CMV-specific clones found 5 years after allo-HSCT®2. However,
little is known about the combined impact of T cell depletion in allo-HSCT settings and
CMV reactivation on the TCR repertoire.

THESIS OUTLINE

Despite the increasing use of in vivo and ex vivo T-cell depletion strategies, the effects of
these strategies on immune reconstitution and the balance between GVHD, relapse, and
infectious complications remain incompletely understood. Therefore, this thesis aims to
characterise clinical outcomes and immune reconstitution after af3T-cell-depleted allo-
HSCT, and to examine how CMV reactivation influences these processes. In the first part
of this thesis, we focus on patient outcomes after apT-cell-depleted allo-HSCT in different
contexts. In the second part of this thesis, we focus on post-transplant dynamics of T cells
and immune-related proteins.

Chapter 2 is a retrospective single-centre analysis in which we studied the outcomes
of patients who received a myeloablative conditioning regimen including ATG with an
af3T-cell-depleted allograft compared with two cohorts that received T-cell-replete allo-
HSCT with or without ATG. In Chapter 3, we retrospectively analysed whether patient
outcomes after receiving affT-cell-depleted allografts were influenced by lower graft
CD34" cell counts (< 4x10°/kg), delayed graft infusion after apheresis (=48hrs), or graft
freezing. Chapter 4 focuses on patients with myelofibrosis. Here, we retrospectively ana-
lysed whether the addition of peri-transplant ruxolitinib to a myeloablative conditioning
regimen, with T-cell depletion, could improve outcomes in these patients.

15
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To further investigate immune reconstitution after allo-HSCT, we employed several
techniques. In Chapter 5, we investigate short-term changes in immune-related proteins
following afT-cell-depleted allo-HSCT using Olink proteomics. We included patients
with AML, myelodysplastic syndrome (MDS), and myelofibrosis, where the patients with
myelofibrosis received peri-transplant ruxolitinib. In Chapter 6, we studied the reconsti-
tution of T cells after both afT-cell-depleted allo-HSCT and T-cell-replete allo-HSCT. Using
mixed-effect linear modelling, we investigated the influence of CMV reactivation on the
numerical reconstitution of ap and y&8T cells. Moreover, we used next-generation bulk
TCR sequencing and single-cell RNA and TCR sequencing to investigate how patient T
cells differ from their stem cell donors and to examine the impact of CMV and the allo-
HSCT platform on T cell repertoire dynamics.
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ABSTRACT

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) aims to cure patients
without inducing severe graft-versus-host disease (GVHD) or relapse. In prospective stud-
ies of mostly pediatric patients with haploidentical donors, ex vivo aBTCR/CD19 depletion
has shown low incidences of GVHD, but data for adults with matched related (MRD) or
unrelated donors (MUD) remain limited. We analyzed the outcomes of recipients who re-
ceived a myeloablative regimen plus ATG, followed by an afTCR/CD19 depleted allograft
(cohort D+ATG (n = 122)), and compared outcomes to T cell replete cohorts (cohort R
(N=60); without ATG; R+ATG = with ATG (N=129) in a single centre retrospective analysis.
In D+ATG, the incidence of aGVHD grade llI-IV was 7%, compared to 13% in R and 16% in
R+ATG (p=0.09). Extensive cGVHD was reduced from 23% in R and 10% in R+ATG to 2% in
D+ATG (p<0.001). The reduced incidence of cGVHD led to a superior GVHD-relapse free
survival (GRFS) of 56.7% in D+ATG versus 36.7% in R and and 42.8% in R+ATG (p=0.03) at
2 years. In conclusion, the combination of myeloablative conditioning, ATG and ex vivo
af3TCR/CD19 depletion appears to be a promising approach to enhance GRFS in adult
patients up to 75 years of age undergoing allo-HSCT.
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the only curative
treatment option for various high-risk hematological malignancies. A major factor jeop-
ardizing allo-HSCT is the development of graft-versus-host-disease GVHD. af3T cells play
an important role in the pathology of GVHD'% Consequently, T cell depletion is recom-
mended by the European Society for Blood and Marrow Transplantation (EBMT) as GHVD
prophylaxis®. In vivo strategies of depleting T cells include anti-thymocyte globulins
(ATG)*®, posttransplant cyclophosphamide (PTCy)*" and alemtuzumab'®. Ex vivo graft
engineering strategies have advanced during the last decades and various strategies are
available, with combined afT cell and CD19* B cell depletion (later referred to as aBTCR/
CD19 depletion), “Campath-in-the-bag’, and CD34" selection being among the most
frequently used within EBMT centers'’. Furthermore, it has been shown that ex vivo en-
gineered allografts can also be frozen in order to allow administration during pandemic
events'®,

The combination of afTCR/CD19 depletion was first used in haplo-identical allo-HSCT
for children with non-malignant disorders'®, and has subsequently shown favorable
outcomes in children and adults with hematological malignancies®®*'. More recently,
af3TCR/CD19 depletion has been shown to be safe and effective in allo-HSCT with 10/10
and 9/10 HLA-matched unrelated donors (MUD) in children®. We previously reported on
the outcome of adults with hematological malignancies undergoing afTCR depleted
allo-HSCT without B-cell depletion, transplanted with matched related donors (MRD) and
MUD?. In this aBTCR depletion study severe cGVHD appeared to be higher as compared
to outcomes of combined afTCR/CD19 depletion®®*, therefore, and in order to reduce
the risk of Epstein-Barr virus (EBV) reactivation, CD19 depletion was added to our stan-
dard allo-HSCT protocol. As comparisons between a3STCR/CD19 depleted allo-HSCT and
other transplantation platforms are limited, we performed a single center analysis com-
paring outcomes of adult patients who underwent an afTCR/CD19 depleted allo-HSCT
from MRD and MUD to recipients of full (T cell replete) allografts, either with or without
ATG. To our knowledge, we are the first to show a beneficial effect of aBTCR/CD19 deple-
tion on GVHD-relapse free survival (GRFS) compared to patients receiving non-depleted
allografts in MRD and MUD in adults with hematological malignancies.

PATIENTS AND METHODS

Clinical cohort

All adults with hematological malignancies who received an allo-HSCT between October
2011 and August 2021 in the University Medical Center Utrecht (UMCU) were considered
to be included in this retrospective analysis. Patients that received a3T cell depleted allo-
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HSCT without CD19 depletion, patients with a mismatched related donor, and patients
not in complete remission (CR) that received a sequential regimen of chemotherapy and
reduced intensity conditioning regimen (‘FLAMSA-RIC?*, or second/third allo-HSCT were
excluded. Clinical data were extracted from the EBMT registry. All patients provided writ-
ten informed consent indicating their agreement to allow data to be sent to EBMT. The
informed consent form was approved by the local ethical committee (METC nr 21-322) at
the UMCU in accordance with the Helsinki Declaration.

Donor selection and graft processing

9/10 or 10/10 HLA-matched related donors (MRD) or matched unrelated donors (MUD)
were selected according to local guidelines. Peripheral blood mononuclear cells (PBMCs)
were used as a stem cell source. Ex vivo afTCR/CD19 depletion was performed using anti-
affTCR and anti-CD19 antibodies in combination with magnetic microbeads using the
automated CliniMACS device (Miltenyi Biotec, Bergisch Gladbach, Germany), as described
previously”*®. Data with regards to graft processing is provided in the supplemental
material. Graft composition before and after aBTCR/CD19 depletion is shown in supple-
mentary figure S1.

Transplantation regimen

Patients were divided into three cohorts. Patients that received a full (T cell replete) graft
were included in cohort R or cohort R+ATG depending on whether they received ATG
(Thymoglobulin) during conditioning. Ex vivo a3TCR+CD19 depletion was implemented
in 2017. All patients transplanted with an aBTCR/CD19 depleted allograft (cohort D+ATG)
received an uniform myeloablative conditioning consisting of ATG 1.5 mg/kg IV days
-12 to -9, fludarabine IV 40 mg/m2 days -5 to -2 and busulfan IV (Busilvex) days -5 to -2.
Patients transplanted with T cell replete allografts (cohort R and R+ATG) received either
a myeloablative (MA) or non-myeloablative (NMA) conditioning regimen?®’. Conditioning
regimens are summarized in table 1. Prevention and treatment of infections is provided
in the supplemental material.

Statistical analysis

Clinical endpoints were defined according to EBMT guidelines®. Overall survival (OS)
was defined as time from transplantation to death from any cause, censoring at the last
day of follow-up. Event-free survival (EFS) was defined as time from transplantation to
relapse, graft failure or death, censoring at the last day of follow-up. GVHD-free, relapse-
free survival (GRFS) was defined as time from transplantation to relapse, acute GVHD
(aGVHD) grade lll-1V, extensive chronic GVHD (cGVHD), or death, censoring at the last day
of follow up. Acute GVHD was staged and graded according to the Glucksberg classifica-
tion *°. cGVHD was staged according to the revised Seattle criteria®’. CMV reactivation
was defined as a viral load of >250 IU/ml, EBV reactivation was defined as >1000 1U/ml
as assessed by PCR. Primary graft failure was defined as ANC <0.5 x 10%/L and platelets
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below <20 x 10%/L by day +28 . Secondary graft failure was defined as ANC <0.5 x 10°/L
after initial engraftment not related to relapse infection, or drug toxicity and a loss of do-
nor hematopoiesis < 5%%. Neutrophil recovery was defined as the first of 3 consecutive
days with an absolute neutrophil count (ANC) greater than 0.5x10%/L. Platelet recovery
was defined as a platelet count greater than 50x10%/L, without platelet transfusion in the
preceding 7 days.

Categorical variables were compared between the three cohorts using a Chi squared test
or Fisher’s exact test, depending on group size. Kruskal-Wallis test was used to compare
age and follow up time between the three cohorts. Kaplan-Meier curves of OS, RFS and
GRFS were plotted by treatment with ATG and ex vivo aBTCR+CD19 depletion and com-
pared using log-rank tests. Relapse, non-relapse mortality (NRM), aGVHD, cGVHD, CMV
and EBV reactivation were calculated as cumulative incidence (Cl) curves to adjust the es-
timates for competing risks. Fine and Gray's test was used to assess differences between
cumulative incidences. Multivariate analysis of GRFS was performed using Cox model.
Statistical analysis was performed using R version 4.2.3 using packages survival (3.5-7)
and tidycmprsk (0.2.0.9001). P-values <0.05 were considered statistically significant.

Table 1. Overview of conditioning regimens

CohortR,N=60 Cohort R+ATG, N =129 Cohort D+ATG, N =122
MA TBI12/CY, N =8 (13%) ATG/TBI12/CY, N = 10 (8%) ATG/BU(AUC90)/FLU +
- Cyclophosphamide 60 mg/ -  ATG (Thymoglobulin®) 2 ABTCR/CD19 depletion,
kg i.v. days -4 to -3 mg/kg i.v. days -8 to -5 N =122 (100%)
- TBI6Gydays-1to0 - Cyclophosphamide 60 mg/ -  ATG (Thymoglobulin®) 1.5
- MMF 15 mg/kg for 84 days kg i.v. days -4 to -3 mg/kg i.v. days-12 to -9
- Cyclosporine 1.5mg/kgiv. - TBI6 Gydays-1to0 - Fludarabine 40 mg/m?i.v.
or 4.5 mg/kg p.o. for 180 - MMF 15 mg/kg for 84 days days-5to -2
days - Cyclosporine 1.5mg/kgiv. -  Busulfan (Busilvex®) AUC 90
or 4.5 mg/kg p.o. for 180 i.v.days-5to-2
days - MMF 15 mg/kg for 84 days
ATG/BU(AUC90)/FLU,N=9
(7%)

- ATG (Thymoglobulin®) 2
mg/kg i.v. days -9 to -6

- Fludarabine 40 mg/m’i.v.
days -5to-2

- Busulfan (Busilvex®) AUC 90
i.v.days-5to-2

- MMF 15 mg/kg for 84 days

- Cyclosporine 1.5 mg/kg i.v.
or 4.5 mg/kg p.o. for 180
days
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Table 1. Overview of conditioning regimens (continued)

CohortR, N =60 Cohort R+ATG, N =129 Cohort D+ATG, N =122
NMA TBI2/FLU, N = 48 (80%) ATG/TBI2/FLU, N = 97 (75%)
- Fludarabine 30 mg/m’days -  ATG (Thymoglobulin®) i.v. 2
-3to-1 mg/kg days -7 to -4
- TBI2Gyday0 - Fludarabine 30 mg/m’days
- MMF 15 mg/kg for 84 days -3to-1
- Cyclosporine 1.5mg/kgiv. - TBI2Gyday0
or 4.5 mg/kg p.o. for 180 - MMF 15 mg/kg for 84 days
days - Cyclosporine 1.5 mg/kg i.v.
or 4.5 mg/kg p.o. for 180
days
TBI6/FLU, N = 4 (7%) ATG/TBI6/FLU, N = 13 (10%)
- Fludarabine 30 mg/m?days -  ATG (Thymoglobulin®) i.v. 2
-6to-2 mg/kg days -9 to -7
- TBI6Gydays-1to0 - Fludarabine 30 mg/m?days
- MMF 15 mg/kg for 84 days -6 to -2

- TBI6Gydays-1to0
- MMF 15 mg/kg for 84 days

Cohort R - no ex vivo depletion, no ATG; cohort R+ATG — no ex vivo depletion, with ATG; cohort D+ATG - ex vivo
afTCR/CD19 depletion; TBI, total body irradiation; CY, cyclosporine; ATG, anti-thymocyte globulin; BU, busulfan; AUC,
area under the curve; FLU, fludarabine; MMF, mycophenolate mofetil

RESULTS

Patient characteristics

To assess clinical outcomes of different transplantation platforms, a total of 311 patients
were included in the analysis, 60 in cohort R (replete, no ATG), 129 in cohort R+ATG (re-
plete, with ATG), and 122 in cohort D+ATG (ex vivo a3TCR/CD19 depletion, with ATG) (Ta-
ble 1-2). No significant age differences were observed between all cohorts, with a mean
age ranging from 54 to 55. Different hematological malignancies were included, with the
largest group in all cohorts being AML/MDS-EB2, representing 35-40% of the patients.
Due to the nature of this retrospective study, conditioning regimens varied between
cohorts. All patients in cohort D+ATG received myeloablative conditioning, whereas in
cohort R and cohort R+ATG 87% and 85% of patients received non-myeloablative condi-
tioning, respectively (Table 1-2) (p <0.001).

aGVHD and cGVHD

The cumulative incidence of grade II-IV aGVHD was lowest after aBTCR/CD19 depletion,
with 16% at day 100 in cohort D+ATG and 38% in the cohort R+ATG (p = 0.004, pairwise
comparison D+ATG vs R+ATG p < 0.001; Figure 1A). In cohort R the cumulative incidence
of aGVHD II-IV was also higher (25% at day 100), as compared to cohort D+ATG, but this
did not reach the level of significance (p = 0.093). The cumulative incidence of grade llI-
IV aGVHD did not differ significantly between the three cohorts (p = 0.09; Figure 1B).
Neither conditioning with ATG nor ex vivo T cell depletion impacted limited cGVHD, as
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we found a two-year cumulative incidence of 15% in cohort R, 13% in cohort R+ATG and
16% in cohort D+ATG (p = 0.94; Figure 1C). This in contrast to the difference in exten-
sive cGVHD, where the incidence was only 2% at two years in cohort D+ATG, compared
to 23% in cohort R (p < 0.001) and 10% in cohort R+ATG (p = 0.007; Figure 1D). Since
prophylactic donor lymphocyte infusions (DLIs) were standard in the D+ATG cohort,
we evaluated the impact of DLI on GVHD incidence. In the D+ATG cohort, 58% (n = 71)
received a prophylactic DLI, which was associated with lower rates of both acute and
chronic GVHD compared to those who did not receive a DLI (Supplementary table S1).

Table 2. Baseline characteristics

CohortR, Cohort R+ATG, Cohort D+ATG,

N=60 N=129 N=122 p-value
5’;;:;:2{;:/@1 ° 000 000 122 (100) <0.001"
2’;‘:3:’::;?:2"(’0 " 8(13) 19(15) 122 (100) <0.001"
ATG (%) 000 129 (100) 122 (100) <0.001"
Mean age, yrs (IQR) 54 (48, 64) 56 (51, 65) 55 (47, 66) 0.282
Male (%) 35 (58) 85 (66) 67 (55) 0.20'
'\m":'t:: ::')';)W “up 45(11,98) 48(7,100) 14(11, 24) <0.0012
Time period of SCT (%) <0.001"
2011-2017 58(97) 119(92) 0(0)
2018-2022 2(3) 10(8) 122 (100)
Disease (%) 0.055'
ALL 9(15) 9(7) 19 (16)
AML/MDS-EB2 21(35) 51 (40) 43 (35)
LYMPHOMA 17 (28) 28 (22) 14(11)
MDS 4) 13 (10) 9(7)
MF 407) 14.(11) 14.(11)
Other® 5(8) 14.(11) 23(19)
Donor type (%) <0.001
MRD 10/10 60 (100) 5(4) 23(19)
MUD 10/10 000 110 (85) 77 (63)
MUD 9/10 000 14.(11) 22(18)
Number allo-HSCT (%)
First 60 (100) 129 (100) 122 (100)

TCR, T cell receptor; ATG, anti-thymocyte globulin; ALL, acute lymphatic leukemia; AML, acute myeloid leukemia; MDS,
myelodysplastic syndrome; MF, myelofibrosis; MRD, matched related donor; MUD, matched unrelated donor; R - no ex
vivo depletion, no ATG; R+ATG - no ex vivo depletion, with ATG; D+ATG - ex vivo aBTCR/CD19 depletion

" Pearson’s Chi-squared test; > Kruskal-Wallis rank sum test; *Other: Bone marrow failure, chronic myeloid leukemia,
MDS/myeloproliferative neoplasms, plasma cell leukemia, prolymphocytic leukemia

31



32 | Chapter2

A aGvHD grade II-Iv B

o
Y]
&)

Cumulative Incidence
o
[
o

o
)
&y

p =0.004

aGvHD grade llI-IV
p =0.092

0.00
0 100 200 300 400 500 0 100 200 300 400 500
Time after SCT (Days) Time after SCT (Days)
Number at Risk Number at Risk
R B 39 30 28 25 24 60 50 40 36 34 32
R+ATG- - 129 68 61 57 54 51 - T129 93 78 73 68 65
122 88 72 66 45 39 122 102 87 79 53 47
100 days 2 year 100 days 2 year
aGvHD grade II-IV % aGvHD grade II-IV % aGvHD grade III-IV % aGvHD grade IlI-IV %
(95% C1) (95% C1) (95%) (95% C1)
R 25(15-37) 33 (22-45) 7(2-15) 13 (6-22)
R+ATG 38 (30 -46) 40 (32 - 49) 15(9-21) 16 (10-23)
16 (10 - 24) 20 (14-28) 5(2-10) 7(3-12)
C D
Limited cGvHD Extensive cGvHD
1.00 p =0.944 p <0.001
8075
c
7]
°
©
£
Ig 0.50
=
Kt
3
€ | s
30251 A4
0.00{ -~ .
0 1 2 3 4 5 0 1 2 3 4 5
Time after SCT (Years) Time after SCT (Years)
Number at Risk Number at Risk
R ... 60 33 28 21 17 16 -+ 60 31 25 18 15 13
R+ATG- - 129 62 54 47 37 35 --129 67 59 52 43 39
122 65 28 8 0 0 122 74 36 8 0 0
2 year limited cGvHD % (95% Cl) 2 year cGVHD % (95% CI)
R 13 (6-23) 23 (13 -35)
R+ATG 15 (9-21) 10 (6- 16)
16 (9-23) 2(0-5)

Figure 1. Cumulative incidence of aGvHD and cGvHD. The Cl of GvHD is defined as time to onset of GvHD,
with relapse and death as competing events. Cl of aGVHD grade II-1V (A) and grade llI-1V (B) with 100 days and 2 year
Cl reported in table. Cl of limited cGvHD (C) and extensive cGVHD (D) with 2-year Cl reported. Cohort R — no ex vivo
depletion, no ATG; cohort R+ATG - no ex vivo depletion, with ATG; cohort D+ATG - ex vivo aTCR-CD19 depletion. P-
values shown calculated using Fine and Grey’s test. Pairwise comparisons aGVHD II-IV D+ATG vs R p = 0.093, D+ATG

vs R+ATG p < 0.001; extensive cGVHD D+ATG vs R p <0.001, D+ATG vs R+ATG p = 0.007
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According to international guidelines, patients with an unmanipulated allograft (R and
R+ATG cohorts) did not receive ATG when transplanted with a MRD %, Furthermore, in the
R and R+ATG cohorts, patients < 41 years with acute leukemia received MA conditioning,
whereas most other patients underwent NMA conditioning. In contrast, the aBTCRCD19
depletion protocol included ATG and MA conditioning for all patients, creating imbal-
ances in donor type, ATG use, and conditioning intensity across cohorts. To address these
disparities and create more homogeneous groups, we analyzed patients as follows: MRD
with NMA from the R cohort (NMA-no ATG-MRD), MUD with NMA from the R+ATG cohort
(NMA-ATG-MUD), and MUD from the D+ATG cohort (MA-depletion+ATG-MUD). Also in
these cohorts rates of aGVHD grade II-IV and extensive cGVHD in the MA-depletion+ATG-
MUD cohort were significantly lower (p = 0.036 and p <0.001, respectively; Figure S2).

Viral reactivations

Viral reactivations of cytomegalovirus (CMV) and Epstein-Barr virus (EBV) after allo-HSCT
are common and can cause severe complications®**. As afT cells are major drivers to
control these infections we assessed frequencies of viral reactivations in the different
cohorts. CMV serostatus was not significantly different between the three cohorts (p =
0.44) (Supplementary table S2). The incidence of CMV reactivation in seropositive pa-
tients was at one year was 50% in cohort R, compared to 58% in cohort R+ATG and 77% in
cohort D+ATG (p<0.001; pairwise comparisons D+ATG vs R p <0.001; D+ATG vs R+ATG p =
0.045; R vs R+ATG p = 0.022) (Figure S3A).

In all cohorts, over 90% of patients were seropositive for EBV (p = 0.21; Supplementary
table S2). Incidence of EBV reactivation did not differ significantly between cohorts (p =
0.41; Figure S3B). One-year incidence of EBV reactivation was 12% in cohort R, 20% in
cohort R+ATG and 14% in cohort D+ATG. We conclude that both in vivo and ex vivo deple-
tion of afT cells increases the risk of CMV reactivation in seropositive patients, whereas
EBV reactivation is not significantly affected when afT cells and CD19 cells are ex vivo
depleted.

Engraftment, relapse, NRM

We evaluated the impact of ex vivo graft engineering on engraftment, relapse, and NRM.
Median neutrophil recovery was 15 days across all cohorts (p = 0.81), with primary/sec-
ondary graft failure rates of 0%/0% (R), 1%/3% (R+ATG), and 2%/5% (D+ATG) (p = 0.50;
Supplementary Table S3). Two-year cumulative incidence of relapse was 30% in cohort
R, 22% in cohort R+ATG and 28% in cohort D+ATG, which was not significantly different
between the 3 cohorts (p = 0.47, Figure 2A). In addition, we found that the two-year
cumulative incidence of NRM was lowest in cohort R (12%), however, this was not sig-
nificantly different to two-year NRM in cohort R+ATG (23%) and cohort D+ATG (14%) (p
= 0.25; Figure 2B). We conclude that relapse and NRM showed no significant differences
between all cohorts.
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Figure 2. Relapse and NRM by ex vivo aBTCR/CD19 depletion and conditioning with ATG. Cu-
mulative incidence (Cl) of relapse and NRM shown with a 5-year follow up. (A) The Cl of relapse is defined as time to
relapse, with death as a competing event. (B) NRM is defined as time to death without relapse or progression. 2-year
cumulative incidences reported in table. Cohort R — no ex vivo depletion, no ATG; cohort R+ATG - no ex vivo depletion,
with ATG; cohort D+ATG — ex vivo aBTCR/CD19 depletion. P-values shown calculated using Fine and Grey's test

OS, EFS and GRFS

Finally, we addressed the impact of aBTCR/CD19 depletion on overall survival (OS), event-
free survival (EFS) and GVHD-free, relapse-free survival (GRFS) at 2 years. With a median
follow up of 14 months (range 2-47), OS was not different between all groups. In cohort
D+ATG OS at two years was 64.3%, compared to 66.7% in cohort R and 59.7% in cohort
R+ATG (p = 0.80; Figure 3A). EFS at two years was also comparable between the three
cohorts, with 56.7% in cohort R, 53.5% in cohort R+ATG and 55.0% in cohort D+ATG (p =
0.97; Figure 3B). GRFS was significantly different between the three cohorts (p = 0.025;
Figure 3C), with cohort D+ATG consistently showing the highest GRFS. At six months,
GRFS in cohort D+ATG was superior (74.7%), compared to 60.0% and 62.2% in cohort R (p
=0.017) and cohort R+ATG (p = 0.047), respectively. The positive effect of ex vivo afTCR/
CD19 depletion was still evident at two years post allo-HSCT, as GRFS was 56.7% in cohort
D+ATG, compared to 36.7% in cohort R, and 42.8% in cohort R+ATG (Figure 3D).
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After performing a multivariate Cox regression on GRFS, adjusted for sex, diagnosis, age,
donor type and the use of ATG during conditioning, we found that ex vivo aBTCR/CD19
depletion positively impacted GRFS, with a hazard ratio (HR) of 0.64 (95%Cl = 0.44 — 0.92;
p = 0.017; Table 3). Considering the small number of patients in some disease groups,
we pooled patients with AML and MDS-EB2 together and grouped patients with other
malignancies as another group. After multivariate analysis, ex vivo aBTCR/CD19 depletion
remained the only variable significantly impacting GRFS (HR = 0.65; 95%CI| = 0.45 - 0.94;
p = 0.024; Supplementary Table S4). Furthermore, we compared cohorts R+ATG with
D+ATG, to exclude an interaction with ATG. This confirmed that ex vivo af3T cell and CD19
depletion significantly impacted GRFS (HR = 0.64; 95%Cl= 0.44 — 0.92; p = 0.016; Supple-
mentary table S5).

As we did for GVHD, we also aimed to categorize patients differently to account for dif-
ferences in donor type, ATG administration, and conditioning intensity across cohorts:
MRD with NMA conditioning from the R cohort (NMA-no ATG-MRD), MUD with NMA
conditioning from the R+ATG cohort (NMA-ATG-MUD), and MUD from the D+ATG cohort
(MA-depletion+ATG-MUD) (Figure S4). OS and EFS were not significantly different be-
tween the three cohorts (p = 0.61 and p = 0.79, respectively). However, GRFS was signifi-
cantly improved in the MA-depletion+ATG-MUD group, compared to both the NMA-no
ATG-MRD group and the NMA-ATG-MUD group (p = 0.018 and p = 0.039, respectively).
Using a multivariate Cox regression analysis for GRFS, adjusted for sex, diagnosis, age
and donor type, we observed that the combination of myeloablative conditioning and
ex vivo afTCR/CD19 depletion was associated with a significant improvement in GRFS
(HR=0.57;95%Cl= 0.37 - 0.89; p = 0.008; Supplementary table S6). Overall, our findings
indicate that using a myeloablative conditioning regimen combined with ATG and ex vivo
af3’TCR/CD19 depletion significantly reduces the incidence of extensive cGVHD, leading
to improved GRFS as compared to T cell replete cohorts.
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Figure 3. OS, EFS and GRFS by ex vivo aBTCR/CD19 depletion and conditioning with ATG. Os,
EFS, and GRFS shown with a 5-year follow up. OS (A), EFS (B) and GRFS (C) were estimated by the Kaplan-Meier prod-
uct. Log-rank test was used to determine p-values. Cohort R — no ex vivo depletion, no ATG; cohort R+ATG - no ex vivo
depletion, with ATG; cohort D+ATG - ex vivo aBTCR/CD19 depletion. P-values shown calculated using the log-rank
test. Pairwise comparisons GRFS D+ATG vs R p = 0.017; D+ATG vs R+ATG p = 0.047.



Table 3. Multivariate analysis of risk factors for GRFS
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Variable HR 95% Cl P-value
Sex

Male REF REF REF
Female 1.16 0.86-1.57 0.3
Diagnosis

AML/MDS-EB2 REF REF REF
ALL 0.75 043-1.32 0.3
Lymphoma 0.77 0.51-1.16 0.2
MDS 0.99 0.57-1.71 >0.9
MF 1.30 0.78-2.16 0.3
Others 1.09 0.67-1.76 0.7
Age recipient

Per 5 year increase 1.01 0.95-1.08 0.7
Donortype

MRD 10/10 REF REF REF
MUD 10/10 0.69 0.40-1.18 0.2
MUD 9/10 0.69 0.34-1.37 0.3
Ex vivo graft depletion

No depletion REF REF REF
af3TCR/CD19 depletion 0.64 0.44 - 0.92 0.017
Conditioning with ATG

Yes REF REF REF
No 0.87 0.47 -1.62 0.7

Cox model was used. AML, acute myeloid leukemia, MDS-EB2, myelodysplastic syndrome with excess blasts; ALL,
acute lymphatic leukemia; MDS, myelodysplastic syndrome; MF, myelofibrosis; MRD, matched related donor; MUD,
matched unrelated donor

DISCUSSION

Here we show that ex vivo a3TCR/CD19-depleted allo-HSCT, combined with ATG and a
myeloablative conditioning, results in low incidences of acute and chronic GVHD. This
translated into a GRFS of 57% at two years, outperforming the T cell-replete cohorts in
this analysis (GRFS 38% and 41%). Notably, in T cell-replete HSCT of unrelated donors
(cohort R+ATG) the incidence of aGHVD was increased, whereas in T cell-replete HSCT
of related donors the incidence cGVHD was increased (cohort R). The protective impact
of ATG on cGVHD is in line with was shown by Kroger et al, who also demonstrated that
ATG mitigates severe cGVHD after allo-HSCT of HLA identical siblings®. The rate of exten-
sive cGVHD of 2% in our study after the combination of ATG and a3TCR/CD19 depletion
cohort is remarkably low, even in the context of ATG, and also lower when compared to
our previous study in which we studied outcomes of aBTCR depletion alone”. These data
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imply that the additional depletion of CD19* B cells may provide stronger protection
against cGVHD development, however, comparative studies are warranted to support
this hypothesis. Nevertheless, our current study as well as the study by Kroger et al. sug-
gest that also for matched related donors a form of in or ex vivo T cell depletion should be
provided as standard GVHD prophylaxis, as is already recommend by EBMT for matched
unrelated donors’. Next to ATG and aBTCR/CD19 depletion, other in vivo (e.g. post trans-
plantation cyclophosphamide (PT-Cy)) and ex vivo T cell depletion (e.g. CD34" selection,
alemtuzumab) strategies are used to reduce severe GVHD**. Comparing these different
platforms is challenging, as studies report on different patient and donor characteristics
and comparative studies are missing. However multiple randomized controlled trials'*
and comparative registry-based retrospective studies®*® suggest improved GRFS after in
or ex vivo depletion as compared to conventional T cell replete approaches with ‘classical
immune suppression’ without any ATG or PT-Cy.

A downside of T cell depletion could be an increase in relapse and/or infections. Here,
the incidence of CMV reactivations is mainly affected by ATG, with an additional impact
of aBTCR/CD19 depletion (Figure S2). We assume that this risk will be significantly re-
duced by implementation of letermovir in the future’>°. The introduction of CD19" cell
depletion to the ex vivo engineering platform reduced the risk of EBV reactivation, with
incidence dropping from 44% in our previous study (afT cell depletion alone) to 20%
in the current study”. NRM was not increased in the ex vivo depleted allo-HSCT cohort
compared to the cohorts receiving full grafts, despite the fact that all patients in the ex
vivo depletion cohort received a myeloablative regimen, where in the T cell replete co-
hort > 80% received NMA conditioning regimens. Myeloablative conditioning is normally
associated with higher NRM, especially in older patients*’, however, in our aBTCR/CD19
depleted allo-HSCT cohort myeloablative conditioning is well tolerated at all age groups.
Relapse did not differ within cohorts, with a two-year incidence of 23-30%. Donor lym-
phocyte infusions (DLI) are increasingly implemented prophylactically or pre-emptively
to increment the GvL effect of allo-HSCT*'. As aBTCR/CD19 depletion requires only a very
short course of systemic GVHD prophylaxis, a risk-based DLI strategy is a very plausible
and powerful strategy to better control relapse.

In summary, we demonstrate that ex vivo apTCR/CD19 depletion combined with a my-
eloablative conditioning regimen including ATG results in reduced GVHD and improved
GRFS, when compared to two cohorts of patients receiving full grafts. Our data contribute
to the accumulating evidence that allo-HSCT without any form of T cell depletion should
be avoided, to increase the likelihood of reaching GRFS.
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SUPPLEMENTARY MATERIAL

Supplementary Methods

Graft processing

The target cell number for collection was between 5-10 x 10° CD34+ cells and for infusion
between 2-10 x 10° CD34+ cells/kg. For the aBTCR/CD19 depletion cohort, the graft was
targeted to contain <25 x 10° TCRaf+ T-cells/kg and 1 x 10° B cells/kg, respectively.

Prevention and treatment of infections

Selective decontamination consisting of e.g. anti-bacterial and antimycotic agents was
administered according to local guidelines, which were not significantly changed during
the timeframe of this study. Monitoring, prophylaxis and treatment of viral infections
(like CMV and EBV) was performed according to local guidelines. Letermovir was not
implemented as CMV prohylaxis. Pre-emptive therapy for CMV (Ganciclovir or Foscavir)
was initiated after a positive CMV PCR (250 IU/ml) and continued until one negative result
occurred after at least 14 days of treatment. Rituximab was initiated in cases of EBV DNA
load > 5000 IU/ml, a detectable EBV DNA load on 2 subsequent measurements or at signs
of EBV related disease. Rituximab was administered once a week for 4 consecutive weeks
at 375 mg/m?, but sometimes a reduced number of infusions were administered upon
rapid decline of the viral load.

Supplementary table S1. Cumulative incidence of GVHD after prophylactic DLI

Incidence aGVHD (95% Cl) Incidence cGVHD (95% Cl)
100 days 1 year 2 years
N Gradell-IlV  Gradelll-lV  Gradell-lV  Grade lll-IV Limited Extensive
DLI 71 1(0-7) 0() 6(2-13) 1(0-7) 18 (9 -28) 0(-)
NoDLI 51 37(24-50) 12(5-22) 41 (27 - 54) 14 (6 - 25) 12(5-22) 4(1-12)

DLI = donor lymphocyte infusion. Cumulative incidence of GVHD calculated with relapse and death as competing
events. Patients were included in ‘DLI group if they received a DLI of 10° lymphocytes/kg in the first 3 months after ex
vivo afTCR/CD19 depleted allo-HSCT.

Supplementary table S2. CMV and EBV serostatus.

CohortR, Cohort R+ATG, Cohort D+ATG, p-value'
N=60 N=129 N=122
CMV serostatus 0.44
R-/D 20 (33%) 42 (33%) 53 (43%)
R-/D+ 6 (10%) 15 (12%) 7 (6%)
R+/D- 14 (23%) 24 (19%) 21 (17%)

R+/D+ 20 (33%) 48 (37%) 41 (34%)
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Supplementary table S2. CMV and EBV serostatus. (continued)

CohortR, Cohort R+ATG, Cohort D+ATG, p-value'
N =60 N=129 N=122
EBV serostatus 0.21
R-/D- 0 (0%) 4 (3%) 1(1%)
R-/D+ 2 (3%) 6 (5%) 4 (3%)
R+/D- 3 (5%) 10 (8%) 12 (10%)
R+/D+ 53 (88%) 97 (75%) 100 (819%)
Unknown 2(3%) 12 (9%) 5 (4%)

R - no ex vivo depletion, no ATG; R+ATG - no ex vivo depletion, with ATG; D+ATG - ex vivo afTCR/CD19 depletion.
CMV, cytomegalovirus; R, recipient; D, donor; EBV, Epstein-Barr virus

"Pearson’s Chi-Squared test

Supplementary table S3. Overview of engraftment and graft failure

CohortR, Cohort R+ATG, Cohort D+ATG, value
N=60 N=129 N=122 P
Neutrophil recovery in days, 15 (10 - 20) 15 (12 -20) 15(14-16) 0.76
median (IQR)
Thrombocyte recovery indays, 3 (0-15) 13(0-17) 14(12-18) <0.001
median (IQR)
Graft failure
No graft failure (%) 60 (0) 125 (97) 115 (94) 0.50
Primary graft failure (%) 0(0) 1(1) 2(2)
Secondary graft failure (%) 0(0) 3(2 5(4)

R - no ex vivo depletion, no ATG; R+ATG - no ex vivo depletion, with ATG; D+ATG - ex vivo aBTCR/CD19 depletion.
P-values found using Kruskal-Wallis rank sum test for neutrophil and thrombocyte recovery, and Fisher’s exact test for

incidence of graft failure.

Supplementary Table S4. Multivariate analysis of risk factors for GRFS

Variable HR 95% Cl P-value
Sex

Male REF REF REF
Female 1.13 0.84-1.53 04
Diagnosis

AML/MDS EB2 REF REF REF
Other malignancies 0.92 0.68-1.25 0.6
Age recipient

Per 5 year increase 1.03 0.97 - 1.09 04
Donortype

MRD 10/10 REF REF REF
MUD 10/10 0.62 0.36 - 1.07 0.084
MUD 9/10 0.62 0.31-1.24 0.2
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Supplementary Table S4. Multivariate analysis of risk factors for GRFS (continued)

Variable HR 95% Cl P-value
Ex vivo graft depletion

No depletion REF REF REF
afTCR/CD19 depletion 0.65 0.45-0.94 0.024
Conditioning with ATG

Yes REF REF REF

No 0.77 042-142 0.4

Cox model was used. AML, acute myeloid leukemia, MDS-EB2; myelodysplastic syndrome with excess blasts; MRD,

matched related donor; MUD, matched unrelated donor

Supplementary Table S5. Multivariate analysis on risk factors for GRFS.

Variable HR 95% ClI P-value
Sex

Male REF REF REF
Female 1.26 0.89-1.78 0.2
Diagnosis

AML/MDS EB2 REF REF REF
Other 0.91 0.64 -1.29 0.6
Age recipient

Per 5 year increase 1.04 0.98 - 1.11 0.2
Donortype

MRD 10/10 REF REF REF
MUD 10/10 0.64 0.37 -1.09 0.10
MUD 9/10 0.64 0.32-1.26 0.2
Ex vivo graft depletion

No depletion REF REF REF
aTCR/CD19 depletion 0.64 0.44 - 0.92 0.016

Patients without ATG in conditioning regimen (n = 60) excluded. Cox model was used. AML, acute myeloid leukemia,
MDS EB2; myelodysplastic syndrome with excess blasts; MRD, matched related donor; MUD, matched unrelated donor

Supplementary Table S6. Multivariate analysis on risk factors for GRFS.

Variable HR 95% Cl P-value
Sex

Male REF REF REF
Female 1.25 0.89-1.75 0.2
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Supplementary Table S6. Multivariate analysis on risk factors for GRFS. (continued)

Variable HR 95% CI P-value
Diagnosis

AML/MDS-EB2 REF REF REF
ALL 0.65 0.33-1.28 0.2
Lymphoma 0.67 043-1.03 0.068
MDS 0.94 0.52-1.69 0.8
MF 1.25 0.70-2.22 0.5
Others 1.22 0.71-2.10 0.5
Age recipient

Per 5 year increase 0.98 0.91 -1.06 0.7
Donortype

MRD 10/10 REF REF REF
MUD 10/10 0.75 0.50-1.11 0.2
MUD 9/10 0.76 041-142 0.4
Conditioning type and

depletion

NMA-without depletion REF REF REF
MA-with afTCR/CD19 deple- 0.57 0.37-0.89 0.008
tion

Cox model was used. Patients included from cohort NMA-no ATG-MRD - reduced intensity conditioning, no ex vivo
depletion, no ATG, matched related donor (n = 52); cohort NMA-ATG-MUD - reduced intensity conditioning, no ex vivo
depletion, with ATG, matched unrelated donor (n = 109); cohort MA-depletion+ATG-MUD - myeloablative condition-
ing, ex vivo aBTCR-CD19 depletion, with ATG, matched unrelated donors (n = 99). AML, acute myeloid leukemia, MDS-
EB2, myelodysplastic syndrome with excess blasts; ALL, acute lymphatic leukemia; MDS, myelodysplastic syndrome;
MEF, myelofibrosis; MRD, matched related donor; MUD, matched unrelated donor; NMA, non-myeloablative condition-
ing; MA, myeloablative conditioning
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Supplementary Figure S1. Overview of graft composition.
Graft composition A) before aBTCR/CD19 depletion (n = 122) B) after aBTCR/CD19 depletion (n = 122) and C) without
depletion (n=182)
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100 days 2 year 100 days 2 year grade
aGvHD grade I-IV % aGvHD grade II-IV % aGvHD grade llI-IV % aGvHD grade llI-IV %
(95% CI) (95% C1) (95%) (95% C1)
NMA-noATG-MRD | 25 (15-37) 33(22-45) 7(2-15) 13 (6-22)
NMA-ATG-MUD 38 (30 - 46) 40 (32 - 49) 15(9-21) 16 (10-23)
16 (10 - 24) 20(14-28) 5(2-10) 7(3-12)
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Time after SCT (Years) Time after SCT (Years)
Number at Risk Number at Risk
NMA-noATG-MRD 52 27 22 18 15 14 52 24 18 15 13 1
NMA-ATG-MUD - ~109 55 48 41 31 30 --109 56 48 43 36 33
99 55 22 7 0 0 99 63 30 7 0 0
2 year limited cGvHD % (95% Cl) 2 year extensive cGvHD % (95% Cl)
NMA-noATG-MRD | 13 (6 23) 23(13-35)
NMA-ATG-MUD 15(9-21) 10 (6- 16)
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Supplementary Figure S2. Cumulative incidence of aGvHD and cGvHD by ex vivo aBTCR/CD19
depletion and MA conditioning in MUD vs full graft and NMA conditioning with/without ATG

in MUD and MRD

The Cl of GvHD is defined as time to onset of GvHD, with relapse and death as competing events. Cl of aGVHD grade
II-IV (A) and grade llI-IV (B) with 100 days and 2-year Cl reported in table. Cl of limited cGvHD (C) and extensive
cGVHD (D) with 2-year Cl reported. Cohort NMA-no ATG-MRD - reduced intensity conditioning, no ex vivo depletion,
no ATG, matched related donor; cohort NMA-ATG-MUD - reduced intensity conditioning, no ex vivo depletion, with
ATG, matched unrelated donor; cohort MA-depletion+ATG-MUD — myeloablative conditioning, ex vivo aBTCR+CD19
depletion, with ATG, matched unrelated donors. P-values shown calculated using Fine and Grey’s test. Pairwise com-
parisons aGVHD lI-IV MA depl+ATG MUD vs NMA no ATG MRD p = 0.6, MA depl+ATG MUD vs NMA ATGMUD p = 0.014;
extensive cGVHD MA depl+ATG MUD vs NMA no ATG MRD p <0.001, MA depl+ATG MUD vs NMA ATG MUD p = 0.008
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A CMV (seropositive patients) B EBV (all patients)
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R - 34 20 15 13 12 12 © 60 50 41 38 35 33
R+ATG- - 72 24 19 15 14 14 --129 90 71 67 63 61
62 12 11 9 8 7 122 100 83 76 48 42
100 days % CMV 100 days % CMV 100 days % EBV 1 year % EBV
(95% Cl) (95% C1) (95% ClI) (95% CI1)
R 35(20-51) 50 (32 - 66) R 7(2-15) 12 (5 - 21)
R+ATG 58 (46 — 69) 67 (54 - 76) R+ATG 15 (9-22) 20(13-27)
77 (65 - 86) 77 (65 - 86) 8(4-14) 14 (9-21)

Supplementary Figure S3. Cumulative incidence of cytomegalovirus (CMV) in CMV seroposi-

tive patients and Epstein-Barr virus (EBV) in all patients
Cumulative incidence of CMV and EBV reactivations are calculated with relapse and death as competing events. Cl of

CMV (A) and EBV (B) with 100 days and 1-year Cl reported in table. Patients with missing data for CMV reactivation (n
=46) or EBV reactivation (n = 37) were excluded. Cohort R - no ex vivo depletion, no ATG; cohort R+ATG - no ex vivo
depletion, with ATG; cohort D+ATG - ex vivo aBTCR/CD19 depletion. P-values shown calculated using Fine and Grey’s
test. Pairwise comparisons CMV D+ATG vs R p <0.001; D+ATG vs R+ATG p = 0.045; R vs R+ATG p = 0.022
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Supplementary Figure S4. OS, EFS and GRFS by ex vivo aBTCR/CD19 depletion and MA condi-
tioning in MUD vs full graft with NMA conditioning with/without ATG in MUD and MRD

OS, EFS, and GRFS shown with a 5-year follow up. OS (A), EFS (B) and GRFS (C) were estimated by the Kaplan-Meier
product. Log-rank test was used to determine p-values. Cohort NMA-no ATG-MRD - reduced intensity conditioning,
no ex vivo depletion, no ATG, matched related donor; cohort NMA-ATG-MUD - reduced intensity conditioning, no ex
vivo depletion, with ATG, matched unrelated donor; cohort MA-depletion+ATG-MUD - myeloablative conditioning,
ex vivo aBTCR/CD19 depletion, with ATG, matched unrelated donors. P-values shown calculated using log-rank test.
Pairwise comparisons GRFS MA depletion+ATG MUD vs NMA no ATG MRD p = 0.018; MA depletion+ATG MUD vs NMA
ATG MUD p = 0.039.
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Key points:

- Within the context of aBT cell depletion 1.7x10° CD34" cells /kg infused within 68
hours are sufficient for engraftment

« Pandemic readiness of engineered grafts: Cryopreservation is feasible and does nei-
ther harm engraftment nor long-term overall survival.



Graft engineering: how long can you wait, how low can you go, and pandemic readiness

Ex vivo graft engineering by means of apT cell depletion is a promising platform to per-
form an allogeneic stem cell transplantation (allo-SCT), with low incidences of acute and
chronic graft versus host disease (GVHD), for matched, mismatched,"” and haploidentical
donors®*. Translation towards broader clinical implementation is facing graft-related
variables with unknown impact. Firstly, additional laboratory procedures to perform graft
engineering prolong the time from donation to infusion of the graft. Little information
is available on how long grafts can be handled until infusion, or on how many CD34*
cells must be harvested from a donor to attain a sufficient allograft resulting in profound
engraftment. Graft engineering usually requires higher cell numbers, as the engineering
process results in partial loss of cells. Finally, the option to cryopreserve an engineered
graft remains essential during the time of an global pandemic’, and more information
is needed on whether the freezing procedure of an engineered allograft compromises
outcome. Within this context we analyzed the questions “how long you can wait” until
infusion, “how low can you go” with CD34" cell numbers, and whether cryopreservation
puts patients at risk for primary graft failure.

All adults who received an a3T cell depleted allo-SCT product between 2013 and 2021
(n= 237) and have provided written informed consent in accordance with the JACIE
guidelines and approved by the local ethical committee (METC nr 21-322) at the Univer-
sity Medical Center Utrecht (UMCU) were included in this retrospective analysis (baseline
characteristics, Supplementary Table S1). Clinical data was reported to and extracted
from the EBMT registry. All patients received a uniform myeloablative conditioning regi-
men'. afT cell reduction was performed as previously reported’. In 2018, CD19 depletion
was added to the graft engineering protocol®. Cryopreservation was performed in 24
patients before (n=3) or during (n=21) the COVID-19 pandemic, in line with EBMT and
donor center guidelines’. Neutrophil recovery was defined as the first of 3 consecutive
days with an absolute neutrophil count (ANC) greater than 0.5x10°%/L. Platelet recovery
was defined as a platelet count greater than 50x10%/L, without platelet transfusion in the
preceding 7 days. Primary graft failure was defined as cytopenia and marrow hypoplasia
at day 28. Secondary graft failure was characterized by loss of donor cells after initial
engraftment and recurrent neutropenia and marrow hypoplasia. Poor graft function is
defined as severe cytopenia of at least two cell lines in the presence of a hypoplastic bone
marrow with full donor chimerism.

Graft composition of engineered products prior to infusion was analyzed by flow cytom-
etry as part of their quality control. For fresh grafts, the median cell numbers were 5.8
x 10° CD34"cells/kg (range 1.7-11.1), whereas the CD34+ cell number for frozen grafts,
after thawing, was somewhat smaller (median 4.6x10° CD34" cells/kg (range 2.6-11.3)
(p=0.009). This is explained by a lower recovery of CD34" cells (Supplementary table S2).
Consistent with this finding, the median number of infused CD3* T cells was also higher
in fresh grafts as compared to frozen grafts after thawing; 5.9x10° T cells (range 0.5-48.9)
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vs 4.7x10° (range 0.6-13.3) (p=0.057) (Supplementary table S2). The median time to neu-
trophil recovery was 14 days in the fresh cohort (range 4-26), and 15 days in the frozen
cohort (range 10- 29) (p=0.015). For platelets, the median time to recovery was also 14
days in the fresh cohort (range 9 - 440) and 15 days in the frozen cohort (range 11-110)
(p=0.2) (Supplementary table S2; Figure S1 A&B). This is in line with a recent report for
T cell replete grafts that freezing can impact platelet recovery®.

Dutch guidelines advise for a maximum of 48 hours from apheresis to the time of infu-
sion. For 60 of the 237 products (25%) out-of-spec (OOS) procedures were initiated, as
they exceeded this recommended time frame. 85% (n=51) of all OOS were observed in
the fresh cohort (Supplementary table $3). To assess the impact of time from apheresis
to either infusion (‘fresh cohort’), or time to cryopreservation (‘frozen cohort’) on primary
engraftment, we compared outcomes in patients who received an allograft infused/cryo-
preserved within 48 hours after apheresis (‘short’) to outcomes of patients who received
the allograft after 48 hours (‘long’). Both for ‘fresh’ and ‘frozen’ grafts, we found no impact
of time from apheresis to infusion on neutrophil or platelet engraftment (Supplemen-
tary table S3; Figure S1A-B). In addition, we observed no impact of prolonged time to
infusion nor cryopreservation on the overall low incidence (3%) of graft failure or poor
graft function (Supplementary table S3).

Graft engineering, as well as cryopreservation, can result in a partial loss of CD34"cells.
This anticipated loss is usually compensated by harvesting more stem cells from a donor.
We ordered grafts of 10x10°CD34"cells/kg. 12% of the donors in our cohort underwent
an additional day of collection (Supplementary table S2). Grafts of 7.8 x1 0°CD34*cells/
kg (range 2.4-18.0) were received after collection. Median recovery of CD34"cells after the
completion of the depletion +/- cryopreservation procedure was 78% (fresh cohort) and
65% (frozen cohort) (Supplementary table S2). Within the EBMT, allografts of more than
4x10%kg CD34"cells are recommended. We therefore compared outcomes of grafts with
cell numbers lower than the recommended 4x10° CD34" cells/kg to allografts > 4x10°
CD34" cells/kg. Here we show that for fresh, as well as for frozen allografts, infused CD34*
cell numbers did not correlate with neutrophil engraftment (Supplementary table
S3, Supplementary figure S1C). We did observe a significantly longer time to platelet
engraftment in the recipients of smaller allograft in the fresh cohort (16 versus 14 days,
p = 0.007) implying that lower CD34" cell number mainly affected thrombocyte recovery
(Supplementary table S3). 7 cases of either graft failure or poor graft function were ob-
served, all in recipients of fresh allografts of > 4x10°/kg CD34" cells/kg (Supplementary
table S3).
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Finally, we analyzed long term outcome of patients receiving fresh versus frozen products,
with different time to infusion and lower and higher cell numbers. We could not observe
difference in overall survival when comparing outcome of patients receiving CD34" cell
numbers below 4x10° /kg (n=32) versus above (n = 205) (Figure 1A), neither between
cohorts which had different times to infusion (<48h n= 177, >48 h n=60) (Figure 1B)
nor between patients receiving a fresh (n = 213) or frozen allograft (n =24) (Figure 1C).
Furthermore, there was no significant impact of any of these variables on acute or chronic
GVvHD (Supplementary table S4).

In summary, we show for the first time in an affT cell depletion transplantation platform
that infusing stem cell products until 68 hours after apheresis is feasible and does not
impact long-term survival. Our data also challenge the currently recommended lowest
number of 4x10°CD34"cells/kg for allografts’. In line with guidelines for cryopreserved
autologous stem cell grafts which advice 2x10°CD34'cells/kg’, we advocate that
2x10°CD34"cells/kg are sufficient for both fresh and frozen allografts, which could
prevent the need for an extra day of apheresis. Conflicting data have been reported on
long-term outcomes with frozen products'®'?. Long-term clinical outcomes after allo-SCT
with a frozen product as a consequence of the COVID pandemic are only slowly emerg-
ing. Within this context our data add important information to the field by showing in a
real-world data cohort with a reasonable follow up that cryopreservation of engineered
grafts is a valid option.

DATA AVAILABILITY

The data that support the findings of this study are available from EBMT the registry,
but restrictions apply to the availability of these data, which were used under license for
the current study, and so are not publicly available. Data are however available from the
authors upon reasonable request and with permission of the corresponding author.
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Figure 1: Impact of cryopreservation, time to infusion and cell numbers on overall survival.
Comparison of overall survival in (A) cohorts with cell number higher than (grey) or below (black) 4x10%/kgCD34" cells,
(B) cohorts with time to infusion below (grey) and above (black) 48hrs, and (C) fresh (grey) versus frozen (black) cohort.
Logrank test was used to assess differences between the groups. Bw = bodyweight
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SUPPLEMENTARY TABLES
Supplementary Table S1. Baseline characteristics of the cohort.

Fresh, N =213’ Frozen, N = 24’ p-value’
Patient Age 58.6 (19.2,73.5) 51.9(19.4, 69.4) 0.3
Median follow-up time (months) 24.2 (0.6, 87.3) 12.9(2.3,74.3) 0.10
Gender >0.9
Female 79 (37%) 9 (38%)
Male 134 (63%) 15 (62%)
Diagnosis 0.4
Acute Leukemia (AML/ALL) 89 (42%) 12 (50%)
Other malignancies 124 (58%) 12 (50%)
Donor type 0.3
MRD 37 (17%) 7 (29%)
MMRD 1(0.5%) 0 (0%)
MUD 136 (64%) 11 (46%)
MMUD 39 (18%) 6 (25%)

'"Median (Range); n (%)

’Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test

Other malignancies included lymphoma, myelodysplastic syndrome, myelofibrosis and multiple my-
eloma. Acute myeloid leukemia (AML); acute lymphatic leukemia (ALL); matched related donor (MRD),
mismatched related donor (MMRD), matched unrelated donor (MUD), mismatched unrelated donor
(MMUD).
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Supplementary table S2. Graft characteristics and engraftment.

2

Fresh, N =213’ Frozen,N=24" p-value
Second day of leukapheresis performed 25 (11.7%) 4 (16.7%) 0.5
Graft engineering <0.001
af TCR depletion 144 (67.6%) 2(9.1%)
af TCR and CD19 depletion 69 (33.3%) 22 (91.7%)
:::‘:i::tn":':;phemis and cryopreservation or 46.1(252,688) 304 (245546) 0021
Time between cryopreservation and infusion (days) 13.7(2.8,118.8)
CD34" cells / kg (x 10/6) at collection 7.8(2.4,18.0) 7.3(4.3,14.3) 0.8
CD34" cells / kg (x 10/6) after depletion 5.8(1.7,16.8) 5.6(3.1,12.5) 0.8
CD34" cells / kg (x 10/6) in final product 5.8(1.7,11.1) 46(26,11.3) 0.009
(C;).’i/\f recovery after depletion +/- cryopreservation 77.9(30.7,123.3) 65.2(48.0,92.6) <0.001
CD3" T-cells / kg (x 10/6) before cryopreservation 6.2 (1.3,16.0)
CD3"* T-cells / kg (x 10/6) in final product 5.9(0.5,48.9) 47 (0.6,13.3) 0.057
Neutrophil recovery (>0.5 x 1079 /L) 0.2
No 3(1.4%) 0 (0%)
Yes 210 (98.6%) 24 (100%)
Platelet recovery (>50 x 10A9/L) 0.2
Never below 7 (3.3%) 2(8.3%)
No 10 (4.7%) 0 (0%)
Yes 196 (92.0%) 22 (91.7%)
Days to neutrophil recovery 14.0 (4.0, 26.0) 15.0 (10.0, 29.0) 0.015
Days to platelet recovery 14.0 (9.0, 440.0) 15.0(11.0,110.0) 0.2

'n (%); Median (Range) “Fisher’s exact test; Pearson’s Chi-squared test; Wilcoxon rank sum test

Patient characteristics, allograft characteristics and time to engraftment in freshly infused allografts and

cryopreserved allografts.

ACD34" recovery was defined as viable CD34" cells after depletion with or without cryopreservation and
was measured by flow cytometry with 7-AAD staining.
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Supplementary figure S1: Impact of time until infusion and cell numbers on neutrophil and
platelet engraftment with or without cryopreservation.

Correlation cryopreservation, number of CD34"cells and time to infusion with neutrophil and platelet engraftment
from fresh (circle) and frozen (triangle) products. Upper panels: time to neutrophil engraftment (A) and platelet en-
graftment (B) in cryopreserved allografts (blue) and fresh allografts (orange). Lower panels: Time to neutrophil en-
graftment (C) and platelet engraftment (D) based on infused number of CD34"cells.
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ABSTRACT

Allogeneic stem cell transplantation is the only curable therapy for myelofibrosis, but
eligibility is complicated by advanced age and an increased risk of Graft-versus-Host
Disease (GVHD). Although peri-transplant ruxolitinib and T cell depletion strategies have
individually demonstrated potential in reducing GVHD, their combined use in myelofibro-
sis has not been studied. Moreover, the role of measurable residual disease (MRD)-guided
donor lymphocyte infusions (DLI) in this setting remains undefined. To address this gap,
we retrospectively analyzed 38 myelofibrosis patients (median age 65 years, range 33-72)
who underwent myeloablative conditioning with ex vivo af3T cell-depleted grafts. Ten
patients did not receive peri-transplant ruxolitinib, while 28 did, following a protocol
change. Patients receiving peri-transplant ruxolitinib showed enhanced immune recon-
stitution. The incidence of acute GVHD grade llI-IV at 100 days was lower with ruxolitinib
(30% vs 4%, p = 0.065), while moderate—severe chronic GVHD was comparable (10 vs
8%). Two-year non-relapse mortality was lower in the ruxolitinib cohort (50% vs. 18%, p =
0.025), translating into improved overall survival (50% vs. 82%, p = 0.024). Hematological
relapse rates were comparable (10% vs 16%). Among 13 patients with hematological or
molecular relapse in the ruxolitinib cohort, six were successfully treated with DLI, while
three patients underwent a second transplantation. In conclusion, myeloablative condi-
tioning with afTCR/CD19-depleted transplantation and peri-transplant ruxolitinib is a
feasible strategy in patients with myelofibrosis. Our findings show a promising two-year
overall survival and chronic GHVD rates and support further evaluation of MRD-guided
DLI for relapse management.

Peri-transplant ruxolitinib enhances survival in myelofibrosis patients

undergoing aBTCR and CD19-depleted stem cell transplantation
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Peri-transplant ruxolitinib enhances survival in myelofibrosis patients undergoing aBTCR
and CD19-depleted stem cell transplantation

INTRODUCTION

Myelofibrosis is a chronic myeloproliferative neoplasm marked by progressive bone
marrow fibrosis, impaired blood cell production, and a significant symptom burden
"2, These symptoms commonly include cytopenia, splenomegaly, and constitutional
symptoms such as fatigue, weight loss, and night sweats. Myelofibrosis is typically driven
by somatic mutations in JAK2, CALR, or MPL genes, which lead to clonal expansion and
chronic inflammation®. The disease may present as a primary disorder or evolve from
other myeloproliferative neoplasms, including polycythemia vera and essential thrombo-
cythemia. It primarily affects older adults and is associated with reduced quality of life
and an increased risk of leukaemic transformation®. Given its progressive nature and high
symptom burden, effective treatment of myelofibrosis is essential.

The only curative treatment option for myelofibrosis is allogeneic hematopoietic stem
cell transplantation, but the outcomes of this treatment are influenced by both patient-
related and treatment-related factors®. The average age and frailty of transplant patients
are increasing®’, resulting in a shift towards reduced intensity conditioning regimens, as
myeloablative conditioning regimens worsen non-relapse mortality in patients over 50
>% Nevertheless, significant challenges remain for myelofibrosis patients, including a high
risk of non-relapse mortality and graft-versus-host disease (GVHD).

JAK inhibitors, such as ruxolitinib, can significantly improve symptoms and reduce
splenomegaly in patients with high-risk myelofibrosis®®, but cannot cure myelofibrosis
nor prevent leukemic transformation. In addition, ruxolitinib has also shown efficacy in
treating steroid-resistant acute and chronic GVHD'. Ruxolitinib has been shown to re-
duce pro-inflammatory cytokines in both myelofibrosis and GVHD'""?, with a reduction
of regulatory T cells and pro-inflammatory T-helper cells type 1 and type 17'% Given these
dual effects, ruxolitinib has been studied as a strategy to reduce GVHD incidence in pa-

tients with myelofibrosis after transplantation’®.

In parallel with treatments like ruxolitinib, researchers have also investigated graft-
engineering approaches such as ex vivo T-cell depletion and CD34" selection to lower the
risk of GVHD. We recently reported that removing afT cells from the allograft significantly
reduces GVHD incidence in patients with hematological malignancies, including myelo-
fibrosis'’. In agreement with this, another study showed that post-transplantation cyclo-
phosphamide-mediated depletion of T cells reduces GVHD incidence in myelofibrosis
patients'®. However, the outcomes of combining T cell depletion and peri-transplantation
ruxolitinib have not been investigated.

In this retrospective analysis, we evaluated outcomes of myelofibrosis patients after
transplantation with a busulfan-based myeloablative conditioning and an af3TCR
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+/- CD19-depleted allograft. This transplantation method resulted in favorable overall
survival when combined with peri-transplantation ruxolitinib.

MATERIALS AND METHODS

Study Design and Data Sources

This retrospective cohort study included patients with myelofibrosis who underwent a
hematopoietic stem cell transplantation with an af3T cell +/- CD19-depleted graft compo-
sition. Data were collected from electronic health records (HiX) and the European Society
for Blood and Marrow Transplantation (EBMT) database. All patients provided informed
consent for the use of their data for scientific purposes before transplantation. The in-
formed consent was approved by the local ethical committee (METC nr 21-322) at the
University Medical Centre Utrecht (UMCU) in accordance with the Declaration of Helsinki.

Patient Eligibility Criteria

Patients were eligible for inclusion if they underwent allogeneic stem cell transplantation
for the treatment of myelofibrosis between July 2015 and October 2024. Patients who
received melphalan-based conditioning were excluded. Eligibility for stem cell trans-
plantation was based on local criteria, including Dynamic International Prognostic Score
System (DIPSS) intermediate-1 with a high burden of constitutional symptoms, DIPSS
intermediate-2 or high risk, or Mutation-Enhanced International Prognostic Score System
(MIPSS70/MIPSS70+) high or very high risk'. Clinical-molecular myelofibrosis transplant
scoring system (MTSS) was assessed before transplantation®.

Donor selection and graft processing

Peripheral blood stem cells were collected from related or unrelated donors with a 9/10
or 10/10 human leukocyte antigen (HLA) match, following institutional donor selection
guidelines. Grafts were processed by ex vivo depletion of aBT cell receptor (TCR) +/-
CD19" B cells. CD19 depletion was added after a protocol change in 2021. Ex vivo deple-
tion was performed using the automated CliniMACS® device (Miltenyi Biotec, Bergisch
Gladbach, Germany). This procedure utilized magnetic microbeads conjugated with
anti-aBTCR and, when applicable, anti-CD19 antibodies, as previously described®'*.

Conditioning regimen

All patients received myeloablative conditioning consisting of antithymocyte globulin
(ATG) 1.5 mg/kg IV on days —12 to—9, fludarabine 40 mg/m? IV on days -5 to—2, and
busulfan (Busilvex®) AUC90 IV on days —5 to—2. For GVHD prophylaxis, patients received
mycophenolate mofetil (Cellcept®) until day +28 post-transplantation. Patients who
received a transplant before 2018 did not receive peri-transplant ruxolitinib (RUXmin),
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and CD19-depleted stem cell transplantation

while patients who received a transplant after 2018 received ruxolitinib at a dose of 5mg
twice daily from day -5 to +14 (RUXplus; Supplementary Figure S1).

Clinical definitions

All time-to-event endpoints were measured from the date of stem cell infusion. Neu-
trophil recovery was defined as the first of three consecutive days with an absolute
neutrophil count (ANC) greater than 0.5x1 0°/L. Platelet recovery was defined as a platelet
count greater than 20x10°/L, without the need for platelet transfusions in the preceding
seven days. Primary graft failure was defined as the absence of neutrophil recovery in the
context of adequate graft infusion and in the absence of progressive disease or a marrow-
compromising infection. Secondary graft failure was defined as the loss of donor-derived
hematopoiesis following initial engraftment, also in the absence of disease progression
or infection.

Acute GVHD (aGVHD) was graded using the Glucksberg classification, and chronic GVHD
(cGVHD) was assessed according to the NIH consensus criteria for diagnosis and staging
224 Hematological relapse was defined as the recurrence of clinical and/or hematologic
features of myelofibrosis, such as cytopenia, splenomegaly, or increased bone marrow
blasts.

Overall survival (OS) was defined as the time from transplantation to death from any
cause. Event-free survival (EFS) was defined as the time from transplantation to the first
occurrence of relapse, graft failure, or death. GVHD-free and relapse-free survival (GRFS)
was defined as the time from transplantation to the first occurrence of relapse, graft fail-
ure, grade llI-1V aGVHD or moderate-to-severe cGVHD. For all survival endpoints, patients
were censored at their last day of follow-up if none of the defined events had occurred.

Molecular monitoring

In addition to clinical endpoints, minimal residual disease (MRD) was assessed through
molecular monitoring. Digital droplet PCR (ddPCR) was introduced in 2021 for the detec-
tion of disease-defining mutations”. MRD positivity was defined as the reappearance of a
previously identified molecular clone at levels exceeding 0.1% or as persistence at lower
levels®®. Donor lymphocyte infusion (DLI) was given starting 3 months post-transplant as
follows: prophylactic at 3 months in the absence of GVHD, irrespective of MRD (1x10A5
CD3" cells/kg); pre-emptive for MRD positivity persisting/relapsing beyond this time
point or at the physician's discretion (1x10A6-1x10A7 CD3" cells/kg); and therapeutic
for hematologic relapse (1x10A7-1x10A8 CD3" cells/kg). Patients who progressed to
hematologic relapse were further assessed for eligibility for a second allogeneic stem cell
transplantation if therapeutic DLIs were ineffective.



70 | Chapter 4

Table 1: Baseline Characteristics

RUXmin RUXplus
n=10 n=28

Age at SCT, median (range) 62 (33-68) 65 (43-72)
Sex, n (%)

Female 4 (40 %) 11 (39%)
Prior JAK-inhibitor treatment, n (%)

Yes 8 (80%) 25 (89 %)
MPN subclass, n (%)

Primary myelofibrosis 8 (80%) 9 (32%)

Post ET myelofibrosis 2 (20%) 8 (29%)

Post PV myelofibrosis 11 (39%)
Donortype, n (%)

10/10 MRD 1 (10%) 5 (18%)

9/10 MUD - 3 (11%)

10/10 MUD 9 (90 %) 20 (71 %)
Spleen size at SCT in cm', median (range) 2,5(0-21) 2(0-16)

>5cm’, n (%) 4 (40 %) 11 (39 %)

>15cm’, n (%) 2 (20%) 2 (7%)
DIPSS, n (%)

Low -

Intermediate-1 3 (11%)

Intermediate-2 4 (40 %) 14 (50 %)

High 6 (60 %) 11 (39%)
MIPSS 70 v2, n (%)

Low 1T (10%) 3 (11%)

Intermediate 3 (30%) 1 (4%)

High 6 (60 %) 16 (57 %)

Very high 8 (29%)
MTSS, n (%)

Low 1 (10%) 7 (25 %)

Intermediate 4 (40 %) 8 (29%)

High 4 (40 %) 9 (32%)

Very high 1 (10%) 4 (14 %)
Conditioning scheme, n (%)

ATG/Bu/Flu | aBTCR depleted 10 (100 %) 4 (14%)

ATG/Bu/Flu | afTCR & CD19 depleted 24 (86 %)
CD34x10°kg, median (range) 7,1 (3,2-9,5) 52 (3,1-92)

Median follow up (range); in months
Year of SCT, n (%)

2015-2017
2018 -2023

17,1(1,9-110,5)

10 (100 %)

39,3(1,3- 85,8)

28 (100 %)

" In cm below the costal margin
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Statistical analysis

Data was analyzed using RStudio (R version 4.4.0). OS, EFS, and GRFS were calculated by
Kaplan-Meier estimates and reported as percentages with 95% confidence intervals. Dif-
ferences in survival were assessed using the log-rank test. Analyses were performed using
the R package survival (version 3.8-3)”’. Cumulative incidence functions were calculated
to estimate the probability of acute or chronic GVHD, with death or relapse as competing
risks. Additionally, cumulative incidence was also calculated for relapse (with death as
competing risk), MRD positivity, and non-relapse mortality (NRM; with relapse as compet-
ing risk). Competing risk estimates were computed using the cuminc() function from the
tidycmprsk package (version 1.1.0)*®. Differences between cohorts were evaluated using
Fine and Gray’s subdistribution hazard model. Differences in cell counts were calculated
using the Mann-Whitney U test. P-values <0.05 were considered statistically significant.

RESULTS

Patient Characteristics

Our analysis included 38 patients. Ten patients received an afTCR-depleted transplant
without ruxolitinib post-transplantation (RUXmin cohort), and 28 patients received an
af3TCR +/- CD19-depleted transplant with two weeks of ruxolitinib (5 mg twice daily)
post-transplantation (RUXplus cohort) (Table 1). In the RUXplus cohort, 86% of patients
received an af3TCR- and CD19-depleted transplant. Median age was above 60 years for
both cohorts. Over 80% of patients in both cohorts received prior JAK-inhibitor treatment.

Engraftment

To evaluate the impact of adding peri-transplantation ruxolitinib on engraftment, we
compared the median time to engraftment of neutrophils and platelets, and the inci-
dence of graft failure in both cohorts. Median time to neutrophil engraftment was 17
days in both the RUXmin and the RUXplus cohorts (p = 0.87) (Table 2). The median time
to platelet engraftment was 34 days in the RUXmin cohort and 20 days in the RUXplus
cohort (p = 0.081). There were two cases of graft failure: one case of primary graft failure
in the RUXmin cohort and one case of secondary graft failure in the RUXplus cohort. Thus,
we observed no significant differences in the incidence of graft failure.
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Table 2: Overview of engraftment after transplantation

RUXmin RUXplus p-value
n=10 n=28
Median engraftment, in days (IQR)
Neutrophils 17 (14-22) 17 (12-125) 0.87
Platelets 34 (15-1114) 20 (14-57) 0.081
Graft failure, n (%) 0.46
Primary graft failure 1 (10%) 0 (0%)
Secondary graft failure 0 (0%) 1 (4%)

Immune Reconstitution

Since ruxolitinib has been shown to influence T cell numbers in myelofibrosis patients
121429 e compared immune reconstitution between the RUXmin and RUXplus cohorts
(Figure 1). We observed higher CD8" af3T cell counts in the RUXplus cohort at both one
month and one-year post-transplant (median 27 vs 16 cells/uL, p = 0.05; 204 vs 67 cells/
pL, p = 0.02). Moreover, CD4* af3T cell counts were also increased in the RUXplus cohort
one-year post-transplant (median 155 vs 58 cells/pL, p = 0.01). We did not observe any
significant differences in y&T cell reconstitution. Regarding NK cells, we observed a trend
toward increased counts in the RUXplus cohort beginning at three months, reaching
statistical significance at six months post-transplant (median 175 vs 74 cells/uL, p = 0.03).
One-year post-transplant, B cell numbers were significantly higher in the RUXplus cohort
(median 193 vs 65 cells/uL, p = 0.05). Overall, these findings suggest that peri-transplant
ruxolitinib is not associated with impaired T cell recovery following abTCR-depleted
transplantation.

Acute and chronic GVHD

AaPTCR-depleted transplantation with peri-transplantation ruxolitinib resulted in low in-
cidences of both aGVHD and cGVHD. aGVHD grade II-IV at 100 days post-transplantation
was 50% in the RUXmin cohort and 18% in the RUXplus cohort (p = 0.2; Figure 2A).
Incidence of aGVHD grade Ill-IV at 100 days post-transplantation was 30% in the RUXmin
cohort and 4 % in the RUXplus cohort (p = 0.066; Figure 2B). The incidence of cGVHD was
low in both cohorts. At two years post-transplantation, mild cGVHD occurred in 10% of
patients in the RUXmin cohort and 14% in the RUXplus cohort (p = 0.3; Figure 2C), while
moderate-to-severe cGVHD occurred in 10% and 8%, respectively (p = 0.6; Figure 2D).

Non-relapse mortality and relapse

Given the low incidence of GVHD observed with afTCR-depleted transplantation and
peri-transplant ruxolitinib, we evaluated its impact on non-relapse mortality and relapse.
The incidence of non-relapse mortality at two years was higher in the RUXmin cohort
than in the RUXplus cohort (50 vs 18%, p = 0.025; Figure 3A). Relapse rates were 16%
in the RUXplus cohort and 10% in the RUXmin cohort (p = 0.3; Figure 3B). These results
demonstrate that peri-transplantation ruxolitinib combined with a3TCR-depletion im-
proves non-relapse mortality, but relapse continues to represent a major challenge.
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Figure 1: Impact of peri-transplant ruxolitinib on immune reconstitution. Numerical reconstitution
shown. P-values calculated using Mann-Whitney U test.
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Figure 2: abT cell +/- CD19 depleted transplantation with peri-transplantation ruxolitinib re-
sults in low incidences of GVHD. Cumulative incidence curves of A) acute GVHD grade II-IV, B) acute GVHD
grade llI-1V, C) mild chronic GVHD, and D) moderate-severe chronic GVHD. Cumulative incidence is defined as time to

onset of GVHD, with death as competing event. P-values shown calculated using Fine and Grey'’s test. RUXmin n = 10,
RUXplus n = 28.

Molecular monitoring and donor lymphocyte infusions

We evaluated the follow-up of all patients who received peri-transplant ruxolitinib
(Supplementary Figure S2). Among the six patients who experienced hematological re-
lapse, three required a second stem cell transplantation after having received DLlIs first. In
2021, we introduced ddPCR to monitor MRD, intending to reduce hematological relapse
risk. For patients transplanted after 2021 (n = 15, indicated in bold in Supplementary
Figure S2), the two-year incidence of MRD positivity was 37% (Figure 4A). Based on MRD
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status and relapse events, we implemented a donor lymphocyte infusion (DLI) strategy,
as described in the methods. This approach effectively prevented hematological relapse
in all but one patient, who subsequently required a second transplant (Figure 4). These
findings suggest that integrating MRD-guided monitoring with a tailored DLI strategy
likely enhances disease control.
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Figure 3: aBT cell +/- CD19 depleted transplantation with peri-transplantation ruxolitinib is
associated with low non-relapse mortality, relapse remains a challenge. A) Cumulative incidence
curves of non-relapse mortality. Cumulative incidence is defined as time to death with relapse as competing event. B)
Cumulative incidence curves of relapse. Cumulative incidence is defined as time to relapse with death as competing
event. P-values shown calculated using Fine and Grey’s test. RUXmin n = 10, RUXplus n = 28.
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not included in this plot.
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Survival

Finally, we evaluated whether the changes to our transplantation protocol improved
survival outcomes. Overall survival was significantly higher in patients who received peri-
transplantation ruxolitinib (82%) than in those who did not (50%) (p = 0.024; Figure 5A).
Event-free survival was 67% in the RUXplus cohort and 40% in the RUXmin cohort (p =
0.12; Figure 5B). Similarly, graft-versus-host disease-free, relapse-free survival (GRFS) was
59% in the RUXplus cohort versus 20% in the RUXmin cohort (p = 0.06; Figure 5C). Taken
together, these findings indicate an improved overall survival in patients undergoing
aBTCR-depleted transplantation with peri-transplantation ruxolitinib.
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Figure 5: aBT cell +/- CD19 depleted transplantation with peri-transplantation ruxolitinib
results in favourable survival outcomes. A) Kaplan-Meier curves of overall survival, defined as time from
transplantation to death from any cause, censoring at the last day of follow-up. B) Kaplan-Meier curves of event-free
survival, defined as the time from transplantation to relapse, graft failure or death, and censoring on the last day of
follow-up. C) Kaplan-Meier curves of GVHD-free, relapse-free survival, defined as as the time from transplantation to
relapse, acute GVHD (aGVHD) grade IlI-1V, moderate-severe chronic GVHD (cGVHD), or death, censoring at the last
day of follow-up. Log-rank test was used to determine p-values.
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DISCUSSION

In this retrospective study, we investigated whether combining ruxolitinib with afTCR-
depleted grafts after a myeloablative conditioning could improve outcomes for patients
with myelofibrosis undergoing stem cell transplantation. Here, we highlight four key
findings. First, our transplantation platform with peri-transplantation ruxolitinib resulted
in excellent overall survival and a promising incidence of non-relapse mortality in this
patient category. Second, we observed low acute and chronic GVHD incidences in pa-
tients receiving peri-transplant ruxolitinib. Third, peri-transplant ruxolitinib did not impair
T cell recovery following abTCR-depleted transplantation. Fourth, relapse was effectively
controlled through (MRD) monitoring combined with donor lymphocyte infusions in a
substantial number of patients.

Overall survival at two years ranged from 50% in patients who did not receive ruxolitinib
to 82% in those treated with peri-transplant ruxolitinib. Notably, survival outcomes in the
peri-transplant ruxolitinib cohort compared favorably with previously reported data for
myelofibrosis''*'#3%33 This is despite the inclusion of an elderly population with a me-
dian age of above 60 years and the use of myeloablative conditioning, factors previously
associated with increased non-relapse mortality>”. The favorable overall survival we ob-
served appeared to be largely driven by peri-transplantation ruxolitinib, which may have
played a protective role in preventing non-relapse mortality. This aligns with findings by
Rathje et al., who reported a favorable one-year overall survival of 97% in myelofibrosis
patients treated with peri-transplant ruxolitinib®.

We observed low incidences of both acute and chronic GVHD in our study population
as compared to other large patient series on transplantation for myelofibrosis®”. This
partly agrees with other studies that peri-transplantation ruxolitinib reduces incidences
of aGVHD in myelofibrosis patients. However, the incidence of cGVHD remained consid-
erable in these studies''**. For example, Ali et al. reported an incidence of cGVHD of
42% in patients who received peri-transplantation ruxolitinib™. In contrast, Hobbs et al.
reported an incidence of moderate-severe cGVHD of 15% at 2 years when ruxolitinib was
continued for a year post-transplant, suggesting that the duration and timing of ruxoli-
tinib may be critical for cGVHD prevention'®. Taken together, shorter peri-transplant rux-
olitinib may be insufficient, and additional T cell depletion strategies may be warranted
to control cGVHD"?***, Supporting this, Kunte et al. reported notably low extensive
cGVHD incidence (8% at two years after transplantation) in myelofibrosis patients treated
with post-transplantation cyclophosphamide'®. Together, these results suggest that peri-
transplantation ruxolitinib may reduce aGVHD, but optimizing its duration and combin-
ing it with T cell depletion strategies may be necessary to mitigate the risk of cGVHD.
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Overall, immune reconstitution seemed superior in the peri-transplant ruxolitinib cohort,
with higher NK cell counts at six months and increased CD8" and CD4" af3T cells at one
year post-transplantation. This is partly in line with findings by Rathje et al., who also
observed improved NK cell recovery in patients receiving peri-transplantation ruxolitinib
* However, their study did not demonstrate enhanced aT cell reconstitution, in con-
trast to our results and those of Ali et al., who reported a trend toward improved afT cell
recovery'®. Moreover, in contrast to Rathje et al.”’, we observed no effect of ruxolitinib on
y&T cell recovery. This is possibly due to the use of aBTCR-depleted grafts in our platform,
which may promote y8T cell recovery independently of ruxolitinib. Also, B cell recovery
showed a different pattern in our cohort compared to previous findings: although initially
lower in the ruxolitinib cohort, B cell counts were higher at one-year post-transplant.
In contrast, Rathje et al. described a transient enhanced recovery during the first three
months, but without sustained differences®. A possible explanation for this discrepancy
is the high proportion of patients in our peri-transplant ruxolitinib cohort who received
aTCR and CD19-depleted grafts, in which, in contrast to a full graft, ruxolitinib-induced T
cell suppression is less likely to confer a relative advantage in early B-cell recovery. Taken
together, these comparisons highlight how graft composition and ruxolitinib dosing
likely interact to shape immune reconstitution patterns following transplantation.

While non-relapse mortality improved and acute and chronic GVHD rates were promis-
ing, 16% of patients relapsed after peri-transplant ruxolitinib. Early detection of driver
mutation persistence, combined with timely administration of DLIs, proved effective
in managing relapse. In line with our observations, a study of 37 myelofibrosis patients
showed that molecular monitoring followed by DLI effectively improved survival, with
significantly better outcomes when DLIs were given for molecular rather than for hema-
tological relapse (77% vs 32%)*. The importance of driver mutation clearance was further
supported by a recent study of 324 myelofibrosis patients, which found that clearance
of driver mutations by day 30 strongly predicted outcomes after transplantation®. Taken
together, these results suggest that integrating early molecular monitoring with timely
DLI administration can improve survival outcomes in myelofibrosis patients undergoing
stem cell transplantation.

Our study has several limitations. The primary limitation is its retrospective nature and
small sample size, particularly in the cohort that did not receive peri-transplantation
ruxolitinib. Despite this, we observed a significant difference in overall survival between
the two cohorts. Another limitation is the concurrent change in allograft engineering
strategy: shortly after implementing peri-transplant ruxolitinib, we transitioned from us-
ing afTCR depletion alone to afTCR and CD19 depletion. Therefore, it remains possible
that the improved outcomes observed in the ruxolitinib cohort were partly influenced
by the addition of CD19 depletion. However, in a larger cohort of patients with various
hematological malignancies that received either afTCR depletion or afTCR and CD19
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depletion, we did not see these striking differences in overall survival and non-relapse
mortality (unpublished data).

Future work should test whether peri-transplant ruxolitinib shows benefit across differ-
ent T-cell-depletion platforms, including post-transplant cyclophosphamide (PTCy), and
should define the optimal dose, timing, and duration of peri-transplant ruxolitinib in my-
elofibrosis. Given that late relapses are not uncommon®**, standardized MRD monitoring
seems essential. Current guidelines define molecular relapse as the reappearance of the
MRD marker in two consecutive peripheral blood samples®, but thresholds vary by assay.
In our analysis, MRD positivity was defined as ddPCR >0.1%. However, in some cases, val-
ues fluctuated around this threshold before declining again. Establishing assay-specific
thresholds for MRD detection would help standardize the definition of molecular relapse
and reduce the risk of misclassification, thereby reducing the risk of over- or undertreat-
ment of patients. Together, these future studies will be critical for optimizing transplant
strategies and post-transplant monitoring in myelofibrosis.

In conclusion, we showed that myeloablative conditioning, combined with an afTCR/
CD19-depleted allograft, peri-transplantation ruxolitinib, and MRD-based DLl is a promis-
ing strategy to achieve long-term GRFS in patients with myelofibrosis.
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ABSTRACT

Allogeneic hematopoietic stem cell transplantation is the only curative option for
several myeloid malignancies. Early immune dysregulation may contribute to disease-
specific complications and non-relapse mortality, particularly in myelodysplastic syn-
dromes (MDS) and myelofibrosis (MF). We investigated whether post-transplant immune
dynamics are shaped by underlying disease biology and peri-transplant interventions
by longitudinally profiling 92 immune-related plasma proteins during the first four
weeks after transplantation in patients with acute myeloid leukemia (AML) (n=10), MDS
(n=10), and MF (n=13). MF patients received peri-transplant ruxolitinib (day -5 to +14).
Unsupervised analyses showed that time since transplantation accounted for most of the
variation in protein expression, with prominent contributions from pro-inflammatory cy-
tokines, T-cell-associated proteins, immune-regulatory markers, endothelial/tissue injury
proteins, and chemokines. To facilitate interpretation, we grouped a subset of proteins
into five functional modules. These five module-based trajectories were similar in AML
and MDS up to week three, but diverged at week four, with lower module scores in MDS.
On the other hand, MF displayed lower scores in weeks two and three, followed by an
increase after week three, suggesting a transient dampening of early immune activation,
potentially due to ruxolitinib. Overall, early post-transplant immune dynamics appear
strongly time-driven but modulated by disease context and peri-transplant treatment,
supporting multiplex protein profiling to capture disease-specific immune trajectories
for subsequent correlation with clinical outcomes.

Short-Term Post-Transplant Proteomics Reveal Temporal and Disease-Specific Trajectories in
Myeloid Malignancies
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the only curative treat-
ment option for several myeloid malignancies. Despite improvements in transplantation
techniques and supportive care, treatment-related toxicities such as graft-versus-host
disease (GVHD), endothelial damage, graft failure, and infections still may result in non-
relapse mortality (NRM)'.

The risk of NRM can vary across malignancies, as shown in a recent EBMT study compar-
ing outcomes between post-transplantation cyclophosphamide and ex vivo T-cell deple-
tion in patients with acute leukemia and myelodysplastic syndromes/myeloproliferative
neoplasms (MDS/MPN)?. In this study, the risk of NRM in patients with acute leukemia
was 16-19%, whereas in patients with MDS/MPN, it was 29-30%. A potential explanation
could be that leukemia patients typically receive induction therapy prior to transplanta-
tion, whereas patients with MDS and myeloproliferative neoplasms, such as myelofibrosis
(MF), usually receive upfront transplantation, without prior induction therapy. We hy-
pothesize that upfront transplantation in chronic myeloid diseases may preserve a pro-
inflammatory disease state that shapes early post-transplant immune dynamics, thereby
contributing to excess NRM.

In patients with MF, peri-transplant administration of the JAK1/2 inhibitor ruxolitinib
has been shown to reduce the rates of GVHD and NRM*®. These observations raise the
hypothesis that peri-transplant ruxolitinib shapes early immune dynamics after allo-HSCT
and may alter disease-specific host conditions that contribute to NRM. To explore this, we
investigated early post-transplant immune-oncology profiles in a retrospective cohort of
three distinct patient groups: AML, a disease with classically lower NRM; MDS, a disease
with higher NRM; and MF, in which peri-transplant ruxolitinib was used as an immune-
modulating intervention. All patients received the same myeloablative conditioning and
an ex vivo afTCR + CD19-depleted allograft. With longitudinal proteomic profiling during
the first four weeks after allo-HSCT, we aimed to characterize temporal and disease-
specificimmune trajectories in the early post-transplant period.
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MATERIALS AND METHODS

Study participants

Adult patients with either AML, MDS, or MF treated with an ex vivo afTCR +/- CD19-de-
pleted allogeneic hematopoietic stem cell transplantation between 2018 and 2023 were
included in this retrospective study. An overview of the patients included is presented
in Table 1. Data was collected from electronic health records and the European Society
for Blood and Marrow Transplantation (EBMT) database. All patients provided written
informed consent to the use of their data for scientific purposes before transplantation.
Informed consent was approved by the local ethics committee (METC nr 21-322) at the
University Medical Center Utrecht (UMCU, the Netherlands) in accordance with JACIE
guidelines and the declaration of Helsinki. Healthy controls were included through an
in-house healthy donor program, approved by the UMCU ethics committee (07/025), as
previously described®.

Conditioning regimen and graft processing

All patients received a myeloablative conditioning regimen consisting of anti-thymocyte
globulin (ATG) 1.5 mg/kg IV on days —12 to -9, fludarabine 40 mg/m? IV on days —5to -2,
and busulfan (Busilvex® AUC90 IV on days -5 to -2. Mycophenolate mofetil was adminis-
tered to all patients as GVHD prophylaxis until day +28 post-transplantation. MF patients
received ruxolitinib at a dose of 5mg twice daily from day -5 to day +14. Peripheral blood
stem cells were collected from 9/10- or 10/10-human leukocyte antigen (HLA)- matched
related or unrelated donors, in accordance with institutional donor selection guidelines.
Ex vivo depletion was performed using the automated CliniMACS® device (Miltenyi Bio-
tec, Bergisch Gladbach, Germany), with magnetic microbeads conjugated to anti-apfTCR
and, when applicable, anti-CD19 antibodies, as previously described”®.

Plasma samples

EDTA-plasma samples at weeks 1, 2, 3, and 4 post-transplantation were obtained from
the virology department of the University Medical Center Utrecht (UMCU). Samples were
stored at -80 °C until further use. All patients provided written informed consent for the
use of the samples for scientific purposes. Informed consent was obtained from partici-
pants, and the study was approved by the local ethics committee (TCBio nrs. 11-063 and
23-052). Healthy control samples were obtained through the UMCU in-house healthy
donor program (07/025), as described previously®

Olink multiplex assay

EDTA-plasma samples were analyzed with the Olink® Target 96 Immuno-Oncology
panel at the UMCU following the manufacturer’s manual. EDTA-plasma samples were
thawed and randomly distributed into 96-well plates. Randomization was done using
the OlinkAnalyze package in R°. The Olink assay is based on proximity extension assay
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technology'®'"". In short, the proximity extension assay uses antibody pairs directed to
specific proteins, each labeled with a unique DNA oligonucleotide. Upon binding, these
DNA oligonucleotides generate unique DNA barcodes for each protein. These newly cre-
ated DNA barcodes were subsequently amplified by PCR and quantified using a BioMark
HD Real-Time PCR Platform (Fluidigm, South San Francisco, CA). Raw quantification cycle
values were normalized and converted to normalized protein expression (NPX) units, ex-
pressed on a log2 scale, in which a one-unit increase corresponds to a two-fold increase
in the measured protein concentration. The 92 measured proteins are listed in Supple-
mentary File 1. The assay was performed simultaneously for all patient samples, whereas
healthy control samples were measured earlier®.

Statistical analysis

Data was analyzed using RStudio (R version 4.4.0). Baseline characteristics are reported
as frequencies and percentages for categorical variables and median (interquartile range
(IQR)) for continuous variables. Patient samples were distributed across two 96-well
plates, resulting in two datasets. Before analysis, the datasets were merged, and batch
effects were corrected using the BAMBOO method'. Values below the lower limit of
detection (LOD) were replaced with the LOD value for each respective protein. Proteins
with zero variance were excluded from subsequent analyses. For principal component
analysis (PCA), patient samples were scaled and centered, and the variance explained by
each component was calculated. The top 10 contributing proteins for PC1, PC2, and PC3
were identified based on absolute loading values.

Proteins were grouped into five functional modules based on biological function: (1)
Innate/Pro-inflammatory Cytokines (IL-6, TNF, IL-18, IL-8), (2) T-cell Associated Cytokines
(IFN-y, GZMB, GZMA, IL-2, IL-7, IL-15, IL-10), (3) Immune Regulation (LAG-3, PD-1, PD-L1,
PD-L2, CD27, CD28, TNFRSF9, TNFRSF4, CD244, KLRD1, MIC-A/B, NCR1), (4) Endothelial/
Tissue (ANGPT1/2, TIE2, VEGFA, VEGFR-2, PGF, LGALS9, MMP7, MMP12, HGF, HO-1), and (5)
Chemokines (CXCL9/10/11/12/13, CCL2/3/4/17/19/20/23, CX3CL1) (Supplemental table
1). Module scores were calculated as the mean scaled NPX value of all proteins within
each module. Heatmaps were generated using median module scores per disease-time-
point group, with hierarchical clustering disabled to preserve temporal ordering.

For differential expression analysis, Wilcoxon rank tests were performed comparing weeks
2,3, and 4 to week 1 for each disease group, with FDR correction for multiple testing (q <
0.05). Proteins with an absolute log2 fold change > 0.5 and adjusted p-value < 0.05 were
considered significantly differentially expressed.
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Table 1. Baseline Characteristics

AML MDS MF
(n=10) (n=10) (n=13)
Male (%) 4 (40) 5(50) 7 (54)
Median age, yrs (IQR) 67 (66, 70) 64 (62, 67) 63 (58, 66)
Donortype (%)
9/10 MUD 1(10) 1(10) 1(8)
10/10 MUD 6 (60) 7 (70) 8 (67)
10/10 MRD 3(30) 2(20) 3(25)
Depletion (%)
af3TCR depletion - - 3(23)
aBTCR + CD19 depletion 10 (100) 10 (100) 10 (77)
IQR, inter quartile range; MUD, matched unrealted donor, MRD, matched related donor
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Figure 1. Overview of samples and principal component analysis. (A) Sample overview (B) PCA was
performed after batch correction. The first two components (PC1: 26.7%, PC2: 9.2%) separate samples by time after
transplantation. Points are colored by time point (light sand = week 1, sand = week 2, teal = week 3, deep teal = week
4) and shaped by disease (circle = AML, triangle = MDS, square = MF).
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Patient characteristics

We included 33 patients in this analysis (Table 1). The indications for transplantation were
AML (n = 10), MDS (n = 10), and MF (n = 13). Median age ranged from 63 years in patients
with MF to 67 years in patients with AML. The majority (>60%) of patients received a
graft from a 10/10 matched unrelated donor (MUD). All AML and MDS patients received
an af3TCR- and CD19-depleted allograft, whereas three MF patients received an afTCR-
depleted graft. All MF patients received ruxolitinib peri-transplantation, as described in
the methods. For all patients, at least two timepoints were available (Figure 1A).

Time drives the expression of immuno-oncology proteins

First, we explored the dataset by performing principal component analysis (PCA). PC1
and PC2 explained 26.7% and 9.2% of the variance, respectively (Figure 1B). Samples
were separated primarily by time post-transplant, with week 1-2 samples clustering apart
from week 3-4 along PC1 and PC2, whereas disease groups largely overlapped. The top
10 proteins contributing to PC1 were Granzyme B, Granzyme A, TGF-31, ADA, Granzyme
H, Caspase-8, Galectin-9, PD-L1, Fas Ligand, and CD244. The top 10 proteins contributing
to PC2 were CCL2, IL-8, IL-15, CX3CL1, CCL3, IL-6, CCL20, CXCL12, IL-7, and CCL4.

We next examined which proteins were differentially expressed over time by comparing
week 2, week 3, and week 4 timepoints to week 1 across all disease groups (Supplemen-
tary Figure S1A-C). At week 2 relative to week 1, only two proteins were significantly dif-
ferentin AML (1 lower and 1 higher expressed), none in MDS, whereas MF already showed
six proteins with significantly lower expression. By week 3, the number of differentially
expressed proteins increased markedly in AML (4 lower and 24 higher expressed) and
MDS (4 lower and 21 higher expressed), while MF showed a more modest, bidirectional
shift (8 lower and 5 higher expressed). At week 4, differential expression remained evi-
dent, with AML showing 3 proteins with lower expression and 11 with higher expression,
MDS 6 with lower and 21 with higher expression, and MF 6 with lower and 10 with higher
expression (Supplementary Figure S1D). Thus, although protein expression changes in-
creased over time across groups, MF displayed a distinct profile with comparatively fewer
proteins showing higher expression at week 3. Several proteins showed consistently
higher expression across all three disease groups, including Granzyme A, whereas CCL2
(MCP-1) and IL-15 showed consistently lower expression over time.

Distinct disease immune trajectories

To further explore differences among patients with AML, MDS, and MF, we grouped pro-
teins by biological function (Supplementary Table S1). Although differences in protein
expression between AML/MDS and MF patients were minor in the first week after trans-
plantation, they diverged in the second week (Figure 2). In weeks 2 and 3, proteins in all
groups were less expressed in the MF group than in the AML/MDS group. Interestingly,
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however, in week 4 this difference appeared to have largely disappeared. These findings
suggest short-term downregulation of several proteins in patients with MF.

Disease-specific immune trajectories were also evident when examining individual
proteins in these functional groups (Figure 3). For example, MF patients had lower ex-
pression of several proteins, including IFN-y, granzymes, and chemokines. In contrast, we
observed similar patterns across all disease groups for the pro-inflammatory cytokines
IL-6 and IL-8, with values peaking in week 2 and subsequently declining to levels similar
to those of healthy controls (Supplementary Figure S2). Overall, these data highlight
both conserved post-transplant cytokine kinetics and distinct, disease-associated pat-
terns in immune effector proteins.

DISCUSSION

In this exploratory study, we characterized early post-transplant proteomic dynamics
in three myeloid malignancies. We observed that the early post-transplant period (the
first 4 weeks) is characterized by dynamic, substantial changes in circulating immune-
oncology-related proteins. These changes were primarily driven by the time since trans-
plantation, with disease-associated differences emerging when proteins were grouped
into functional modules.

Allogeneic stem cell transplantation substantially disrupts homeostatic mechanisms,
and we found that the time after transplantation was the primary driver of variation in
circulating protein levels in the post-transplant period. Interestingly, we found limited
changes in most proteins between weeks 1 and 2 post-transplantation, except for a peak
in IL-6 expression. Additionally, many protein levels at week 1 differed from those of
healthy controls. These findings suggest that a substantial part of the proteomic shift
may occur during conditioning and the immediate peri-transplant period; however, this
cannot be confirmed in the absence of pre-conditioning baseline samples.

Other studies have also reported dynamic changes in inflammatory cytokines during
the early post-transplant period'*'®. More specifically, Melenhorst et al. described two
cytokine storms: the first peaking when leukocyte concentrations were at their lowest,
and the second coinciding with the achievement of full donor lymphocyte chimerism'.
A similar pattern is observed in our data, with IL-6 and IL-8 levels peaking around week
2. Across studies, the timing of this peak is variable. This could be due to differences in
immune reconstitution, as levels of IL-6 are inversely correlated with neutrophil numbers,
and other cytokines, such as IL-15 and IL-7, are inversely correlated with absolute T cell
counts'". Together, these findings suggest that early cytokine storms can develop dur-
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ing leukopenia, but that their onset and magnitude can depend on pre-transplant factors
such as conditioning intensity and in vivo and ex vivo T cell depletion strategies.
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Figure 2. Temporal dynamics of protein module scores across disease groups. (A) Heatmap show-
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Figure 3. Disease-specific protein expression trajectories by functional module.
Individual protein trajectories across weeks 1-4 post-HSCT, organized by functional module: (A) Innate Pro-inflam-
matory, (B) T-cell Associated, (C) Immune Regulation, (D) Endothelial/Tissue, and (E) Chemokines. Thin, transparent

lines represent individual patient trajectories; thick lines with points indicate mean NPX values for each disease group.
Colors indicate disease (red: AML; blue: MDS; grey: MF). NPX: Normalized Protein eXpression (log2 scale).

Limited research has examined the effects of underlying diseases on post-transplant
proteomics. Min et al. reported that the underlying disease had no significant effect
on cytokine profiles’. A potential limitation of this study was a large heterogeneity in
conditioning intensity. In contrast, we performed our study using a broader 92-plex panel
that extends beyond cytokines. In addition, our cohort was treated using a uniform con-
ditioning regimen and graft manipulation platform, reducing procedural heterogeneity.
In our analysis, disease-associated differences did become apparent when proteins were
grouped into biologically relevant functional modules.
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The distinct protein trajectories were most striking in MF patients, where our data sug-
gests transient alterations in early post-transplant immune dynamics relative to AML and
MDS. One possible explanation for this temporary suppression is the peri-transplant use
of the JAK1/2 inhibitor ruxolitinib in MF patients, which was stopped on day 14 post-
transplant. Specifically, the relative downregulation of multiple protein classes during
weeks 2 and 3 in MF may reflect temporary suppression of immune activation and/or
cytokine signaling. This suppression appeared to be reversible, as protein expression
levels at week 4 were comparable between MF and AML, arguing against a sustained
defect in immune reconstitution. Consistent with our observations, previous studies have
shown reduced IL-6 and IFN-y after peri-transplant ruxolitinib®*'®. Prior work has also
reported decreases in regulatory T cells'®"®
in IL-10 we observed around week 3. As peri-transplant ruxolitinib is increasingly used
in MF®, it is notable that withdrawal has been associated with rebound inflammation

, which may align with the modest reduction

(cytokine storm) and potentially increased GVHD risk'®. In our cohort, we observed no
evidence of a cytokine storm following ruxolitinib discontinuation, possibly due to the
low ruxolitinib dose. Together, these findings suggest that the timing and reversibility
of the protein-expression dip in MF may be attributable to pharmacologic effects rather
than MF-intrinsic differences.

We and others have previously shown that peri-transplant ruxolitinib improves out-
come by reducing GVHD and NRM>?. Although this study was not powered to correlate
changes in protein expression to clinical outcomes, our data may suggest that temporary
immunosuppression during the peak of conditioning-induced inflammation may prevent
“immune-dysregulation” after allo-HSCT, with a subsequent reduced risk of complica-
tions such as infections, GVHD, poor graft function, and endothelial damage. Apart from
the sample size, another limitation of this study is that we measured only relative protein
expression, which makes it more difficult to compare our findings with those of other
studies. In addition, we did not have pre-transplant (pre-conditioning) plasma samples,
limiting our ability to establish individual baseline levels and to directly assess how con-
ditioning and peri-transplant treatment altered the proteomic profile relative to the pre-
transplant state. On the other hand, to our knowledge, this is one of the most elaborate
proteomic profiling studies in this early post-transplant period. Mapping early proteomic
changes after transplantation may help identify biological processes that influence
immune reconstitution and inflammation. Moreover, multiplex protein panels can be a
powerful hypothesis-generating tool for capturing dynamic post-transplant processes
that are difficult to assess with single biomarkers.

Future studies should include larger cohorts and integrate proteomic data with long-
term clinical outcomes, including GVHD, NRM, and relapse. A key question is whether and
to what extent biological events in the first four weeks after transplantation determine
later outcomes. However, there are no standardized methods for measuring inflamma-
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tion and immune reconstitution after transplantation. Recently, there has been increased
attention to the relation between immune subsets and outcomes®'. Moreover, studies on
plasma markers have mostly focused on GVHD only*. We propose that systematic mea-
surements of plasma markers, especially during the first weeks after transplantation, will
allow us to link immune profiles to outcome and better understand the underlying biol-
ogy of immune dysregulation, thereby helping to design early immune interventions to
prevent GVHD. In conclusion, this study highlights the early post-transplantation period
as a phase of profound biological change, driven primarily by time since transplantation,
but modulated by disease context and possibly by peri-transplant ruxolitinib. Ultimately,
insights into early plasma proteomics and their associations with outcomes may inform
optimal timing, duration, and patient selection for peri-transplant interventions.
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Supplementary Figure S1. Differential protein expression analysis across timepoints. (A-C)
Volcano plots showing differentially expressed proteins comparing week 1 to weeks 2, 3, and 4 in (A) AML, (B) MDS,
and (C) MF patients. X-axis shows log2 fold change; y-axis shows —log10 FDR-adjusted p-value. Horizontal dashed
line indicates FDR = 0.05; vertical dashed lines indicate absolute log2FC = 0.5. Red points: significantly upregulated
proteins; blue points: significantly downregulated proteins; grey points: non-significant. Protein names are labeled
for significant proteins. (D) Summary heatmap of protein regulation patterns across all comparisons. Red: upregu-
lated (FDR < 0.05, log2FC > 0.5); blue: downregulated (FDR < 0.05, log2FC < —0.5); white: not significant. Columns
are clustered hierarchically; rows are grouped by timepoint comparison. Statistical testing performed using Wilcoxon
rank-sum test with FDR correction.
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Short-Term Post-Transplant Proteomics in Myeloid Malignancies

O
z
[}
<

ANGPT1 TIE2 VEGFA

- Ij = = ' #z;z
h#m%iéﬁﬂm~5$###w
f@ﬁ\fﬁﬁfh &&é\jxfwfmﬁ*a w F T Qﬁ“\ FAFF

VEGFR.2 PGF Gal.9 MMP7

:éyumwﬁgq%%uzéwﬁiﬁté AR
FLEEF FFFF7 PrP77 Fr777

MMP12 HGF

"éﬂﬁﬁﬁﬁ$944¢%*ﬂ*ﬁ*

&e‘é j\ f“ (é‘& fb f.\ f: j'v f‘b j_m y e@ f"\ jf\, ,,p*? j“

NPX Value
v s+ o
o
s @ @

©
&

NPX Value
®
g
g

NPX Value
®

>

E CXCL9 CXCL10 ’ CXCL11 . ccL17
ST . 1% by A2
P T LALLM LR RIS P
FEEFrE Frrrsy Frrry Frrr7

CCL19 CCL20 ccL23 MCP.1

1@#*&“% h*ﬁw§$ﬂﬂﬁ#

A '5.‘ o A oS » N ° A3 N > >
FfEFFE FTFFFS TSy T LSS

éﬂﬁ*ﬂﬁ;_.ﬂ.ﬁuugeﬁ*mj '**'W‘"A

DI v N d N T o A N 0 s N
‘4~$’4~ 'é'&‘é “**‘#* F B B 8 N
& & j‘fﬁ & & &S FFHSES

CXCL12 CXCL13 CX3CL1

ﬂ]f
=
=

74

ES

6

NPX Value

© o~ ®

o
s

"

0| T E i Bl

FFFE S S5

~

NPX Value
»
S

[ Heathy B8 AML B MDS HE MF

Supplementary Figure S2: Plasma protein expression levels across disease groups and time
points Boxplots showing normalized protein expression (NPX) values for individual proteins measured in plasma
samples from patients with acute myeloid leukemia (AML, n = 10), myelodysplastic syndrome (MDS, n = 10), and my-
elofibrosis (MF, n = 13), compared to healthy controls (n =10). Each panel represents a single protein, with NPX values
plotted across different time points post-transplantation (weeks) and baseline (healthy controls). Boxes represent the
interquartile range (IQR), with the median indicated by the center line. Whiskers extend to 1.5x IQR, and outliers are
shown as individual points. Colors indicate disease groups. Proteins are grouped by functional category. (R) Innate
Pro-inflammatory, (B) T-cell Associated, (C) Inmune Regulation, (D) Endothelial/Tissue, and (E) Chemokines.
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ABSTRACT

Immune reconstitution after allogeneic hematopoietic stem cell transplantation is influ-
enced by graft composition and viral reactivation, but the combined long-term impact
on af and y&T cells remains unclear. We analyzed a cohort of 213 patients receiving ei-
ther af3T cell-depleted grafts (n=146; graft engineering that removes donor af3T cells) or
T cell-replete grafts (n=67; containing donor T cells). Longitudinal immune phenotyping
was integrated with bulk and single-cell TCR repertoire and transcriptomic profiling. CMV
reactivation was associated with expansion of CD8* afT cells across both transplant types
and with numerical dominance of V82~ y4T cells specifically in afiT cell-depleted recipi-
ents. V82~ yOT cells underwent early polyclonal expansion followed by repertoire focus-
ing, independent of CMV, whereas afiT cells remained clonally restricted. Reduced early
V62* ySTCR diversity was associated with EBV reactivation. Single-cell and TCR tracking
analyses revealed long-term persistence of donor-derived V62* y6TCRs, whereas V81" y&
and afT cell repertoires were predominantly rebuilt de novo. Despite de novo rebuilding,
a3 TCR repertoire diversity diverged by platform at one year: a3T cell-depleted recipients
exhibited marked (hyper)expansion of a3TCR clonotypes and lower diversity than T cell-
replete recipients, indicating a durable imprint of graft engineering on aTCR-clonality.
Transcriptomic profiling showed that post-transplant T cells predominantly adopted
effector programs, with platform-dependent polarization toward cytotoxic signatures
in af3 T cell-depleted recipients and toward AREG-associated tissue-repair signatures in
T cell-replete recipients, consistent with wound-healing functions. In conclusion, long-
term af3 and y&T cell reconstitution diverge by graft type, with viral reactivation primarily
amplifying expansion rather than fundamentally reshaping repertoire structure.
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Platform-Imprinted Transcriptional and Clonal Remodeling of af3
and y&T Cells After Allogeneic Transplantation

INTRODUCTION

A well-balanced immune reconstitution is critical for the success of allogeneic hemato-
poietic stem cell transplantation (allo-HSCT), as it determines a patient’s ability to control
complications such as graft-versus-host disease (GVHD) and viral infections. However,
immune reconstitution dynamics vary substantially across transplantation platforms,
with pronounced differences between apT cell-depleted and T cell-replete graft'™®. afT-
cell-depleted grafts reduce transfer of mature donor afT cells to mitigate GVHD but may
delay adaptive T cell recovery, while T-cell-replete grafts provide immediate donor T cell
immunity but carry a higher risk of alloreactivity'. These platform-specific differences af-
fect the timing and composition of immune subset recovery and, consequently, host re-
sponses to viral challenges such as cytomegalovirus (CMV) and Epstein-Barr virus (EBV),
both of which frequently reactivate post-transplantation and remain major contributors
to morbidity and mortality”®.

Most studies examining the interplay between immune recovery and viral reactivation
have been conducted in T cell-replete settings. In this context, early reconstitution of NK
cells and CD4* afT cells has been associated with protection against CMV reactivation,
but not EBV reactivation®. CMV reactivation has been shown to drive numerical expan-
sion and effector differentiation of V62~ y&T cells and CD8* afT cells®'*, accompanied by
clonal proliferation and reduced TCR repertoire diversity, as revealed by next-generation
sequencing studies™ . In contrast, EBV reactivation typically occurs in the setting of
insufficient immune control. It does not promote immune recovery, which has motivated
the development of EBV-specific adoptive T cell therapies to prevent post-transplant
lymphoproliferative disease®. However, as transplantation platforms evolve, these estab-
lished immune-virus relationships may no longer directly translate.

This has become increasingly relevant with the growing clinical implementation of ex

2122 which introduce fundamentally distinct immune recon-

vivo afT cell-depleted grafts
stitution dynamics'?. Profound delay of afT cell recovery shifts early immune responses
toward innate and unconventional lymphocyte populations, including NK and yoT
cells**$#% |n this aBT cell-depleted setting, viral reactivations are likely to shape immune
phenotypes differently than in T cell-replete platforms. For instance, CMV reactivation in
afT cell-depleted or umbilical cord blood recipients has been associated with the expan-
sion of memory-like CD57*NKG2C* NK cells®**°, Despite these emerging observations,

systematic comparative analyses across platforms and immune subsets remain limited.

To address this gap, we investigated how affT cell-depleted versus T cell-replete trans-
plantation platforms shape post-transplant immune reconstitution, and how CMV and
EBV reactivations modulate this process. We performed longitudinal immune profiling
and integrated bulk and single-cell TCR repertoire and transcriptomic analyses to charac-
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terize reconstitution of both ap and y&8T cell compartments across platforms. In addition,
we performed single-cell RNA sequencing on donor samples and on recipient samples
one year post-transplantation from both platforms in patients with CMV reactivation to
characterize phenotypic and transcriptional changes in T cell subsets. We demonstrate
that the transplantation platform establishes the baseline long-term framework of post-
transplant immunity. At the same time, CMV reactivation amplifies this framework by
driving distinct transcriptional and functional polarization of expanding CD8* af and
V52~ y&T cell subsets.

MATERIALS & METHODS

Clinical cohort

Patients with hematological malignancies who received an afiT cell-depleted stem cell
transplantation at the University Medical Center Utrecht (UMCU) between 2015 and 2017
were included in this retrospective study. Conditioning consisted of anti-thymocyte glob-
ulin (ATG), fludarabine, and busulfan. af T cell depletion was performed using anti-afTCR
antibodies and the CliniMACS system, allowing a maximum residual af3T cell dose of 5
x 10° cells/kg. Mycophenolate mofetil (MMF) was used as single GVHD prophylaxis, and
pre-emptive donor lymphocyte infusion (DLI; 1x10°> CD3* T cells/kg) was administered at
three months post-transplantation in eligible patients. As a comparator group, T cell-re-
plete transplant recipients treated at UMCU between 2011 and 2018 were included after
either reduced-intensity or myeloablative conditioning with standard GVHD prophylaxis.
Peripheral blood stem cells were used in both cohorts. Immune reconstitution and viral
reactivations were monitored longitudinally as part of routine care, with immune subset
recovery assessed by flow cytometry. CMV reactivation was defined as >250 IU/mL, and
EBV reactivation as >1000 IU/mL by PCR. All patients provided written informed consent,
and the study was approved by the local ethics committee (METC nr 21-322, UMCU)
(see®®®! and Supplementary Material).

T cell receptor repertoire sequencing and single-cell profiling

To characterize the clonal composition and transcriptional programs of a3 and y6 T
cell subsets during post-transplant immune reconstitution, we combined bulk next-
generation sequencing of the T cell receptor (TCR) with paired single-cell RNA sequenc-
ing (scRNA-seq) and single-cell TCR sequencing (scTCR-seq). These complementary ap-
proaches enabled quantitative assessment of repertoire diversity, clonal expansion, and
functional polarization at both population and single-cell resolution. TCR3 and TCRS rep-
ertoires were sequenced from flow-sorted CD4" af3, CD8* af, and y&T cell subsets using
established amplification protocols®, followed by Illumina-based sequencing. Productive
CDR3 sequences were extracted using MiXCR*, normalized for sequencing depth, and
analyzed with the immunarch package®. For single-cell profiling, aB and y&T cells were
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flow-sorted from PBMCs collected approximately one year post-transplantation and
processed using the 10x Genomics Chromium 5’ platform with paired V(D)J enrichment,
including custom y6TCR primers. scRNA-seq data were processed with Cell Ranger and
analyzed in Seurat®?®, with reference-based cell-type annotation using Azimuth®®.
Furthermore, we used the T CellAnnoTator (TCAT) pipeline to characterize functional pro-
grams in T cells®’. aBTCRs were screened for CMV specificity using the scRepertoire and
Trex packages**?, which annotate aBTCRs with epitope data from VDJdb, McPAS-TCR,
IEDB, and PIRD databases”*. Complete experimental protocols and detailed analytical
workflows for TCR sequencing, scRNA-seq, and scTCR-seq are provided in the Supple-
mentary Material.

RESULTS

CMV-driven divergence in long-term T cell recovery across
transplantation platforms

To compare immune reconstitution following apT cell-depleted- (n = 146) versus T
cell-replete allo-HSCT (n = 67) (baseline characteristics in Table 1), we longitudinally
assessed the numerical recovery of CD8* af3T cells, CD4* afT cells, V62* y&T cells, and
V&2~ y&T cells over the first three years post-transplantation. Given the known impact
of CMV reactivation on post-transplant immunity'"'®, patients were stratified by CMV
reactivation status. CMV reactivation occurred at 27 days (median, range 0-202) after afT
cell-depleted and 33 days (median, range 3-237) after T cell-replete transplantation. In
patients without CMV reactivation, CD4" and CD8" afT cells reconstituted more rapidly
and reached higher absolute counts after T cell-replete transplantation (Figure 1A, B).
In CMV-reactivated patients, a distinct numerical recovery pattern emerged. CD8* afT
cells expanded markedly in both transplant platforms (Figure 1C,D; Supplementary
Figure S1). In contrast, CD4" af3T cell recovery was slow and was not augmented by CMV
reactivation (Figure 1C,D). Across both platforms, the V62*/V82~ y&T cell ratio declined
over time, with a sustained inversion in patients who received an afT cell-depleted al-
lograft and/or experienced CMV reactivation (Supplementary Table S1). Notably, from
the earliest phase of immune reconstitution (median day 23), CMV reactivation in the afT
cell-depleted platform was associated with a sustained numerical expansion of V62~ y&T
cells, which resulted in an inversion of the V§2*/V82~ y8T cell ratio that persisted for up
to three years (Figure 1C; Supplementary Figure S1A). Alongside CD8* af3T and V62~
yOT cells, NK cells also expanded in association with CMV reactivation. This effect was
significant in the afT cell-depleted platform (p = 0.010; Supplementary Figure S1A)
and similarly observed in the T cell-replete platform (Supplementary Figure S1B). B cell
numbers were unaffected by CMV reactivation in both platforms. Together, these data
demonstrate that while CMV reactivation serves as a strong numerical amplifier of CD8*
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Table 1. Baseline characteristics

Ex vivo apT-cell

depleted T-cell-replete p-value
N =146 N=67
Median age (IQR) 53 (43,64) 53 (45,62) 0.84'
Male, n (%) 95 (65%) 47 (70%) 0.47%
Median follow-up post allo-HSCT in 35 (6, 60) 60 (27, 100) <0.001"
months (IQR)
Year of allo-HSCT, n (%) <0.001?
2011-2015 53 (36%) 55 (82%)
2016-2022 93 (64%) 12 (18%)
Disease, n (%) 0.22?
ALL 21 (14%) 8 (12%)
AML/MDS RAEB2 48 (33%) 20 (30%)
LYMPHOMA 20 (14%) 19 (28%)
MDS 14 (10%) 6 (9%)
MF 14 (10%) 6 (9%)
MM 17 (12%) 3 (5%)
Others 12 (8%) 5 (8%)
Donor type, n (%) 0.0572
MRD 10/10 29 (20%) 20 (30%)
MUD 10/10 90 (62%) 42 (63%)
MMUD 9/10 27 (18%) 5 (8%)
CMV serostatus, n (%) 0.70?
R-/D- 55 (38%) 20 (30%)
R-/D+ 18 (12%) 8(12%)
R+/D- 22 (15%) 11 (16%)
R+/D+ 51 (35%) 28 (42%)
EBV serostatus, n (%) 0.56°
R-/D- 1(1%) 2 (3%)
R-/D+ 12 (8%) 3 (5%)
R+/D- 14 (10%) 6 (9%)
R+/D+ 111 (76%) 51 (80%)
R+/Unknown 8 (6%) 2 (3%)
ATG received, n (%) 146 (100%) 48 (72%) <0.001%

IQR - inter quartile range; allo-HSCT - allogeneic hematopoietic stem cell transplantation; ALL — acute lymphatic
leukemia; AML - acute myeloblastic leukemia; MDS — myelodysplastic syndrome; MF — myelofibrosis; MM — multiple
myeloma; MRD — matched related donor; MUD - matched unrelated donor; CMV — cytomegalovirus; R - recipient;
D - donor; EBV - Epstein-Barr Virus; ATG - anti-thymocyte globulin

afT cells across transplant platforms, af3T cell depletion uniquely imprints a long-lasting
inversion of the V62*/V62~ y&T cell balance.
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Figure 1. T cell reconstitution after apT-cell-depleted allo-HSCT and T-cell-replete allo-SCT,
stratified by CMV reactivation. Numerical reconstitution of CD8" aT cells (refvalues 216 - 499), CD4" afT cells
(refvalues 560 - 1067), V52 T cells and V82" T cells (ref values total yS T cells 20-120) after aBT-cell-depleted allo-SCT or
T-cell replete allo-SCT, stratified by CMV reactivation. (A) Patients received af3T-cell-depleted allo-SCT and did not have
CMV reactivation (n=83), (B) patients received T-cell replete allo-SCT and did not have CMV reactivation (n=36), (C)
patients received af3T-cell-depleted allo-SCT and had CMV reactivation (n=59), and (D) patients received T-cell replete
allo-SCT and had CMV reactivation (n=27). All available clinical laboratory data are shown with LOESS curves (span
= 1), and 95% confidence intervals are shown. Dashed line: lower limits of reference values for CD8* afT cells (orange)
and CD4+ af3T cells (green).

v6 and af3T cell repertoires follow fundamentally distinct rebuilding
rules after aBT cell-depleted transplantation

To define clonal rebuilding dynamics, we performed longitudinal bulk TCR sequencing
in a subset of af3T cell-depleted transplant recipients (n = 30). Repertoire evenness was
guantified using the D75 index, a repertoire diversity metric defined as the minimum
number of unique clonotypes required to account for 75% of total TCR sequencing
reads, with higher values indicating a more diverse, less oligoclonal repertoire. In healthy
donors, V62~ y8T cells displayed a median D75 of 6.5, whereas V62* y&8T cells had a me-
dian D75 of 39.5. After transplantation, both yoT subsets exhibited markedly higher early
diversity before day 100 (V62 median 60.5; V62* median 90), followed by a significant
contraction toward donor-like values beyond day 100 (Figure 2A-B; V62~ p = 0.008,



118

Chapter 6

V82* p = 0.01), indicating an early polyclonal burst followed by repertoire focusing. In
contrast, apT cell repertoires remained persistently restricted. Healthy donors displayed
high diversity in CD8" (median D75 221) and CD4* afT cells (median D75 2394). Post-
transplantation, CD8* and CD4" af3T cells exhibited profoundly reduced diversity before
day 100 (medians 14.5 and 30.5, respectively), with only minimal diversification thereafter
(Figure 2A-B). Notably, CD4* afT cell diversity remained severely constrained even one
year post-transplantation. These findings reveal opposing rebuilding strategies: y&T cells
undergo early polyclonal expansion followed by clonal focusing, whereas af3T cells, par-
ticularly CD4*, remain persistently clonally contracted.

CMV amplifies yé and ap numerically but does not dictate yé
repertoire focusing; EBV associates with early V82" restriction

Despite the marked numerical expansion of V62~ y&T cells in CMV-reactivated patients
(Figure 1), y8TCR repertoire evenness before day 100 did not differ between CMV-
reactivated and non-reactivated patients (median D75 143 vs. 60; p = 1; Figure 2C). After
day 100, V62~ y&8TCR repertoires became increasingly oligoclonal in both groups (p =
0.008; Figure 2A), indicating that repertoire focusing occurred independently of CMV.
EBV reactivation was associated with reduced early V&2* y8TCR evenness prior to day 100
(median D75 13 vs. 108; p = 0.034 Figure 2D), an effect that was not sustained later. This
suggests that early V&2 repertoire restriction may represent a transient risk state for EBV
reactivation. In CD8* afT cells, CMV reactivation was associated with significantly greater
repertoire focusing (median D75 6 vs. 34; p = 0.042; Figure 2C), consistent with dominant
clonal expansion, whereas CD4* a3T cells were unaffected. EBV had no detectable effect
on the af3TCR repertoire. Thus, CMV primarily acts as a numerical and clonal amplifier of
CD8* afT cells, while ySTCR repertoire focusing proceeds largely independently of viral
reactivation. Additionally, V62" repertoire evenness may modulate susceptibility to anti-
viral EBV responses.
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Figure 2. TRD and TRB sequencing were performed to estimate the diversity of the TCR rep-
ertoire in apT-cell-depleted allo-SCT recipients. (A) Evenness of TCR repertoire as estimated by unique
clonotypes making up 75% of the repertoire (D75). P-values found with Spearman’s correlation, p = Spearman’s cor-
relation coefficient. D75 of healthy donors (HD) added for comparison. (B) Examples of TCR repertoires of patients
vs healthy references (not SCT donors). Delta chain and beta chain CD8* sequential samples from one patient. Beta-
chain CD4" representative repertoires from 3 patients. D75/Evenness of TCR repertoire per group (<100 days after SCT,
>100 days after SCT) stratified by (C) CMV reactivation and (D) EBV reactivation. C + D) Median shown. V82  and V52*
TRD < 100 days after SCT n = 28 (CMV reactivation n = 7; EBV reactivation n = 7), V62 and V62 TRD > 100 days after
SCT n =18 (CMV reactivation n = 8, EBV reactivation n = 12), CD8* TRB <100 days after SCT n = 20 (CMV reactivation
n =7, EBV reactivation n = 7), CD8" TRB >100 days after SCT n = 14 (CMV reactivation n = 7, EBV reactivation n = 10),
CD4*TRB <100 days after SCT n = 14 (CMV reactivation n = 6, EBV reactivation n = 4), CD4* TRB >100 days after SCT n
= 13 (CMV reactivation n = 5, EBV reactivation n = 9). P-values found using the Wilcoxon Rank-Sum test, corrected for
multiple testing per cell type and group with Holm-Bonferroni correction.
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afTCR, but not y8TCR, clonality retains a durable imprint of graft
engineering at single-cell resolution

To explore these observations at higher resolution, we performed single-cell RNA and
TCR sequencing on donor samples and samples one year after transplantation (EBMT
landmark®) in three afT cell-depleted and three T cell-replete recipients, all of whom
experienced CMV reactivation (Supplementary Figure 2A-B). After quality control,
95,435 cells were retained, of which 46,223 cells were annotated with a TCR a and/or 3
chain and 28,716 cells with a TCR y and/or § chain (Supplementary Figure S2C-F). y6T
cell repertoires were not strongly influenced by transplant strategy, as they were highly
patient-specific and dominated either by V51" or by V617V62~ y8T cell subsets (Figure
3A, Supplementary Figure $3). The proportion of single y8T cell clones was low in all
patients (<25% of the repertoire). Hyperexpanded y&T cell clones (>75% of the reper-
toire) were observed in only two patients, one in the afT cell-depleted (IR067) and one in
the T cell-replete (TR007) group (Figure 3A). In contrast, the transplant strategy strongly
influenced aBTCR-clonality one year after transplantation. Patients who received afiT
cell-depleted transplants showed a markedly higher proportion of hyperexpanded af3T
cell clones and a lower proportion of singlet clonotypes compared with T cell-replete
recipients (Figure 3B). In donor samples, both y0TCR and af3TCR repertoires were com-
paratively evenly distributed and did not show corresponding skewing (Supplementary
Figure S4A-B). These data demonstrate that af3T cell clonality, but not y8T cell clonality,
retains a durable imprint of graft engineering at single-cell resolution.

V82* y8TCRs retain limited donor persistence, whereas V61" yé and
ap repertoires are largely newly generated

Tracking TCRS and TCR( chains between donors and recipients revealed consistent
low-level persistence of donor-derived V62* y8TCRs, accounting for <20% of & chains in
recipients one year after transplantation (Figure 3C, full TCRs Supplementary Figure
4C). The majority (>90%) of these shared V62* & chains were private clonotypes rather
than public sequences (Supplementary Table S2). In contrast, V61* y6TCR and apTCR
overlap between donors and patients was minimal across platforms, except in rare cases
where a small donor clone became hyperexpanded post-transplantation (Figure 3C,
patient IR067). Overlap of afTCRs between early post-transplant samples (<100 days)
and one-year post-transplant samples was pronounced only after CMV reactivation, with
af3TCR overlap exceeding 40% of total B chains in several patients (Figure 3D, patients
IR048 and TR0O1; full TCRs Supplementary Figure 4C). Together, these findings indicate
that V&2* y&T cells persist partially from the donor pool, whereas the V61* yd and o T
cell compartments are predominantly rebuilt de novo after transplantation.
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Figure 3. Overview of single-cell TCR data. Single-cell TCR sequencing of peripheral T cells ~1 year after
apB-T cell-depleted (n = 3) or T cell-replete (n = 3) allogeneic SCT. All patients experienced CMV reactivation. Full TCR
clones were grouped by size: single (1 cell), small (2-5 cells), medium (6-20 cells), large (21-100 cells) and hyperex-
panded (>100 cells). The proportions for each category are shown for individual patients. A) yoT cells and B) af3T cells.
C-D) Longitudinal analysis of shared delta chain (C) or beta chain (D) clonotypes between donors and patients (n =
5), and pre- and post-CMV samples (n=2).

CMV-driven afT cell expansion is only partially explained by CMV-
specific clonotypes

Considering the substantial increase in CD8" afT cell numbers in response to CMV re-
activation and the expansion of afT cell clones in apT cell-depleted allo-HSCT patients,
we assessed whether these dominant clones were predominantly CD8* or whether they
could also be CD4". In our single-cell RNA sequencing dataset of samples collected 1 year
post-allo-HSCT, 8,222 cells expressed either CD8A or CD8B, and 1,669 cells expressed CD4
(Figure 4A-B). Because all patients included in this analysis had experienced CMV reac-
tivation, we further examined whether any apT cell clones were CMV-specific using the
Trex package*'*>. We detected a small proportion of CMV-specific CD8* af3T cell clones in
all patients, ranging from 1.8% to 10.5%, with no major differences between af3T cell-de-
pleted and T cell-replete allo-HSCT recipients (Figure 4B). Fewer than 25% of these CMV-
specific CD8* clones were single-cell clones, with no differences across transplantation
platforms (Figure 4C). In contrast, >75% of CMV-specific clones within the CD4* afT cell
compartment were single-cell clones in T cell-replete recipients, whereas CMV-specific
CD4" clones were more expanded in patients who received afT cell-depleted grafts (Fig-
ure 4D). Interestingly, one patient exhibited a hyperexpanded CMV-specific clone, while
the remaining five patients showed similar, lower proportions of CMV-specific clones
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(4.4-7.2%) (Figure 4D). In clones annotated as non-CMV-specific, we observed pat-
terns that closely mirrored those observed in CMV-specific clones. CD8* afT cell clones
were predominantly (hyper)expanded, except in patients IR067 and TROO1 (Figure 4E),
whereas CD4* afiT cell clones were generally smaller and displayed a higher proportion
of single-cell clones in the T cell-replete transplant setting (Figure 4F). Together, these
findings indicate that although CMV reactivation is associated with marked afT cell ex-
pansion, the contribution of CMV-specific clonotypes remains relatively limited one year
post-transplantation. Moreover, the proportional contribution of CMV-specific clones is
comparable between transplant platforms, despite the CMV-driven af3T cell expansion
and the reduction in unique clonotypes observed in a3T cell-depleted transplant recipi-
ents.
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Figure 4. Single cell transcriptomic data and scTCR sequencing data of afT cells ~1 year post
apT-cell-depleted allo-SCT (n=3) or T-cell-replete allo-SCT (n=3). (A) and (B) UMAP including all pa-
tient samples showing RNA expression of CD8B (left) and CD4 (right). (C-F) Stacked barplot showing (C) and (D) CMV-
specific clones and (E) and (F) non-CMV-specific clones as determined by the Trex package per patient in CD8* affT
cells (C, E) and CD4* af3T cells (D, F), coloured by TCR clone size. Dark blue = single (1 cell), purple = small (2-5 cells),
pink = medium (6-20 cells), orange = large (21-100 cells), and yellow = hyperexpanded (>100 cells).
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Donor and patient T cells occupy distinct transcriptomic states after
allo-HSCT

To assess whether patient T cells retained donor-like transcriptional features, we parti-
tioned the scRNA-seq dataset into V52~ y&T cells, V82* y&T cells, CD8* apT cells, and CD4*
afT cells. Pseudo-bulk analysis showed that donors were transcriptionally more similar
to one another than to patients across all subsets (Supplementary Figures S5A-E).
TCellAnnoTator (TCAT) and Azimuth mapping placed post-transplant T cells within a
standardized transcriptional reference framework®***, Across y8T cell compartments,
patient-derived V62~ and V62" y&T cells predominantly exhibited GZMK* or GZMB* effec-
tor phenotypes (Supplementary Figure S6A-B). In contrast, donor af3T cells displayed
greater phenotypic diversity, with higher proportions of naive CD8* and CD4" cells,
whereas patient a3 T cells were consistently skewed toward effector memory phenotypes
across transplantation settings (Supplementary Figures S6C-D, S7A-B).

To further resolve transcriptional structure beyond predefined functional states, we ap-
plied non-negative matrix factorization (NMF) at single-cell resolution to define recurrent
transcriptional programs across donor and patient T cells (Supplementary Table S3). In
y&T cells, cytotoxic effector programs increased after transplantation and CMV reactiva-
tion (MP2; Supplementary Figure S8A), whereas helper-like programs were highest in
donors and reduced after transplantation (MP1; Supplementary Figure S8A). In af3T
cells, NMF revealed a shift from donor-enriched naive programs (MP1; Supplementary
Figure S8B) toward cytotoxic effector programs (MP2; Supplementary Figure S8B). To-
gether, these analyses show that long-term T cell reconstitution after allo-HSCT is char-
acterized by transcriptional states in patients that are distinct from those of their donors
across both yb and af3 lineages.

Transplantation platform imprints durable gene-expression
programs and functional states in T cells

To assess platform-specific effects on T cell transcriptional states, we performed compara-
tive gene-expression analyses between afT cell-depleted and T cell-replete recipients
within the same subsets, identifying four sets of differentially expressed genes (DEGs)
(Supplementary File S1). No genes were consistently downregulated in the T cell-replete
setting (Figure 5A); however, seven genes were upregulated across all subsets (AREG,
ELL2, FKBP5, NFKBIA, NR4A2, SELL, and ZFP36) (Figure 5B-C). Increased amphiregulin
(AREG) expression suggests engagement of tissue-repair or wound-healing programs in
T cell-replete recipients**’. Moreover, NMF revealed higher scores of IL7R+ helper sig-
natures in V82" y&T cells of T cell-replete recipients (Figure 6A). Together these findings
indicate qualitative functional differences between transplantation platforms.

Functional state scoring using the TCAT pipeline*® showed higher cytotoxicity scores in
V62~ yoT cells from T cell-replete recipients, whereas CD8" and CD4* afT cells exhibited
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higher cytotoxicity scores in afT cell-depleted recipients (Supplementary Figure S9),
which was confirmed by NMF (MP2; Figure 6B). Cytotoxicity scores were consistently
higher in patient samples than in donor samples across these subsets (Figure 6B, Sup-
plementary Figure S10), indicating that these states are not inherited from donorT cells.
Additionally, activation and inflammatory response programs (MP5) were relatively more
prominent in af3T cells of T cell-replete recipients (Figure 6B). Collectively, transcriptional
analyses demonstrate that the transplantation platform leaves a durable imprint on
reconstituting T cells, differentially balancing cytotoxic and tissue-repair-associated
programs between yé and afT cell lineages.
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Figure 5. Differential gene expression analysis across T cell subsets at 1 year post-SCT.
(A) Venn diagram showing the overlap of significantly downregulated genes in T-cell-replete compared to af3T-cell-
depleted recipients (log2FC < -1, adjusted p-value < 0.05) across the four T cell subsets (A) Venn diagram showing
the overlap of significantly upregulated genes in T-cell-replete compared to aBT-cell-depleted recipients (log2FC > 1,
adjusted p-value < 0.05) across V62 yéT cells, V62" y6T cells, CD8" aBT cells, and CD4" afT cells. Numbers indicate the
count of differentially expressed genes unique to or shared between cell types. Color intensity reflects the number of
overlapping genes.. (C) Expression levels of selected differentially expressed genes across cell types and conditions.
Boxplots show log-normalized expression values for donor samples (orange), afT-cell-depleted recipients (red), and
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scores of five y6 T-cell NMF meta-programs (MP1-MP5) are shown as boxplots, stratified by transplantation platform
(donor, aBT-cell-depleted, and T-cell-replete) and yST-cell subset (V62" and V52*). MP1 represents an IL7R* helper-like
y6 T-cell program (e.g., IL7R, KLRB1, RORA, IL18RAP), MP2 a cytotoxic effector program (e.g., CCL5, NKG7, PRF1, GNLY,
FGFBP2), MP3 a TCR signaling and motility-associated program, MP4 a proliferation/cell-cycle program, and MP5 a
naive/central-memory-like program (e.g., TCF7, LEF1, CCR7, BACH2). V562~ and V52* y& T cells are shown separate-
ly. (B) aB T cells: Single-cell module scores of five af T-cell NMF meta-programs (MP1-MP5) are shown as boxplots,
stratified by transplantation platform (donor, aBT-cell-depleted, and T-cell-replete) and aBT-cell subset (CD8* and
CD4"). MP1 corresponds to a naive/central-memory-like program (e.g., TCF7, LEF1, IL7R, CCR7), MP2 to a cytotoxic
effector program (e.g., CCL5, NKG7, PRF1, GNLY, granzymes), MP3 to a proliferation/cell-cycle program (e.g., MKI67,
PCNA), MP4 to a TCR signaling and adhesion program (e.g., FYN, PRKCH, ITGA4, STAT4), and MP5 to an activation/
inflammatory response program (e.g., TNFAIP3, ZFP36, DUSP1/2, JUN/JUNB, NR4A2, CD69). CD8* and CD4* a3 T cells
are shown separately. Boxplots indicate median and interquartile range, with individual points representing single
cells.

DISCUSSION

Allo-HSCT induces a profound and prolonged disruption of immune homeostasis, requir-
ing coordinated rebuilding of both innate-like and adaptive T cell compartments under
conditions of lymphopenia, inflammation, and viral exposure. Here, by integrating longi-
tudinal immune phenotyping with bulk and single-cell TCR repertoire and transcriptomic
profiling across af3 and yoT cell subsets, we delineate how graft engineering and viral
reactivation jointly shape post-transplant immune architecture over multiple years. By
comparing af3T cell-depleted and T cell-replete platforms, we could identify platform-
imprinted, lineage-specific patterns of clonal rebuilding, cellular origin, and functional
programming that persist long after transplantation.
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First, we identified an association between reduced early V62* ySTCR repertoire evenness
and subsequent EBV reactivation within the first 100 days post-transplantation. Although
correlative, this finding is biologically plausible given the known capacity of V&2* y&T
cells to recognize EBV-transformed B cells*® and genetic variation in BTN- and RhoB-linked
regions that affect y8TCR responses®'>*. In contrast to prior reports linking EBV reactiva-
tion to reduced y&8T cell numbers®, V562* y8T cell counts in our cohort remained stable,
suggesting that repertoire composition rather than absolute cell number may be the
more sensitive indicator of EBV immune pressure. These data support that early yoTCR
repertoire composition could serve as a potential surrogate marker of antiviral immune
competence, pending prospective validation.

Second, we demonstrate a significant CMV-driven expansion of V52~ y&T cells in afT
cell-depleted transplant recipients, consistent with prior observations in the T cell-replete
context'®"*'>'3 Notably, in the afT cell-depleted platform, this expansion results in a
persistent inversion of the V52*/V82~ ratio and sustained dominance of effector-like V62~
yOT cells for up to 3 years post-transplantation. Intriguingly, narrowing of the V62~ y&T
cell repertoire occurred even in the absence of CMV reactivation, suggesting homeostatic
proliferation rather than persistent viral antigen exposure as the primary mechanism un-
derlying repertoire focusing. This aligns with recent findings in healthy CMV-seronegative
individuals' and challenges the paradigm of persistent antigen exposure as the sole
driver of long-term modulation of the y8TCR repertoire'®.

Third, our paired donor-patient single-cell and TCR analyses revealed a strikingly lim-
ited overlap of V&1* and afTCR clonotypes between donors and recipients one year
after transplantation, independent of transplant platform. This finding indicates that, in
contrast to partial donor persistence observed for V62" y8TCRs, the V61" and afT cell
compartments are largely rebuilt de novo after allo-HSCT***%, The minimal donor-patient
V&1* and a3 TCR overlap further supports the notion that post-transplant V61* and apT
cell immunity is not simply a passive extension of the donor repertoire but is actively
reshaped by post-transplant antigenic, homeostatic, and inflammatory cues. Impor-
tantly, this does not imply equivalent rebuilding dynamics across platforms. Rather, early
donor-derived apT cells present in T cell-replete grafts may condition the post-transplant
immune niche through cytokine production, antigen-presenting cell licensing, and
competition for homeostatic signals, thereby facilitating more even de novo repertoire
diversification despite limited long-term clonotypic persistence®.

Fourth, recipients of af3T cell-depleted grafts displayed marked contraction of the a3TCR
repertoire with increased hyperexpansion of individual clonotypes. Given that GVHD is
a stochastic event, the low incidence observed in this cohort* likely reflects a reduced
overall probability of alloreactive encounters rather than a direct relationship with
baseline repertoire features. In this context, clonal hyperexpansion may primarily reflect



Platform-Imprinted Transcriptional and Clonal Remodeling of af3
and y&T Cells After Allogeneic Transplantation

homeostatic filling of available immune space following profound afT cell depletion,
rather than pathogenic alloreactivity. While prior studies in T cell-replete transplantation
have linked increased af3TCR diversity and post-transplant clonal hyperexpansion to
GVHD risk®®, our data suggest that these relationships are highly platform-dependent.
Importantly, the presence of early hyperexpanded clones does not preclude their further
expansion in the event of GVHD; rather, it indicates that baseline clonality alone is un-
likely to be mechanistically deterministic.

Fifth, despite pronounced CMV-driven expansion of CD8* affT cells, the fraction of
CMV-specific clonotypes one year post-transplantation remained relatively low across
platforms, consistent with previous findings®. This dissociation between numerical ex-
pansion and classical CMV specificity suggests that bystander activation, cytokine-driven
proliferation, and NK-like adaptive programs may substantially contribute to CMV-associ-
ated CD8* T cell expansion. The preferential expansion of cytotoxic, NK-like CD8* T cells in
afT cell-depleted recipients is consistent with emerging models of CMV-driven adaptive
cytotoxic immunity that extend beyond strictly antigen-restricted responses.

Sixth, transcriptomic profiling revealed that both yd and afT cells in patients adopted
predominantly effector-like states distinct from those of donors, with the transplantation
platform exerting a durable influence on functional polarization. Across T cell subsets,
transplantation platform-associated transcriptional programs were characterized by
shared upregulation of activation- and stress-responsive genes, whereas they differen-
tially redistributed cytotoxic and tissue-repair-associated states among lineages. In T
cell-replete recipients, V62~ yOT and afiT cells showed relatively higher engagement of
tissue-repair-associated programs, including AREG expression®®*®, whereas afT cell-
depleted recipients showed preferential skewing of CD8* af3T cells toward cytotoxic
effector programs. These divergent transcriptional profiles suggest that graft engineering
qualitatively reprograms effector function, potentially balancing tissue protection and
cytotoxic immunity in a platform-dependent manner. Whether these programs differen-
tially influence viral clearance, GVHD, or epithelial recovery remains to be determined.

Collectively, our data support a model in which post-transplant immune rebuilding is
shaped by three interacting forces: (i) graft engineering, which imposes durable con-
straints on afTCR diversity and platform-specific effector programming; (ii) viral expo-
sure, particularly CMV, which acts as a dominant numerical amplifier of cytotoxic lineages
without fully dictating long-term repertoire architecture; and (iii) intrinsic homeostatic
mechanisms, which drive early polyclonal yoT cell expansion followed by progressive rep-
ertoire focusing. Crucially, these forces act on T cell lineages with fundamentally different
relationships to the detectable donor repertoire. Within this framework, V62* yoT cells
constitute a rapidly adaptive compartment that partially persists from the donor pool,
whereas V62~ y6 and afT cells undergo substantial post-transplant repertoire reconstitu-
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tion, characterized by the emergence of new dominant clonotypes not detectable in the
graft.

These findings suggest that early post-transplant TCR repertoire composition may rep-
resent a previously underappreciated determinant of immune behavior after allo-HSCT.
As post-transplant interventions such as DLlIs, kinase inhibitors, and immunomodulatory
therapies become increasingly integrated into standard care®®, baseline clonal diversity
and lineage balance may critically condition both therapeutic efficacy and immune toxic-
ity. Likewise, early restriction of y&T cell repertoires may influence antiviral control and
responsiveness to emerging yd-directed strategies'. These data support the incorpora-
tion of TCR repertoire monitoring into post-transplant risk-stratification frameworks®.
Moreover, genetic variation in y6TCR ligands, such as BTN2A1, BTN3A1, and RhoB, may
further condition V82* y8T cell responsiveness™.

Several limitations warrant consideration. The number of patients analyzed by single-cell
RNA and TCR sequencing was small, limiting statistical power for transcriptomic and
clonotype-level comparisons and precluding robust adjustment for conditioning, disease
type, and GVHD prophylaxis. In addition, matched bulk and single-cell TCR sequencing
was not available for all patients. Where overlap existed, concordant clonotype detection
across platforms supports the robustness of the analytical approach. Larger, prospec-
tively designed studies will be required to validate the clinical implications of these find-
ings and to define their relevance for viral control, GVHD, and relapse across additional
transplantation strategies®’.

In conclusion, post-transplant immune reconstruction is not uniform but is durably
shaped by graft engineering, viral exposure, and intrinsic homeostatic forces in a lineage-
specific manner. By defining distinct rebuilding rules for y& and af3T cells at numerical,
clonal, and functional levels, these findings provide a framework for understanding
individual immune trajectories after allo-HSCT. As immune-directed therapies continue
to expand, such insights may enable more precise alignment of post-transplant interven-
tions with each patient’s evolving immune architecture.
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SUPPLEMENTARY METHODS

Details of the Clinical Cohort

Patients with hematological malignancies who underwent aff T-cell-depleted stem cell
transplantation at the University Medical Center Utrecht between 2015 and 2017 were
included in this retrospective analysis. The conditioning regimen consisted of ATG (Thy-
moglobulin®) 1.5 mg/kg i.v. on days —12 to —9; fludarabine 40 mg/m? i.v. on days -5 to
—2; and busulfan i.v. (Busilvex®) with AUC90 on days —5 to —2. af T cell reduction was
performed by depletion using anti-af3 T cell receptor (TCR) antibodies in combination
with magnetic microbeads on the automated CliniMACS device (Miltenyi Biotec, Bergisch
Gladbach, Germany), as described previously' and according to standard operating
procedures. The maximum allowable residual o T-cell number was 5 x 10° cells/kg. The
allograft was infused within 24 hours after depletion. Mycophenolate mofetil (MMF)
was administered at 15 mg/kg three times daily (maximum 3000 mg total) for 28 days
as single GVHD prophylaxis. Patients received a pre-emptive donor lymphocyte infusion
(DLI; 1 x 10°CD3* T cells/kg) at three months after stem cell infusion, in accordance with
guidelines for T cell depletion, provided patients were free of GVHD and not receiving
immunosuppressive medication at the time of DLI.

As a comparator group, patients who underwent a T-cell-replete stem cell transplanta-
tion at UMCU between 2011 and 2018 were included. Patients received either reduced-
intensity conditioning (RIC) or myeloablative conditioning (MA). RIC regimens consisted
of: (i) fludarabine 30 mg/m? i.v. on days —3 to —1 with total body irradiation (TBI) 2 Gy on
day 0, with or without ATG (Thymoglobulin®) 2 mg/kg i.v. on days —7 to —4; (ii) fludarabine
30 mg/m? i.v. on days —6 to —2 with melphalan 70 mg/m? i.v. on days —3 to —2, with or
without ATG 2 mg/kg i.v. on days —9 to —7; or (iii) fludarabine orally 50 mg/m? on days
-9 to —4 with melphalan 100 mg/m? i.v. on day —3 and alemtuzumab 15 mg on days —3
and —2. MA regimens consisted of either cyclophosphamide 60 mg/kg i.v. on days —4 to
—3 with TBI 6 Gy on days —1 to 0, with or without ATG 2 mg/kg i.v. on days —8 to —5; or
fludarabine 40 mg/m’ i.v. on days —5 to —2 with busulfan (Busilvex®) i.v. on days -5 to
—2 and ATG 1.5 mg/kg i.v. on days —9 to —6. In most regimens, MMF was administered at
15 mg/kg three times daily (maximum 3000 mg total) for 84 days, in combination with
cyclosporine (2 x 1.5 mg/kg i.v. or 4.5 mg/kg p.o.) for 180 days as GVHD prophylaxis. In
melphalan-containing regimens, MMF was used as single GVHD prophylaxis at the same
dosage. In alemtuzumab-containing regimens, cyclosporine was used as single GVHD
prophylaxis. Peripheral blood stem cells were used as the graft source in both cohorts.
At regular time points after allo-HSCT, levels of B cells, T cells, and NK cells, as well as their
subsets, were measured as part of routine clinical care. CMV reactivation was defined as
a viral load >250 IU/mL and EBV reactivation as >1000 IU/mL, as assessed by PCR. Data
regarding immune reconstitution and viral reactivations were retrieved from the hospital
medical record system.
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Next-generation sequencing of the T cell receptor

Frozen PBMC samples from patients and healthy donors were thawed. PBMCs were
stained with the following monoclonal antibodies: anti-CD3 eFluor450 (clone OKT3, eBio-
science), anti-TCRaf3 APC (clone IP26, eBioscience), anti-TCRyS PE (clone IMMU510, Beck-
mann Coulter), anti-CD8 PerCP-Cy5.5 (clone RPA-T8, Biolegend), and anti-CD4 FITC (clone
RPA-T4, eBioscience). Next, cells were sorted (BD FACSAriaTM Il cell sorter) into CD8* and
CD4" apT cell fractions (CD3pos, TCRaBpos, CD8pos or CD4pos) and y&T cell fractions
(CD3pos, TCR ydpos). After sorting, total RNA was isolated using RNeasy Mini or RNeasy
Micro kits (QIAGEN) according to the manufacturer’s instructions, with kit selection based
on input cell number (RNeasy Mini for >5x10A5 cells; RNeasy Micro for <5x10A5 cells).

The protocol for sequencing the variable region of the 3 chain of the T cell receptor (TCR)
for the CD4 and CD8 fractions was adapted from Mamedov et al.”’. cDNA was synthesized
(SuperScriptTM 1l Reverse Transcriptase, Thermo Fisher Scientific) utilizing a specific
primer at the 3’ constant region and a universal template switch adaptor at the 5" end of
the V region (Supplementary Table S4). Purified cDNA (NucleoSpin Gel and PCR Clean-UP,
Macherey-Nagel) was amplified using Q5° High-Fidelity DNA polymerase (New England
BioLabs, Inc.) on a T100TM Thermal Cycler (Bio-Rad). A specific nested primer located in
the constant region and a step-out primer, which anneals to the switch adaptor, were
used (Supplementary Table S4). The PCR product was loaded onto a 1.5% agarose gel,
electrophoresed, and products between 400-600 base pairs were size-selected and puri-
fied (NucleoSpin Gel and PCR Clean-UP, Macherey-Nagel).

A multiplex PCR was used to sequence the variable region of the §-chain TCR for the yo
fraction. First cDNA was synthesized (SuperScriptTM Il Reverse Transcriptase, Thermo
Fisher Scientific) and purified (NucleoSpin Gel and PCR Clean-UP, Macherey-Nagel). cDNA
was amplified using using Q5°® High-Fidelity DNA polymerase (New England BioLabs, Inc.)
on a T100TM Thermal Cycler (Bio-Rad) and purified (NucleoSpin Gel and PCR Clean-UP,
Macherey-Nagel).

Both the PCR products of the B and the & chain were loaded on the QlAxcel (Qiagen) and
the intensity of the PCR product was measured as relative fluorescent units (RFU). Based
on the RFU the samples were diluted for the HTS library preparations, which were car-
ried out using the HTSgo-LibrX kit with HTSgo-IndX indices following the manufacturer’s
(Gendx) recommendations. Subsequently, samples were purified using HighPrep PCR
beads (GC Biotech), and HTS was performed on an Illumina MiSeq 500 (2 x 250 bp read
length).
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NGS data analysis

Sequences of the CDR3 region of the B and the & chain of the TCR were extracted from
the raw Illumina files using MiXCR software’. Only productive reads were considered, and
sequences with a read count <2 were excluded from analysis. To correct for potential bias,
read counts were normalized to the sample with the lowest count (8400 reads). Reper-
toire analyses were performed using the immunarch package (version 0.9.0) in R version
4224

Single-cell RNA sequencing and single-cell TCR sequencing

Frozen PBMC samples from patients collected ~1 year after SCT (range 356-463 days)
were thawed. All patients had prior CMV reactivation. In addition, corresponding donor
PBMC samples were available for 5 patients, and for 2 of these patients, we included
paired pre- and post-CMV reactivation samples. PBMCs were stained with the following
monoclonal antibodies: anti-CD3 Pacific Blue (clone UCHT1, BD), anti-TCRap APC (clone
IP26, eBioscience), anti-TCRyd PE-Cy7 (clone IMMU510, Beckmann Coulter), anti-V61 PE
(clone REA173, Miltenyi), anti-V&2 FITC (clone B6, Biolegend), and anti-CD8 PerCP-Cy5.5
(clone RPA-T8, Biolegend). Subsequently, they were stained with LIVE/DEAD Aqua (Ther-
moFisher). Next, cells were sorted (BD FACSAriaTM Il cell sorter) into af3T cell fractions
(alive cells, CD3pos, TCRappos) and yoT cell fractions (alive cells, CD3pos, TCR ydpos).

Libraries for single-cell transcriptome sequencing and scTCR-seq were prepared using
the Chromium Single-Cell 5’ Library GEM-X Gel Bead and Construction Kit and Chromium
Single-Cell V(D)J Enrichment Kit (v3, 10x Genomics, CA, USA). Custom primers for the
capture of y8TCR transcripts were produced as described by Tan et al’>. The scRNA-seq and
sCTCR-seq libraries were sequenced on the lllumina Novaseq 6000 platform.

scRNAseq expression data analysis

Raw FASTQ files from 5’ gene expression (GEX) and targeted V(D)J libraries were merged
by lane for each sample and organized into multimodal inputs. Joint processing of
matched GEX and V(D)J data was performed with Cell Ranger (v8.0.1) using cellranger
multi with GRCh38 references for gene expression and V(D)J. To assign cells to their donor
of origin, SNPs were called from the Cell Ranger BAM using cellSNP-lite®, with a gnomAD
hg38 variant panel, and genotype-based demultiplexing was performed with Vireo’, as-
suming two donors per library; singlet, doublet, and unassigned calls were added to the
Seurat metadata. Seurat (5.1.0) was used in R version 4.4.1 for dimensional reduction, cell
clustering, and differential gene expression analysis®''. Azimuth was used to integrate
our dataset with CD8+ afT cell, CD4+ afT cell, and yoT cell subsets from the Human Im-
mune Health Atlas by the Allen Institute'®'>. Furthermore, we used the T-CellAnnoTator
(TCAT) pipeline to characterize functional programs in T-cells".
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scTCRseq data analysis

Alignment of y8TCRs was performed by using IMGT/HighV-QUEST on unfiltered FASTA
outputs from CellRanger'. Unproductive sequences and duplicated barcodes were
filtered out. scTCRseq data was added as metadata to the scRNAseq Seurat objects by
matching the barcodes. We defined single clones as one cell with a unique TCR, small
clones as one to five cells with the same TCR, medium clones as five to twenty cells with
the same TCR, large clones as twenty to one hundred cells with the same TCR, and hyper-
expanded clones as over one hundred cells with the same TCR. aTCRs were screened
for CMV specificity using the scRepertoire and Trex packages''®, which annotate a TCRs
with epitope data from VDJdb, McPAS-TCR, IEDB, and PIRD databases'” .

Non-negative matrix factorization (NMF) analysis

NMF was performed as described earlier by Gavish et al.”’, independently for each sample
to capture within-sample transcriptional heterogeneity while minimizing sensitivity to
batch effects. Factorization was run across multiple ranks (k = 4-9), and for each resulting
program, the top 50 genes ranked by factor loadings were retained.

To derive robust and non-redundant programs, a multi-step filtering strategy was applied.
First, within-sample robustness was achieved by retaining only programs that recurred
across multiple k values within the same sample, defined as>70% overlap in their top
genes. Second, across-sample robustness was imposed by requiring programs to share
>20% of their genes with at least one program identified in another sample. Third, to re-
move redundancy within samples, overlapping programs were ranked by their maximal
cross-sample overlap, and only the highest-ranking program was retained when overlaps
exceeded 20%.

Robust programs were subsequently grouped into higher-order meta-programs using
a greedy gene-overlap-based clustering approach, as previously described. Programs
were iteratively clustered based on Jaccard similarity of their gene sets, and each
meta-program (MP) was represented by a consensus gene signature reflecting the most
frequently shared genes across its constituent programs. For both ap and yd T cells, this
approach yielded five conserved MPs. MP activity was quantified by computing module
scores at the single-cell level (via the AddModuleScore function of Seurat), which were
then compared across donors and transplantation platforms.
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Statistical analyses

Statistical analyses were performed using R (R version 4.2.2). Wilcoxon rank-sum test was
used to test for differences between groups as described in figure legends. Statistical
analyses were performed in R (version 4.2.0) using the nlme package. For the afT-cell-
depleted cohort, we fitted a piecewise linear mixed-effects model with a single knot at
60 days post-transplant. The model included fixed effects for time before the knot (Days1),
time after the knot (Days2), CMV status, and their two interaction terms (Days1xCMV and
Days2xCMV). Patient ID was entered as a grouping factor supplying random intercepts
and random slopes to account for within-patient correlations over time. For the T-cell-
replete cohort, we fitted a simpler linear mixed-effects model with a single slope: fixed
effects were time (continuous), CMV status, and their interaction, and patient ID entered
as a random intercept. We used two-sided Wald t-tests on the time x CMV interaction to
evaluate effect of CMV reactivation on reconstitution rates. P-values < 0.05 were consid-
ered significant.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Impact of CMV reactivation on the ratio of V82*/V62 y8T cells. N
indicates the total number of samples.

Platform cMv Ratio < day 100 (IQR) n Ratio > day 100 (IQR) n
apT-cell-depleted No 1.80 (0.66-4.18) 239  0.61(0.22-1.42) 260
apT-cell-depleted Yes 0.58 (0.25-1.66) 180 0.16 (0.07-0.39) 158
T-cell-replete No 5.62(5.11-9.58) 15 1.63 (0.28-5.62) 52
T-cell-replete Yes 1.49(0.91-11.33) 7 0.40 (0.20-2.20) 47

Supplementary Table S2. Overview of private clones shared between donor and allo-HSCT
recipient

PatientlD Private shared V52+ & chains (%)
IR006 94,2
IR048 99,5
IR067 96,3
TROO1 96,8
TR0O06 100

Definition private: not present in database with public clones %
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Supplementary Table S4. Overview of primers used for next-generation sequencing of the

TCR
TCR Beta Sequences
cDNA synthese
Switch adaptor AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNNNUCTTrGrGrGrG
PCR

Reverse primer constant
region

Forward primer adaptor

TGCTTCTGATGGCTCAAACAC
AAGCAGTGGTATCAACGCA

TCR Delta

cDNA synthese

Reverse primer constant
region

GCAGTGGTATCAACGCAGAGTNNNNTNNNNTNNNNTTCACCAGACAAGCGACA

PCR

Reverse primer adaptor
Forward primer Vd1
Forward primer Vd2
Forward primer Vd3
Forward primer Vd4
Forward primer Vd5
Forward primer Vd6
Forward primer Vd7

Forward primer Vd8

GCAGTGGTATCAACGCA

AGTGTGGCCCAGAAGGTTAC

TCTCTTCTGGGCAGGAGTC

GCACGCTGTGTGACAAAGTA

CAGCTTCACTGTGGCTAGG

GGGCATCAGTGCTGATTC

GCTTCAACTATGCTGGGTGAG

CTTCTACTGAGCTGGGTGAG

CTTGTGATCTCCACCTGTCTTG
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Supplementary Figure S1. Impact of CMV reactivation on immune reconstitution. () Immunere-
constitution of V82 yéT cells, V52* y8T cells, CD8" aBT cells, CD4* afT cells, NK cells, and B cells after aBT-cell-depleted
allo-SCT, stratified by CMV reactivation. Black = CMV reactivation (n=59), grey = no CMV reactivation (n=83). P-val-
ues show whether CMV had a significant impact on the slope in the first 60 days post-transplantation using a linear
mixed-effects model. LOESS curves shown, span = 0.9. (B) Immune reconstitution of V62 yéT cells, V62" y&T cells, CD8*
apBT cells, CD4* afT cells, NK cells, and B cells after T-cell-replete allo-SCT, stratified by CMV reactivation. Black = CMV
reactivation (n=27), grey = no CMV reactivation (n=36). P-values show whether CMV had a significant impact on the
slope using a linear mixed-effects model. LOESS curves shown, span = 0.9.



Platform-Imprinted Transcriptional and Clonal Remodeling of af3
and y&T Cells After Allogeneic Transplantation

A

aBTCR depleted Tcellreplete
patientID IR006 IR048 IR067 TROO1 TRO06 TR0O7
Age 57 73 32 53 58 41
Sex Female Male Female Male Female Female
Disease AML/MDS RAEB2 AML/MDS RAEB2 ALL MDS/MPN AML/MDS RAEB2 Lymphoma
Conditioning MA +ATG MA +ATG MA +ATG NMA + ATG NMA MA +ATG
Donortype MUD 10/10 MUD 10/10 MRD 10/10 MUD 10/10 MRD 10/10 MUD 10/10
CMV serostatus R+/D- R+/D+ R+/D- R+/D- R+/D+ R+/D-
IR006 =
IR048 ©® ———O— @
Sample
Donor
IR067 L pre-CMV
post-CMV
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Supplementary Figure S2. Overview of patient samples used for scRNAseq and scRNAseq
data. (A) Overview of patient characteristics included for scRNA sequencing. AML = Acute Myeloid Leukemia, MDS
RAEB-2 = Myelodysplastic Syndrome, Refractory Anemia with Excess Blasts type 2, ALL = Acute Lymphoblastic Leu-
kemia, MA = myeloablative, NMA = non-myeloablative, ATG = anti-thymocyte globulin, MUD = matched unrelated
donor, MRD = matched related donor, CMV = cytomegalovirus, R = recipient, D = donor. (B) Timeline of samples. (C-F)
UMAPs of sequenced cells, colored by C) TCR, D) time of sampling, E) Patient ID, and F) Sequencing Library. Cells were
clustered dfter filtering out V(D)J genes. A total of 95435 cells were retained after QC, of which 46223 were annotated
with a TCR a and/or 3 chain, and 28716 cells were annotated with a TCRy and/or 6 chain. Cells annotated with more
than one chain type were classified as doublets and excluded from downstream analysis. No batch correction was
performed.
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Supplementary Figure S3. Single-cell TCR sequencing analysis of V-gene usage in y8 T cells 1
year after allo-SCT. All patients experienced CMV reactivation (A) UMAP of annotated yé T cells from all patient
samples, colored by V gene usage: V51* (blue), V52" (green), and V517V52~ (orange). No batch correction was per-
formed. (B) Stacked bar plots showing the proportion of each V& subset per patient.
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Supplementary Figure S4. Overview of single-cell TCR data. A-B) Single-cell TCR sequencing of periph-
eral T cells of stem cell transplantation donors (n=5). Full TCR clones were grouped by size: single (1 cell), small (2-5
cells), medium (6-20 cells), large (21-100 cells) and hyperexpanded (>100 cells). The proportion of each category is
shown for individual donors. (A) yoT cells and (B) afT cells. (C-D) Longitudinal analysis of shared ySTCR (C) or a3TCR
(D) clonotypes between donors and patients (n = 5), and pre- and post-CMV samples (n=2).
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Supplementary Figure S5. Sample-to-sample Euclidean distance heatmaps and principal
component analysis of four T cell subtypes comparing donor baseline and 1 year post allo-
HSCT across graft types. Distance calculations and PCA were performed using the top 1,000 most variable
genes from pseudobulk-aggregated, normalized log-CPM expression values. (A-D) Euclidean distance heatmaps -
Hierarchical clustering based on transcriptome-wide distances between samples for (A) V52" yéT cells, (B) V62" yST
cells, (C) CD8"* afT cells, and (D) CD4* afT cells. Sample annotations indicate timepoint (orange: donor; teal: 1 year
post-SCT) and graft condition (red: afT-cell-depleted; blue: T-cell-replete). Dark red means the greatest transcriptional
distance between samples. (E) Principal component analysis (PCA) plots showing the first two principal components
for each T cell subset. Points are colored by time point and shaped by graft condition (circles: aBT-cell-depleted; tri-
angles: T-cell-replete), with patient IDs labeled. The percentage of variance explained by each PC is shown on the axes.
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Supplementary Figure S6. Stacked bar plots showing the proportional distribution of T cell
phenotypes in donor grafts and patient peripheral blood at one year post-SCT across six do-
nor-patient pairs. Cell phenotypes were annotated using Azimuth with the Allen Institute Data as a reference da-
taset. (A) V62 yéT cells, (B) V62" yS T cells, (C) CD8" aB T cells, (D) CD4* aBT cells. Colors indicate phenotype categories,
including naive, memory, effector memory, and cytotoxic (Granzyme+) subsets. Patient TRO07 lacks a matched donor
sample. Percentages are calculated relative to the total number of cells within each T cell subset per sample.
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Supplementary Figure S7. Heatmaps showing average lineage scores for (A) CD8" afST cells, and
(B) CD4* afT cells. Each column represents an individual patient sample at 1 year post-SCT, grouped by transplant
type (afT-cell-depleted: IR006, IR048, IR067; T-cell-replete: TROO1, TRO06, TROO7). Rows represent lineage programmes
identified by TCAT. Values are scaled by row (z-score) to highlight relative differences across samples. Color scale: blue
(low), white (medium), red (high). Hierarchical clustering of programmes is shown on the left.
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Supplementary Figure S8. NMF meta-program dynamics during T-cell reconstitution after
allo-HSCT.

(A) Single-cell module scores of five y6 T-cell NMF meta-programs (MP1-MP5) are shown as boxplots across donors
and post-transplant timepoints, stratified by transplantation platform. MP1 reflects a helper-like yé program (IL7R,
KLRB1, RORA, IL18RAP); MP2 a terminal cytotoxic/NK-like yd effector program (CCL5, NKG7, PRF1, GNLY, FGFBP2); MP3
a TCR signaling and motility-associated program; MP4 a proliferation/cell-cycle program; and MP5 a naive/central-
memory-like y6 program (TCF7, LEF1, CCR7, BACH2). (B) Single-cell module scores of five af T-cell NMF meta-pro-
grams (MP1-MP5) are shown as boxplots across donors and post-transplant timepoints, stratified by transplantation
platform (stratified by patient in Supplementary Fig. S8). MP1 corresponds to a naive/central-memory-like program
(TCF7, LEF1, IL7R, CCR7); MP2 to a terminal cytotoxic effector program (CCL5, NKG7, PRF1, GNLY, granzymes); MP3 to
a proliferation/cell-cycle program (MKI67, PCNA); MP4 to a signaling/adhesion program (FYN, PRKCH, ITGA4, STAT4);
and MP5 to an early activation/inflammatory response program (TNFAIP3, ZFP36, DUSP1/2, JUN/JUNB, NR4A2,
CD69). Full gene lists for each meta-program are provided in Supplementary Table 3. Colors indicate sampling status.
Boxplots show median and interquartile range; points represent individual cells.
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Supplementary Figure S9. Differential enrichment of functional programmes (A-D) Volcano plots
showing differential enrichment of functional programmes between T-cell-replete and af3T-cell-depleted transplants
foreach T cell subset at 1 year post-SCT. X-axis: log2 fold change (positive values indicate higher in T-cell-replete). Y-ax-
is: -log10(adjusted p-value). Horizontal dashed line indicates FDR < 0.05. Points are colored by direction: blue (higher
in T-cell-replete), red (higher in af3T-cell-depleted), grey (not significant). Significantly different programmes (FDR <
0.05) are labeled. Statistical comparison by Wilcoxon rank-sum test with Benjamini-Hochberg correction. Heatmaps
showing average functional programme scores for (E) V62 y&T cells, (F) V62" yéT cells, (G) CD8* afT cells, and (H)
CD4* afT cells. Each column represents an individual patient sample at 1 year post-SCT, grouped by transplant type
(aBT-cell-depleted: IR006, IR048, IR067; T-cell-replete: TROO1, TRO06, TRO07). Rows represent individual functional pro-
grammes identified by TCAT. Values are scaled by row (z-score) to highlight relative differences across samples. Color
scale: blue (low), white (medium), red (high). Hierarchical clustering of programmes is shown on the left.



Platform-Imprinted Transcriptional and Clonal Remodeling of a8
and y&T Cells After Allogeneic Transplantation

V52 yaT cells w—— V32+ y3T cells p——
Condition x Condition
W = ! Donor
[ W Cyotoric 2 [ ponor [ | B oxoess §2 &
| ] OXA0/EBI3 1 apT-cell-depleted ] Exhaustion ; B apT-cell-depleted
| criascose | [ Tcell-replete L HLA [ T-cell-teplete
ICOSICD38 ¢ <3 | 156 0
[ ] TIMDATIMG 71} fs) IL10AL1Y.
N . Exnaustion || =1 [ [ soxamoxe | -1
HLA = || Cytotoxic: §i-
1SG = -] = TIMDATIMG
IL10AL19. ] CTLAA/CD38
SoxaOX2 1COS/CD38
SEREREREREE]
e sgrgEEe
c CD8" apT cells 2score D CD4* apT cells 2-score
ComE O B Condition Condition
HLA 2 | Donor Gytotoxic 2 [ Donor
© Exhaustion 1 apT-cell-depleted HLA 1 apT-cell-depleted
B oxoesz ' [ T-cell-replete Exnauson | [l T-cell-replete
10 Cytotoxic o OX80/EBIZ
0
CTLA4/CD38 2 CTLA4/CD38
icosicozs | ! = = icosicoss || 1
TMDATING | = TIMDATIMS |
156 = 186
1L10AL19 0 Lone
SOX4/TOX2 SOX4/TOX2
£Ei IEREREREREER]
g 88 it ke E

Supplementary Figure S10. Heatmaps showing average functional programme scores for (A) V52yST cells, (B)
V82" yéT cells, (C) CD8 aB T cells, and (D) CD4" afT cells. Each column represents an individual patient sample at 1
year post-SCT, grouped by transplant type (aT-cell-depleted: IR006, IR048, IR067; T-cell-replete: TROO1, TRO06, TR007).
Donor samples are shown for reference where available. Rows represent individual functional programmes identified
by TCAT. Values are scaled by row (z-score) to highlight relative differences across samples. Color scale: blue (low),
white (medium), red (high). Hierarchical clustering of programmes is shown on the left.
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Supplementary File S1. Top 50 DEGs between af3T cell-depleted and
T cell-replete patients per cell type

V62 y8T cells

p_val avg_log2FC pct.1 pct.2 p_val_adj gene
<2,2E-308 10,2312828 0,959 0,846 <2,2E-308 ITGB2
<2,2E-308 108,294215 0,993 0,964 <2,2E-308 NKG7
<2,2E-308 240,808485 0,998 0,996 <2,2E-308 TMSB10
<2,2E-308 99,1821572 0,999 1 <2,2E-308 HLA-A
<2,2E-308 137,643957 1 1 <2,2E-308 HLA-B
3,263E-297 260,051692 0,999 0,997 5,001E-293 PFN1
2,896E-290 14,303044 0,73 0,407 4,437E-286 FGFBP2
2,715E-280 6,7722406 0,554 0,194 4,161E-276 FKBP5
1,146E-257 5,67650056 0,782 0,448 1,757E-253 DDIT4
6,126E-254 -1,8365382 0,216 0,552 9,388E-250 TC2N
6,742E-236 28,3575661 0,941 0,85 1,033E-231 ZFP36
9,112E-226 684,646938 0,999 1 1,396E-221 ACTB
1,015E-212 52,915806 0,988 0,991 1,556E-208 IFITM1
3,799E-208 288,138008 1 1 5,821E-204 B2M
3,627E-205 3,49700622 0,259 0,041 5,557E-201 AREG
3,677E-205 34,6820716 0,993 0,989 5,634E-201 EIF1
8,355E-204 -0,57248338 0,377 0,639 1,28E-199 S100A11
3,214E-200 -4,3042772 0,02 0,264 4,925E-196 KLRC1
2,006E-194 7,66954305 0,565 0,277 3,073E-190 SPON2
1,296E-181 3,13796833 0,274 0,058 1,986E-177 KIR2DL3
2,025E-178 272,179289 0,999 0,995 3,103E-174 PTMA
5,087E-168 76,8405275 0,165 0,422 7,796E-164 LTB
8,21E-167 54,3461089 0,997 0,99 1,258E-162 SH3BGRL3
1,986E-155 241,654379 1 0,999 3,043E-151 EEF1A1
5,657E-151 323,407322 0,985 0,973 8,669E-147 GAPDH
1,69E-148 17,7171866 0,984 0,949 2,589E-144 CST7
3,504E-144 105,197092 0,993 0,989 5,369E-140 CFL1
1,671E-140 5,18115774 0,896 0,748 2,561E-136 RUNX3
1,74E-138 -2,69508807 0,052 0,255 2,666E-134 ALOX5AP
1,23E-136 69,0471138 0,358 0,603 1,885E-132 LGALS1
4,392E-133 40,8916545 0,989 0,972 6,731E-129 SERF2
1,853E-132 -0,96718894 0,377 0,573 2,84E-128 GIMAP7
2,041E-131 4,19385929 0,539 0,266 3,128E-127 FCGR3A
6,741E-129 29,4977391 0,936 0,945 1,033E-124 TXNIP

4,864E-124 21,9685743 0,987 0,979 7,453E-120 CYBA



V62 y8T cells (continued)

Platform-Imprinted Transcriptional and Clonal Remodeling of af3
and y&T Cells After Allogeneic Transplantation

p_val avg_log2FC pct.1 pct.2 p_val_adj gene
8,949E-124 50,1097064 0,751 0,509 1,371E-119 MT2A
1,729E-120 233,099447 0,861 0,856 2,65E-116 GNLY
7,591E-119 20,140638 0,822 0,818 1,163E-114 GZMH
2,186E-118 3,15344014 0,157 0,024 3,35E-114 BNC2
2,39E-115 22,6885336 0,808 0,9 3,663E-111 S100A10
1,114E-109 -10,4696901 0 0,131 1,707E-105 HLA-DQA2
2,6E-109 1,48381635 0,469 0,23 3,984E-105 TTC38
3,835E-107 3,81093789 0,144 0,022 5,877E-103 MYO3B
5,175E-105 58,701793 0,985 0,981 7,931E-101 CD52
2,1E-101 -1,99268497 0,079 0,251 3,2187E-97 THEMIS
8,239E-101 5,0357564 0,603 0,726 1,2626E-96 ITGA4
9,526E-101 6,08822535 0,138 0,336 1,4597E-96 IL7R
1,9899E-97 64,9184827 0,994 0,959 3,0493E-93 CCL5
3,9203E-95 1,45808239 0,571 0,333 6,0074E-91 ADGRGT1
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V62" yoT cells

p_val

5,0256E-39
1,0567E-37
7,2007E-30
6,913E-29
4,5308E-28
7,3944E-28
1,0583E-27
5,539E-26
1,0608E-24
7,7728E-23
9,0711E-22
4,102E-20
9,4073E-19
1,0645E-18
3,1114E-18
4,7419E-18
9,0675E-18
1,2361E-17
2,0728E-17
9,2668E-17
1,8197E-16
5,4414E-16
7,9131E-16
1,994E-15
7,5953E-15
1,0589E-14
4,8442E-14
5,0663E-14
8,288E-13
2,4876E-12
4,05E-12
8,1707E-12
8,3795E-12
9,6715E-12
1,0977E-11
1,2756E-11
1,4554E-11
1,6764E-11
1,9849E-11
2,8505E-11
5,0655E-11
1,1951E-10
1,218E-10
1,5424E-10
1,7333E-10
3,4493E-10
4,2793E-10
7,8355E-10
1,3601E-09

avg_log2FC

18,5269102
14,9882675
75,704448
4,18760854
110,092026
29,0054847
20,7111885
2,69841689
2,50326439
2,72846915
56,3983047
16,8338998
12,213805
7,28104216
14,7492691
5,7828386
40,9330087
2,52346741
1,52749225
1,70324375
44,9142278
2,10001643
1,70729818
14,0045412
1,27892617
3,95669706
44,6421315
15,1208421
1,27650741
27,1877808
15,1295006
1,52629327
1,48406672
-0,77206957
6,02750993
1,72153006
2,6675443
1,33149684
-2,53607029
1,76756942
1,77065977
1,34540754
1,23250668
1,2550135
1,62519044
4,44060831
1,43833744
1,52049107
1,39256945

pct.l pct.2 p_val_adj

0,98
0,99

0,37
0,47
0,23
0,99
0,83
0,41
0,67

0,81
0,98

7,7012E-35
1,6193E-33
1,1034E-25
1,0593E-24
6,9429E-24
1,1331E-23
1,6217E-23
8,488E-22
1,6255E-20
1,1911E-18
1,3901E-17
6,2859E-16
1,4416E-14
1,6312E-14
4,7679E-14
7,2665E-14
1,3895E-13
1,8942E-13
3,1764E-13
1,42E-12
2,7886E-12
8,3383E-12
1,2126E-11
3,0556E-11
1,1639E-10
1,6226E-10
7,4233E-10
7,7636E-10
1,27E-08
3,812E-08
6,2062E-08
1,2521E-07
1,2841E-07
1,4821E-07
1,6821E-07
1,9548E-07
2,2303E-07
2,569E-07
3,0417E-07
4,3681E-07
7,7624E-07
1,8313E-06
1,8665E-06
2,3635E-06
2,6561E-06
5,2857E-06
6,5577E-06
1,2007E-05
2,0843E-05

gene
ZFP36
EIF1
HLA-B
NOCT
EEF1A1
ZFP36L2
BTG1
AREG
NR4A3
TUBB2A
DUSP2
PTMA
FTH1
DDIT4
UBA52
JUND
HLA-A
PLK3
SOCs1
SLC7A5
TMSB10
TUBA4A
ELL2
CXCR4
RBM38
HNRNPA1
TPT1
CALM1
AUTS2
S100A4
DUSP1
KDM6B
IFRD1
GIMAP7
SRGN
SKI
TGFB1
ZNF331
HLA-DRB5
CD8B
GRAMD1B
SELL
MIDN
IDI1
UAP1
ARHGDIB
SRSF7
FKBP5
LDHA



CD8" afT cells

p_val

9,616E-303
3,812E-221
2,339E-201
1,718E-188
1,092E-185
1,754E-172
1,703E-163
1,99E-163
1,028E-157
2,648E-150
7,653E-142
1,564E-137
4,5E-137
2,357E-128
1,701E-123
4,275E-113
7,457E-113
5,33E-111
1,037E-110
9,534E-109
1,047E-104
5,084E-100
9,623E-100
1,076E-99
6,059E-99
2,0168E-92
3,2516E-89
1,8985E-88
9,3278E-88
1,2515E-85
2,0333E-85
2,6715E-83
8,2427E-82
1,4843E-81
9,9434E-81
1,5004E-80
4,2889E-80
1,7578E-78
2,4446E-76
1,0705E-75
2,5393E-75
4,1668E-75
7,1151E-75
3,9504E-74
6,8594E-74
9,1517E-74
2,5026E-73
2,8846E-72
4,4578E-72

Platform-Imprinted Transcriptional and Clonal Remodeling of af3
and y&T Cells After Allogeneic Transplantation

avg_log2FC
1,25474205
0,73759595
1,76027326
-1,32998313
-1,3570331
1,97212717
0,98166841
3,6710703
-1,37297044
1,37917834
0,52179967
-0,91023742
1,76426056
1,39605336
1,99856817
1,55263626
1,72771051
-0,26029951
1,62166227
1,13650925
-0,82710061
1,46793588
-0,57066131
1,94699186
1,95062165
-1,1495255
1,02258901
1,02912572
1,58421803
0,61424482
0,47811765
-0,29824577
-8,8162652
-1,59025612
0,82409488
3,2891439
-0,51337695
-0,79390948
1,53159842
2,37238584
1,90526791
0,66800358
-1,2856212
-1,41473766
1,34360253
1,54218229
1,90871955
-0,4371758
0,61708834

pct.1 pct.2 p_val_adj

0,93 0,75 1,474E-298
0,98 0,9 5,842E-217
0,53 0,23  3,584E-197
0,4 0,67 2,633E-184
0,37 0,64 1,673E-181
0,38 0,12 2,688E-168
0,76 0,46  2,609E-159
0,19 0,02  3,049E-159
0,36 0,61 1,576E-153
0,55 0,29 4,057E-146
1 098 1,173E137
0,57 0,75 2,396E-133
0,34 0,12 6,896E-133
0,65 0,43 3,613E-124
0,26 0,07 2,606E-119
0,31 0,11 6,552E-109
0,4 0,19 1,143E-108
1 1 8,168E-107
0,36 0,15 1,589E-106
0,54 0,31 1,461E-104
0,57 0,74 1,605E-100
0,41 0,21 7,7909E-96
0,77 0,89 1,4747E-95
0,22 0,06 1,6482E-95
0,22 0,07 9,2846E-95
0,29 0,49 3,0905E-88
0,61 0,42 4,9827E-85
0,64 0,45 2,9092E-84
0,28 0,11 1,4294E-83
0,86 0,68 1,9178E-81
0,95 0,89 3,1159E-81
0,99 1 4,0938E-79
0 0,12 1,2631E77
0,15 0,33  2,2746E-77
0,65 0,46 1,5237E-76
0,11 0,02 2,2993E-76
0,87 0,92 6,5722E76
0,48 0,66 2,6937E-74
0,32 0,16 3,7461E-72
0,14 0,03 1,6404E71
0,23 0,09 3,8913E71
0,79 0,65 6,3851E-71
0,2 0,38 1,0903E-70
0,16 0,33  6,0535E-70
0,34 0,17 1,0511E-69
0,27 0,11 1,4024E-69
0,42 0,27  3,835E-69
0,87 0,91 4,4204E-68
0,79 0,65 6,8311E-68

gene
ZFP36
BTG1
FKBP5
S100A11
GIMAP7
PDE4D
DDIT4
NR4A3
HLA-DRB5
RBM38
EIF1
ITGA4
SOCS1
TUBA4A
SLC7A5
SELL
ZNF331
HLA-C
PIM3
NFKBIA
GNLY
FAM177A1
GZMA
ELL2

SKIL
GIMAP4
SRSF2
LDHA
AUTS2
DUSP2
ZFP36L2
1L32
HLA-DQA2
CX3CR1
LEPROTL1
AREG
CRIP1
LGALS1
CREM
PLK3
IFRD1
PABPC1
PATL2
GIMAPS
IDI1
JMID6
NR4A2
EMP3
TNFAIP3
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CD4" afT cells

p_val

1,6485E-66

4,482E-64
2,0139E-63
1,0229E-53
9,4712E-51

1,119E-50

1,948E-50
3,9329E-50
1,0168E-44
2,8129E-42

2,556E-40
1,4186E-39
4,8127E-39
1,1001E-37
1,5206E-37
4,2661E-37
8,6345E-34
2,4345E-33
2,7469E-33
8,2599E-33
8,8747E-33
3,1081E-32
2,0609E-31
5,1559E-31
2,9563E-30
1,5936E-29
3,2273E-29
3,2435E-29
1,4929E-28
2,6739E-28
5,3148E-28
2,3574E-27
3,3935E-27
9,3156E-27
1,4219E-26

4,153E-26
1,1673E-25
1,0146E-24

2,276E-24
3,2863E-24
3,5453E-24
4,9093E-24
7,4005E-24
1,3133E-23
2,3915E-23
3,9487E-23
5,0535E-23
7,5533E-23
8,8003E-23

avg_log2FC
21,836239
7,62075084
31,1645341
3,60688672
31,0387281
5,74581002
2,50901114
2,44124967
245,636023
2,41459139
11,8084294
2,39955978
3,33058046
2,51749673
4,19553847
-0,77850733
112,261504
1,8305531
1,3834725
2,12965706
2,2233596
1,65161958
10,0164641
70,995337
8,69476714
3,89073957
2,45834543
1,39700769
14,0251314
13,3851341
20,97013
31,6582524
30,1962121
2,21060598
4,48787317
12,6103814
2,14640561
11,6730347
0,66530725
5,72759951
2,41924541
77,440235
1,50836986
11,7173893
2,64837113
-3,01459155
7,0203945
1,63982282
3,92971576

pct.l pct.2 p_val_adj

1
0,99
0,99
0,29
0,99
0,83
0,45
0,45
1
0,37
0,93
0,26
0,2
0,85
0,18
0,16
1
0,43
0,62
0,52
0,35
0,55
0,94
0,91
0,85
0,14
0,25
0,64
1
0,82
0,81
0,24
1
0,38
0,1
0,82
0,48
0,96
0,18
0,88
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DISCUSSION

Since the discovery of allogeneic haematopoietic stem cell transplantation in 1957, our
knowledge of immunology has greatly increased'”. This has resulted in significant im-
provements in outcomes after allogeneic haematopoietic stem cell transplantation (allo-
HSCT) and in its widespread application. However, balancing graft-versus-host-disease
(GVHD) and graft-versus-leukaemia (GVL) effects, along with other toxicities, remains a
challenge. In this thesis, we aimed to investigate how ex vivo T-cell-depleted allo-HSCT
shapes the balance between GVHD and GVL, and immune recovery, across different
disease contexts.

Clinical performance of a3 T-cell-depleted allo-HSCT

GVHD is mediated by activated afiT cells*. Therefore, recent studies have focused on ex
vivo or in vivo T-cell depletion to reduce GVHD after allo-HSCT". In chapter 2, we com-
pared patient outcomes after ex vivo afT-cell- and CD19* cell-depleted allo-HSCT with
two historical T-cell-replete cohorts from our centre. We observed a significant reduction
in extensive chronic GVHD and a corresponding improvement in GVHD-free, relapse-
free survival, supporting the concept that graft engineering can improve long-term
morbidity after allo-HSCT. This clinical benefit, however, was accompanied by increased
cytomegalovirus (CMV) reactivation among CMV-seropositive individuals. This risk profile
is likely to evolve with letermovir prophylaxis, which may alter both CMV incidence and
downstream immune-reconstitution trajectories®’. Finally, non-relapse mortality was not
increased despite the use of myeloablative conditioning in the afT-cell- and CD19" cell-
depleted allo-HSCT cohort.

Comparison to other allo-HSCT platforms

To place these findings in context, it is essential to consider how graft engineering com-
pares with other GVHD-prevention strategies in routine practice. Our results align with
previous reports on afT-cell- and CD19" cell-depleted allo-HSCT** Ex vivo depletion, or
graft engineering, is likely the most sophisticated method for T cell depletion, and its
use has increased in Europe over the last decade'®. However, in vivo methods such as
anti-thymocyte globulin (ATG) and post-transplant cyclophosphamide (PT-Cy) have also
been proposed and are widely used>'""®. Evidence comparing ATG and PT-Cy is mixed
across retrospective cohorts and has not shown consistent superiority in prospective

randomised trials, suggesting context dependence'®*.

A limitation of these studies is that ATG is treated as a binary variable, whereas its ef-
fect depends on dosage and infusion timing. When ATG is administered early, before
transplantation, it affects host T cells, likely facilitating engraftment and affecting host
immunity and antigen presentation. On the other hand, when ATG is administered
shortly before transplantation, it can affect graft cells, potentially reducing engraftment’.
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Moreover, active ATG exposure is often not measured, and both over- and underexposure

can negatively impact patient outcomes®?.

Because the mechanisms differ, comparing in vivo and ex vivo depletion methods is diffi-
cult, especially given that studies employ different inclusion criteria and that comparative
prospective trials are lacking. Retrospective studies in children have found that T-cell-
depleted allo-HSCT is associated with higher overall survival in inborn errors of immunity
"7 and lower GVHD after a second transplant for malignancies®. Moreover, preliminary
evidence from an EBMT registry study suggests that the incidence of GVHD is lower after

apT-cell-depleted allo-HSCT than after PT-Cy.

Overall, apT-cell- and CD19* cell-depleted allo-HSCT appears to shift the post-transplant
risk profile toward lower rates of chronic GVHD and improved GRFS. However, compari-
sons with alternative platforms are largely non-randomised and susceptible to centre-
and time-related confounding. Prospective evaluations with harmonised supportive care
will be essential to define which patient groups benefit most from this platform. Addi-
tionally, real-world feasibility will determine where this platform can be implemented.

Practical considerations of graft engineering: costs

One major hurdle in implementing graft engineering strategies is the upfront cost of
the procedure. The cost of an engineered haplo-identical graft has been estimated at
$28 963, compared with $27 297 for matched unrelated donor grafts, suggesting that an
engineered unrelated donor graft is likely more expensive®. However, graft price alone
is an incomplete metric: over a lifetime, average per-patient medical costs of allo-HSCT
have been estimated at $942,373- $1,247,917, with 37-53% attributable to chronic GVHD
treatment®’. In line with this, the average annual cost of chronic GVHD has been esti-
mated at $291,357, and emerging therapies may further increase these costs****. Chronic
GVHD also drives substantial societal costs, as approximately 25% of patients are unable
to return to the workforce due to permanent disability®*. Therefore, the relevant question
is not whether graft engineering is more expensive upfront, but whether it reduces the
total cost of care, given that chronic GVHD drives substantial long-term medical and so-
cietal costs, whereas relapse-directed interventions such as donor lymphocyte infusions
are typically less costly® These considerations are likely to vary by healthcare system and
centre expertise. In this context, cryopreservation and streamlined graft processing may
be key implementation tools that determine whether engineered grafts can be scaled
beyond highly specialised centres.
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Practical implementation of graft engineering: feasibility of
cryopreservation and graft characteristics

Graft engineering is resource-intensive, and broad application depends not only on
clinical outcomes but also on logistical robustness. Cryopreservation of engineered grafts
could increase scheduling flexibility and allow centralised manufacturing models. More-
over, the COVID-19 pandemic demonstrated that cryopreservation can be essential for
sustaining transplant programmes during global crises®. In chapter 3, we retrospectively
analysed outcomes in patients who received cryopreserved grafts. We found that freez-
ing the allograft did not significantly affect patient outcomes.

Historically, cryopreservation of grafts has been limited by concerns about the potential
to damage mononuclear cells and the increased risk of transfusion reactions associated
with DMSQ?’. Early retrospective studies reported slightly delayed neutrophil and plate-
let recovery and inconsistent findings regarding the risk of GVHD***'. One study found an
impact on non-relapse mortality and overall survival; however, reasons for cryopreserva-
tion were not routinely collected, and in a subset, cryopreservation was due to a change
in patient condition®. In CD34" selected and PT-Cy allo-HSCT settings, no differences in
outcomes were reported between patients receiving cryopreserved and fresh grafts™*,
Moreover, several studies conducted during the COVID-19 pandemic reported no differ-

ences in outcomes**®,

Although several studies did not report differences in outcomes between cryopreserved
and fresh grafts, cryopreservation was associated with a loss of CD34" cells in several stud-
ies*®**, Consistent with these observations, we observed a 65% recovery of CD34" cells
(chapter 3), resulting in lower median CD34" cells/kg in frozen allografts than in fresh
allografts. These lower CD34" cell counts (<4x10/6/kg) did not affect patient outcomes in
our cohort. Prior studies have reported that low doses of CD34" cells are associated with
delayed engraftment and increased relapse® ™. In contrast, very high doses have been
associated with poorer survival and GVHD in some analyses®*'. Although these associa-
tions are derived mainly from T-cell-replete settings, they underscore the importance of
monitoring post-thaw CD34" yield and ensuring adequate dosing.

Thus, planned cryopreservation did not affect primary outcomes in our cohort, support-
ing its role as a pragmatic tool to improve logistics and broaden access to graft engineer-
ing. Nevertheless, the reduction in post-cryopreservation CD34" recovery indicates that
freezing can lower the effective infused dose. Future studies should therefore combine
clinical endpoints with post-thaw graft characterisation and dose-response analyses to
define optimal CD34" targets in T-cell-depleted settings. Moreover, this optimal CD34"
target may be disease-dependent, and T-cell-depleted platforms may require disease-
specific optimisation.
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Disease-specific optimisation: aBT-cell-depleted allo-HSCT with peri-
transplant ruxolitinib in myelofibrosis

Allo-HSCT is the only curative option for myelofibrosis patients, but it has historically
been associated with a high non-relapse mortality (NRM), especially in patients over 50
receiving myeloablative conditioning®***. Additionally, JAK inhibitors, such as ruxolitinib,
have transformed the symptomatic management of myelofibrosis, but they are not
curative®*. Moreover, ruxolitinib has been introduced as a treatment for steroid-refractory
GVHD?. Together, these findings led to the introduction of ‘peri-transplant’ ruxolitinib,
i.e., the inclusion of ruxolitinib in the conditioning regimen and its continuation post-
transplant. In chapter 4, we retrospectively analysed two cohorts of patients who all
received myeloablative conditioning with a apT cell-depleted allograft. One of the co-
horts received peri-transplant ruxolitinib, while the other did not. We found that overall
survival was significantly improved in the cohort that received peri-transplant ruxolitinib,
as non-relapse mortality was significantly decreased in this cohort.

The overall survival rate of 84% at 2 years in the peri-transplant ruxolitinib group com-
pared favourably with that reported in other studies of allo-HSCT in myelofibrosis®***®,
Moreover, recent studies using peri-transplant ruxolitinib in patients with myelofibrosis
have shown similar favourable outcomes®*®. However, in a T-cell-replete setting, chronic
GVHD persisted despite a short course of peri-transplant ruxolitinib®. In contrast, longer
peri-transplant ruxolitinib duration or PT-Cy was associated with a lower incidence of
chronic GVHD®*®. This is in line with the lower rate of chronic GYHD we reported in our
cohort. Together, these results suggest that peri-transplantation ruxolitinib may reduce
acute GVHD; however, optimizing its duration and combining it with T-cell depletion
strategies may be necessary to mitigate chronic GVHD risk more effectively.

Disease control and immune intervention after aBT-cell-depleted
allo-HSCT in myelofibrosis

A reduction of GVHD in myelofibrosis patients may be associated with an increased risk
of relapse®. Relapse can occur relatively late after allo-HSCT in myelofibrosis, providing
time to implement strategies, such as donor lymphocyte infusions (DLI). Thanks to new
techniques such as digital PCR®, we can effectively track driver mutations in myelofibro-
sis. Recent studies have highlighted the importance of clearing these driver mutations
and treating molecular relapse with DLI before it evolves into haematological relapse®®®'.
However, the question remains when to administer these DLIs and at what dose®. To
guide these post-transplant interventions and refine disease-specific strategies, we need
a better understanding of immune recovery and how it is shaped by platform, disease,

medication, and viral reactivation.
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Monitoring immune recovery after apT-cell-depleted allo-HSCT

Short-term immune-related proteomics after allo-HSCT

One way to examine immune recovery after allo-HSCT is through proteomics. In chapter
5, we used the Olink immuno-oncology assay to analyse immune-related proteins during
the first 4 weeks after allo-HSCT. We found distinct temporal changes, with disease-spe-
cific trajectories. Due to the small sample size, we were unable to correlate these findings
with patient outcomes.

In recent years, extensive research has focused on identifying biomarkers of early com-
plications after allo-HSCT, resulting in long lists of potential biomarkers®”. Of these, the
MAGIC biomarker panel, including ST2 and REG3a appears to be the most promising in
predicting non-relapse mortality due to GVHD’®””. However, with the implementation of
new allo-HSCT platforms, such as apT-cell depletion, and more disease-specific modula-
tions, such as peri-transplant ruxolitinib, it would be beneficial to study how these factors
influence potential biomarkers. For example, high baseline IL-6 has been linked to acute
GVHD and worse overall survival in a PT-Cy allo-HSCT setting®. Moreover, ruxolitinib
has been associated with reduced levels of IL-6 and IFN-y, both in a peri-transplant and
a non-transplant setting, in myelofibrosis®***’%, Notably, we observed a marked increase
in IL-6 in week two after transplantation, followed by a subsequent decrease, in all three
disease settings. This is consistent with previous studies reporting IL-6 peaks during the
leukopenic phase’®®°.

However, we also observed high inter-individual variability. This inter-individual vari-
ability will remain a challenge, complicating biomarker discovery, and may require
larger, harmonised cohorts with longitudinal sampling. Moreover, the clinical value of
biomarker monitoring depends on actionability: biomarkers are most useful when they
inform interventions that can meaningfully alter outcomes rather than merely predict
them. Finally, interpreting biomarker dynamics benefits from cellular and repertoire-level
context, which we examined in chapter 6.

Innate/adaptive T-cell reconstitution and TCR repertoire dynamics

To optimise post-transplant immune intervention strategies, we need to understand the
details of immune reconstitution. In chapter 6, we studied immune reconstitution after
af3T-cell-depleted allo-HSCT versus T-cell-replete allo-HSCT, focusing on CMV reactiva-
tion, the TCR repertoire, and transcriptomics. CMV reactivation was associated with an
expansion of CD8* afT cells and V62™9 y&T cells in both allo-HSCT settings. Moreover,
V62™9y8T cells underwent early polyclonal expansion. This was followed by oligoclonal
expansion, largely independent of CMV reactivation, in the T-cell-depleted allo-HSCT set-
ting. Single-cell TCR sequencing at 1 year post-transplant revealed marked hyperexpan-
sion of the afTCR clones in afT-cell-depleted allo-HSCT recipients, whereas the y§TCR
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repertoire showed greater inter-patient variability. Finally, we found platform-dependent
effector profiles in patient T cells. Together, these findings suggest CMV reactivation is a
dominant driver of T cell reconstitution, with platform-specific imprinting on top.

In line with our findings, other studies have shown that CMV reactivation is a significant
driver of immune reconstitution post-transplantation, expanding V2" y8T and CD8" apT
cells in T-cell-replete allo-HSCT settings®'®. Additionally, although CMV reactivation
imprints the T cell repertoire early after allo-HSCT, the effects can be long-lasting®”*. Con-
sistent with this, our one-year transcriptomic analyses showed that patient T cells were
predominantly effector cells compared to donor T cells across both platforms, suggesting
ongoing activation that may be partly driven by CMV reactivation. However, we did not
detect a high proportion of CMV-specific clonotypes one year after allo-HSCT. The ques-
tion remains whether the process of “memory inflation’, i.e., expansion of CMV-specific ef-
fector T cell clones, is harmful or beneficial. CMV reactivation is associated with a reduced
risk of relapse in some allo-HSCT settings®. Still, it may depend on disease stage, condi-
tioning type, and the use of in vivo depletion methods, such as ATG*®'. Moreover, this
beneficial effect may be T cell subset-specific, as CMV-induced y&T cells can cross-react
with leukemic blasts®. In this context, hyper-expansion of specific clones may be less
concerning for y&8T cells than for afiT cells, as yOT cell responses are often characterised
by rapid, oligoclonal expansions that can represent physiological reconstitution rather
than pathological skewing®®*.

While CMV reactivation emerged as a dominant driver of CD8" afT-cell and V62" y&T-
cell expansion, new therapies might modulate this effect. For example, letermovir has
recently been approved for CMV prophylaxis®. Letermovir may delay CMV-specific cellular
reconstitution, likely due to reduced CMV antigen exposure’. This may lead to reduced
‘memory inflation; yielding a more diverse post-transplant TCR landscape. At the same
time, suppressing CMV-driven immune activation could influence downstream outcomes
in uncertain directions. While it may reduce immune exhaustion, it could also dimin-
ish context-dependent CMV-associated protection against relapse reported in some
settings®. This highlights the need to integrate prophylaxis status into immune-monitor-
ing studies and to test whether CMV prevention modifies not only infection endpoints
but also GVL and long-term immune fitness.

Besides CMV reactivation, graft engineering can also shape both the immediate and
later repertoires. This effect of graft engineering is highlighted by differences in afTCR
clonality between recipients of af3T-cell-depleted allo-HSCT and T-cell-replete allo-HSCT
one year after allo-HSCT. While some studies have found that reduced TCR repertoire
diversity is associated with increased risk of GVHD, others have not***"'%, Together with
our findings, these studies suggest that graft engineering strategies may substantially in-
fluence this relationship. Additionally, we found that graft engineering affected patients’



Summarising Discussion

transcriptomic profiles. Specifically, we found increased AREG expression in T cells from
patients treated with a T-cell-replete allo-HSCT. Recently, AREG has been associated with
a repair T-cell phenotype in solid tumours and tissue'®'*. These findings suggest that
the allo-HSCT platform may impact later phenotypes of cells. To interpret these platform
effects, it is also essential to consider the origin of the post-transplant repertoire: whether
it persists from graft clones or is de novo generated.

We found limited overlap in V62™°TCR and TCR repertoires between donors and patients
one year after allo-HSCT, with some V52°*TCR overlap in both the af3T-cell-depleted and
T-cell-replete allo-HSCT groups. While an early study using CDR3 spectratyping found
that the yOTCR repertoire was donor-dependent; later studies using TCR sequencing
techniques found limited patient-donor overlap®'%'%, This was also true for aBTCR rep-
ertoires, although early reconstitution in the T-cell-replete setting was driven by rapidly
expanding (small) clones from the graft®'°"'”. These findings suggest a substantial role
for de novo generation, even in older patients, in whom thymic regeneration was thought
to be limited'®.

Taken together, our data reinforce the notion that immune reconstitution after allo-HSCT
is jointly shaped by the allo-HSCT platform and viral reactivation (in particular CMV),
resulting in distinct patterns of T-cell expansion and repertoire evolution. However, our
conclusions are limited by sampling primarily from peripheral blood and by cohort size.
Integrating repertoire analysis with functional readouts and clinical decision points (e.g.,
CMV management or DLI timing) will be crucial to translate immune monitoring into
improved outcomes.

FUTURE DIRECTIONS

In conclusion, ex vivo T-cell-depleted allo-HSCT is associated with low GVHD incidence;
however, some patient groups may require specific adjustments to ensure optimal
performance of this platform. To this end, we need a better understanding of immune re-
constitution, as multiple factors shape it after allo-HSCT, including graft engineering, viral
reactivation, underlying disease, peri-transplant medication, and conditioning regimens.

Several considerations are essential for future studies. Comparative analyses should
account for differences in conditioning intensity and in vivo immune suppression ex-
posure (e.g., ATG timing), and use harmonised endpoints. Moreover, immune profiling
studies require larger, longitudinal, ideally prospectively sampled, cohorts to address
inter-individual variability. Finally, expanding beyond peripheral blood to bone marrow
and tissue compartments may be necessary to link immune reconstitution to clinically
relevant processes such as GVL and organ-specific GVHD. To this end, newer tools, such as
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spatial transcriptomics, may be of interest, as they may provide insight into the clonality
of the TCR repertoire at specific locations.

Additionally, with the rise of cellular therapies such as chimeric antigen receptor (CAR)
T cells'”
Rather than replacing allo-HSCT, these approaches may function alongside it, for exam-
ple, as a bridge to transplantation or, potentially, as an immunomodulatory strategy''*'"".
This evolution further underscores the importance of optimising allo-HSCT platforms
to minimise GVHD while preserving immune recovery, and it raises practical questions

regarding costs and access to care.

, the treatment landscape for haematological malignancies continues to evolve.

Finally, while identifying new treatment options and outcome biomarkers remains essen-
tial, we should not overlook immediately actionable improvements in care. In a field with
multiple transplant approaches, early and transparent communication about expected
benefits, risks, and uncertainty is a core part of quality care. This is particularly important
for GVHD, where unmet needs in information, communication, and support are repeat-
edly reported by patients and caregivers''?. Thus, efforts to optimise the GVHD-GVL
balance should go hand in hand with strengthening shared decision-making and expec-
tation management, even if platform choice may be limited by centre expertise.
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NEDERLANDSE SAMENVATTING

Een allogene hematopoétische stamceltransplantatie (hierna: allogene stamceltransplan-
tatie) biedt voor veel patiénten met hematologische maligniteiten de beste, en soms zelfs
de enige, kans op genezing. Allogene stamceltransplantatie kan leiden tot ziektecontrole
en genezing doordat het donorafweersysteem achtergebleven maligne cellen kan her-
kennen en elimineren. Daartegenover staat dat stamceltransplantatie ernstige, soms
dodelijke complicaties kan veroorzaken, met name infecties en graft-versus-host-ziekte
(GVHD). Bij GVHD reageert het donorafweersysteem op gezonde weefsels van de pati-
ent, wat kan leiden tot aanzienlijke morbiditeit en sterfte. Een belangrijke infectieuze
complicatie na stamceltransplantatie is reactivatie van het cytomegalovirus (CMV). CMV-
reactivatie is klinisch relevant (o.a. door het risico op CMV-ziekte en een intensievere an-
tivirale behandeling), maar beinvloedt daarnaast ook de samenstelling en het fenotype
van het herstellende T-celcompartiment. CMV-reactivatie is bovendien niet uitsluitend
nadelig: CMV-geinduceerde immuunactivatie kan in sommige gevallen ook samengaan
met versterkte antitumorimmuniteit, bijvoorbeeld door activatie of expansie van T-cellen
met antitumorreactiviteit. Een van de grootste uitdagingen bij het verbeteren van de
uitkomsten na stamceltransplantatie is het verminderen van complicaties zonder dat dit
gepaard gaat met een verhoogd risico op terugkeer van de ziekte. Om deze balans beter
te kunnen beinvloeden, is een beter begrip nodig van het herstel en de dynamiek van het
afweersysteem na de transplantatie.

T-cellen spelen een sleutelrol zowel bij het ontstaan van GVHD als bij het elimineren van
maligne cellen (graft-versus-leukemie-effect). Elke T-cel brengt een T-celreceptor (TCR)
tot expressie, waarmee een specifiek antigeen wordt herkend. T-cellen kunnen worden
onderverdeeld in verschillende subsets, onder andere op basis van het type TCR. De
meeste T-cellen in het perifere bloed zijn afT-cellen met een TCR bestaande uit een a- en
een B-keten. Deze af3T-cellen worden verder onderverdeeld in CD4* (helper) en CD8*
(cytotoxische) afT-cellen. Daarnaast zijn y6T-cellen relevant, met een TCR bestaande uit
Y- en een &-keten. yOT-cellen keren vaak relatief vroeg terug na stamceltransplantatie
en kunnen bijdragen aan antivirale en antitumorreacties. In het UMC Utrecht worden
af3T-cellen ex vivo uit het transplantaat verwijderd voor toediening, waardoor y&T-cellen
mogelijk een relatief belangrijkere rol spelen vroeg na stamceltransplantatie. Binnen de
y&T-cellen wordt vaak onderscheid gemaakt tussen V62* y&T-cellen (meestal Vy9Vvé2; re-
latief ‘semi-invariant’) en V62~ y&T-cellen (heterogener en vaker patiéntspecifiek), subsets
die verschillen in repertoirediversiteit en functie. Virale reactivaties, met name CMV, kun-
nen een sterke selectiedruk uitoefenen op zowel a- als y6T-cellen en leiden tot expansie
van specifieke (effector)klonen, met gevolgen voor TCR-diversiteit en immuunfunctie. In
dit proefschrift staat het transplantatieplatform waarbij afT-cellen ex vivo worden verwij-
derd centraal: het eerste deel beschrijft klinische uitkomsten na stamceltransplantatie en
het tweede deel richt zich op het herstel van het afweersysteem.
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Deel 1: Klinische uitkomsten na allogene stamceltransplantatie

In hoofdstuk 2 beschrijven we de resultaten van een retrospectieve studie waarin stam-
celtransplantatie met af3T-celdepletie wordt vergeleken met twee historische cohorten
die een niet-gedepleteerd transplantaat ontvingen. Na een stamceltransplantatie met
affT-celdepletie zagen we een lage incidentie van zowel acute als chronische GVHD.
Tegelijkertijd zagen we bij CMV-seropositieve patiénten vaker CMV-reactivatie. De lagere
incidentie van (met name chronische) GVHD resulteerde in een verbetering van de graft-
versus-hostziektevrije, recidiefvrije overleving (GRFS).

In hoofdstuk 3 hebben we retrospectief onderzocht of cryopreservatie (invriezen) van
het transplantaat invioed heeft op de klinische uitkomsten. Dit is met name relevant wan-
neer logistieke omstandigheden de beschikbaarheid van een vers transplantaat kunnen
beperken, bijvoorbeeld tijdens grootschalige crises zoals een pandemie. In onze analyse
had cryopreservatie geen aantoonbaar effect op de overleving of op het optreden van
GVHD. We zagen wel een lagere CD34"-stamcelopbrengst in het transplantaat, zonder
dat dit leidde tot significante verschillen in overleving of GVHD.

Hoofdstuk 4 richt zich op de uitkomsten na stamceltransplantatie bij myelofibrose, een
beenmergaandoening die vaak gepaard gaat met verhoogde inflammatie en constitutio-
nele symptomen. Patiénten met myelofibrose worden regelmatig behandeld met ruxoli-
tinib, een JAK-remmer, om hun symptomen te verlichten. De behandeling met ruxolitinib
is echter niet curatief, terwijl allogene stamceltransplantatie wel tot genezing kan leiden.
In onze cohorten waren de transplantatie-uitkomsten bij myelofibrose ongunstiger dan
bij acute leukemie, met name door het verhoogde risico op GVHD. We onderzochten
of de toediening van ruxolitinib tijdens de conditionering en in de eerste twee weken
na stamceltransplantatie de uitkomsten bij myelofibrose verbetert. Patiénten die peri-
transplant ruxolitinib ontvingen, hadden minder GVHD en een lagere niet-recidief gerela-
teerde sterfte (non-relapse mortality), wat gepaard ging met een significante verbetering
in de overleving.

Deel 2: Immuun herstel na stamceltransplantatie

Het tweede deel van dit proefschrift richt zich op het herstel van het afweersysteem
na allogene stamceltransplantatie. In hoofdstuk 5 onderzochten we immuunherstel
door 92 eiwitten in het bloed te meten die geassocieerd zijn met immuunprocessen
en oncologie. We includeerden drie patiéntgroepen met verschillende klinische risico-
profielen na transplantatie: (1) acute myeloide leukemie (AML), (2) myelodysplastisch
syndroom (MDS) en (3) myelofibrose. Alle patiénten ondergingen afT-celgedepleteerde
stamceltransplantatie. Daarnaast ontvingen de myelofibrosepatiénten peritransplant
ruxolitinib, zoals beschreven in hoofdstuk 4. We analyseerden deze eiwitten in de eerste
4 weken na de transplantatie. In deze periode werden duidelijke, tijdsafhankelijke ver-
anderingen waargenomen in meerdere eiwitten, met name gerelateerd aan inflammatie
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en T-celgerelateerde processen. We zagen met name dat de relatieve concentratie van
verschillende eiwitten lager was in het bloed van patiénten met myelofibrose tijdens de
periode dat zij ruxolitinib kregen.

In hoofdstuk 6 onderzochten we het herstel van T-cellen na allogene stamceltransplan-
tatie binnen twee transplantatieplatforms: af3T-celgedepleteerde en niet-gedepleteerde
stamceltransplantatie. Hiervoor combineerden we immunofenotypering met next-
generation sequencing (NGS) van de TCR en single-cell RNA/TCR-sequencing. CMV-
reactivatie was geassocieerd met expansie van zowel CD8" afT-cellen als V62~ y&T-cellen.
In het afT-celgedepleteerde platform ging dit gepaard met een langdurige numerieke
dominantie van V52~ y6T-cellen ten opzichte van V562" y&T-cellen. Daarnaast werd de di-
versiteit van het V82~ yOTCR-repertoire na af3T-celdepletie niet duidelijk beinvioed door
CMV-reactivatie, terwijl het aBTCR-repertoire binnen CD8" T-cellen minder divers was.

Met single-cell RNA/TCR-sequencing konden we bovendien per individuele cel zowel
genexpressie (mMRNA) als de TCR karakteriseren. Door zowel patiént- als donorcellen te
analyseren, onderzochten we in welke mate TCR-klonen uit de donor terug te vinden
waren in de patiént. Eén jaar na transplantatie zagen we beperkte overlap tussen het
TCR-repertoire van donor en patiént, met uitzondering van V62~ yoT-cellen. Verder ver-
toonden T-cellen van patiénten na CMV-reactivatie een ander genexpressieprofiel dan
donor-T-cellen, passend bij een meer geactiveerd en cytotoxisch fenotype. Ten slotte
vonden we verschillen tussen beide platformen: na afT-celdepletie was de TCR-diversiteit
lager dan na een niet-gedepleteerd transplantaat, terwijl in de niet-gedepleteerde groep
relatief meer T-cellen aanwezig waren met een transcriptieprofiel dat past bij herstel- en
reparatieprocessen.

CONCLUSIE

Dit proefschrift beschrijft hoe transplantatieplatform, transplantaatbewerking en
peri-transplantmedicatie samenhangen met klinische uitkomsten na allogene stam-
celtransplantatie. Daarnaast tonen immunologische analyses dat virale reactivatie en
transplantatieplatformkeuze het herstel van T-cellen en de ontwikkeling van het TCR-
repertoire mede bepalen. Deze inzichten kunnen bijdragen aan verdere optimalisatie en
personalisatie van transplantatiestrategieén
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