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General introduction



With observational studies researchers can gain valuable knowledge about diseases,
treatments and associations between them from real-world data, but they have no
control on the interventions or when which measurements are done. This calls for careful
assessment of potential biases and optimal use of the available data. Investigating
treatment outcomes becomes more challenging when the treatment consists of
sequential interventions, more complex outcomes than for instance overall survival are
considered, or when risk factors are analyzed that have different effects on different
outcomes or are affected by events during follow-up. In these cases, more advanced
statistical methods are often required. In this thesis, two complex clinical settings are
investigated: allogeneic hematopoietic stem cell transplantation (alloSCT) for patients
with acute leukemia and immunosuppressive therapy (IST) for patients with acquired
aplastic anemia (AA). Both cases will first be introduced, followed by a brief overview of
commonly used methodological approaches, promising advanced approaches and the
aims of this thesis.

Allogeneic hematopoietic stem cell transplantation for patients with
acute leukemia

The aim of alloSCT for patients with acute leukemia is to eradicate the disease by
replacing patient hematopoiesis by donor-derived hematopoiesis and by introducing
donor-derived alloreactive T cells that can eliminate the malignant hematopoietic cells
of the patient. The latter process is called the Graft-versus-Leukemia (GvL) effect and
may result in lifelong immunity against the malignancy.! However, if these alloreactive T
cells target non-hematopoietic tissues of the patient, Graft-versus-Host-Disease (GvHD)
may develop.” The success of alloSCT as treatment against acute leukemia depends on
establishing sufficient GvL without inducing severe GvHD.

Both the GvL effect and GvHD result from an alloimmune response of donor-derived T
cells recognizing a ‘nonself” peptide/HLA complex on patient cells: the peptide, HLA
molecule or both are not present in the donor due to genetic differences.” Vice versa,
patient-derived T cells recognizing nonself peptide/HLA complexes on donor-derived
hematopoietic cells can cause graft rejection. Since all nucleated cells present HLA and
any peptide presented in nonself HLA may provoke an alloimmune response, patients
with an HLA-mismatched donor have high risks of developing severe GvHD and graft
rejection.” Therefore, HLA-matched donors are generally preferred. In the setting of
fully HLA-matched alloSCT, alloiommune T-cell responses are directed against
immunogenic nonself peptides presented in self HLA. These peptides are called minor
histocompatibility antigens (MiHAs). Due to the high genetic diversity in peptides and
T-cell receptors, the patient and donor may have hundreds of different MiHA-specific T
cells, which are, in theory, capable of graft rejection, GvL and/or GvHD, depending on
the origin of these T cells and the tissue expression of the MiHAs.? Patients with an
HLA-matched unrelated donor (UD) have about twice as many disparities as patients
with an HLA-matched sibling donor (called related donor, RD).* They have generally
higher risks of GvHD and graft rejection, and a stronger GvL effect leading to a lower
relapse risk.”

The alloSCT strategy consists of several steps: the conditioning of the patient, infusion
of the graft, interventions to prevent severe GVHD and, in some strategies, interventions
to improve the GvL effect. All steps influence the lymphohematopoietic status and
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recovery of the patient and the risks of graft rejection, infections, GVHD, relapse and
mortality.

Conditioning, graft infusion and lymphohematopoietic recovery

In the case of alloSCT for acute leukemia, the conditioning regimen has three aims: to
make space for the hematopoietic stem cells (HSCs) of the donor, to reduce the tumor
burden, and to prevent graft rejection. The first two aims are achieved by eliminating
most HSCs of the patient, both healthy and malignant, and the third aim by suppressing
the patient’s immune system, including the MiHA-specific T cells. This is done by
administering chemotherapy with or without irradiation and/or antibody therapy
against immune cells during the days before graft infusion. The myelosuppressive
potency of the conditioning regimen determines how many HSCs of the patient survive
the conditioning regimen to compete with the donor HSCs and how many leukemia cells
survive this stage.®

After the conditioning, the stem cell graft from the donor is infused. Unmanipulated
grafts consist of HSCs and immune cells. The donor HSCs home to the patient’s bone
marrow (BM), where they compete with the surviving patient-derived HSGCs to
repopulate the BM.” This competitive repopulation often leads to a state of mixed
chimerism (MC): both patient- and donor-derived HSCs are present. Both populations
produce immune cells. The recovery of innate immune cells closely follows the BM
repopulation, as they have a relatively high turnover. In contrast, de novo generation of T
cells requires a functioning thymus, and it takes months before de novo T cells appear after
alloSCT. The early T-cell recovery depends on homeostatic proliferation (i.e., expansion
of mature memory/effector T cells in a lymphopenic environment) of both the patient
T cells that survived the conditioning regimen and the donor T cells that were present in
the graft, and the expansion of T cells in response to antigens they encounter.”

T-cell alloreactivity and the need for GvHD prophylaxis

From the moment the graft is infused, alloreactive T cells encounter nonself antigens:
any surviving patient-derived alloreactive T cells may encounter nonself antigens on
hematopoietic cells of the donor while infused donor alloreactive T cells may encounter
nonself antigens on hematopoietic and non-hematopoietic cells of the patient. In HLA-
matched alloSCT, alloreactive T cells are usually naive T cells: they have never
encountered the antigen before and need costimulatory signals to become appropriately
activated.? These can be given by professional antigen presenting cells (APCs) such as
dendritic cells. Around the time of alloSCT, these APCs become activated in several
ways: the conditioning regimen causes tissue damage leading to release of danger signals,
the destruction of epithelial cells allows translocation of microbial products over the
intestinal barrier, and infections and viral reactivations occur often due to the low
immunity of the patient.”'’ Without intervention, the resulting activation of APCs would
lead to massive activation of alloreactive T cells. Therefore, to prevent lethal GvHD (and
graft rejection) patients usually receive systemic immunosuppression for several months
after alloSCT. During this period, the tissue damage and the epithelial barrier are
repaired and initial immunological recovery takes place, providing some protection
against infections. Moreover, the patient-derived professional APCs are gradually
replaced by donor-derived APCs, which are less likely to induce a strong alloimmune
response by donor-derived T cells."
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T-cell depletion and posttransplant cyclophosphamide to reduce the risk of
GvHD

Even if GvHD prophylaxis is used, the allo-immunological pressure after HLA-matched
alloSCT is considerable: about a third of the patients develop GvHD and GvHD is the
main cause of non-relapse mortality (NRM).> To reduce the risk of severe GvHD, T-cell
depletion (TCD) can be applied. With ex vivo TCD, the graft is manipulated by selecting
certain cell subsets (e.g,, CD34+ selection by immunomagnetic procedures) or by
removing certain cell subsets (e.g., CD52+ immune cells by alemtuzumab, depletion of
(subsets of) T cells by immunomagnetic procedures).'>'® With in vivo TCD, patients
receive alemtuzumab and/or anti-thymocyte globulin (ATG) intravenously. While TCD
can effectively reduce the risk of GvHD'*, some studies have shown an increase in the
risks of relapse and infections.”!'” These studies demonstrate the downside of TCD: also
the alloreactive T cells responsible for the GvL effect and the non-alloreactive T cells
responsible for the protection against viruses are affected.

Another method to reduce the GvHD risk is posttransplant cyclophosphamide (PTCY):
patients receive an unmanipulated graft, followed by cyclophosphamide and start of
GvHD prophylaxis a few days later, when the alloreactive T cells have been activated but
before they start eliminating their target cells. Cyclophosphamide affects mostly activated
T cells, leading to preferential recovery of regulatory T cells and non-alloreactive T
cells.'®"? While this leads to a better protection against infections compared to TCD?, the
GvL effect 1s still suppressed and the risk of relapse remains higher compared to non-

TCD alloSCT?.

Donor lymphocyte infusions to boost the GuL effect

To boost the GvL effect after alloSC'T, additional alloreactive donor T cells may be given
to the patient. This can be done by the administration of unmodified donor lymphocyte
infusions (DLI), which contain alloreactive and non-alloreactive T cells and other
immune cells. The higher the T-cell dose the more effective and potentially toxic the
DLI i.e., the stronger the GvL effect and the higher the risk of severe GvHD. Therefore,
the dose depends partly on the indication of the DLIL* Firstly, DLI can be given
therapeutically to patients with a relapse after alloSC'T, often in combination with
chemotherapy to reduce the tumor burden. Establishment of a strong alloimmune
response is vital for these patients. Therefore, the DLI dose is relatively high, and an
increased risk of inducing GvHD is accepted. While some patients with overt relapse can
be rescued with this treatment, the majority dies of relapse (insufficient GvL effect) or
GvHD (too strong alloimmune response).”?* Secondly, DLI can be administered
preemptively to patients with MC or minimal residual disease (MRD), which may be
signs of an impending relapse. In this case, there is more time for awaiting the effect of
DLI, and the starting dose is lower. Based on the persistence of MC and/or MRD,
subsequent DLIs are given over time with increasing dose.” The goal of this gradual
dose escalation is to achieve a sufficient GvL effect with the lowest dose possible, thereby
minimizing the risk of inducing severe GvHD. Lastly, DLI can be administered
prophylactically to all patients without GvHD, 1.e., to all patients without a sign of
alloreactivity. As relapses may occur without any foreboding signs, one may choose to
administer prophylactic DLI to boost the GvL effect even in the absence of MC and/or
MRD to minimize the risk of relapse. The dose is usually comparable to that of
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preemptive DLI, as these patients do not have a relapse yet and the risk of inducing
severe GvHD should be minimized.

The alloreactive potential of DLI also depends on the genetic disparity and the presence
of pro-inflammatory conditions that gradually diminish after alloSC'T. Therefore, the
DLI dose is also determined by donor type and timing after alloSCT: patients with an
UD often receive a lower dose than patients with a RD, and earlier DLI are given at a
lower dose than later DLI.?> However, despite adjusting the dose to donor type and
timing, alloreactivity by DLI is highly variable: some patients succumb to severe GvHD,
while others do not show any sign of GVHD and GvL and may relapse.

Combining interventions to optimize the balance between GVHD and
GvL

Some alloSCT strategies combine TCD or PTCY with prophylactic DLI to improve the
balance between GVHD and GvL. The idea is to perform the alloSCT in two steps: to
first introduce donor-derived hematopoiesis with minimal risk of severe GvHD, and then
introduce donor-derived immunity to establish a sufficient GvL effect. Because the
second step occurs after the initial recovery has taken place, the alloreactive T cells arrive
in a less pro-inflammatory environment, leading to a lower risk of GvHD compared to
if they had been infused directly after the conditioning. The strategy relies on the
antitumor effect of the conditioning itself to control the leukemia until the DLI can be
given. After the prophylactic DLI, preemptive DLI can be given if the patient still has
MC or MRD.

The complex dynamics of lymphohematopoietic recovery and clinical
events after alloSCT and DLI

Disentangling the effects of the different factors, mechanisms and interventions on the
recovery after alloSCT is challenging. Patient factors, donor factors, conditioning
intensity, the use and type of GvHD prophylaxis, TCD and/or PTCY all influence the
competitive repopulation, homeostatic proliferation and/or allo-immunological pressure
after alloSCT, determining the sizes of the emerging patient- and donor-derived
lymphohematopoietic cell populations. The patient- and donor-derived populations can
coexist or one population can eliminate the other via an alloimmune response, leading to
graft rejection or a GvL effect. The latter may be accompanied by GvHD. While
immunity is low, patients have a high risk of infections, which lead to a proinflammatory
environment stimulating alloimmune responses. Posttransplant interventions such as DLI
further complicate the dynamics. The potency of each DLI depends on many factors,
i.e., patient- and donor-related factors, the DLI product and the conditions at the time
of DLI. The DLI itself may affect the lymphohematopoietic recovery, cause GvHD and
temporarily increase the mortality risk. The GvL effect of the DLI is often hard to
quantify: therapeutic DLI are usually combined with other treatments, conversion from
MC to FDC may also have occurred without preemptive DLI and for patients with FDC
and no MRD receiving prophylactic DLI, it’s impossible to say what would have
happened if no DLI had been administered. Capturing these dynamics and estimating
the effects of risk factors is complex. Some of the commonly used methodological
approaches and more advanced approaches will be explained in the methodological
section of the introduction.
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Immunosuppressive treatment for patients with acquired aplastic
anemia

AA i1s a hematological disease characterized by a hypocellular BM and hematopoietic
failure leading to pancytopenia. Without treatment, patients may succumb to anemia,
bleeding or infections. In the majority of the cases, acquired AA seems to be caused by
an autoimmune reaction against hematopoicetic cells.?®*” There are two main treatment
options: replacing the patient hematopoiesis and immunity by alloSC'T or suppressing
the autoimmune reaction by IST. AlloSC'T leads to rapid and enduring hematopoietic
recovery at the risk of transplant-related morbidity and mortality, mostly because of
GvHD.? Therefore, currently alloSCT is only recommended for patients of 40 years or
younger who have a suitable HLA-matched RD. The majority of adult patients with AA
are treated with an IST regimen based on ATG and ciclosporin.” This treatment has
moderate side effects compared to alloSCT but is less effective: only two-third of the
patients respond, often only partially: these patients become transfusion-independent but
their blood counts remain low.*® Improvement of hematopoiesis after IST can take six
months or even longer, as the autoimmune response first needs to be sufficiently
suppressed after which the few surviving HSCs need time to repopulate the BM. During
this period, patients remain at risk for bleeding and life-threatening infections due to their
pancytopenia. After achievement of a response, the IST is tapered with the aim to stop.
However, 30% of the responders develop relapse of the disease, requiring to restart or
increase the dose of the IST, or even proceed to alloSCT.*' Additionally, patients with AA
receiving IST often have clonal evolution of hematopoietic cells, which may eventually
lead to other BM diseases, most importantly acute myeloid leukemia (AML) and
paroxysmal nocturnal hemoglobinuria (PNH).*!

As older patients may have a higher risk of treatment-related toxicity and mortality and
a lower likelihood of achieving a response, there is still debate whether ATG-based IST
should be the first-line treatment of choice for patients aged 60 or older, instead of a less
intensive treatment.”**3* The arguments in this discussion are usually based on short-
term response descriptions, overall survival and cumulative incidences of different types
of failures. However, these estimates do not give a good overview of the likelihood of
treatment success over time for several reasons. IST patients often need to be treated for
months before a response becomes visible, while those who respond remain at high risk
for several failure types: recurrence of the disease, development of another BM disease
and death due to the complications of cytopenia or due to treatment toxicity. Some
failures can be reversed by change of treatment (e.g., recurrence of disease can be treated
by increasing the IST dose, restarting the IST, starting other IST or alloSCT). Patients
can also experience different types of failure over time. For instance, a patient may first
show a response, then relapse, develop AML and die. Moreover, some failure types are
less severe than others: recurrence of the disease is less severe than development of AML.
A single ‘treatment success’ measure capturing these highly dynamic outcome
possibilities would be valuable for the evaluation of the treatment toxicity and efficacy
over time. However, the estimation of such an endpoint is a challenge, as will be
explained in the methodological section.
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Methodological challenges and common methodological approaches

Measuring treatment outcomes

To assess treatment success after alloSCT for acute leukemia GvHD-relapse-free survival
(GRFS) 1s often used: the probability of surviving without experiencing any clinically
relevant GVHD or relapse.®® A limitation of composite endpoints like GRFS is that they
do not give any information on the reason of failure, in this case relapse (not enough
GvL), GVHD (too strong alloimmune response) or death without relapse and GvHD,
often related to treatment toxicity. Not all failures are equally severe and risk factors often
have different effects on different components of the composite endpoint (for instance,
having an unrelated donor decreases the risk of relapse but increases the risk of GvHD).
Another limitation of composite endpoints is that subsequent events are ignored. For
instance, GRFS does not consider that GVHD can resolve, and that patients who
developed GvHD also likely established a GvL effect protecting them from relapse. Their
prognosis may even be better than that of patients who never developed GvHD.
Therefore, considering GvHD as definitive treatment failure seems too strict. To
overcome these limitations, GRF'S is often reported together with relapse-free survival,
overall survival and cumulative incidences of GvHD, relapse and non-relapse mortality
separately. The reader has to combine the results of all these analyses to obtain a full
picture of the clinical recovery.

Analyzing the outcome of IST for aplastic anemia faces similar problems. In this setting,
assessment of treatment success 1s usually based on overall survival and the recovery of
the blood cell counts: (partial) recovery indicates (partial) disease response. As mentioned
before, the timing of the disease response is variable, with most responses occurring
within 3 months but some also beyond 6 months®, and the response can be lost. The
probability of reaching a response over time can be shown by cumulative incidence
curves, but these give no information on what happened after achievement of a response.
This is a major limitation in a setting where even after a response, failure often occurs.
Therefore, usually the current response at certain times (most often 6 months) is
reported. Aside from only giving information at one time point, these descriptive analyses
give no information on temporary responses before this time point. Peffault de Latour et
al. provided information on loss of response between 3 and 6 months in the table
legends™, but most often the temporary responses are not described at all. Prabahran et
al.”? reported outcomes of subsequent events by showing overall survival curves and risks
of relapse and clonal evolution from different stages: from start of IST, from the 6-month
response, after relapse and after second-line alloSCT. While this approach allows to
zoom in on certain phases of the treatment, it requires a multitude of analyses (for each
phase and outcome measure) and figures with different timescales. For each analysis, the
reader needs to consider who is at risk (e.g;, only those who have a response at 6 months)
and the time between the start of the study and the start of the analysis. Combining all
information to obtain a full picture of the recovery is challenging and becomes even
impossible if some analyses start at the time of an intermediate event instead of a fixed
time since start of the main analysis.

Investigating the effects of events and biomarkers during follow-up

Risk factors can be categorized into baseline risk factors, known at or before the start of
the treatment, and time-dependent risk factors which can change after treatment, such
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as infection. Especially the effect of the latter can be complex to estimate correctly. The
most important rule is to only use information known at the present or past to predict the
future. Otherwise, immortal time bias will occur. Immortal time refers to a period in
which the event of interest (e.g., death) cannot occur due to the design of the analysis.
Bias occurs for example when responders are defined by having a response during follow-
up and are compared with non-responders from the start of treatment. The patients in
the first group cannot die until they have achieved a response (otherwise, they would not
have been selected for this group), while those in the latter group can. Thus, considering
the response during follow-up as known at baseline favors the first group in this case.
Even though this problem was already recognized in 1983%, this is still a commonly
made mistake. For instance, Zhou et al. found chronic GvHD to be the strongest
predictor in their prognostic model for longer survival in patients with chronic
myelomonocytic leukemia receiving alloSCT, but did not take into account that patients
needed to survive for at least a few months before they could develop chronic GvHD.”
The non-GvHD group could die from day 1, leading to an overestimation of the effect
of chronic GVHD on survival. In the setting of IST for AA, two studies aimed to show
the impact of experiencing relapse, PNH and AML on survival, but did not consider this
bias. In their figures, at the beginning of follow-up the ‘no event’ group has temporarily
lower survival compared to the groups with an adverse event.*®*

There are several relatively commonly used approaches to prevent this bias. In intention-
to-treat analyses, groups are defined at baseline based on the treatment they are ntended
to receive instead of who actually received it. However, this method can only be used in
settings where treatment allocation is known at time of start, it cannot be used for clinical
developments like GVHD, and it usually attenuates outcome differences between groups.
This attenuation occurs because often the treatment group contains some patients who
actually did not receive the treatment and vice versa: the groups become more similar
and the differences in outcome often smaller than if all patients could have been
allocated to the correct group. Landmark analyses at certain time points after start only
include the patients who are still at risk for the event of interest and split the group based
on events that occurred until the landmark time. Immortal time bias is prevented while
at least some of the information during follow-up can be used to define the groups, but
information of patients who already had the event of interest before the landmark time
is lost. Moreover, there is often no clear optimal landmark time: earlier landmark times
include more patients but the groups may still contain a considerable number of patients
that have the group-defining event after the landmark time, while later landmark times
throw away more information. Often, multiple landmark times are chosen, but this may
require correction for multiple testing. A method that can include all patients and event
data is the time-dependent Cox proportional hazards model. In this model, covariates
can change their value over time, assuming that the values of the covariates are constant
until the next observation. For clinical events this is often acceptable — for treatments the
exact starting time is known and the time of events like relapse are defined as the day of
observing the relapse — but this may be a problem when analyzing biomarkers such as
MRD markers and lymphocyte counts. Their values can change significantly in between
two measurements, which may relate to the development of events such as relapse and
death. Other limitations of the time-dependent Cox model are that it does not consider
measurement error and that no absolute risks can be calculated since the probability of
the intermediate event is not modelled explicitly.
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Promising advanced methodological approaches

Multi-state model to capture complex sequences of events

The main limitation of GRFS as an endpoint can be overcome by including recovery
after GvHD and calculating current GvHD-relapse-free survival (cGRFES): the
probability of being alive without relapse and currently not having GvHD.***! This can
be done by multi-state models, which capture sequences of events, allowing to keep track
of the clinical trajectories of patients in detail. In a multi-state model patients move
between states at the occurrence of clinical events or treatments. Transitions define
which routes between states are allowed. Figure 1 shows the structure of a multi-state
model incorporating GvHD, relapse and death. The most common multi-state model is
the time-inhomogeneous Markov model, which assumes that the hazard of making a
certain transition only depends on the current state and the time since the start of the
analysis.

Another advantage of the multi-state model is that the effects of risk factors can be
modelled on each of the transitions separately, usually by means of transition-specific
Cox proportional hazards models. For example, in the model of Figure 1, donor type and
conditioning intensity are likely relevant for all transitions, while disease risk only needs
to be modelled for the transitions to Relapse. Each transition hazard zooms in on a
specific part of the process and all this information needs to be combined to get a full
picture of the recovery. The model does this by using all transition hazards to calculate
the probability of being in a certain state or set of states. This can be done non-
parametrically (without taking any risk factors into account) or semi-parametrically by
considering transition-specific Cox models for one or more transitions. The latter allows
to show the clinical impact of the risk factors on different outcome measures, such as
cGREF'S (probability of being in ‘Alive without relapse/GvHD’) and relapse-free survival
(probability of being in Alive without relapse/ GvHD’ or GvHD) in Figure 1.

In conclusion, the multi-state framework can overcome all described limitations of the
composite endpoint: it keeps track of which failures and recoveries occur, captures
sequences of events, enables to investigate the effects of risk factors on different

Alive without
relapse/GvHD

v

Death

A A

GvHD

v

Relapse

Figure 1. Example of a multi-state model. The boxes represent states, the arrows transitions. All
patients start in the starting state ‘Alive without relapse/ GvHD’. From here, they move through the
model at the occurrence of events. The other states can be absorbing (impossible to leave, e.g. Death)
or intermediate (possible to leave, e.g. GVHD and Relapse). From Relapse, patients can only move to
Death: achievement of remission after relapse is not considered. In contrast, patients in the state GvHD
can return to the state ‘Alive without relapse/ GvHD” if their symptoms disappear. If they relapse during
GvHD, they move to the state Relapse: this model considers relapse a more important failure than
GvHD.
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components of the recovery process and can translate them to the total impact on
clinically relevant outcome measures. Despite appearing to be the ideal framework for
analyzing complex recovery patterns of patients with hematological diseases, a recent
systematic review by Bonneville et al. on studies reporting multivariable Cox
proportional hazards models in the setting of malignant hematological diseases showed
that only 2 of the 299 included papers involved a multi-state model.** This is likely due
to the requirement of high-quality clinical data and sufficient clinical, biological and
statistical knowledge to translate a clinical research question into a multi-state model.
Multi-state modelling demands careful choices in which clinical events are relevant,
which transitions are allowed and which risk factors should be modelled in which way for
which transitions.

Joint model to investigate effects of biomarkers

The main limitations of the time-dependent Cox model for analyzing biomarkers such
as MRD markers and lymphocyte counts are the assumptions that the measurement
values are constant between visits, that there is no measurement error, and that the
availability of the measurements is not related to the failure status.** The latter indicates
that the biomarker needs to be exogeneous, which is by definition untrue. The joint
model does not depend on these assumptions.* It captures biomarkers and clinical events
simultaneously by linking two submodels, one for the longitudinal measurements and
one for the risks of the clinical events, via an association structure (Figure 2). This allows
to model the measurement trajectories over time (which are not yielded by the time-
dependent Cox model) while appropriately accounting for both the heterogeneity in
subject-specific trajectories and measurement error, and enables the estimation of an
association between the longitudinal measurements and the risks of clinical events.

While joint models seem to be the method of choice for analyzing the impact of
biomarkers on survival outcomes, they have been applied rarely in the field of
hematology.®* As for multi-state models, their disuse is likely due to the required
clinical, biological and statistical knowledge to correctly specify the model.

P e T T T B T e e T S T B B B B B B S B T e e P T T T S s B B e B B ~
( Longitudinal submodel Time-to-event submodel \
e , A \ i - e ) |
I (mixed effects model for immune cell counts) (cause-specific Cox models for competing endpoints) 1
1
1
! 1
1 " ‘ 1
1 £ Covariates 1
1 3 ’ : !
1 = 5 disease progression 1
: § : |
. E Covariates g start !
i |
€
L 1
: @ death 1
|
I Time since start Covariates 1
|
|
1\ J . J
‘\ corrects trajectories of immune cell counts << > allows estimation of effect of immune cell counts on endpoint
___________________________________________________ -

Figure 2. Example of a joint model. The model consists of two components: a longitudinal
submodel for the immune cell counts and a time-to-event submodel for the clinical events, which are
linked together via an association structure.
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Aim of the thesis

The aim of this thesis is to investigate how careful selection of a specific setting and
application of advanced statistical methodology such as multi-state and joint models can
be used to investigate complex mechanisms or research questions in observational studies
in the field of hematology. Chapters 2-5 investigate the lymphohematopoietic and
clinical recovery after alloSCT for acute leukemia and Chapter 6 investigates the multi-
step treatment of and recovery after IST for AA.

In Chapter 2, we aim to investigate how selection of a specific alloSCT strategy, TCD
alloSCT followed by prophylactic or preemptive DLI, can be used to disentangle the
effects of competitive repopulation and allo-immunological pressure on the patient- and
donor-derived lymphohematopoietic recovery. The reduction of allo-immunological
pressure early after alloSC'T by the TCD will provide us an opportunity to investigate the
impact of the conditioning intensity on the competitive repopulation in the absence of
strong allo-immunological pressure. By selecting a cohort with different DLI strategies,
prophylactic versus preemptive DLI and with different starting times of first DLI based
on the anticipated relapse risk, we will be able to study the impact of introducing allo-
immunological pressure after the competitive repopulation has taken place.

In Chapter 3, we will dive deeper into the immune cell kinetics after alloSC'T and aim
to investigate the complex associations between immune cell kinetics and alloreactivity
by using joint modeling. Also in this case, we will use a setting of TCD alloSCT followed
by DLI to study the impact of DLI on the immune cell kinetics. The joint model
framework will also enable us to estimate the impact of the number of circulating
immune cells on the risks of GvHD and relapse. However, we will need to take into
account that the actual administration of DLI not only depends on the treatment plan,
but also on the clinical circumstances, which may influence the immune cell counts. To
take this properly into account, we will perform an intention-to-treat analysis.

In Chapter 4, we will focus on the clinical outcomes after DLI and aim to identify
factors that influence the alloreactivity of DLI, taking into account the dynamic nature
of GvHD, which can lead to death, resolve, and decrease the risk of relapse, by using a
multi-state model. We will investigate the effects of conditioning intensity, donor type,
presence of patient-derived APCs in the BM, lymphopenia and viral infections in
relation to the timing and dose of the DLI. Using the multi-state framework the clinical
relevance of any found associations will be demonstrated by assessing the impact of these
risk factors on different outcomes after DLI, such as cGRFS.

In Chapter 5, we aim to investigate how the transplantation strategy affects the
alloreactivity of DLI by considering a different clinical setting, PT'CY alloSCT followed
by DLI, than in the previous chapters. By keeping the patient selection and interventions
after alloSCT similar, the impact of the transplantation strategies on the conditions at the
time of DLI and the alloreactivity of DLI can be investigated. We will assess chimerism

conversion after DLI and compare this with the results of Chapter 2, and compare the
DLI conditions and risk of DLI-induced GvHD with the results of Chapter 4.

In Chapter 6, we move to the AA setting and aim to investigate whether and how the
multi-state framework can be used to develop a dynamic measure of “treatment success”
that can better capture the complex clinical recovery and failure patterns of patients with
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AA receiving IST compared to conventional analysis approaches. We will use the model
to evaluate treatment outcome in different age groups. The multi-state framework will
also allow us to investigate the effects of risk factors such as age and the presence of a
GPI-deficient cell clone on different phases of the recovery and assess their impact on
overall treatment outcomes.

In Chapter 7, the results of this thesis will be summarized and discussed in the light of
the current literature and other methodological approaches.
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ABSTRACT

After allogeneic stem cell transplantation (alloSCT), patient-derived stem cells that
survived the pretransplant conditioning compete with engrafting donor stem cells for
bone marrow (BM) repopulation. In addition, donor-derived alloreactive T cells present
in the stem cell product may favor establishment of complete donor-derived
hematopoiesis by eliminating patient-derived lymphohematopoietic cells. T-cell depleted
alloSCT with sequential transfer of potentially alloreactive T cells by donor lymphocyte
infusion (DLI) provides a unique opportunity to selectively study how competitive
repopulation and allo-immunological pressure influence lymphohematopoietic recovery.
This study aimed to determine the relative contribution of competitive repopulation and
donor-derived anti-recipient allo-immunological pressure on the establishment of
lymphohematopoietic chimerism after alloSC'T. In this retrospective cohort study of 281
acute leukemia patients treated according to a protocol combining alemtuzumab-based
T-cell depleted alloSCT with prophylactic DLI, we investigated engraftment and
quantitative donor chimerism in the BM and immune cell subsets. DLI-induced increase
of chimerism and development of Graft-versus-Host-Disease (GVHD) were analyzed as
complementary indicators for donor-derived anti-recipient allo-immunological pressure.
Profound suppression of patient immune cells by conditioning sufficed for sustained
engraftment without necessity for myeloablative conditioning or development of
clinically significant GVHD. Although 61% of the patients without any DLI or GvHD
showed full donor chimerism (FDC) in the BM at 6 months after alloSC'T, only 24%
showed FDC in the CD4+ T-cell compartment. In contrast, 75% of the patients who
had received DLI and 83% of the patients with clinically significant GvHD had FDC in
this compartment. In addition, 72% of the patients with mixed hematopoiesis receiving
DLI converted to complete donor-derived hematopoiesis, of whom only 34% developed
clinically significant GVHD. Our data show that competitive repopulation can be
sufficient to reach complete donor-derived hematopoiesis, but that some allo-
immunological pressure is needed for the establishment of a completely donor-derived
T-cell compartment, either by the development of GvHD or by administration of DLI.
We illustrate that it is possible to separate the Graft-versus-Leukemia effect from GvHD,
as conversion to durable complete donor-derived hematopoiesis following DLI did not
require induction of clinically significant GvHD.
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INTRODUCTION

The goal of allogeneic hematopoietic stem cell transplantation (alloSCT) in patients with
hematological malignancies is to eradicate the disease by replacing patient hematopoiesis
with donor-derived hematopoiesis and introducing donor alloreactive T cells capable of
eliminating residual malignant cells. After alloSCT, patient hematopoietic stem cells
(HSGCs) that survived the pretransplant conditioning compete with engrafting donor
HSCs for bone marrow (BM) repopulation.' Patient-derived alloreactive T cells may
reject the graft?, but donor engraftment can be supported by alloreactive donor-derived
T cells recognizing nonself antigens on patient immune cells.>* These alloreactive donor
T cells can further eliminate patient HSCs and residual malignant cells and provide
lasting immune surveillance against the malignancy, the Graft-versus-Leukemia (GvL)
effect. However, when non-hematopoietic tissues of the patient are recognized, Graft-
versus-Host-Disease (GVHD) may develop.>®

Allo-immune responses are induced by presentation of antigens to functional alloreactive
T cells. To become properly activated, naive alloreactive T cells require costimulatory
signals from activated professional antigen-presenting cells (APCs). Important factors
influencing the balance between donor- and patient-derived allo-immunological pressure
include greater genetic disparity between patient and donor encoding more antigens that
can induce alloreactivity”®. Activation of professional APCs by tissue damage may
increase the risk of GvVHD after more toxic myeloablative (MA) compared with less toxic
nonmyeloablative (NMA) conditioning regimens.” The risk of GvHD decreases over
time as the professional patient APCs are gradually replaced by donor-derived APCs."
Finally, the recovery of regulatory T cells and de novo lymphopoiesis after transplantation
may lead to a state of tolerance.'"'?

Several strategies to modulate the allo-immunological pressure after alloSC'T have been
developed. Most patients receive prophylactic systemic immunosuppression with or
without a form of T-cell depletion (TCD) to prevent rejection and GvHD." The impact
of TCD on patient- and/or donor-derived T cells depends on the method (i vivo versus
in vitro) and timing (before or after alloSCT).!*!® Excessive suppression of donor-derived
allo-immunological pressure against the patient immune cells, HSCs, and tumor cells
favors their persistence and eventual dominance, with the risk of graft failure and/or
recurrence of the malignancy.!*?!' To improve engraftment or boost the GvL effect,
unmodified donor lymphocyte infusion (DLI) can be administered after alloSCT.?*%

Our strategy of alemtuzumab-based TCD alloSCT followed by standard prophylactic
DLI* aims to separate the establishment of donor hematopoiesis from the introduction
of donor alloreactivity. The delayed introduction of donor alloreactivity allows the
induction of a GvL effect without a high risk of GvHD necessitating systemic treatment.
In this context, TCD permits analysis of BM repopulation in the absence of strong allo-
immunological pressure. Obviation of the need for prophylactic pharmacologic
immunosuppression facilitates analysis of natural immunological recovery. DLI is
administered starting 3 months after alloSCT after the competitive repopulation of the
BM and early T-cell expansion have taken place. This setting offers the unique
opportunity to exclusively analyze the impact of donor alloreactivity introduced by DLI
on persisting patient-derived HSCs and T cells. In a cohort of 281 patients, we examined
lymphohematopoietic recovery and chimerism kinetics in the BM and circulating
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immune cells in relation to conditioning and GVHD after TCD alloSC'T and DLI.

METHODS

Study population

This observational study included all adult patients with acute myeloid leukemia (AML),
acute lymphoblastic leukemia, or myelodysplastic syndrome in complete morphologic
remission after intensive induction therapy who underwent a first BM or G-CSF-
mobilized peripheral blood stem cell alloSC'T using a standard conditioning and TCD
protocol®* at Leiden University Medical Center between 2005 and 2015. Exclusion
criteria were use of a haploidentical donor or prescheduled posttransplant
chemotherapy. The study was approved by the Medical Ethical Committee of Leiden
University Medical Center (P03.114, P03.173, and P04.003). All patients provided
signed informed consent for data collection and analysis. Data were analyzed as of
August 2020.

Transplantation and DLI strategy

MA conditioning consisted of cyclophosphamide (60 mg/kg 1.v. for 2 days) with 9 Gy
total body irradiation or busulfan (4x0.8 mg/kg 1.v. for 4 days). NMA conditioning
consisted of fludarabine (50 mg/m? orally for 6 days) and busulfan (4x0.8 mg/kg i.v. for
2 days).

Standard @ wvitro TCD was performed by adding 20 mg of alemtuzumab (Sanofi
Genzyme) to the graft prior to infusion.” Additional i vwo TCD depended on donor
type and conditioning regimen. MA-conditioned patients with a 10/10 HLA-matched
related donor (RD) did not receive any i vivo TCD; all other patients received 15 mg
alemtuzumab i.v. on days -6 and -5 for MA conditioning or on days -4 and -3 for NMA
conditioning. NMA-conditioned patients with an unrelated donor (UD) also received
rabbit anti-thymocyte globulin (Sanofi Genzyme) on day -2 (2 mg/kg until April 2010
and 1 mg/kg thereafter). Only MA-conditioned patients with an UD or a 9/10 HLA-
matched RD received ciclosporin as GvHD prophylaxis, which was tapered from 1
month and stopped within 3 months post-transplantation.

Preemptive DLI was administered for increasing or persisting mixed chimerism (MC) or
the presence of minimal residual disease (MRD), whereas prophylactic DLI was
administered regardless of chimerism or MRD status to all patients without clinically
significant GvHD indicating allo-immunological pressure. Preemptive DLI was
administered at escalating doses with =3 months between infusions until the
development of GvHD or disappearance of MRD and/or MC. Prophylactic DLI was
mtroduced mm May 2010 and administered to all patients at 6 months post-
transplantation in the absence of clinically significant GVHD or relapse (3M T cells/kg
for patients with RD and 1.5M T cells/kg for patients with UD). Forty-two patients at
high risk of early relapse (within 6 months post-alloSCT) also received prophylactic low-
dose DLI (0.3M and 0.15M T cells/kg for RD and UD; respectively) at 3 months.*
Indications for this early prophylactic DLI were very poor risk AML or high-risk acute
lymphoblastic leukemia according to the HOVON criteria®*?, MRD positivity at time
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of transplantation, incomplete pretransplant treatment, therapy-related AML with
unfavorable karyotype, AML with persisting underlying disease, and acute leukemia that
relapsed early after the previous curative induction chemotherapy. Along with the
unmodified DLI; patients could receive modified (purified or genetically modified) T-cell
products as part of several clinical trials. Interferon could be administered to patients
with an increasing number of blasts in the BM (but morphologically below 5%) or with
MRD not responding to DLIL.

Follow-up

BM cytology, lymphocyte counts, and BM chimerism analysis were performed at least
every 3 months during the first 2 years post-transplantation. In a subset of patients,
chimerism was also determined in granulocytes, monocytes, CD4+ T cells, CD8+ T
cells, natural killer cells, and B cells on peripheral blood (Supplemental Methods).
Because we were interested in the kinetics of chimerism following TCD alloSC'T and
unmodified DLI, we excluded all chimerism and cell count measurements obtained 1
week or longer after infusion of a modified T-cell product. Measurements obtained after
relapse, interferon administration, chemotherapy, and second alloSCT were excluded as
well. Measurements used in the comparison analyses were performed at 6 weeks (actual
range 5-7 weeks), 3 months (2-4 months), and 6 months (5-7 months) after alloSC'T. For
the clinical outcomes, all patients, including those who received a modified T-cell
product, were included to assess the overall outcome of our total strategy and to prevent

selection bias, as recruitment for trials with modified T-cell products started a few weeks
after alloSCT.

Definitions

Neutrophil recovery was defined as the first of 3 consecutive measurements with an
absolute neutrophil count >0.5%10%/1, and non-engraftment was defined as detection of
<5% donor BM chimerism without prior neutrophil recovery. The date of relapse was
defined as the date of the first recurrence of 25% blasts on cytomorphologic BM
examination or =1% blasts in peripheral blood after alloSCT (confirmed by BM biopsy
if possible). Clinically significant GVHD was defined by therapeutic systemic
immunosuppression (tIS) for GVHD for at least 14 days or until death or stopped as part
of palliative care due to refractory GvHD, or continued use of GvHD prophylaxis
beyond 3.5 months. tIS was started for acute GvHD grade II-IV according to the
modified Glucksberg criteria, for extensive chronic GVHD according to the Seattle
criteria, and for mild GvHD not responding to topical treatment.”*** We used tIS instead
of the exact grading because our strategy aims to prevent GvHD necessitating systemic
treatment. MC was defined as detection of patient DNA at or above the limit of
detection, and full donor chimerism (FDC) was defined as undetectable patient DNA.
DLI-induced cytopenia was defined as the development of severe neutropenia
(<0.5%10°/1) after DLI not caused by relapse or infection.

Study objective and endpoints

The objective of this study was to determine the relative contribution of competitive
repopulation and donor-derived anti-recipient allo-immunological pressure on the
establishment of full-donor lymphohematopoietic chimerism after alloSCT. DLI-
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induced increase in chimerism and development of GvHD were analyzed as
complementary indicators for donor-derived anti-recipient allo-immunological pressure.
The primary endpoint was the level of donor BM and T-cell chimerism at 6 weeks and
3 and 6 months after alloSCT. Secondary endpoints were primary engraftment, clinically
significant GvHD as a surrogate for allo-immunological pressure, and BM chimerism
kinetics during the first 2 years after DLI. Other secondary endpoints were overall
survival, relapse-free survival, camulative incidence of relapse, and non-relapse mortality

during the first 5 years after alloSC'T.

Analyses

An algorithm was developed to assess the chimerism response after the first unmodified
DLI that patients received while having mixed BM chimerism. We defined this DLI as
the ‘starting DLI” for this analysis (Supplemental Methods).

The probabilities of overall survival and relapse-free survival from alloSCT with 95%
confidence intervals (95%-Cls) were calculated using the Kaplan-Meier method. Follow-
up from alloSCT was quantified using the reverse Kaplan-Meier method.*® Cumulative
incidences of neutrophil recovery as proxy for primary engraftment and clinically
significant GvHD were calculated using competing risks models (Supplemental
Methods).

To evaluate the effects of donor-derived allo-immunological pressure and DLI on BM
repopulation and immunological recovery, donor chimerism in the BM and T cells was
evaluated at 3 and 6 months after alloSCT and compared between groups based on
whether patients had developed clinically significant GvHD, had received unmodified
DLI without any clinically significant GVHD, or had neither. Because chimerism levels
did not follow a normal distribution, groups were compared using the Mann-Whitney U
test (2 groups) or Kruskall-Wallis test followed by, if applicable, the post hoc Dunn test
with Holms adjustment for multiple comparisons (>2 groups). An (adjusted) p-value
<0.05 was considered significant.

Software

All analyses were performed in R version 4.0.2 using the survival, cmprsk, prodlim,
rstatix, ggplot2, ggpubr, gridExtra, and ggalluvial packages.

RESULTS

Population

A total of 281 patients were included in this study. The patients’ baseline characteristics

are summarized in Table 1. The median follow-up was 61 months (interquartile range
[IOR] 43-85 months) after alloSC'T. The clinical outcomes of our total strategy of TCD
alloSCT followed by DLI are presented in Supplemental Results.

Successful primary engraftment after TCD alloSCT does not depend on
MA conditioning or donor-derived allo-immunological pressure

The cumulative incidence of neutrophil recovery was 91% (95%-CI 88-94) at 4 weeks
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after alloSCT and increased to 99% (95%-CI 97-100) at 2.5 months (Supplemental
Figure 3). One patient, who underwent transplantation after MA conditioning, failed to
engraft. Two patients died, at 2 and 12 days after alloSCT, before (non-)engraftment.
Successful engraftment of all 103 evaluable NMA-conditioned patients demonstrates
sufficient suppression of the patient immune cells by alemtuzumab, in combination with
anti-thymocyte globulin in case of an UD, to prevent graft rejection.

To evaluate whether strong donor-derived alloimmune responses after alloSCT had a
profound role in the primary engraftment in this cohort, we examined the development
of clinically significant GvHD before any DLI after alloSCT in the 278 engrafted
patients. At 3 months after alloSCT, the cumulative incidence of clinically significant
GvHD was 13% (95%-CI 9-17) in the total cohort and only 2% (95%-CI 0-5) after NMA
conditioning (Supplemental Figure 4). Together with the 99% probability of

MA, matched MA, mismatched NMA,

(TNOt:lzsl) RD RD or UD matched RD 1&1\'[:“&;)] D
(N =78) (N = 99) (N = 41)

Age at alloSCT (years)

median (range) 50 (18-73) 43 (18-60) 42 (19-59) 61 (28-72) 63 (40-73)
Disease

AML 188 (67%) 47 (60%) 56 (57%) 33 (80%) 52 (83%)

ALL 76 (27%) 26 (33%) 39 (39%) 5 (12%) 6 (10%)

MDS 17(6%) 5 (6%) 4 (4%) 3 (7%) 5 (8%)
Conditioning regimen

Cyclo/TBI 171 (61%) 76 (97%) 95 (96%) 0(0%) 0 (0%)

Cyclo/Bu 6 (2%) 2 (3%) 4 (4%) 0(0%) 0 (0%)

Flu/Bu 103 (37%) 0 (0%) 0/(0%) 41 (100%) 62 (98%)

Flu/Bu/Cyclo® 1(0%) 0/(0%) 0 (0%) 0(0%) 1(2%)
Donor

10/10 matched RD 119 (42%) 78 (100%) 0 (0%) 41 (100%) 0 (0%)

9/10 matched RD 2 (1%) 0 (0%) 2 (2%) 0 (0%) 0 (0%)

10/10 matched UD 120 (43%) 0 (0%) 63 (64%) 0 (0%) 57 (90%)

9/10 matched UD 39 (14%) 0 (0%) 33 (33%) 0(0%) 6 (10%)

8/10 matched UD 1(0%) 0 (0%) 1 (1%) 0(0%) 0 (0%)
Graft source

G-CSF-mobilized PBSC 266 (95%) 69 (88%) 94 (95%) 41 (100%) 62 (98%)

BM 15(%)  9(12%) 5 (5%) 0(0%) 1(2%)
Period of alloSCT**

ﬁfﬁ;ﬁi?fpl‘mm““n 2005-01-20  2005-01-20 2005-03-10 2008-08-14  2009-10-06

before May 2010 87 (31%) 35 (45%) 37 (37%) 9 (22%) 6 (10%)

since May 2010 194 (69%) 43 (55%) 62 (63%) 32 (78%) 57 (90%)

Table 1. Baseline characteristics of the total cohort and subgroups based on
conditioning intensity and donor type. MA, myeloablative; NMA, nonmyeloablative; RD, related
donor; UD, unrelated donor, AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS,
myelodysplastic syndrome; Cyclo, cyclophosphamide; TBI, total body irradiation; Bu, busulfan; Flu,
fludarabine; G-CSEF, granulocyte-colony stimulation factor; PBSC, peripheral blood stem cells; BM,
bone marrow; alloSCT, allogeneic stem cell transplantation. "One patient received cyclophosphamide
750 mg/m? i.v. for 2 days in the conditioning regimen because a second consolidation course before
transplantation was not given. “Prophylactic DLI has been included in the transplantation strategy
since May 2010.
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engraftment, these data show that primary engraftment after alemtuzumab-based TCD
alloSCT was not impaired after MA or NMA conditioning and in the absence of
clinically significant GvHD.

MC is more common in the T-cell compartment than in the BM

Because engraftment does not necessarily lead to persistent complete (100%) donor-
derived hematopoiesis, we investigated chimerism kinetics in the 278 engrafted patients.
Among the 223 patients alive without any prior cellular intervention, chemotherapy,
interferon, or relapse and with evaluable BM chimerism at 3 months after alloSC'T, 59%
had FDC. Within the group with MC, the middle 50% (i.e., the IQR) had donor
chimerism levels between 94% and 98%. To investigate whether the circulating immune
cells also were of mixed origin after TCD alloSC'T, we measured the level of donor
chimerism in 6 immune cell types in a subset of patients, again excluding all samples
after cellular intervention, chemotherapy, interferon, and relapse (Supplemental Figure
5; Supplemental Figure 6 and Supplemental Table 2 provide the cell counts in the total
cohort). At 3 months after alloSC'T; 73% to 78% of the patients showed FDC in the
granulocytes, monocytes, natural killer cells, and B cells. The IQR of the donor
chimerism values with MC in these cells ranged between 96% and 99%. In contrast, only
22% and 28% of the patients showed FDC in the CD4+ and CD8+ T-cell populations,
respectively, and the IQR of donor chimerism within T cells with MC was 7% to 92%.
Even in patients with complete donor-derived hematopoiesis, circulating T cells could be
predominantly of patient origin at 3 months post-alloSCT (Figure 1).
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Figure 1. Donor chimerism in the BM and T cells at 3 months. Donor chimerism in the BM,
CD4+ and CD8+ T cells at 3 months post-alloSCT without any prior cellular intervention, relapse,
chemotherapy or interferon. Lines corresponding to patients with FDC in the BM are highlighted in
orange.
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Associations between conditioning intensity and clinically significant
GvHD and BM and T-cell chimerism at 3 months after alloSCT

Although primary engraftment after TCD alloSCT was not affected by conditioning
intensity or donor-derived allo-immunological pressure, these factors could influence the
level of donor chimerism. To investigate the influence of conditioning intensity and allo-
immunological pressure on the development of complete donor-derived hematopoiesis,
we compared BM chimerism at 3 months after alloSCT between patient groups defined
by conditioning intensity and development of clinically significant GvHD prior to
measurement of chimerism (Figure 2A). In the absence of clinically significant GvHD,
MA-conditioned patients had significantly higher donor BM chimerism (71% of the
patients had FDC) compared to NMA-conditioned patients (32% FDC), showing that
MA conditioning promoted the establishment of complete donor-derived hematopoiesis
after alloSCT. To evaluate the effect of GvHD on the development of complete donor-
derived hematopoiesis, we compared donor BM chimerism between MA-conditioned
patients with and without clinically significant GvHD. Patients with clinically significant
GvHD had higher donor BM chimerism at 3 months after alloSCT compared with those
without (88% versus 71% FDGC; adjusted p-value = 0.12).

To investigate the influence of conditioning intensity and clinically significant GvHD on
T-cell chimerism, we compared the level of donor chimerism in CD4+ and CD8+ T
cells at 3 months between the same groups for all patients with available T-cell chimerism
(Figure 2B-C). In the absence of clinically significant GvHD, donor chimerism in CD4+
T cells and CD8+ T cells was significantly higher in MA-conditioned patients (33% had
FDC in CD4+ T cells and 41% had FDC in CD8+ T cells) compared with NMA-
conditioned patients (7% and 12%, respectively). In the MA-conditioned group, there
was no significant difference in the level of donor chimerism between patients with and
those without clinically significant GVHD: 43% versus 33% had FDC in CD4+ T cells
(adjusted p-value 0.37) and 43% versus 41% had FDC in CD8+ T cells (adjusted p-value
0.74). Together, these data indicate that myeloablative conditioning led to higher donor
T-cell chimerism after TCD alloSCT; but we did not find a significant effect of clinically
significant GVHD on the level of CD4+ or CD8+ T-cell chimerism at 3 months after
alloSCT. This may be explained by the immunosuppressive treatment that almost all
patients with GvHD still were receiving at the time of chimerism measurement.

Donor chimerism in the BM and T cells increases after early DLI

Starting from 3 months, prophylactic and preemptive DLI was administered to induce
an alloimmune response against patient-derived hematopoietic cells. To investigate the
impact of this allo-immunological pressure by early DLI in the absence of GvHD, we
compared donor BM chimerism between 3 and 6 months after alloSCT in patients who
received unmodified DLI within 4 months after alloSCT but without any clinically
significant GVHD up to 6 months, and in patients without any DLI or GvHD in this
period. Of the 71 evaluable patients (51% NMA-conditioned) without any DLI or
GvHD during this period, 66% showed FDC at 3 months and 61% did so at 6 months,
illustrating that in absence of donor-derived allo-immunological pressure, mixed BM
chimerism remained prevalent after TCD alloSCT. Thirty patients received unmodified
DLI within 4 months after alloSC'T, 30% after NMA conditioning. Notably, although
only 38% of these patients showed FDC in the BM at 3 months after alloSCT, this
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Figure 2. Donor chimerism in the BM and T cells at 3 months according to conditioning
regimen intensity and the development of GvHD before the measurement. Donor
chimerism in the BM (A), CD4+ T cells (B) and CD8+ T cells (C) at 3 months after TCD alloSCT
without any prior cellular intervention, relapse, chemotherapy or interferon. T-cell chimerism was
measured in a subset of patients. In 7 patients, either the CD4+ or the CD8+ fraction was missing. In
all panels, the data are grouped based on conditioning intensity and development of clinically
significant GvHD before the 3-month measurement. The boxplots are combined with violin plots
showing the kernel probability density to visualize the distribution of the data. The lower and upper
hinges of the boxplots correspond to the 25th and 75th percentiles, respectively. In each panel, the level
of donor chimerism was compared among 3 groups as the 2 NMA-conditioned patients with GvHD
were excluded from this test. The p-values for the pairwise comparisons are adjusted for multiple
comparison.
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percentage increased to 63% at 6 months after alloSC'T; indicating that early unmodified
DLI could increase donor BM chimerism without the concomitant development of
GvHD.

To evaluate the impact of early DLI on donor T-cell chimerism, we investigated the
kinetics of donor T-cell chimerism during the first 6 months after alloSCT in patients
without any DLI or GvHD during this period and in patients who received DLI (Figure
3). Again, the 18 evaluable patients without any DLI or GvHD showed a stable pattern
of MC, and almost all patients with an early DLI without any clinically significant
GvHD (n=8) showed increasing levels of donor CD4+ and CD8+ T-cell chimerism.

no DLI nor clinically significant GVHD unmodified DLI
before the 6-month measurement before the 6-month measurement
100 - 100 -
— 901 90 ?
xR
£ 80 80 -
8
2 704 3 704
= 604 60 -
(8]
S 50 50
c
[e]
D 40 —_— 40 o
Q
"_’ 30 30
:Dr") 20 - 20 -
10 10
0 - 04
T T T T T T T T
alloSCT 6 weeks 3 months 6 months alloSCT 6 weeks 3 months 6 months
100 - 100 -
— 904 90
§
€ 80 4 80 4
9
E 70 70
= 60 n / 60 |
(&)
S 50- 50 -
=
o
T 40 40 4
)
= 304 30
% 20 - 20 -
10 4 < 104
— —eeee g
0 - 04
T T T T T T T T
alloSCT 6 weeks 3 months 6 months alloSCT 6 weeks 3 months 6 months

Figure 3. T-cell chimerism kinetics during the first 6 months after TCD alloSCT in
patients without any clinically significant GvHD nor DLI before the 6-month
measurement and in patients who received an unmodified DLI before the 6-month
measurement. Patients who died, relapsed, or received chemotherapy, interferon, second alloSCT
or a modified T-cell product before the 6-month measurement were excluded. In the second column,
the chimerism measurements done before DLI are in grey, and the measurements done after DLI are
in black, to visualize the impact of DLI on the level of donor T-cell chimerism.
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To test whether these kinetics led to significant differences in the level of donor T-cell
chimerism at 6 months after alloSCT and to compare the impact of DLI with the impact
of clinically significant GVHD without DLI on chimerism, we compared the levels of
6-month donor chimerism in CD4+ and CD8+ T cells between these 2 patient groups,
adding a third group comprising the 12 evaluable patients who developed clinically
significant GvHD before the 6-month measurement, all without any prior DLI (Figure
4A-B). CD4+ T-cell donor chimerism was significantly higher in patients with DLI (75%
FDC) or clinically significant GvHD (83%) compared to patients without any DLI or
GvHD (24% FDC). CD8+ T-cell chimerism showed a similar trend, with 33% of the

CD4+ T cells CD8+ T cells
Kruskal-Wallis, p = 0.002 0.563 Kruskal-Wallis, p = 0.199
0044 — —— A B
0.003
100 100 -
< 90+ z 90 i
2}
c 80 80 4
2 704 70
]
E 604 60 -
S 50 50
2 40+ 40
o
T 304 30
20 4 20 4
10 10
0+ 0+
T T T T T T
no DLI nor clinically DLI clinically no DLI nor clinically DLI clinically
significant GVHD n=8 significant GVHD significant GVHD n=8 significant GVHD
n=17 n=12 n=15 n=11
1 = 1 -
600 & doror C 600 D
Bl patient
1200 H 1200
. o
o
o
i
x 800 - 800 -
L0
o
o
400 400
T T T T T T
no DLI nor clinically DLI clinically no DLI nor clinically DLI clinically
significant GVHD n=8 significant GVHD significant GVHD n=8 significant GVHD
n=17 n=12 n=15 n=11

Figure 4. T-cell chimerism and patient/donor-specific counts at 6 months in patients
with DLI, GVHD or neither. CD4+ and CD8+ T-cell chimerism (A and B) and patient/donor-
specific counts (C and D) at 6 months after alloSCT in patients without prior DLI or clinically significant
GvHD, patients with DLI before this measurement, and patients who had developed clinically
significant GvHD after alloSC'T without prior DLI. Patients who relapsed, or received chemotherapy,
interferon, second alloSC'T or a modified T-cell product before the 6-month measurement were
excluded. The p-values for the pairwise comparisons in (A) are adjusted for multiple comparison.
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patients without any DLI or GVHD having FDC, compared to 50% of those with DLI
and 55% of those with clinically significant GVHD. Patients with DLI or clinically
significant GvHD had both a lower number of circulating patient-derived T cells and a
higher number of donor-derived T cells (Figure 4C-D). Together, these data show that
6-month donor CD4+ T-cell chimerism is significantly higher in patients with than in
those without GvHD, and that early DLI can increase the level of donor T-cell
chimerism in the absence of GvHD.

Strategy of dose-escalating DLIs can convert mixed hematopoiesis to
durable complete donor-derived hematopoiesis without necessarily
inducing clinically significant GVHD

To investigate the allo-immunological effects of our total DLI strategy, we developed an
algorithm to quantify BM chimerism responses in the 65 patients with mixed
hematopoiesis receiving unmodified DLI without any prior relapse (Methods). Clinical
outcomes of all patients who received an unmodified DLI are presented in the
Supplemental Results. The median level of donor BM chimerism in these patients at
time of the starting DLI was 98% (IQR 94-99, Figure 5A). In 7 patients, the BM
chimerism response could not be evaluated because of early death from severe GvHD
after DLI (n=4) or early relapse (n=3) (Figure 5B, Supplemental Table 3). Within 2
months after starting DLI, 15 of the 65 patients (23%) converted to FDC and 9 (14%)
showed a partial response with decreasing patient chimerism. Over time and with our
dose-escalating DLI protocol, the numbers of patients with a response increased: 38
(58%) showed a response within 4 months and 46 (71%) did so within 7 months after
starting DLI. At 25 months, 47 patients (72%) had converted to FDC, including 35 after
1 DLI, and 5 (8%) had shown a partial response. Six patients (9%) with available BM
chimerism measurements after DLI did not show any response within this period, of
whom 3 relapsed and 2 died within 25 months after the starting DLI. Only 1 patient
completed the 25-month follow-up period without showing any chimerism response.
Notably, this patient eventually converted to FDC in the BM at 29 months after the
starting DLI, 6 months after the fourth DLI. After complete conversion, 4 of the 47
patients died and 4 relapsed within 25 months after the starting DLI. The other 39 (83%)
patients with complete conversion were still alive and in complete remission at 25 months
after DLI. Only 1 patient occasionally had some detectable patient DNA (Supplemental
Figure 7).

To study whether GvHD is required for conversion to complete donor-derived
hematopoiesis after DLI, we evaluated the development of clinically significant GvHD
in the 47 patients with conversion from MC to FDC and found that 16 (34%) developed
clinically significant GVHD within 25 months after starting DLI and 31 (66%) did not
(Figure 5C). Together, these data show that our DLI strategy led to durable complete
donor-derived hematopoiesis in the majority of the patients with mixed hematopoiesis
receiving DLI after TCD alloSCT, without necessarily inducing clinically significant
GvHD.
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DISCUSSION

In this study, we leveraged a strategy of TCD alloSCT followed by standard prophylactic
DLI to investigate how competitive repopulation and allo-immunological pressure
influence the lymphohematopoietic recovery after alloSCT. The sequential introduction
of donor hematopoiesis and alloreactivity enabled us to study these mechanisms
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Figure 5. Alloimmune responses in the 65 patients with mixed hematopoiesis receiving
unmodified DLI. Patients who relapsed or received chemotherapy, a second alloSC'T; or a modified
T-cell product before DLI or who continued GvHD prophylaxis after DLI were excluded. (A) The level
of donor BM chimerism at time of DLI initiation. (B) The best BM chimerism response achieved by
different time points after the first unmodified DLI. The events that terminated the evaluation period
(death, relapse, chemotherapy, interferon or second alloSCT) are described in Supplemental Table 3.
Note that recurrence of MC or terminating events occurring after a response are not shown in this plot.
The current response, which considers these possibilities, is shown in Supplemental Figure 7. (C)
Distribution of the best BM chimerism responses at 25 months after initiation of DLI (inner circle) and
the use of tIS for GVHD by the converted patients during this period (outer ring). Five of these patients
did not start tIS for GVHD but relapsed (n = 4) or died (n = 1) during this period.
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separately, which 1is not possible in T-cell replete alloSCT or TCD alloSCT without
standard DLI. Effective suppression of the patient-derived alloimmunity by the
conditioning regimens sufficed for sustained engraftment without the need for
myeloablative conditioning or evident donor-derived allo-immunological pressure.
However, the development of complete donor-derived hematopoiesis depended on both
competitive repopulation and allo-immunological pressure; the proportion of patients
with FD BM chimerism at 3 months was lowest in the NMA-conditioned patients
without any GvHD (32%), higher in the MA-conditioned patients without any GvHD
(71%), and highest in the MA-conditioned patients who had developed GvHD (88%). In
patients without GvHD, an alloimmune response against patient-derived hematopoietic
cells could be efliciently induced by DLI even in the absence of concomitant GvHD.
Following our total strategy of dose-escalating DLIs, 72% of the patients with mixed BM
chimerism at time of DLI converted to complete donor-derived hematopoiesis. Only
34% of converting patients developed clinically significant GVHD after DLI, illustrating
that the GvL effect can be separated from GvHD. For the establishment of a completely
donor-derived T-cell compartment, some allo-immunological pressure seemed to be
required.

Although the level of donor chimerism in CD4+ and CD8+ T cells at 3 months was
higher after MA than NMA conditioning, only 33% and 41% of the MA-conditioned
patients without any GVHD had FDC in these subsets, respectively. However, 83% of the
patients who had developed GvHD, and 75% of the patients who had received an early
DLI without developing any GvHD, had FDC in the CD4+ T cells at 6 months after
alloSCT, compared to 24% of the patients without prior DLI or GvHD, showing that
DLI also could convert mixed T-cell chimerism to FDC in the absence of GvHD.
Together, these data indicate that the establishment of complete donor-derived
hematopoiesis can be the result of competitive repopulation, but that donor-derived allo-
immunological pressure is needed for the development of FD T-cell chimerism.

Because competitive repopulation can be sufficient to induce I'D BM chimerism, the
presence of FDC itself does not prove occurrence of an alloimmune response against
patient hematopoietic cells or achievement of a meaningful GvL effect. This conclusion
can explain why the value of FDC in predicting relapse remains controversial in different
settings of alloSC'T. For instance, Konuma et al* did not observe any association
between FDC in the BM and relapse after MA single-unit umbilical cord blood
transplantation. Owing to the MA conditioning and the relatively low allo-
immunological pressure after cord blood transplantation”, the achieved FDC might have
been mainly the result of competitive repopulation. In contrast, Koreth et al*® showed
that having <90% donor chimerism in the BM or peripheral blood increased the risk of
relapse after T-cell replete alloSCT following NMA conditioning. As in this case, the
competitive repopulation probably played a more limited role, FDC was more likely a
result from donor-derived allo-immunological pressure. The chimerism kinetics also can
indicate whether alloreactivity played a role. Although FDC early after transplantation
in the absence of GvHD may reflect the outcome of competitive repopulation,
conversion from stable MC to FDC is most likely the result of an alloimmune response,
leading to low relapse rates after chimerism conversion from MC to FDC, as observed in
this study and as reported by others.**! Therefore, not only the level of donor
chimerism, but also the clinical setting and the chimerism kinetics, should be considered
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when using chimerism to monitor the presence of donor-derived allo-immunological
pressure and thereby the GvL effect in patients.

Because a conversion to FDC can be observed only in patients who have MC to start
with, the ideal cell lineage for monitoring alloreactivity needs to show stable levels of MC
after alloSCT in the majority of patients. Owing to the persistence of long-living patient-
derived T cells, mixed T-cell chimerism is common after TCD alloSCT, and can exist in
patients with a completely donor-derived hematopoiesis.*** Therefore, changes in T-cell
chimerism potentially could be used as marker for alloreactivity more often than BM
chimerism. Applicability depends on the transplantation strategy. For instance, mixed
T-cell chimerism is common after CD34+-selected alloSCT*®, whereas Carnevale-
Schianca et al* observed 97% FDC at 28 days after MA alloSCT with posttransplant
cyclophosphamide.

An important question is whether DLI can induce a sufficient GvL effect without
needing to induce clinically significant GVHD as well. In concordance with our data,
others have shown that conversion from MC to FDC can occur in the absence of GvHD
after DLI, and that this conversion significantly decreases the risk of relapse.?**#74 The
accumulating evidence that DLI can be effective in preventing relapse even without the
induction of GvVHD encourages further investigation into how the risk of GvHD after
DLI can be decreased without losing the beneficial GvL effect. Several DLI modification
strategies are being investigated that either remove cell subsets that are important for the
development of GvHD (e.g., depletion of CD8+ T cells) or select only immune cells that
target hematopoietic cells.* The toxicity of unmodified DLI can be reduced by
administering prophylactic immunosuppression around DLI or by decreasing the initial
DLI dose for patients with a higher risk of severe GvHD.?

In conclusion, we examined how the fundamental processes of BM repopulation and
allo-immunological pressure shape the lymphohematopoietic recovery after TCD
alloSCT and DLI. The suppression of the patient-derived allo-immunological pressure
by the conditioning suffices for sustained engraftment without requiring intensive
myeloablation or donor-derived allo-immunological pressure. We show that competitive
repopulation can be sufficient to reach complete donor-derived hematopoiesis, but that
some allo-immunological pressure is needed for the establishment of a completely donor-
derived T-cell compartment, either by the development of GvHD or by administration
of DLI. We illustrate that it is possible to separate GvL from GvHD, as conversion to
durable complete donor-derived hematopoiesis following DLI did not require the
induction of clinically significant GvHD.
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SUPPLEMENTAL METHODS

Methodology for measuring chimerism and circulating immune cell
counts

BM chimerism was determined on unfractionated BM samples by short-tandem-repeat
(STR) PCR. For some patients, transplanted before 2007 with a sex-mismatched donor,
unfractionated BM chimerism was determined by FISH analysis using Vysis CEP X/Y
probes. The lower detection limit of the chimerism analyses was 1-2%, depending on the
method and the selected markers. In a subset of patients, chimerism was also determined
in granulocytes, monocytes, CD4+ T cells, CD8+ T cells, NK cells and B cells on
peripheral blood by STR PCR. For this analysis, 50,000 cells per population were sorted
by flow cytometry (Supplemental Table 1). Absolute numbers of circulating CD4+ T
cells, CD8+ T cells, B cells and NK cells were measured routinely on anticoagulated
fresh venous blood by flow cytometry with bead calibration (Trucount tubes, Becton
Dickinson, Breda, The Netherlands) at a detection limit of 0.5x10° cells/1.

Quantification of donor-derived alloimmune responses after DLI in
patients with mixed chimerism

To evaluate whether DLIs can induce BM chimerism conversion from MC to FDC or
improve the level of donor chimerism, we developed an algorithm to assess the best
chimerism response after the first unmodified DLI that patients received while having
MUC in the BM. We defined this DLI as the ‘starting DLI” for this analysis. Patients could
enter the analysis only once: the analysis was not restarted if a patient received another
DLI after recurrence of MOC. The algorithm considered all BM chimerism
measurements from 1 week until 25 months after the starting DLI, including
measurements after successive DLIs and excluding measurements taken after relapse or
administration of interferon, chemotherapy, or second alloSC'T. Patients receiving DLI
during continued GVHD prophylaxis or after a relapse, administration of
chemotherapy, second alloSC'T, or modified T cell product were excluded from this
analysis. A complete donor-derived alloimmune response was defined as conversion to
FDC. Partial donor-derived alloimmune response was defined as a relative decrease in
patient chimerism of 50% or an absolute decrease of 20% when starting patient
chimerism was at least 50%, 10% when starting patient chimerism was between 20%
and 50%, or 5% when patient chimerism was <20%. These values were chosen to
prevent that minor fluctuations in patient chimerism were defined as a response. Patients
with evaluable BM chimerism measurements after DLI who failed to show a complete or
partial response were considered to have no donor-derived alloimmune response. For
partial and non-responders a distinction was made between patients who had completed
the required follow up period and patients who had died, relapsed, or received
chemotherapy, interferon, or second alloSCT within this period. For the evaluation of
the durability of the chimerism responses we also considered loss of response, defined as
the recurrence of patient chimerism after a complete response or an increase in patient
chimerism (using the same cut-offs as described above) after a partial response. The
number of DLIs before achieving the best response (until conversion to FDC for
complete responders or until the start of decreasing patient chimerism for partial
responders) or during the total evaluable follow-up (for non-responders) were recorded.
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To evaluate whether clinically significant GVHD 1is required for chimerism conversion,
we examined how many of the complete responders started tIS for GVHD within 25
months after the starting DLI.

Competing risks models

The cumulative incidence of neutrophil recovery as proxy for primary engraftment was
calculated in a competing risks model starting at alloSCT and with non-engraftment and
death as competing events. The cumulative incidence of clinically significant GVHD
after TCD alloSCT was calculated with cellular intervention ((un)modified DLI, stem
cell boost or second alloSCT), relapse, start of chemotherapy or interferon, and death as
competing events. The cumulative incidences of clinically significant GVHD and of the
development of acute GVHD grade II-IV or extensive chronic GVHD were calculated
in separate competing risks models with relapse and death as competing events.

SUPPLEMENTAL RESULTS

Clinical outcomes of the total strategy

The 5-year overall and relapse-free survival were 49% (95%-CI 43-55) and 46% (95%-
CI 40-52), respectively. The cumulative incidence of relapse was 24% (95%-CI 19-29) at
this time, while the non-relapse mortality was 30% (95%-CI 24-35). The outcomes per
conditioning and donor type are shown in Supplemental Figure 1. The I-year
cumulative incidence of clinically significant GVHD was 37% (95%-CI 32-43; see
Supplemental Figure 2 for comparison with the overall grading of GVHD).

Development of GVHD after DLI and DLI-induced cytopenia

In total, 131 patients received an unmodified DLI after alloSCT without any prior
relapse, chemotherapy or other cellular intervention or ongoing prophylactic
immunosuppression. Of these patients, 65 had mixed BM chimerism at time of DLI, 59
FDC and for 7 the level of BM chimerism was unknown. 24 (37%) of the 65 patients
with MC at time of DLI developed clinically significant GVHD compared to 9 (15%) of
the 59 FDC patients. Of these 33 patients with GVHD after DLI, 14 died during GVHD
(2 had FDC at time of DLI), while only one relapsed. Three patients, all with mixed BM
chimerism (80-98% donor), showed DLI-induced cytopenia, all just before or at time of
the start of GVHD.

Chimerism kinetics | 38



SUPPLEMENTAL TABLES

Panel 1 Panel 2

Marker Tube 1 Tube 2 Tube 3 Tube 1
(only used for sorting)

CD3 FITC APC - APC
CD4 - FITC - PB
CD8 - PE - FITC
CD14 - - PE APC-H7
CD16 PE - - PE
CD19 APC - - PE-Cy7
CD45 PerCP PerCP PerCP PerCP
CD56 PE - - PE

Supplemental Table 1. Fluorescence panels used for sorting and counting of the
immune cells. APC, allophycocyanin; FITC, fluorescein isothiocyanate; PB, PacificBlue; PE,
phycoerythrin; PerCP, peridinin-chlorophyll protein. All fluorochromes were from BD, Becton
Dickinson, Breda, The Netherlands. The CD45intSSChiCD14- gate was used to identify and sort
granulocytes.

Granulocytes Monocytes NKcells B cells CD4+ T cells CD8+ T cells

Lower limit of

reference range 1500 100 40 60 560 260

(cells/1)

Time after alloSCT
6 weeks 76% 90% 90% 24% 3% 23%
3 months 75% 95% 97% 61% 12% 32%
6 months 79% 97% 96% 79% 8% 43%

Supplemental Table 2. Recovery of immune cell subset counts after TCD alloSCT.
Percentages of patients having immune cell counts of at least the lower limit of the reference range.
Measurements after relapse or administration of chemotherapy, interferon, modified T cell product or
second alloSCT were excluded.

Evaluable period from starting DLI

Best response 2 months 4 months 7 months 25 months
Unevaluable due to early death from GvHD 4 (6%) 4 (6%) 4 (6%) 4 (6%)
Unevaluable due to early relapse 3 (5%) 3 (5%) 3 (5%) 3 (5%)
No response

No event within period 34 (52%) 18 (28%) 9 (14%) 1 (2%)

Relapse, chemotherapy or interferon within period 0 2 (3%) 2 (3%) 3 (5%)

Death within period 0 0 1 (2%) 2 (3%)
Partial response

No event within period 8 (12%) 8 (12%) 6 (9%) 1 (2%)

Relapse, chemotherapy or interferon within period 0 0 0 1 (2%)

Death within period 1 (2%) 1 (2%) 3 (5%) 3 (5%)
Complete response 15 (23%) 29 (45%) 37 (57%) 47 (72%)

Supplemental Table 3. Best BM chimerism response after DLI. Details regarding the best
BM response and events that terminated the evaluation period.
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SUPPLEMENTAL FIGURES
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Supplemental Figure 1. Overall and relapse-free survival, relapse and non-relapse
mortality. Kaplan-Meier curves for overall and relapse-free survival and cumulative incidence curves
for relapse and non-relapse mortality per cohort. MA, myeloablative conditioned; NMA,
nonmyeloablative conditioned; RD, related donor; UD, unrelated donor; OS, overall survival; RES,
relapse-free survival; NRM, non-relapse mortality. | indicates censoring times.
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Supplemental Figure 2. Cumulative incidence of clinically significant GVHD. Cumulative
incidence curves of clinically significant GVHD (GVHD requiring systemic treatment) and a combined
curve of acute GVHD grade II-IV and extensive chronic GVHD. The cumulative incidences were
calculated in separate competing risks models with relapse and death as competing events. The
difference between the lines is caused by patients receiving tIS for lower grade GVHD not responding
to topical treatment, patients with higher grade GVHD responding rapidly to topical treatment or
requiring less than 14 days tIS, and patients with tIS for GVHD not proven by histology.
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Supplemental Figure 3. Primary engraftment. Cumulative incidence curves of the competing
events neutrophil recovery as a proxy for engraftment, non-engraftment and death. One patient never
had neutrophils below 0.5%10/1 and was excluded from this analysis.
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Supplemental Figure 4. Clinically significant GVHD after TCD alloSCT without DLI.
Cumulative incidence curves of the competing events clinically significant GVHD, cellular intervention,
relapse, start of chemotherapy or interferon, and death. Per plot only the curves corresponding to events
observed in the subgroup are shown. The event-free survival was defined as the time from alloSC'T until
the occurrence of one of these events. MA, myeloablative; NMA, nonmyeloablative; RD, related donor;

UD, unrelated donor; GVHD, graft-versus-host disease.

43 | Chapter 2



Granulocytes Monocytes

100 100 T
T 7 T |uTT ?
90 1 20 4
80 701
60

70 A 50
T T T T T T
6 weeks 3 months 6 months 6 weeks 3 months 6 months
n=45 n=61 n=27 n=45 n =65 n=28
NK cells B-cells
— 100 ~ 100 -
§ T T ——T—_— T—
€
@
@
£ 90+ 90 -
S ol
Q
<)
=
5]
° 80 b T T T 80 L T T T
6 weeks 3 months 6 months 6 weeks 3 months 6 months
n=44 n==66 n=26 n=32 n =60 n=28
CD4+ T-cells CD8+ T-cells
100 100 -
90 + 90 +
80 - 80
70 70 A
60 60
50 + 50 ~
40 4 40 H
30 A 30 A
20 20 ~
10 1 10 A
0 - 0+
T T T T T T
6 weeks 3 months 6 months 6 weeks 3 months 6 months
n=42 n=68 n=29 n=40 n=69 n=26

Supplemental Figure 5. Donor chimerism in immune cell subsets. Donor chimerism in
immune cell subsets at 6 weeks, 3 months and 6 months after TCD alloSC'T without any prior cellular
intervention, relapse, chemotherapy or interferon. The lymphocyte counts of the total cohort, also
including measurements after unmodified DLI, are shown in Supplemental Figure 6 and summarized
in Supplemental Table 2.
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Supplemental Figure 6. Recovery of absolute numbers of immune cell subsets after
TCD alloSCT. Measurements after relapse or administration of chemotherapy, interferon, modified

T cell product or second alloSC'T were excluded. The green areas represent the reference ranges used
in our laboratory.
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Supplemental Figure 7. Current BM chimerism responses after unmodified DLI.
Current BM chimerism responses in the 65 patients with mixed hematopoiesis receiving unmodified
DLI. This plot provides insight in the durability of the achieved responses as patients with a response
may lose their response or may for instance relapse after chimerism conversion. Per patient only the first
terminating event (relapse, death, chemotherapy, interferon or second alloSCT) is considered: patients
cannot move on to ‘death’ after a relapse. All patients in the green and grey areas were alive without any
relapse, chemotherapy or interferon at the corresponding timepoint after their starting DLI. Per
protocol, BM biopsies are stopped at 2 years after alloSC'T if the patient has complete donor-derived
hematopoiesis. These patients move to ‘chimerism follow-up completed’ in the plot. All other patients
without any BM chimerism measurement within 2 months before the respective timepoint move to the
‘not done’ areas. Of these patients, those who showed a complete response in their previous
measurement are shaded with green.
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ABSTRACT

Alloreactive donor-derived T cells play a pivotal role in alloimmune responses after
allogeneic hematopoietic stem cell transplantation (alloSCT); both in the relapse-
preventing Graft-versus-Leukemia (GvL) effect and the potentially lethal complication
Graft-versus-Host-Disease (GVHD). The balance between GvL and GvHD can be
shifted by removing T cells via T-cell depletion (TCD) to reduce the risk of GvHD, and
by introducing additional donor T cells (donor lymphocyte infusions [DLI]) to boost the
GvL effect. However, the association between T-cell kinetics and the occurrence of allo-
immunological events has not been clearly demonstrated yet. Therefore, we investigated
the complex associations between the T-cell kinetics and alloimmune responses in a
cohort of 166 acute leukemia patients receiving alemtuzumab-based TCD alloSC'T. Of
these patients, 62 with an anticipated high risk of relapse were scheduled to receive a
prophylactic DLI at 3 months after transplant. In this setting, we applied joint modelling
which allowed us to better capture the complex interplay between DLI, T-cell kinetics,
GvHD and relapse than traditional statistical methods. We demonstrate that DLI can
induce detectable T-cell expansion, leading to an increase in total, CD4+ and CD8+
T-cell counts starting at 3 months after alloSCT. CD4+ T cells showed the strongest
association with the development of alloimmune responses: higher CD4 counts
increased the risk of GvHD (hazard ratio 2.44, 95% confidence interval 1.45-4.12) and
decreased the risk of relapse (hazard ratio 0.65, 95% confidence interval 0.45-0.92).
Similar models showed that natural killer cells recovered rapidly after alloSCT and were
associated with a lower risk of relapse (HR 0.62, 95%-CI 0.41-0.93). The results of this
study advocate the use of joint models to further study immune cell kinetics in different
settings.
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INTRODUCTION

The curative potential of allogeneic stem cell transplantation (alloSCT) in the treatment
of hematological malignancies depends on the introduction of donor-derived
alloreactive T cells." These T cells recognize nonself antigens on patient-derived cells
and can, once activated, expand and eliminate those cells. Targeting antigens on
lymphohematopoietic cells including the malignant cells leads to the desired Graft-
versus-Leukemia (GvL) effect and prevents relapse. However, when other tissues of the
patient are targeted, Graft-versus-Host-Disease (GvHD) may develop.? Natural killer
(NK) cells may discriminate between healthy and non-healthy (e.g., virus-infected or
malignant) cells by acting on signals from inhibitory and activating receptors that bind to
the target cell. In the setting of alloSCT, early NK cell recovery can protect against
relapse and viral infections.** However, NK cells do not appear to be important effector
cells in GvHD.?

To reduce the risk of severe GvHD, donor T-cell depletion (TCD) can be applied,
although this will decrease the GvL effect.® In order to restore the GvL effect to prevent
relapse, TCD alloSCT can be combined with the administration of donor lymphocyte
infusions (DLIs) after transplant.>”® DLI as part of a preemptive strategy is administered
to patients with detectable minimal residual disease (MRD) or with residual patient
hematopoiesis: mixed chimerism (MC). DLI as part of a prophylactic strategy is given to
all patients in whom no GvHD has developed as sign of alloreactivity. The alloreactive
potential of DLI decreases over time after alloSCT: both the efficacy (GvL effect) and
toxicity (GvHD) are highest early after alloSC'T. *!° Therefore, administration preferably
starts a few months after alloSCT to allow for sufficient GvL without severe GvHD."

Since T cells are pivotal for alloimmune responses, several groups have investigated T-cell
kinetics after alloSCT and their impact on the development of GvHD or relapse.
However, as shown in the recent review by Yanir et al.'?, the reported results are
inconsistent, and their interpretation is complicated by several factors. First, T cells can
be patient- or donor-derived, while only donor-derived T cells are responsible for GvHD
and GvL. Second, the T-cell changes following alloSCT are the combined result of de
novo T-cell generation from infused hematopoietic stem cells starting at least 6 months
after alloSC'T; homeostatic proliferation of T cells present in the patient or graft, T-cell
expansion during infections and expansion of alloreactive T cells responsible for GvL
and GvHD. Especially cytomegalovirus (CMV) reactivations are common during the
first 3 months after alloSC'T and strongly affect the kinetics of both T cells and NK cells
after alloSC'L:"*"» This may distort the association between the kinetics of the main T-cell
subsets and specific alloiommune responses, i.¢., the presence of GvHD and the absence
of relapse as a result of the GvL effect. Third, factors that could influence both the T-cell
kinetics and the risks of GVHD and relapse, such as the conditioning regimen, donor
type and the use and method of TCD, should be properly accounted for. Finally, ignoring
clinical events or interventions during follow-up can also be problematic: over time, the
patients that have not yet experienced an event like relapse, death or the development of
GvHD, become less representative of the population at the beginning of follow-up. As
death by definition prevents further T-cell measurements and the possibility of
experiencing subsequent GVHD and relapse, bias is created by considering the patients
who died as having non-informatively dropped out (i.e. that their measurements could
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have been measured if kept under follow-up). Likewise, DLI and the use of
posttransplant prophylactic immunosuppression are known to affect the risks of relapse
and GvHD, but may also affect the T-cell kinetics.'** To fully understand the complex
interplay between all these factors, sophisticated statistical methods are required that
properly model the T-cell kinetics themselves, along with their association with GvHD or
relapse. Joint modelling captures the T-cell trajectories and the clinical events
simultaneously, accounting for informative dropout, as well as the measurement error
and heterogeneity in individual trajectories.?*

In this study, we performed joint modelling to investigate the complex associations
between the immune cell kinetics and alloreactivity in a cohort of 166 patients receiving
an alloSCT for acute leukemia or myelodysplastic syndrome (MDS). All patients received
an alemtuzumab-based TCD alloSCT after nonmyeloablative conditioning without any
posttransplant prophylactic immunosuppression. Patients with an anticipated high risk
of relapse were scheduled to receive an early low-dose DLI prophylactically at 3 months
after alloSC'T, while prophylactic DLI administration for the other patients started at 6
months. In this unique setting we investigated the impact of the early low-dose DLI on
the T-cell and NK cell kinetics during the first 6 months after transplant and the
association between these kinetics and the development of clinical events.

METHODS

Study population

This retrospective study included all adult patients with acute myeloid leukemia, acute
lymphoblastic leukemia or MDS in complete morphologic remission after intensive
induction therapy who received their first alloSCT from a 9 or 10 out of 10 HLA-
matched donor using nonmyeloablative conditioning and alemtuzumab-based TCD?*
between March 2008 and December 2019 at Leiden University Medical Center
(LUMC, Leiden, The Netherlands). Two patients who were transplanted while receiving
systemic immunosuppression for a non-transplant indication (polymyalgia rheumatica
and cryptogenic organizing pneumonia) were excluded because of the potential impact
of the ongoing systemic immunosuppression on the immune cell recovery after alloSCT.
All patients signed informed consent for data collection and analysis. Data were analyzed
as of July 2021.

Transplantation and DLI strategy

As conditioning regimen patients received either fludarabine (6 days 50 mg/m? orally or
30 mg/m? intravenously) and busulfan (2 days 4x0.8 mg/kg intravenously), or the
FLAMSA regimen: fludarabine (5 days 30 mg/m? intravenously), cytarabine (4 days
2000 mg/m? intravenously), amsacrine (4 days 100 mg/m? intravenously) and busulfan
(4 days 4x0.8 mg/kg intravenously). In both regimens, TCD was performed by adding
20 mg alemtuzumab (Sanofi Genzyme, Naarden, The Netherlands) to the graft before
infusion and by administering 15 mg alemtuzumab intravenously on days -4 and -3.
Patients with an unrelated donor (UD) received rabbit-derived anti-thymocyte globulin
(ATG; Sanofi Genzyme) additionally on day -2 (until April 2010 2mg/kg and thereafter
Img/kg). None of the patients received posttransplant GvHD prophylaxis.
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The dose of unmodified preemptive and prophylactic DLIs was based on donor type and
timing after alloSCT. Standard DLIs given at 6 months after alloSCT contained 3x10°
or 1.5x10° T cells/kg for patients with a related donor (RD) or an UD, respectively. Early
low-dose DLIs given at 3 months after alloSCT contained 0.3x10° or 0.15x10° T cells/kg
for patients with a RD or an UD, respectively. Since May 2010, all patients without any
relapse and without GvHD requiring systemic immunosuppressive treatment at 6
months after alloSCT prophylactically (i.e., irrespective of chimerism or posttransplant
MRD status) were planned to receive the standard DLI. Patients who were considered to
have a high risk of relapse based on the disease characteristics or MRD status at time of
alloSCT or who received the FLAMSA regimen were also scheduled to receive the early
low-dose DLI prophylactically at 3 months after alloSC'T. All patients, including those
transplanted before May 2010, could receive preemptive DLIs in case of MC or MRD
positivity, starting from 3 months after alloSC'T. Additionally, as part of several clinical
trials, patients could receive modified T-cell products prophylactically or virus-specific
T-cell infusions to treat severe viral infections.

Monitoring of CMV and absolute numbers of circulating immune cells

CMV serostatus was assessed in all patients and donors before alloSC'T. After transplant
CMV was monitored routinely by PCR on peripheral blood samples in all patients.
Absolute numbers of circulating total (CD3+), CD4+CD8- and CD4-CD8+ T cells, B
cells and NK cells were measured routinely at predefined timepoints on anticoagulated
fresh venous blood by flow cytometry with bead calibration (Trucount tubes, BD
Biosciences). Samples were measured either on a FACSCalibur using anti-CD3-APC,
anti-CD4-FITC, anti-CD8-PE, and anti-CD45-PerCP or with anti-CD3-FITC, anti-
CDI16-PE, anti-CD19-APC, anti-CD45-PerCP, and anti-CD56-PE, or on a FACSCanto
using anti-CD3-APC, anti-CD4-PB, anti-CD8-FITC, anti-CD16-PE, ant-CD19-PE
Cy7, anti-CD45-PerCP, and anti-CD56-PE (all from BD). The lower detection limit was
0.5x10° cells/1.

Definitions of events

Relapse was defined as the recurrence of at least 5% blasts on cytomorphologic bone
marrow examination or at least 1% blasts in peripheral blood (if possible, confirmed by
BM biopsy). We defined clinically significant GVHD as the start of therapeutic systemic
immunosuppression for GVHD.”* We defined ‘other failure’ as the occurrence of an
adverse event with a potential impact on the immune cell kinetics: death, graft failure,
start of systemic immunosuppression for a non-GvHD indication, and virus-specific T-
cell infusion for a severe viral infection (whichever occurred first). Graft failure was
defined as the occurrence of >95% patient BM chimerism in all lineages tested or
refractory granulopenia (granulocyte count <0.5x10°/1) in the absence of relapse or
ongoing myelotoxic medication.

For this study we analyzed the T-cell and NK cell kinetics and events during the first 6
months after alloSCT, during which the early immunological recovery and most CMV
reactivations take place. Furthermore, during this period the impact of the early low-
dose DLI can be assessed, as the standard DLI is given to all eligible patients around 6
months after alloSCT. As part of the analyses assessing the net impact of the early low-
dose DLI on the T-cell and NK cell kinetics and clinical events, patients receiving a
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standard DLI or modified T-cell product as part of a clinical trial were censored at 7 days
after this infusion. We considered this to be non-informative censoring, since these
interventions were prophylactic and not driven by the clinical course of the patient. For
the T-cell kinetics we considered the circulating cell counts of the total (CD3+) T-cell
population and the two major T-cell subpopulations: the CD4+CD8- and the CD4-
CD8+ T cells.

Statistical analyses

Probabilities of overall survival (OS) and relapse-free survival (RFS) after alloSC'T with
associated 95% confidence intervals (95%-CI) were calculated by the Kaplan-Meier
method. The cumulative incidences of clinically significant GVHD and relapse from time
of alloSCT were estimated by means of the Aalen-Johansen method, treating other
failure (as described in the previous section) as a third competing risk.

To study the complex interplay between the immune cell kinetics, DLI and clinically
relevant endpoints (GvHD and relapse), two joint models were developed; model I
starting at time of alloSC'T and model II at time of the early low-dose DLI.

Shared-parameter joint models consist of two components: a longitudinal submodel, and
a time-to-event submodel.?* The former often takes the form of a mixed-effects
regression model, and the latter is generally assumed to follow a proportional hazards
structure, similar to a Cox model (for one or possibly multiple endpoints such as GvHD
or relapse). The mixed-effects model allows to model cell count trajectories over time,
while appropriately accounting for both the heterogeneity in subject-specific trajectories
(using random effects) and measurement error. These two submodels are linked together
via an association structure. Practically speaking, this allows the hazard of a particular
event to depend on characteristics of an individual’s specific trajectory, such as the ‘true’
underlying (i.e. in absence of measurement error) value over time. In turn, this enables
the estimation of an association between a longitudinal marker (e.g. CD3 counts) and the
risk of a clinical event (e.g. GVHD). In the presence of an association, the estimated
trajectories themselves will be corrected for bias related to the measurements being
terminated by the occurrence of endpoints (generally known as ‘informative dropout’).

Below follows a concise description of the joint models developed for the present
application. Detailed explanation of the statistical models and the underlying rationale
can be found in the Statistical Supplement. For all models, absolute cell counts were
analyzed on the log scale after setting measurements under the detection limit to 0.5.
This only occurred at earliest timepoints where because of the lymphodepletion by the
conditioning regimen and TCD, the counts are expected to be around zero.

Model I (starting from alloSCT)

To investigate the effect of early low-dose DLI on the kinetics of the T-cell and NK cell
counts after TCD alloSCT, we performed an intention-to-treat (I'T'T) analysis with a
baseline group distinguishing between those scheduled for early low-dose DLI because
of a high anticipated risk of relapse (henceforth ‘high risk’ group) and those who were
not (‘non-high risk’ group). We chose this approach instead of a per-protocol analysis
since we could not properly define a control group of patients who did not receive early
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DLI but could have been candidates as we did not know for each patient who was not
scheduled for early DLI whether he/she would have been able to receive it.

Figure 1A shows a schematic overview of joint model I. The model was run separately
for each T-cell subset, respectively using CD3, CD4 or CD8 counts, and the total NK
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Figure 1. Structure of the joint models. Graphical description of the two joint models. Joint
model I (A) starts at time of alloSC'T; joint model II (B) at time of the early low-dose DLI. Each model
consists of a longitudinal and a time-to-event submodel and was run in turn for each T-cell subset,
considering either the CD3+, CD4+ or CD8+ 'T-cell counts, and the NK cell counts. These are the
outcome of the longitudinal submodel and a time-dependent covariate in the time-to-event submodel.
All other variables in each submodel are baseline covariates. Per endpoint of the time-to-event
submodels, the clinical events that occurred during the relevant time period (first 6 months after
alloSCT or first 3 months after the early low-dose DLI) are described. The NK cells were only analyzed
in model I. See the Statistical Supplement for a detailed description of the model structures.
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counts. All patients started at time of alloSC'T and were followed-up until 6 months after
alloSCT or until the occurrence of an earlier endpoint (GvHD, relapse or other failure),
whichever occurred first. The longitudinal submodel was a linear mixed-effects model,
which used restricted cubic splines to flexibly model the log counts over time. The
baseline covariates included in this submodel were disease risk (non-high risk or high
risk), donor type (RD or UD with ATG-containing conditioning regimen) and patient/
donor CMYV status (both seronegative [CMV -/-] or not). The patient/donor CMV
status was included as simple fixed effect, and both disease risk and donor type were
included as part of a three-way interaction with time. This was in order to both properly
accommodate the expected slower lymphocyte recovery in patients treated with ATG,
and to evaluate a difference in trajectories between the disease risk groups. The time-to-
event submodel comprised three cause-specific proportional hazards models, with
GvHD, relapse and other failure as competing events. As predictors, they each contained
the time-dependent current value (i.e. the underlying ‘true’ value at a given timepoint, as
estimated by the longitudinal submodel) of the log immune cell count, as well as the
baseline factors donor type and disease risk. The latter was omitted as a covariate from
the model for ‘other failure’ due to the limited number of events.

To investigate whether the current slope (i.e. rate of increase or decrease of counts at a
given moment) of the T-cell counts was associated with the development of GvHD, we
also extended the models by adding the current slope of the log counts in addition to the
current value to the time-to-event submodel (so-called ‘time-dependent slopes’
parametrization).

Model II (starting from early low-dose DLI)

To further investigate the T-cell kinetics after the early low-dose DLI, we constructed a
joint model including only the patients who actually received the early low-dose DLI
without any prior event of interest (Figure 1B). Since NK cells recover rapidly after
alloSC'T? (expected before the administration of early low-dose DLI in this study), they
were not considered for model II. The time-scale was taken from DLI instead of from
alloSCT, and follow-up was restricted to 3 months after this DLI, until administration of
a second DLI, or until the occurrence of a terminating event, whichever occurred first.
The disease risk factor was omitted since all included patients belonged to the high risk
group. Since only 7 patients had a non-GvHD event within 3 months after the early low-
dose DLI (Supplemental Figure 1), relapse and other failure were combined into one
composite endpoint to compete with GVHD and the donor type factor was omitted for
this composite endpoint.

Software

All analyses were performed in R version 4.2.1 using the packages JM?* (version 1.5-2),
survival® (version 3.4.0) and nlme* (3.1-157). Full code needed to reproduce the results
of the present work is available at https://github.com/survival-lumc/ImmuneReconst]M,
and structured using the targets®' (version 0.14.0) package.
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RESULTS

Population

166 patients were included in this study. Baseline characteristics are presented in Table
1. All surviving patients had at least 12 months follow-up since alloSCT. OS and RFS at

Total cohort Intention for early

No intention for early

(N =166) low-dose DLI (N = 62) low-dose DLI (N = 104)

Age at alloSCT (years)

median (range) 63 (28-78) 64 (31-78) 63 (28-73)
Disease

AML 133 (80%) 46 (74%) 87 (84%)

ALL 17 (10%) 10 (16%) 7 (7%)

MDS 16 (10%) 6 (10%) 10 (10%)
Nonmyeloablative conditioning 5

Flu/Bu 150 (90%)" 46 (74%) 104 (100%)"

Flu/Bu/Ara-C/Amsa (FLAMSA) 16 (10%) 16 (26%) 0
Donor

RD, 10/10 HLA matched 37 (34%) 20 (32%) 37 (36%)

UD, 10/10 HLA matched 101 (61%) 39 (63%) 62 (60%)

UD, 9/10 HLA matched 8 (5%) 3 (5%) 5 (5%)

Graft source
G-CSF mobilized PBSC
BM
CMV serostatus patient/donor
+/+
+/-
-/+
-/-
Main reason for intention for
early low-dose DLI
FLAMSA regimen
MRD+ at time of alloSCT
AML/MDS: EVII overexpression
AML: monosomal karyotype
AML: ASXL mutation, only one
remission induction course, or
persisting underlying disease
ALL: t(9;22)
ALL: hypodiploidy, no CR1, or t(4;11)
Therapy-related AML
AML: progression before alloSCT

165 (99%)
1 (1%)

62 (100%)
0

32 (52%)
8 (13%)
4 (6%)
18 (29%)

16 (26%)
14 (23%)
9 (15%)
8 (13%)

103 (99%)
1 (1%)

47 (45%)
17 (16%)
7 (7%)

33 (32%)

Table 1. Baseline characteristics. Intention for early low-dose DLI is based on the anticipated
high risk of relapse after alloSC'T. DLI, donor lymphocyte infusion; alloSCL; allogeneic stem cell
transplantation; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS,
myelodysplastic syndrome; Flu, fludarabine; Bu, busulfan; Ara-C, cytarabine; Amsa, amsacrine; RD,
related donor; UD, unrelated donor; G-CSE, granulocyte-colony stimulation factor; PBSC, peripheral
blood stem cells; BM, bone marrow. “One patient had not received a second consolidation course before
transplant and received 2 days cyclophosphamide 750 mg/m? intravenously additionally to the

conditioning regimen.
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6 months after alloSCT were 77% (95%-CI 71-83) and 70% (95%-CI 64-77),
respectively. A total of 62 patients were considered to have a high risk of relapse and were
scheduled for an early low-dose DLI, of whom 42 actually received it after a median
interval of 3.1 months (range: 2.7-4.4) without any prior event of interest (Supplemental
Figure 1). Twenty patients did not receive an early low-dose DLI: 10 because of early
relapse, 9 because of early other failures (death [n=1], graft failure [n=2], start of
systemic immunosuppression for a non-GvHD indication [n=4], or administration of a
virus-specific T-cell infusion [n=2]), and 1 patient did not receive the early low-dose DLI
because of mild skin GVHD requiring topical treatment. All 19 events occurred within 4
months after alloSC'T. The patient with mild skin GVHD remained event-free for at least
51 months after alloSCT. None of the 104 non-high risk patients received an early low-
dose DLI. At 6 months after alloSCT, the cumulative incidence of clinically significant
GvHD was 26% (95%-CI 15-37) and 5% (95%-CI 0-9) for the high risk patients
scheduled for early low-dose DLI and the non-high risk patients, respectively
(Supplemental Figure 2). All clinically significant GvHD in the high risk patients
occurred after administration of the early low-dose DLI (but before standard DLI) of
which 88% occurred in patients receiving DLI from an UD after an ATG-containing
conditioning regimen.

T-cell trajectories after alloSCT and DLI

DLI-related increase of T-cell counts after 3 months after alloSCT observed in
patients with an unrelated donor

To investigate whether administration of the early low-dose DLI increased the numbers
of circulating T cells during the first 6 months after alloSCT, we performed an I'TT
analysis using model I (see Methods) to compare the 62 high risk patients who were
scheduled for early low-dose DLI with the 104 non-high risk patients who were not. All
patients had at least 2 T-cell measurements with a median of 6 measurements per patient
(interquartile range: 5-8). Although patients showed very different T- cell kinetics over
time (Supplemental Figure 3), the model was flexible enough to capture the different
shapes of patient-specific trajectories (Figure 2). Patients who were CMV seropositive
or who had a CMYV seropositive donor had significantly higher CD3 and CD8 counts
during the first 6 months after TCD alloSCT compared to CMV seronegative patients
with a CMV seronegative donor, corresponding to a significant increase on the log scale
of 0.49 (95%-CI 0.31-0.67) and 0.45 (95%-CI 0.08-0.80) for CD3+ and CD8+ T cells,
respectively. For instance, the model-based CD3 count at 6 months for a non-high risk
patient with a RD was 425x10%/1 if CMV -/- compared to 694x10°/1 for any other
CMYV serostatus combination. The model-based CD8 count at this time was 222x10°/1
compared to 347x10°%/1, respectively, suggesting expansion of CMV-specific T cells. A
same trend was observed for the CD4 counts (increase of 0.11 on the log scale, 95%-CI
0-0.23). As shown in Figure 3, patients with an UD had lower T-cell counts during the
first 3 months after TCD alloSCT than patients with a RD, illustrating the enduring
effect of the additional ATG that was given to all patients with an UD. We observed no
significant difference in the cell count trajectories between the disease risk groups for
patients with a RD. In contrast, in patients with an UD the CD#4 trajectories started to
diverge at 3 months after alloSC'T, resulting in higher cell counts in the high risk patients
intended to receive an early low-dose DLI at 3 months. The CD3 and CD8 counts
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showed similar trends. Taken together, these data show that a strategy of early low-dose
DLI can lead to T-cell expansion.

CD3, CD4 and CD8 counts increase after early low-dose DLI

To investigate whether the T-cell counts increased after the early low-dose DLI as the
ITT-analysis suggested, we used model II including only the 42 patients who actually
received this DLI without any prior event and modelled the kinetics during the first 3
months after DLI. One of the 42 patients did not have any T-cell measurement during
this period and was excluded. Baseline characteristics of the 41 included patients are
described in Supplemental Table 1. These patients had at least one T-cell measurement
during the 3-month period after early low-dose DLI with a median of 4 measurements
(interquartile range: 2-5). Again, a flexible model was constructed to capture the different
shapes of the T-cell kinetics of the included patients (Supplemental Figure 4 and
Supplemental Figure 5). The model-based trajectories of the total, CD4+ and CD8+
T-cell counts (Figure 4) showed increasing T-cell counts after DLI, with similar effects of
the patient/donor CMV serostatus and donor type on the T-cell counts as in the earlier
models.
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Figure 2. Observed versus estimated CD3 counts from alloSCT. Observed (dots) and
estimated subject-specific trajectories (solid line) of a random subset of 16 patients in the dataset. The
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Immune cell kinetics | 58



Associations between T-cell kinetics and alloimmune responses after

alloSCT and DLI

Higher CD3 and CD4 counts are associated with a higher risk of GvHD

To study the association between the T-cell kinetics and the development of GvHD or
relapse after TCD alloSC'T and DLI, we added disease risk and donor type as time-fixed
covariates alongside the time-dependent T-cell counts in the cause-specific submodels
(with GVHD, relapse and other failure as competing events) of model I. As shown in
Figure 5, donor type showed no significant association with the risk of GvHD, although
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Figure 3. Model-based T-cell count trajectories after alloSCT. Predicted average trajectories
of the total, CD4+ and CD8+ T-cell counts during the first 6 months after alloSCI; based on the
longitudinal submodel of model I. For all predicted trajectories, the patient/donor CMV status was set
to -/-. 95% confidence intervals are shown in grey. The right column zooms in on a specific part of the
total trajectory.
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in the CD4 model a trend for higher risk in patients with an UD despite the ATG in the
conditioning regimen was observed (hazard ratio [HR] 2.7, 95%-CI 1.0-7.4). High risk
patients, who were scheduled for early low-dose DLI, had a considerably higher risk of
GvHD compared to non-high risk patients with HRs ranging between 6.3 (CD8 model,
95%-CI 2.1-18.8) and 7.3 (CD4 model, 95%-CI 2.4-22.2), indicating an alloimmune
effect of the early low-dose DLI in this setting. The current values of the log CD4 and
CD3 counts significantly increased the risk of GVHD (HR 2.4 (95%-CI 1.4-4.1) and HR
1.5 (95%-CI 1.0-2.3) for CD4+ T cells and CD3+ T cells, respectively), while CD8+ T
cells showed a similar trend (HR 1.3, 95%-CI 0.9-1.8). These HRs represent the relative
increase in GVHD risk for an increase of one in the log counts, assuming same disease
risk and donor type. These results indicate that the absolute total numbers of circulating
CD4+ and CD3+ T cells after alloSC'T and DLI are informative for the development of
GvHD.

We hypothesized that not only the current value but also the slope of the T-cell counts
would be associated with the development of an alloimmune response. To investigate
this, we extended the time-to-event submodel of model I by additionally including the
current slope of the T-cell counts as a covariate for all endpoints. However, we observed
no association between the slope of any of the T-cell subsets and the development of
GvHD (p-values 0.59-0.87). We therefore retained the simpler version of model I with
only the current value.
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Figure 4. Model-based T-cell count trajectories after early low-dose DLI. Predicted average
trajectories of the total, CD4+ and CD8+ T-cell counts during the first 3 months after early low-dose
DLI. These are based on the longitudinal submodel of model II. 95% confidence intervals are shown
in grey. The distance between the two lines in each panel (and further visualized by the adjacent arrows)
corresponds to the CMV patient/donor eflect on the trajectories. Namely, higher cell counts are
predicted for patient/donor pairs where at least one is CMV seropositive, relative to a pair where both
are CMV seronegative.
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Protective effect of CD4+ T cells against relapse and other failure

To investigate whether higher T-cell counts were associated with a lower risk of relapse,
we examined the risk factors for relapse in the time-to-event submodel of model I.
Despite the ATG, patients with an UD had a significantly lower risk of relapse than
patients with a RD (HRs ranging between 0.2 (95%-CI 0.1-0.5) and 0.3 (95%-CI 0.1-
0.8), Figure 5). A trend was observed for higher relapse risk in the high risk patients (HR
2.1 in all models, 95%-CI for CD4+ T cells: 0.9-5.0, respectively), suggesting that the
addition of early low-dose DLI to the strategy did not completely compensate for the
higher relapse risk. While CD3+ and CD8+ T cells showed no significant association
with relapse, higher CD4 counts decreased the risk of relapse significantly (HR 0.6, 95%-
CI0.5-0.9).

Of the 36 patients who experienced other failures, 6 died, 8 developed graft failure, 18
required systemic immunosuppression for a non-GvHD indication (of whom 9 received
rituximab for EBV) and 4 received a virus-specific T-cell infusion for a severe viral
infection. Only in the CD8 model a trend was observed for a higher risk of other failure
in patients with an UD receiving an ATG-containing conditioning regimen (HR 2.6,
95%-CI 1.0-6.9). Higher CD4+ T-cell counts significantly lowered the hazard of the
composite endpoint other failure (HR 0.7, 95%-CI 0.6-1.0).
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Figure 5. Forest plot for ITT analysis. Hazard ratios with associated 95% confidence intervals for
donor type, disease risk and current value of the log of total, CD4+ or CD8+ T-cell counts on the
events of interest. These are based on the time-to-event submodel of model I (see Figure 1A).
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T-cell counts after early low-dose DLI retain their association with the
development of GvHD

To investigate whether the T-cell kinetics were also associated with the development of
alloimmune responses in the postDLI setting, we used the time-to-event submodel of
model II starting from early low-dose DLI with GvHD and non-GvHD events as
competing events. We observed no significant association between the current values and
the very heterogenous composite endpoint of relapse and other failure (Figure 6).
However, patients with an UD had a considerably higher risk of GvHD with HRs
ranging between 7.0 (CD8+ T cells, 95%-CI 1.5-32.1) and 22.5 (CD4+ T cells, 95%-CI
3.7-138.9) compared to patients with a RD. For all T-cell subsets, higher current values
increased the risk of GvHD with HRs ranging between 1.6 (CD8+ T cells, 95%-CI 1.0-
2.6) and 6.7 (CD4+ T cells, 95%-CI 2.1-21.5). These data show that in the subset of
patients receiving early low-dose DLI, total CD3+, CD4+ and CD8+ T-cell counts after
DLI are associated with the development of GvHD.

NK cell kinetics and associations with alloimmune responses after
alloSCT

To investigate the NK cell kinetics and their association with GvHD and relapse, we
returned to model I starting at alloSC'T. As shown in Supplemental Figure 6, the NK cell
counts recovered rapidly, reaching the normal levels of 40-390x10° NK cells/1 for almost
all patients within 2 months, before the time of administration of the early low-dose DLI.
As shown 1n Figure 7, CMV seropositive patients or patients with a CMV seropositive
donor had significantly higher NK counts than CMV -/- patients, as was seen for the
T-cell subsets. In contrast to T-cell kinetics, patients with an UD and ATG did not have
a slower recovery of NK counts compared to patients with a RD and no ATG.
Furthermore, there was no association between the risk group and NK counts,
indicating that there was no impact of DLI on the NK cell kinetics. Higher current NK
counts were associated with a higher risk of GvHD (HR 1.95 per unit log count increase,
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Figure 6. Forest plot for postDLI models. Hazard ratios with associated 95% confidence intervals
for donor type and current value of the log of total, CD4+ or CD8+ T-cell counts on the events of
interest. These are based on the time-to-event submodel of model II (see Figure 1B).
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95%-CI 1.10-3.47) and a lower risk of relapse (HR 0.62, 95%-CI 0.41-0.93) but had no
significant association with the risk of other failure. We hypothesized that the observed
association between the NK count and GvHD may not be due to a direct effect of the
NK cells, but instead reflected the high correlation between the NK and CD4 count
trajectories, the latter being expected to be the main driver of GvHD. We therefore ran
a cause-specific Cox model for GVHD, which included disease risk and donor type as
time-fixed covariates, and both CD4 and NK counts as time-dependent covariates. In
this model, CD4 counts were significantly associated with the development of GvHD
(HR 2.08, 95%-CI 1.16-3.74) while the HR for the NK cell counts was 1.07 (p-value
0.83), supporting that the CD4+ T cells were the important drivers for the development
of GvHD.

DISCUSSION

In this study we investigated the interplay between immune cell kinetics and alloimmune
responses after both TCD alloSCT and subsequent DLI using joint modelling. In the
ITT analysis we observed significantly more GvHD in the high risk patients intended to
receive an early low-dose DLI and an increase in T-cell counts starting at 3 months after
alloSCT in high risk patients with an UD receiving an ATG-containing conditioning
regimen. The ITT allocation was solely based on the disease characteristics of the
patients. Since all patients were in complete remission at time of alloSCT, the TCD
strategy was similar between the disease risk groups, and all GVHD in the high risk group
only occurred after DLI, the only plausible explanation for both the higher risk of GvHD
and the associated T-cell expansion is the administration of the early low-dose DLI. We
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Figure 7. Model-based NK cell count trajectories after alloSCT. Predicted average
trajectories of the NK cell counts during the first 6 months after alloSC'T, based on the longitudinal
submodel of model I. The left panel shows the predicted trajectories for CMV seronegative patients
with a CMV seronegative donor, the right panel the predicted trajectories for patients with any other
patient/donor CMV serostatus combination. 95% confidence intervals are shown in grey.
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also observed significant associations between the GD4 counts and alloimmune responses
after TCD alloSCT and DLI: an increase in CD4+ T cells was associated with a higher
risk of GVHD and at the same time a lower risk of relapse suggesting establishment of a
GvL effect. Interestingly, we only observed DLI-induced T-cell expansion in patients
transplanted using an UD. This likely reflects an alloimmune response as GvHD was
mainly seen in patients with an UD after recetving a DLI, and the T-cell counts after DLI
were associated with the development of GVHD. The alloreactive T-cell expansion may
have been more easily detectable in patients with an UD compared to RD because of the
deeper lymphopenia at time of DLI due to the long-lasting immunosuppressive effect of
ATG that patients with an UD received.” In addition, the high prevalence of HLA-DP
mismatches, targeted by CD4+ T cells, in patients with an UD**%* could contribute to
the strong association between CD4+ T cells and the development of GvHD. In contrast
to T cells, NK cells recovered early after alloSCT and were not significantly influenced
by donor type and TCD, consistent with previous studies'**>*, nor by DLI. As previously
reported®”’, higher NK counts were associated with a lower risk of relapse. The joint
model also suggested that higher NK counts were associated with a higher risk of GvHD.
However, in an exploratory cause-specific Cox model, this association between NK cells
and GvHD disappeared after adjusting for the CD4 counts, indicating that the CD4+ T
cells were the important drivers for GvHD.

Opur results suggest a DLI-induced T-cell expansion measurable in total numbers of the
major T-cell subsets where others did not observe a significant effect of DLI on the T-cell
kinetics.'®?! This may be due to several factors. Our comparatively larger cohort size
(other studies usually included less than 25 patients) allowed for detection of more subtle
differences. Furthermore, the strategy of administering early prophylactic DLI to a
subset of patients based on their relapse risk provided an intervention and control group
who were treated according to the same transplantation strategy. Lastly, conclusions
drawn can be influenced by the choice of the statistical method. For example, matched
pair analysis as used by Guillaume et al.'” and Schultze-Florey at al*' only allowed them
to compare the cells counts between two timepoints. The repeated measures analysis
used by Nikiforow et al.*” and the mixed model used by Bullucini et al.'® allowed to
compare the trajectories over time but could not account for informative dropout.
Because we used joint modelling, we could flexibly model the T-cell trajectories over a
longer period of time and properly account for informative dropout and random
variation. To our knowledge, thus far only a single study used joint modelling to study
T-cell kinetics after alloSCT.® We now have used this technique to investigate the
immunological effects of DLI.

There are several limitations to our study. The total CD3, CD4 and CD8 counts are
crude measures for potentially alloreactive T cells, as only donor-derived T cells can
induce GvHD and GvL and the counts are not informative about the subpopulations,
activation status or kinetics of specific T-cell clones. Thus, if we had measured the
chimerism status and clonality, we might have expected to find stronger associations
between the T-cell kinetics and the clinical events. Moreover, our ITT approach
attenuated the observed effects of DLI on the T-cell kinetics and clinical endpoints as not
all high risk patients received the early low-dose DLI and most patients who did receive
this DLI did not receive it at exactly the same time after transplant. Therefore, we
constructed model II starting from early low-dose DLI to see whether similar associations
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were observed. Joint modelling requires substantial numbers of both clinical events and
longitudinal measurements to estimate associations with sufficient accuracy. Despite our
comparatively larger sample size, the modest numbers of clinical events limited both the
accurate estimation of association parameters (between T-cell counts and the endpoints),
as well as the inclusion of additional risk factors for each endpoint. This was especially
noticeable in our models focusing on the subset of the patients actually receiving an early
low-dose DLI. Due to the limited number of events, we used suboptimal composite
endpoints such as ‘other failure’ and ‘relapse and other failure’, which hampered
estimation of the association between the T-cell kinetics and these endpoints.

Further studies are necessary to assess the clinical implications of the findings from the
present work. Aside from validation of our findings, larger studies must be performed to
investigate the predictive utility of the T-cell and NK cell counts. While these counts are
crude measures, they are often measured standardly and therefore attractive biomarkers
for predicting alloimmune responses in patients receiving alloSCT and/or DLI. FFurther
investigation of the immune cell kinetics in other alloSCT settings is needed to see
whether similar associations between the T-cell and NK cell kinetics and alloimmune
responses can be observed when using joint modelling. For instance, the recent machine
learning analysis by McCurdy et al. also suggested important roles of CD4+ T cells in
the development of acute GVHD and of NK cells in the development of relapse after
alloSCT with posttransplant cyclophosphamide.?” For DLI, we would suggest to perform
a prospective study where the T-cell counts are measured at time of DLI and every week
after DLI during the first 6 weeks. Most GvHD develops within this period and by
measuring more often, dynamic prediction tools (i.e. updated personalized probabilities
of GvHD given measurement history) could be developed.*® In order to develop such
tools however, one would ideally need to model the T-cell subsets and NK cells jointly as
part of a multivariate joint model, which will account for the correlation between each
subset, but may be complicated to fit and will require larger sample sizes. In our study,
we were not able to present such a multivariate joint model because of both sample size
and software limitations. Nevertheless, results from the exploratory time-dependent
cause-specific Cox model for GvHD with both the CD4 and NK counts hint at the
importance of modelling immune subsets jointly. Generally speaking, further
characterization of the circulating T-cell subsets, differentiation and metabolic fitness
could provide valuable additional insight in future studies on T-cell kinetics.***!

In summary, joint modelling allowed us to capture the associations between DLI, T-cell
and NK cell counts, GvHD and relapse in a very complex clinical setting, even with
modest numbers of patients and events. NK cells recover early after alloSC'T and may
have a protective effect against relapse. We demonstrate that DLI can induce detectable
T-cell expansion and observe that the GD4+ T cells show the strongest association with
the development of alloimmune responses. Higher CD4 counts increase the risk of
GvHD and decrease the risk of relapse.
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SUPPLEMENTAL TABLES

Early low-dose DLI (N = 41)

Age at alloSCT (years)
median (range)
Disease
AML
ALL
MDS
Nonmyeloablative conditioning
Flu/Bu
Flu/Bu/Ara-C/Amsa (FLAMSA)
Donor
RD, 10/10 HLA matched
UD, 10/10 HLA matched
UD, 9/10 HLA matched
Graft source
G-CSF mobilized PBSC
CMV serostatus patient/donor
+/+
+/-
-/+
/-

Reason for early low-dose DLI

Conditioning using the FLAMSA regimen

MRD+ at time of alloSC'T
ALL: t(9;22)

ALL: t(4;11), hypodiploidy, or not in CR1

AML: monosomal karyotype
AML/MDS: EV1 overexpression

AML: ASXL mutation, only | intensive remission induction course, or

persisting CMML

65 (31-74)

29 (71%)
8 (20%)
4 (10%)

30 (73%)
11 (27%)

12 (29%)
27 (66%)
2 (5%)

42 (100%)

17 (41%)
5 (12%)
3 (7%)
16 (39%)

27%)
24%)

N~ o~

Supplemental Table 1. Baseline characteristics of the 41 evaluable patients with early
low-dose DLI. DLI, donor lymphocyte infusion; alloSCT; allogeneic stem cell transplantation; AML,
acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; Flu,
fludarabine; Bu, busulfan; Ara-C, cytarabine; Amsa, amsacrine; RD, related donor; UD, unrelated
donor; G-CSE granulocyte-colony stimulation factor; PBSC, peripheral blood stem cells; BM, bone
marrow; MRD, minimal residual disease; CR1, first complete morphological remission; CMML,

chronic myelomonocytic leukemia

69 | Chapter 3



SUPPLEMENTAL FIGURES
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Supplemental Figure 1. Flow diagram of events during the first 6 months after alloSCT.
Flow diagram of the events of interest after alloSC'T and early low-dose DLI. The numbers in the top
left box show the total numbers of included high risk patients scheduled for early low-dose DLI (red)
and non-high risk patients (blue). The numbers next to the arrows show the numbers of the patients
who had the respective event during the first 6 months after alloSC'T without any prior administration
of a modified T-cell product or standard DLI (blue: non-high risk, red: high risk). For instance, all high-
risk patients received an early low-dose DLI or developed clinically significant GvHD, relapse or other
failure before this DLI could be administered, except one patient who only had mild GvHD and did not
need any systemic immunosuppression: therefore, the red numbers along the leftmost set of arrows add
up to 61 while 62 started in the left box.
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Supplemental Figure 2. Cumulative incidence of GvHD, relapse and other failure per
disease risk group. Cumulative incidence of the competing events GVHD, relapse and other failure
with associated 95% confidence intervals stratified by disease risk. Patients with a high anticipated risk
of relapse were scheduled to receive an early low-dose DLI at 3 months after alloSC'T. Contrary to
Supplemental Figure 1, early low-dose DLI was not treated as an event in this figure. Patients who received
a modified T-cell product or standard DLI were censored at 7 days after this DLI, indicated by |.
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Supplemental Figure 3. Trajectories of total T-cell counts from alloSCT per terminating
event. All observed trajectories for the CD3 counts during the first 6 months after alloSCT per
terminating event. Patients were censored at 6 months after alloSCT, or 7 days after administration of
a standard DLI or modified T-cell product, whichever occurred first. There was no loss to follow-up.
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Supplemental Figure 4. Trajectories total T-cell counts after early low-dose DLI per
terminating event. All observed trajectories for the CD3 counts during the first 3 months after early
low-dose DLI per terminating event. The single points correspond to patients with only a single
measurement between their DLI and terminating event. Patients were censored at 6 months after
alloSCT; or 7 days after administration of a standard DLI or modified T-cell product, whichever
occurred first. There was no loss to follow-up.
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Supplemental Figure 5. Observed versus estimated CD3 counts after early low-dose
DLI. Observed (dots) and estimated subject-specific trajectories (solid lines) of a random subset of 16
patients in the dataset. The estimated trajectories are based on the longitudinal submodel of model II.
Dotted lines show the time of terminating event or administrative censoring because of administration

of a modified T-cell product or standard DLI at 6 months after alloSC'T.
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Supplemental Figure 6. Trajectories of NK cell counts from alloSCT per terminating
event. All observed trajectories for the NK counts during the first 6 months after alloSCT per
terminating event. Patients were censored at 6 months after alloSCT, or 7 days after administration of
a standard DLI or modified T-cell product, whichever occurred first. There was no loss to follow-up.
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STATISTICAL SUPPLEMENT
The present Supplemental material is a “Statistical Supplement’ to the main article,
providing mathematical summaries of the models used.

Joint model I

Joint models only consider measurements taken prior to the occurrence of the clinical
events of interest. Occasionally, the measurement time and event time coincide: for
example, T-cell counts may be recorded on the same day as the start of therapeutic
systemic immunosuppression for Graft-versus-Host-Disease (GvHD). In order to retain
the information of the measurements taken at event times, we set the time of these
measurements to one day earlier, which assumes that the measurement at the event time
was representative of the T-cell counts the day before the event. However, we excluded
measurements at time of relapse, since the presence of blasts in the peripheral blood
could lead to incorrect counts of the normal T cells. We also excluded measurements at
time of autologous recovery, as donor-derived T cells were no longer present, and
therefore also no potentially alloreactive T cells capable of inducing GVHD or Graft-
versus-leukemia (GvL) effect.

Model formulation
The longitudinal submodel assumes that the true underlying (log) immune cell counts
(either CD3, CD4, CD8, or NK) for the it patient are given by
3 3 3
mi(t) = Bo + Y (Bq + big) Bg(t) + Y Bara{By(t) x Riski} + Y Bg+6{By(t) x Donor;}
q=1 q=1 q=1

3
+ Z Bg+9{By(t) x Risk; x Donor;} + f13CMV; + G1aRisk; + BisDonor;
g=1

+ B16{Risk; x Donor;},

with random effects vector b; ~ N(0,D). The observations for the ! patient at
timepoints t;; (j =1,...,n;) are given by

Yij = mi(tij) + €5
where €;; ~ N(0,02) are independent random error terms.

Risk;, Donor; and CMV; respectively represent the dummy variables for baseline disease
risk (the intention-to-treat variable, high-risk compared to non-high risk), donor type
(unrelated compared to related donor) and patient/donor Cytomegalovirus (CMV)
serostatus at baseline (any one of patient or donor positive, compared to patient and
donor both negative).

Time since allogeneic stem cell transplantation (alloSCT) was modelled flexibly
assuming restricted (natural) cubic splines with two internal knots placed at the 33.3%
and 66.7% percentiles of the measurement times. This is represented above by By(t),
corresponding to the " basis function of the spline. The fixed effects part of the model
posits a three-way interaction between time, donor type and baseline disease risk, as well
as a main effect of patient/donor CMV status. The three-way interaction was
constructed to a) capture the slower expected average trajectory of patients with an
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unrelated donor, due to the use of anti-thymocyte globulin (ATG) in this group; and b)
to test for a difference in average trajectories between baseline disease risk groups.

In terms of random effects, this models assumes random slopes b;, (one for each basis
function), and a fixed intercept. This fixed intercept was justified given that this cohort
underwent T-cell depleted (TCD) alloSC'T, and all patients were therefore expected to
start follow-up with immune cell counts close to zero. The random slopes were assumed
to be normally distributed with mean zero, with unstructured covariance matrix D.

The time-to-event submodel was composed of multiple cause-specific proportional
hazards models as

h1i(t) = h1o(t) exp {'ynDonori + y12Risk; + aym; (t)},

hai(t) = hao(t) exp {721D0n0ri + 7y22Risk; + agm; (t)},

hsi(t) = hso(t) exp {'yngonori + asgm; (t)},
where the hy;(t) for k € {1,2,3} respectively represent the cause-specific hazards of
GvHD, relapse, and other failures. The cause-specific baseline hazards hgg(t) were
approximated on the log scale using cubic B-splines with three internal knots. The above
corresponds to the ‘current value’ parametrization of the joint model, where the exp(ay,)
would represent the hazard ratio (for cause k) when comparing two patients (with same
covariates) whose ‘true’ (model-based) underlying log immune cell values at a particular

timepoint m;(t) differ by one. The 7y, coeflicients are interpreted analogously to main
effects in standard cause-specific Cox proportional hazards models.

In addition to the current value parametrization, we also ran the models assuming a
time-dependent slopes association structure as agym;(t) + ago{dmi(t)/dt}.

Goodness of fit
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On the previous page we present standardized residuals plots, which summarize how well
the model fits the data overall (i.e. across all observations) - both for the average and
subject-specific trajectories. The fitted (i.e. log immune cell counts predicted by the
model) values are plotted against the standardized distance between the observed
measurement and the predicted value. The blue line is a smoothed average of the
standardized residuals as a function of the fitted values, and should ideally be horizontal
at 0.

Joint model II

Model formulation

For model II, the time scale was no longer from alloSCT, but instead from time of carly
low-dose donor lymphocyte infusion (DLI). Therefore, this model was only run among
the subset that did in fact receive an early low-dose DLI before the occurrence of other
competing events. Furthermore, some patients did not have a T-cell measurement on the
day of DLI but only a few days prior. For these patients, we used the measurement closest
to DLI taken within the last week before DLI as the measurement at time of DLI (time
0).

The longitudinal submodel was again a linear mixed-effects model, where the true
underlying log T-cell counts are given by

2 2
mi(t) = (Bo + bio) + Y (Bg + big) Bq(t) + Y Bgr2{Bqy(t) x Donor;} + fsCMV;,
g=1 q=1

with random effects vector b; ~ N(0, D).Observations for 5*! patient are again given by
Yij = mi(tij) + €5
where €;; ~ N(0,0?) are independent random error terms.

Time was again modelled with restricted cubic splines, but in contrast to model I, we
used a single internal knot. The focus on a shorter timespan resulted in a reduced sample
size, and fewer measurements per person. For consistency with model I, this average
trajectory was allowed to differ across donor types (two-way interaction). In this model,
disease risk at baseline was redundant as we ran the model among those having actually
received an early low-dose DLI. A fixed effect for patient/donor CMV serostatus was
also added to the model. This model comprised both random intercepts ;9 and random
slopes bjq, assumed to follow normal distributions with mean zero and unstructured
covariance matrix.

Due to a limited number of events, relapse and other failures were merged into a
composite endpoint. The time-to-event submodel was therefore specified as

h1i(t) = hio(t) exp {’ynDonori + almi(t)},
hai(t) = hao(t) exp {CVQmi(t)}v

where the hy(t) for k € {1,2} respectively represent the cause-specific hazards of
GvHD and the composite of relapse and other failures for subject 4. The cause-specific
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baseline hazards hyg(t) were approximated on the log scale using cubic B-splines with
two internal knots. In this joint model, only the current value parametrization was
explored.

Goodness of fit
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ABSTRACT

Unmodified donor lymphocyte infusions (DLI) after allogeneic stem cell transplantation
(alloSCT) can boost the beneficial Graft-versus-Leukemia (GvL) effect but may also
induce severe Graft-versus-Host-Disease (GvHD). To improve the balance between GvL
and GvHD, it is crucial to identify factors that influence the alloreactivity of DLI. We
investigated the effects of the presence of patient-derived antigen-presenting cells at time
of DLI as estimated by the bone marrow (BM) chimerism status, lymphopenia as
measured by the absolute lymphocyte count (ALC) at time of DLI, and the presence of
a viral infection (de novo or reactivation) close to DLI on the risk of GvHD after DLI. The
cohort consisted of patients with acute leukemia or myelodysplastic syndrome who
prophylactically or pre-emptively received DLI as standard care after alemtuzumab-
based alloSCT. In patients at high risk for relapse, DLI was administered at 3 months
after alloSCT (n=88) with a dose of 0.3x10° or 0.15x10° T cells/kg in case of a related
or unrelated donor, respectively. All other patients (n=76) received 3x10° or 1.5x10° T
cells/kg, respectively, at 6 months after alloSC'T. For both DLIs, patients with reduced-
intensity conditioning and an unrelated donor had the highest risk of GvHD. For DLI
given at three months, viral infection within 1 week before and 2 weeks after DLI was an
additional significant risk factor (hazard ratio (HR) 3.66 compared to no viral infection)
for GvHD. At six months after alloSC'T, viral infections were rare and not associated with
GvHD. In contrast, mixed BM chimerism (HR 3.63 for =25% mixed chimerism
compared to full donor) was an important risk factor for GvHD after DLI given at six
months after alloSC'T. ALC of <1000x10°/1 showed a trend for association with GvHD
after this DLI (HR 2.05 compared to =21000x10°/1, 95% confidence interval 0.94-4.45).
Furthermore, the data suggested that the presence of a viral infection close to the DLI at
three months or 25% mixed chimerism at time of the DLI at six months correlated with
the severity of GVHD, thereby increasing their negative impact on the current GvHD-
relapse-free survival. These data demonstrate that the risk factors for GVHD after DLI
depend on the setting of the DLI.
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INTRODUCTION

The Graft-versus-Leukemia (GvL) effect of allogeneic hematopoietic stem cell
transplantation (alloSCT) results from elimination of persisting malignant hematopoietic
cells by donor-derived alloreactive T cells.' The GvL effect can provide enduring relapse-
free survival but can be accompanied by Graft-versus-Host-Disease (GvHD) when non-
hematopoietic cells are targeted.? T-cell depletion (TCD) reduces the risk of severe
GvHD, but increases the relapse risk by reduction of the GvL effect.** To boost the GvL
effect, unmodified donor lymphocyte infusions (DLI) can be administered after alloSCT.”
A third of the patients develops clinically relevant GvHD after DLI.® Although GvHD is
a complication, it does not necessarily mean treatment failure: if GvHD resolves, the
patient is unlikely to experience an eventual relapse due to the established concomitant
GvL effect.”® The long-term health status of patients with resolved GvHD is comparable
to those who did not develop GvHD.® Thus, GVHD is a temporary undesired state in
contrast to relapse or death as definitive failures. This is captured by the endpoint current
GvHD-relapse-free survival (cGRFS) which incorporates recovery from GvHD."
Estimation of ¢cGRFS requires advanced statistical methods that can take the end date
of GvHD into account, such as multi-state models.'*!?

Different DLI strategies can be applied to achieve an optimal balance between GvL and
GvHD." A reactive strategy is to give only therapeutic DLI to relapsed patients who need
a strong alloimmune response to survive. A preemptive strategy administers DLI to
patients based on biomarkers that may herald relapse such as mixed chimerism (MC) or
minimal residual disease (MRD). In a prophylactic strategy, DLIs are given to all patients
without any GvHD independent on additional biomarkers. Several factors known to
influence the alloreactivity of DLI are usually taken into account to determine the DLI
dose." First, DLIs with higher T-cell doses induce more GvHD and GvL." Second,
patients with an unrelated donor (UD) or HLA-mismatched donor have more allo-
antigens that can provoke an alloimmune response and often receive a lower dose than
patients with an HLA-matched related donor (RD). Third, the DLI dose is also
dependent on the timing after alloSC'T, since the alloreactive potential of DLI decreases
over time due to changes in the host environment.'®'” Early after transplantation,
professional antigen-presenting cells (APCs) required to activate naive T cells are still
patient-derived and therefore highly capable of activating donor-derived alloreactive T
cells. Tissue damage by the conditioning regimen and infections, which occur relatively
frequently during the first months after alloSCT, leads to a pro-inflammatory
environment that promotes activation of alloreactive T cells."™"® Moreover, the
conditioning-induced lymphopenia stimulates the outgrowth of (alloreactive) T cells by
homeostatic proliferation and promotes activation of these T cells.?*?' Over time after
alloSCT, tissue damage is repaired, patient-derived professional APCs are replaced by
donor-derived APCs, lymphopenia disappears, infections become rare, and higher T-cell
doses are needed to induce a sufficient GvL effect after DLIL

Despite dose adjustments based on timing and donor type, the effect of a single DLI is
highly variable between patients, ranging from patients not responding at all to patients
succumbing to severe GvHD. To avoid excessive toxicity in the prophylactic or
preemptive setting, it is crucial to better understand which factors influence the efficacy
and toxicity of DLI. Since development of clinically relevant GvHD represents the
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clearest indicator for induction of alloreactivity after DLI, we aimed to identify risk
factors for GVHD after prophylactic or preemptive DLI following alemtuzumab-based
TCD alloSCT. Focusing on conditions that promote T-cell activation, we investigated the
effects of the presence of patient-derived APCs in the bone marrow (BM) as measured
by the BM chimerism level at time of DLI, the presence of lymphopenia as measured by
the absolute lymphocyte count (ALC) at time of DLI, and the occurrence of viral
infections (i.e., de novo infections or reactivations) close to DLI. We also investigated the
impact of potential risk factors on the course of GVHD: GvHD only requiring short-
term therapeutic systemic immunosuppression (tIS), GVHD requiring long-term tIS, or
lethal GVHD. To assess their clinical relevance, we transformed these effects into cGRFS
probabilities.

METHODS

Study population

This retrospective study included all adult patients with acute myeloid leukemia, acute
lymphoblastic leukemia or myelodysplastic syndrome in complete morphologic
remission who received an alloSCT from a 10/10 HLA-matched donor using a standard
conditioning and TCD protocol®** at Leiden University Medical Center (LUMC,
Leiden, The Netherlands) between 2005 and 2019. Patients scheduled to receive
azacitidine or daratumumab (in 1 patient with CD38 positive acute lymphoblastic
leukemia) as pharmacological maintenance therapy after alloSCT were excluded. All
patients signed informed consent for data collection and analysis. Data were analyzed as

of July 2021.

Transplantation and DLI protocol

The protocols for the myeloablative and reduced-intensity conditioning regimens (MAC
and RIC, respectively), TCD and GvHD prophylaxis are described in the Supplemental
Methods. The dose of unmodified preemptive and prophylactic DLI was based on donor
type and timing after alloSCT. DLI at 3 months after alloSCT contained low doses of
0.3x10° and 0.15x10° T cells/kg in case of RD and UD, respectively. DLI at 6 months
after alloSCT contained 3x10° and 1.5x10° T cells/kg, respectively. All patients could
receive preemptive DLI in case of MC or MRD positivity, starting from 3 months after
alloSC'T. Subsequent preemptive DLI could be given in escalating doses with at least 3
months between DLI. Since May 2010, patients who were considered to have a high risk
of relapse or who received the FLAMSA regimen received prophylactic low-dose DLI at
3 months. In addition, all eligible patients without any relapse or GvHD requiring
systemic treatment received prophylactic DLI at 6 months after alloSCT regardless of
chimerism or MRD status. Furthermore, selected patients could receive modified T-cell
products within several clinical trials.

Definitions of clinical events and DLI cohorts

Relapse was defined as recurrence of at least 5% blasts on cytomorphologic BM
examination, at least 1% blasts in the peripheral blood or the presence of extramedullary
disease. Graft failure was defined as the occurrence of >95% mixed BM chimerism in all
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lineages tested or refractory granulopenia (granulocyte count <0.5x10°/1) in the absence
of relapse and ongoing myelotoxic medication. To have a clear definition of clinically
relevant GvVHD with exact starting and stopping dates, essential for statistical modeling,
we considered administration of tIS for acute or chronic GvHD instead of the grading
of GvHD. For the analyses, we only considered tIS which was given for at least 14 days
or until death, or which was stopped within 1 week before death from GvHD. In the
latter case, the last week before death was added to the tIS episode. If a patient stopped
tIS but had to restart tIS again within 2 months due to the recurrence of GvHD, both
tIS episodes were combined into one episode. cGRFS was defined as the probability of
being alive without relapse and currently not using any tIS for GvHD.

To investigate the clinical outcomes after DLI, two subcohorts were defined. The low-
dose 3-month DLI cohort included all patients who were scheduled to receive a
prophylactic or preemptive low-dose DLI at 3 months after alloSCT and received it
within 6 months after alloSCT without any prior relapse, tIS for GVHD or cellular
intervention besides infusion of virus-specific T cells. The 6-month DLI cohort consisted
of all patients who were scheduled to receive a prophylactic or preemptive 6-month DLI
as first DLI and received it within 9 months after alloSCT without any prior relapse, tIS
for GvHD or cellular intervention besides infusion of virus-specific T cells. Both
subcohorts were thus independent.

BM chimerism, ALC and viral infections

The methods for measuring BM chimerism, ALC and viral infections are described in
the Supplemental Methods. The BM chimerism level was used as a measurement of the
presence of patient-derived APCs in the BM at time of DLI. Three chimerism categories
were defined: full donor chimerism (FDC; no detectable patient material), low MC
(detectable patient material but <5%), and high MC (=5% patient material).

Lymphopenia was defined as ALC <1000x10°/1, the lower limit of normal in our
laboratory. For patients receiving the 3-month DLI, three ALC categories were defined:
ALC <500x10%/1, ALC between 500 and 999x10°/1 and ALC =1000x10°/1. For patients
who received the 6-month DLI as first DLI, only two categories were used, <1000 and
=1000x10°%/1, since most patients had ALC =500x10°/1 at that time.

All viral infections (de novo or reactivation) confirmed by PCR that occurred within 1
week before and 8 weeks after DLI without any prior relapse, second DLI or tIS were
considered.

Statistical analyses

Follow-up after alloSCT was quantified using the reversed Kaplan-Meier method.® The
cumulative incidence of tIS after the first DLI (DLI1) was estimated in a competing risks
model starting at time of DLI1 with start of tIS as the event of interest and relapse, death
and second DLI (DLI2) as competing events. The cumulative incidence of death during
treatment for GVHD from start of tIS was estimated in a competing risks model starting
at time of start tIS after DLI1 with death as the event of interest and relapse, stop tIS and
DLI? as competing events.

To investigate risk factors for requiring tIS for GVHD and death during tIS and to
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estimate cGRFS after DLI, several Markov time-inhomogeneous multi-state models
were constructed. See the Supplemental Methods for a brief explanation of the
methodology of multi-state modelling. The structure of the main multi-state model is
shown in Figure 1. The model used DLII as the starting state and time and considered
the following events: death, relapse, start and stop of tIS for GVHD, and DLI2. Separate
states were used for events after DLII and for events after second DLI (e.g:, ‘relapse after
DLII” and ‘relapse after DLI2’). The probability of ¢cGRFS over time was calculated as
the sum of the probabilities of being in one of the relevant states in the multi-state model
(i.e., ‘DLIT’, ‘stop tIS after DLI1’, ‘DLI2’ and ‘stop tIS after DLI2’). The probabilities of
death after start of tIS, being alive with clinically GvHD, relapse-free survival (RFS) and
overall survival (OS) were calculated analogously. The outcomes after the low-dose 3-
month DLI and the 6-month DLI were analyzed using two separate versions of this

death death ]
after DLI death after tIS after DLI1 after DLI2 death after tIS after DLI2
I """ » T I “““ L T
! | stop tIS ! | stop tIS
. tIS after DLI1 :—— after DLI1 | tlS after DLI2 :—— after DLI2
Ry
START
DLI2
DLI1
relapse after DLI1 relapse after DLI2
death after relapse after DLI1 death after relapse after DLI2

Figure 1. Multi-state model to evaluate the development and outcome of GvHD and
other clinical events after DLI. Boxes represent states, arrows represent transitions. Starting state
and time was DLI1. From here, patients could move to the state ‘relapse after DLI1" at time of relapse,
‘death after DLI1” at time of death, ‘tIS after DLI1’ at time of the start of tIS for GvHD and ‘DLI2’ at
time of the administration of a second DLI, whichever occurred first. IFrom the state ‘relapse after
DLIT’ patients could only enter the state ‘death after relapse after DLIT’. From the state ‘IS after DLI1”
patients could move to ‘stop tIS after DLI1" at time of stop of all tIS, ‘relapse after DLI1* at time of
relapse, 'death after tIS after DLI1” at time of death or ‘DLI2” at time of the administration of a second
DLI, whichever occurred first. From the state ‘stop tIS after DLI1" patients could return to ‘tIS after
DLIT’ when patients had to restart tIS for recurrent GvHD, ‘relapse after DLI1” at time of relapse,
‘death after tIS after DLI1’ at time of death or ‘DLI2’ at time of the administration of a second DLI,
whichever occurred first. After DLI2, similar states were constructed, except that any further DLIs were
ignored. The cGRFS is the sum of the probabilities of all green (thick border) states, the probability of
being alive with GvHD the sum of all yellow (dashed border) states, the probability of death after start
of tIS for GVHD the sum of all red (dotted border) states, the RF'S the sum of all green (thick border)
and yellow (dashed border) states, and the OS the sum of all non-death states. For these summarizing
measures, no distinction was made between states after the first DLI or after multiple DLIs.
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model, omitting all transitions and states that were not used by the included patients
(Supplemental Figures 1 and 2).

The effects of BM chimerism, ALC and viral infections on the risk of clinically relevant
GvHD after DLI were estimated using separate multivariable Cox proportional hazards
regression models for the transition from ‘DLI1’ to IS after DLI1’: 3 models were fitted
for the low-dose 3-month DLI and two for the 6-month DLI (only chimerism and ALC).
Since donor type and conditioning/TCD regimen have been recognized as important
factors for GVHD after DLI'®, conditioning/donor type (MAC UD, RIC RD and RIC
UD vs MAC RD) was included in all models, while BM chimerism (low MC and high
MC vs FDC), ALC (<500x10°/1 and 500-999x10°/1 vs =21000x10°/1 for the 3-month
DLI or <1000x10°%/1 vs 21000x10°/1 for the 6-month DLI), or viral infection were added
as the only other covariate per model. Viral infection was time-varying: patients could
start as having no viral infection or as having an early viral infection if they had a viral
infection during the last week before DLI. After DLI, the variable could change to ‘early
viral infection’ at time of the first viral infection if this occurred within 2 weeks after DLI

or to ‘late-onset viral infection’ at time of the first viral infection occurring beyond 2
weeks after DLI.

To identify risk factors for death during treatment for GvHD, univariable Cox
proportional hazards regression models were fitted for the transition from IS after
DLII’ to ‘death after tIS after DLI1” with either patient age at time of alloSCT or with
the presence of early viral infection (3-month DLI) or high MC (6-month DLI). Two-
sided p-values <0.05 were considered statistically significant for all Cox models. All
models were based on complete cases only: patients with missing values for the included
covariates were excluded.

To illustrate the impact of early viral infections on the outcome after the low-dose 3-
month DLI, an extended version of the multi-state model was constructed with two
starting states: ‘DLI1 without early viral infection’ for patients without any viral infection
during the last week before DLI and ‘DLII with early viral infection’ for patients with a
viral infection during this period (Supplemental Figure 3). To evaluate the impact of the
identified transition-specific risk factors on the probability of ¢cGREFS, the probability of
being alive with GVHD, and the probability of death after start of tIS after the 6-month
DLI, the Cox models for the two transitions were integrated as components in a multi-
state model. This model was used to predict the outcomes after the 6-month DLI for
reference patients with different baseline characteristics.

Software
All analyses were performed in R version 4.3.1 using the packages survival®
cmprsk®, mstate®, ggplot2*°, and ComplexUpset®'.

, prodlim?’,

RESULTS

Cohort

388 patients were included in this study (Supplemental Table 1). Median follow-up after
alloSCT was 76 months (interquartile range 32-110). 88 patients received the low-dose
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3-month DLI prophylactically or pre-emptively at a median of 3.2 months after alloSC'T
(range 2.7-5.2) and 76 the 6-month DLI as first DLI at a median of 6.3 months after
alloSCT (range 4.8-8.9; Table 1). 79 (20%) patients could not receive any DLI because
of early relapse (n=44), death (n=23), or graft failure (n=12; Supplemental Figure 4). 66
(17%) other patients developed clinically relevant GvHD after alloSC'T and therefore
were not eligible for DLI. 42 patients received a modified T-cell product as part of a
clinical study, and 9 received a DLI not according to our standard prophylactic/
preemptive DLI protocol (different cell dose (n=6), DLI for a viral infection (n=2) or DLI
in combination with interferon (n=1)). The remaining 28 patients did not receive any
DLI within the first 9 months after alloSCT because of alloSCT before May 2010
(n=12), (temporary) donor unavailability (n=3) or physician’s decision (n=13).

Similar incidences of GvHD after low-dose 3-month DLI and 6-month

DLI

The 3-month cumulative incidence of clinically relevant GVHD was 28% (95%-CI 20-
40) after the low-dose 3-month DLI and 30% (95%-CI 22-43) after the 6-month DLI.

Low-dose 3-month DLI  6-month DLI

(N =88) (N=176)

Age at alloSCT (years)

median (range) 58 (18-74) 57 (19-76)
Disease

AML 59 (67%) 56 (74%)

ALL 23 (26%) 9 (12%)

MDS 6 (7%) 11 (14%)
Conditioning

MAC: Cyclo/TBI 35 (40%) 33 (43%)

MAC: Cyclo/Bu 1 (1%) 1 (1%)

RIC: Flu/Bu" 38 (43%) 42 (55%)

RIC: Flu/Bu/Ara-C/Amsa 14 (16%) 0
Donor

RD 39 (44%) 30 (39%)

UD 49 (56%) 46 (61%)
Graft source

G-CSF mobilized PBSC 84 (95%) 70 (92%)

BM 4 (5%) 6 (8%)
CMV serostatus patient/donor

+/+ 43 (49%) 33 (43%)

+/- 13 (15%) 12 (16%)

-/+ 6 (7%) 4 (5%)

-/- 26 (30%) 27 (36%)
EBYV serostatus patient/donor

+/+ 78 (89%) 59 (78%)

+/- 6 (7%) 7 (9%)

+/unknown 0 4 (5%)

-/+ 3 (3%) 6 (8%)

-/- 1 (1%) 0

Table continues on next page.
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The probability of death during tIS after one DLI was 15% (95%-CI 9-24) and 16%
(95%-CI 9-27) at 12 months after the 3- and 6-month DLI, respectively (Supplemental
Figures 5 and 6). Figures 2 and 3 show how the state probabilities add up to the overall
survival, relapse-free survival, and c¢cGRFS probabilities. For example, the cGRFS
decreased during the first months after DLI but later increased as patients with GvHD
could stop their tIS after the GVHD was resolved. Notably, none of the patients with
GvHD after DLI relapsed, demonstrating the concomitant GvL effect. 1- and 5-year
cGREFS probabilities were 55% (95%-CI 45-66) and 48% (95%-CI 38-61) after 3-month
DLI and 57% (95%-CI 46-69) and 67% (95%-CI 57-79) after 6-month DLI, respectively.
Together, these data show that the tenfold dose difference effectively equalized the

Main indication of first DLI

ALL: t(9;22) 11 (12%) -
ALL: hypodiploidy, complex karyotype, or t(4;11) 3 (3%) -
ALL: high white blood cell count at diagnosis 4 (5%) -
ALL: no CR1 2 (2%) -
AML: monosomal karyotype 10 (11%) -
AML: complex karyotype 1 (1%)
AML/MDS: EV1 overexpression 15 (17%) -
AML: ASXL mutation 2 (2%)
AML: FLT3 mutation 1 (1%) -
AML/MDS: FLAMSA regimen 14 (16%)
AML: progression during remission-induction 1 (1%) -
AML/MDS: no intensive treatment or no consolidation 4 (5%) -
AML/MDS: persisting CMML 1 (1%) -
MRD+ at time of alloSCT 11 (12%) -
Preemptive for MC 8 (9%) 34 (45%)
Standard prophylactic DLI - 42 (55%)
BM chimerism at time of first DLI
FDC 28 (33%) 25 (34%)
Low MC (1-4% mixed chimerism) 32 (38%) 30 (41%)
High MC (=5% mixed chimerism) 24 (29%) 19 (26%)
Unknown 4 2
ALC at time of first DLI (x10°/1)
=1000 41 (47%) 45 (61%)
500-999 29 (33%) 20 (27%)
<500 17 (20%) 9 (12%)
Unknown 1 2

Table 1. Baseline characteristics of the patients who received either a low-dose 3-month
DLI or 6-month DLI as first DLI. Characteristics are given at time of alloSC'T unless otherwise
indicated. DLI, donor lymphocyte infusion; alloSC'T, allogeneic stem cell transplantation; AML, acute
myeloid leukemia; ALL, acute lymphoblastic leukemia; MDS, myelodysplastic syndrome; MAC,
myeloablative conditioning; RIC, reduced-intensity conditioning; Cyclo, cyclophosphamide; TBI, total
body irradiation; Bu, busulfan; Flu, fludarabine; Ara-C, cytarabine; Amsa, amsacrine; RD, related
donor; UD, unrelated donor; G-CSE, granulocyte-colony stimulation factor; PBSC, peripheral blood
stem cells; BM, bone marrow; CMYV, cytomegalovirus; EBV, Epstein-Barr virus; CR, complete
morphological remission; CMML, chronic myelomonocytic leukemia; MRD, minimal residual disease;
MC, mixed chimerism; FDC, full donor chimerism; ALC, absolute lymphocyte count. *One patient had
not received a second consolidation course before transplant and received 2 days cyclophosphamide
750 mg/m? intravenously additionally to the conditioning regimen.
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GvHD risk between low-dose 3-month DLI and 6-month DLI. Because 16% of patients
died within 1 year after DLI during treatment for GvHD (Figures 2 and 3), we
investigated risk factors for the development of clinically relevant GvHD and the
occurrence of death during tIS.

Viral infections close to low-dose 3-month DLI increase the risk of
GvHD after this DLI

First, we analyzed the low-dose 3-month DLI. To investigate whether the presence of
patient-derived APCs in the BM increased the risk of GvHD after this DLI, we
examined the chimerism model (Figure 4A). RIC patients with an UD had a hazard ratio
(HR) of 3.2 (95%-CI 1.1-9.1) for developing GVHD compared to MAC RD patients.
However, there was no significant effect of chimerism (p-values 0.9 and 0.8 for low and
high MC compared to FDC, respectively) on the risk of clinically relevant GvHD after
this DLI. To investigate whether lymphopenia increased the risk of GvHD after the 3-
month DLI, we examined the ALC model (Figure 4B). Again, RIC UD was a significant
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0.9 1
0.8 1
0.7 1
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0S: 0.54 (95%-Cl 0.44-0.67)

RFS: 0.50 (95%-Cl 0.40-0.63)
cGRFS: 0.48 (95%-Cl 0.38-0.61)

0.5 1

Probabilty
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death after tIS after DLI2
death after tIS after DLI1
death after DLI2

0.3 B death after DLI1
B death after relapse after DLI2
B death after relapse after DLI1
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Figure 2. Outcomes after low-dose 3-month DLI. Stacked transition probabilities from state
DLII (low-dose 3-month DLI) estimated in the non-parametric model in Supplemental Figure 1. The
difference between two adjacent curves represents the probability of being in the corresponding state.
39 patients reached the second DLI as planned. Bold lines show the overall survival (OS), relapse-free
survival (RFS) and current GvHD-relapse-free survival (cGRFS), of which the 5-year probabilities with
95%-CI are stated next to the figure.
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risk factor while ALC showed no significant effect on GvHD after DLI (p-values 0.9 and
0.6 for ALC 500-999x10°/1 and <500x10°/1 compared to =1000x10°/1, respectively).
We then investigated the correlation between viral infections close to the 3-month DLI
and the development of GVHD after DLI. 34 of the 88 patients with a 3-month DLI had
a viral infection within the last week before and first 8 weeks after DLI: 28 had an early
viral infection (25 before or at time of DLI and 3 within 2 weeks after DLI) and 6 a late-
onset viral infection (>2 weeks after DLI). Most common pathogens were
cytomegalovirus (CMV; n=15), adenovirus (n=7) and Epstein-Barr virus (EBV; n=5;
Supplemental Figure 7A). The model with viral infection revealed that patients with an
early viral infection had a HR of 3.7 (95%-CI 1.7-7.9) for developing clinically relevant
GvHD compared to those without any viral infection (Figure 4C). Patients with a late-
onset viral infection did not have a higher risk of GvHD (p-value 0.7).

Since the ALC at time of the low-dose 3-month DLI was higher in patients with a viral
infection (Supplemental Figure 8), viral infections may have confounded the correlation
between ALC and GvHD. Therefore, to explore whether ALC is a risk factor for GVHD
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0.7 A OS&RFS: 0.70 (95%-CI 0.60-0.82)
cGRFS: 0.67 (95%-Cl 0.57-0.79)
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relapse after DLI1
0.1 ] tIs after DLI1
[ stop tIS after DL
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0.0 . : : : [ 6-month DLI
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Months since 6-month DLI
Figure 3. Outcomes after 6-month DLI. Stacked transition probabilities from state DLI1 (6-month
DLI) estimated in the non-parametric model in Supplemental Figure 2. The difference between two
adjacent curves represents the probability of being in the corresponding state. Nine patients required a
second DLI because of MC. The legend only shows the states which were occupied within 5 years after
the 6-month DLI. Bold lines show the overall survival (OS), relapse-free survival (RFS) and current GvHD-
relapse-free survival (cGRFS), of which the 5-year probabilities with 95%-CI are stated next to the figure.
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in the absence of viral infections, we compared the cumulative incidences of tIS for
GvHD between ALC <1000x10°/1 and =1000x10°/1 in the 63 patients without any viral
infection during the last week before the 3-month DLI. As we did not observe a
significant difference (Supplemental Figure 9), there was no clear indication that viral
infection acted as confounding factor. Together, these data show that viral infections close
to the low-dose 3-month DLI increased the alloreactivity of this DLI leading to
significantly more clinically relevant GvHD.
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Figure 4. Cox proportional hazards models for the transition from first DLI to requiring
tIS for GVHD (see Iigure 1). Based on complete case analysis (A: n=84, B: n=87, C: n=88, D and E:
n=74). Viral infection was treated as a time-varying covariate. DLI, donor lymphocyte infusion; BM,
bone marrow; MAC, myeloablative conditioning; RIC, reduced-intensity conditioning; UD, unrelated
donor; RD, related donor; low MC, 1-4% mixed chimerism; high MC, 25% mixed chimerism; FDC,
full donor chimerism (no patient material detectable); ALC, absolute lymphocyte count (x10°/1)
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Mixed BM chimerism and lymphopenia increase the risk of GvHD after
the 6-month DLI

We then investigated which risk factors were associated with the alloreactivity of the 6-
month DLI. Viral infections were uncommon at the time of this DLI: of the 76 patients
receiving this DLI, only 11 had a viral infection (3 early and 8 late-onset), most often
EBV (n=3; Supplemental Figure 7B). The presence of high MC in the BM at time of
DLI was a strong predictor for GvHD with a HR of 3.6 (95%-CI 1.2-11.3) compared to
FDC, while patients with low MC had a nonsignificant higher risk of GvHD (HR 2.1,
95%-CI 0.7-6.1, p-value 0.19, Figure 4D). In the ALC model (Figure 4E), RIC UD was
a significant risk factor for GVHD (HR 4.1, 95%-CI 1.3-12.4 compared to MAC RD).
Additionally, a trend was observed for higher GVHD risk in lymphopenic patients
compared to ALC =21000x10°/1 (HR 2.1, 95%-CI 0.9-4.5, p-value 0.07). Together, these
data show for both the low-dose 3-month DLI and the 6-month DLI, with 50% dose
reduction in case of an UD, comparable risks of GvHD between patients with RD and
UD after MAC but not RIC. The data indicate that mixed BM chimerism increased the
risk of clinically relevant GVHD after the 6-month DLI, and suggest a similar effect of
lymphopenia.

Risk factors for death during treatment for GvHD after DLI

To identify risk factors for death during tIS for GVHD (Supplemental Figure 10), we first
investigated the effect of patient age. As expected, older patients seemed to have a higher
risk of dying from severe GVHD after the 6-month DLI (HR 2.1 per decade, 95%-CI
0.9-5.1, p-value 0.10). Remarkably, we did not observe this association after the low-dose
3-month DLI (p-value 0.7).

Next we investigated whether the main risk factors for clinically relevant GvHD also
correlated with the risk of death among those who required treatment for GVHD. For the
low-dose 3-month DLI, we considered the presence of an early viral infection. We
observed a nonsignificant increase in the risk of dying during tIS for GVHD for patients
with an early viral infection compared to those without an early viral infection close to
DLI (HR 1.8, 95%-CI 0.6-5.6, p-value 0.28, Supplemental Figure 11). For the 6-month
DLI we considered the presence of high mixed BM chimerism at time of DLI. Patients
with high MC had a nonsignificant higher risk of death during tIS for GVHD compared
to those with GvHD who had FDC or low MC at time of DLI (HR 2.0, 95%-CI 0.6-6.4,
p-value 0.23, Supplemental Figure 12). In conclusion, among those who required tIS for
GvHD, older patients had a higher risk of dying during treatment after the 6-month but
not the low-dose 3-month DLI. We did not observe significant associations between the
risk of death during tIS and BM chimerism or viral infections. However, only one of the
53 patients with FDC at time of the low-dose 3-month DLI or 6-month DLI developed
lethal GvHD.

Impact of early viral infection and mixed BM chimerism on the cGRFS
after the low-dose 3-month DLI and 6-month DLI

The probability of having clinically relevant GVHD at 6 months after the 3-month DLI
was 15% (95%-CI 9-26) for the patients without any viral infection during the last week
before DLI compared to 25% (95%-CI 14-46) for the patients with a viral infection
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(Figure 5). The probability of death after start of tIS was 8% (95%-CI 4-17) compared
to 32% (95%-CI 19-55), respectively. The cGRFS was 61% (95%-CI 50-73) and 31%
(95%-CI 19-52), respectively.

For a MAC patient receiving a 6-month DLI from a RD, the predicted probability of
having clinically relevant GVHD at 6 months after DLI was 14% (95%-CI 5-44) if the
patient had FDC compared to 30% (95%-CI 11-80) if the patient had high MC,
respectively (Figure 6). The probability of death after start of tIS was 4% (95%-CI 1-16)
and 23% (95%-CI 9-58), respectively. The cGRFS for these reference patients was 77%
(95%-CI 60-98) and 44% (95%-CI 19-100) at 6 months after DLI, respectively.

DISCUSSION

In this retrospective study we investigated the outcomes after prophylactic and
preemptive DLI following alemtuzumab-based TCD alloSCT. The tenfold dose
difference between the 3- and 6-month DLI resulted in comparable risks of GvHD. For
both DLIs, the 50% dose reduction in case of an UD sufliced for patients with MAC but
not RIC. We demonstrate that the risk factors for GvHD after DLI depend on the setting
of the DLI: at time of the 3-month DLI, the occurrence of viral infections played a
major role, while for the 6-month DLI the presence of high MC in the BM was an
important risk factor. The strong impact of both factors on cGRFS underlines the
clinical relevance of these findings. Additionally, we observed trends for higher GvHD
risk in patients with low MC or lymphopenia at time of the 6-month DLI. The very low
— no
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Figure 5. Estimated probabilities of cGRFS, being alive with clinically relevant GvHD,
and of death after start of tIS for GVHD after the low-dose 3-month DLI based on the
viral status at time of DLI (viral infection during the last week before DLI (n=25) or no
viral infection until DLI (n=63)). The estimates are based on the non-parametric multi-state model
in Supplemental Figure 3 which has two starting states (‘DLI1 without early viral infection’ and ‘DLI1
with early viral infection’). See Supplemental Figure 13 for the probabilities of all states separately.
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risk of lethal GVHD for patients with FDC at time of either DLI provides further
evidence for the important role of patient-derived APCs and demonstrates the safety of
DLI in these patients, consistent with the matched-pair analysis by Schmid et al.**

Viral infection and the concomitant antiviral immune response lead to tissue damage
and upregulation of HLA class II expression by non-hematopoietic cells, and induce a
pro-inflammatory environment promoting activation of professional APCs and immune
cells. Miller et al. showed that the occurrence of any infection (bacterial, viral or fungal)
increased the risk of acute GVHD after alloSC'T** We only considered viral infections,
since these were most common in the relevant time period and most of the patients with
a bacterial or fungal infection had a viral infection at the same time (data not shown).
Other studies have reported associations specifically between CMV and GvHD.'?#%
Previously, we demonstrated activation of alloreactive HLA-DP1-specific CD4+ T cells
leading to GvHD in two patients with a CMV reactivation after a CD4+ T-cell infusion
from an HLA-DP1 mismatched donor." Since about 80% of the patients with a 10/10
HLA-matched unrelated donor are HLA-DP mismatched®?*” and CMV was the most
common pathogen, this mechanism could play a role in our cohort. Due to the limited
number of events, we could not differentiate between the different viral pathogens.

While the role of patient-derived professional APCs in the induction of alloreactivity has
been clearly demonstrated in mice®™*!, results of human studies are conflicting.**** This
may be due to the cell subsets used for the chimerism measurement, possible bias by
overrepresentation of patients with multiple DLIs, and the clinical setting. For example,
Bar et al.*® did not observe a significant correlation between BM chimerism and GvHD

— MACRD - FDC

Patient characteristics: ___ MAC RD - high MC

cGRFS alive with clinically relevant GvHD death after start of tIS for GvHD
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Figure 6. Prediction of cGRFS, being alive with clinically relevant GvHD, and of death
after start of tIS for GVHD after the 6-month DLI for reference patients with different
characteristics. The prediction is based on the multi-state model in Supplemental Figure 2 with
semi-parametric transition-specific proportional hazards models with BM chimerism and conditioning/
donor combination as covariates for the transition from ‘DLI1’ to IS for GvHD after DLI1’ and BM
chimerism (high MC vs other) for the transition from “IS for GvHD after DLI1” to ‘death after tIS after
DLIT’. No covariates were assessed for the other transitions of the model.
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(HR 1.26, p-value 0.46). They however analyzed therapeutic DLI in patients who often
received disease-specific treatment or cytoreduction before DLI, which most likely
resulted in a more pro-inflammatory environment at time of DLI. Under these
circumstances, non-hematopoictic tissues from the patient express HLA class II
molecules and can act as APCs to activate donor-derived alloreactive T' cells.***® The
presence of a pro-inflammatory environment may also be an explanation for the absent
association between BM chimerism and GvHD after the 3-month DLI, as tissue damage
from the conditioning and recent viral infections may still be present. Another
explanation may lie in the persistence of professional patient-derived APCs in the
peripheral tissues at that time. The replacement of these APCs lags behind the donor-
derived BM repopulation, as long as GvHD and severe inflammation as caused by
myeloablative conditioning are absent.”'%

The relation between lymphopenia and alloreactivity of DLI has mostly been
investigated in relapsed patients who often received (lymphodepleting) chemotherapy
before DLL.**5* In this context, the effects of tissue damage and APC activation
interfere with estimating the effect of the lymphopenia itself on the risk of GvHD. In our
setting, patients received their DLI in the absence of relapse, tissue damage and
chemotherapy. Here, we observed a trend for higher GvHD risk in lymphopenic patients
at time of the 6-month DLI, but not at time of the 3-month DLI.

Multi-state modeling allowed us to not only estimate the effects of risk factors on the
development of GvHD and death during treatment, but also assess the impact of these
factors on the probabilities of different outcomes after DLI while taking into account the
hazards of all clinical events. This is a major advantage compared to less advanced
statistical methods since these probabilities are more relevant for patients than HRs.
Multi-state models can capture recovery after GvHD and thereby model the current
GvHD burden over time, which makes cGRFS a better estimate of treatment success
than GvHD-relapse-free survival.'"'"? In 2016, we introduced the endpoint treatment
success, which equals c¢GRFS." During the last years, cGRFS and current
immunosuppression-relapse-free survival have become more popular as outcome
measures.''>** However, to our knowledge, we are the first who have applied semi-
parametric multi-state modeling in this context. For this, detailed data collection
regarding posttransplant events and interventions as performed in this study is essential.

Our observations may eventually lead to refinement of the DLI strategy. In the
prophylactic or preemptive setting, there is room to lower the initial DLI dose, delay the
DLI or start immunosuppressive treatment on early signs of GvHD based on the
anticipated risk of severe GvHD. Before implementation, our results should be validated
in other clinical settings, since BM chimerism, ALC and viral infections all depend on the
conditioning, donor and use or method of TCD.***! Larger cohorts with more events will
allow for more precise prediction of alloimmune responses after DLI, not only GvHD
but also the prevention of relapse. Especially the effect of BM chimerism on the risk of
relapse should be investigated to confirm the correlation between MC and alloreactivity
after DLI. If this is the case, the presence of MC at time of DLI can be considered for
the determination of the dose of prophylactic or preemptive DLI.
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SUPPLEMENTAL METHODS

Transplantation protocol

Myeloablative conditioning (MAC) consisted of cyclophosphamide (2 days 60 mg/kg
intravenously) combined with either 9 Gy total body irradiation or busulfan (4 days 4x0.8
mg/kg intravenously). Reduced-intensity conditioning (RIC) consisted either of
fludarabine (6 days 50 mg/m? orally or 30 mg/m? intravenously) and busulfan (2 days
4x0.8 mg/kg intravenously), or the FLAMSA regimen: fludarabine (5 days 30 mg/m?
intravenously), cytarabine (4 days 2000 mg/m? intravenously), amsacrine (4 days 100
mg/m? intravenously) and busulfan (4 days 4x0.8 mg/kg intravenously).

Standard 2 vitro TCD was performed by adding 20 mg alemtuzumab (Sanofi Genzyme)
to the graft. (1) Additional i vivo TCD depended on the donor type and conditioning
regimen: MAC patients with a RD did not receive any i vivo TCD. All other patients
received 15 mg alemtuzumab intravenously on days -6 and -5 (MAC) or on days -4 and
-3 (RIC). Before June 2007, RIC patients with an UD received 10 mg/kg horse-derived
anti-thymocyte globulin (Lymphoglobulin, Genzyme) additionally on day -4 until day -1.
After Lymphoglobulin was withdrawn from the market, RIC patients with an UD first
received no anti-thymocyte globulin (alloSC'T between June 2007 and September 2009)
and later received rabbit-derived anti-thymocyte globulin (Thymoglobulin, Sanofi
Genzyme) additionally on day -2 (until April 2010 2mg/kg and thereafter Img/kg). Only
MAC patients with an UD received posttransplant ciclosporin as GvHD prophylaxis,
which was tapered from 1 month with the aim to stop within 3 months after alloSC'T.

BM chimerism, ALC and viral infections

For the BM chimerism at time of DLI, we used the BM sample that was closest to DLI
and taken within 5 weeks before and 1 week after DLI. BM chimerism was measured in
total BM leukocytes by short-tandem-repeat PCR or, for patients transplanted before
2007 with a sex-mismatched donor, by FISH analysis using Vysis CEP X/Y probes. The
lower detection limit of the chimerism analyses was 1-2%, depending on the method and
the selected markers. For patients without any evaluable BM chimerism measurement
during this period but whose last measurement before and first measurement after DLI
belonged to the same chimerism category (FDC, low MC or high MC), this category was
taken as the BM chimerism status at time of DLI.

ALG was calculated by the sum of the absolute numbers of circulating T cells, B cells
and NK cells as measured on anticoagulated fresh venous blood by flow cytometry with
bead calibration (Trucount tubes, Becton Dickinson) with a lower detection limit of
0.5x10° cells/1. If these counts were unavailable, the lymphocyte count by manual blood
smear was used. For the ALC at time of DLI, the closest measurement within 2 weeks
before and 1 week after DLI was taken. For patients without any ALC measurement
during this period but whose last ALC before and first ALC after DLI belonged to the
same category (<500, 500-999 or >1000x10°/1 for the low-dose 3-month DLI and
<1000 or 21000x10°/1 for the 6-month DLI), this category was taken as the ALC at time
of DLIL
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Cytomegalovirus (CMV) and Epstein-Barr virus (EBV) were monitored weekly by PCR
on peripheral blood samples in all patients. Single positive values of CMV or EBV below
log 2.4 were not considered. PCRs on other viruses were only performed in symptomatic
patients. For the analyses, only the first viral infection was used.

Multi-state modelling

In a multi-state model patients move between states at the occurrence of clinical events
or treatments. Transitions define which routes between states are allowed (for instance
the transition from the state DLI to the state GVHD). (2) In a Markov model, the hazard
of making a certain transition only depends on the current state and the time since start,
which is in this case the first DLI. Each transition hazard can either be estimated without
taking covariates into account (non-parametrically) or can be analyzed by means of a
transition-specific Cox proportional hazards model (semi-parametric approach). The
baseline hazards and the hazard ratios are the building blocks for the calculation of the
transition probabilities, which represent the probabilities of being in each of the states
over time. For example, in a semi-parametric model the probability of being alive with
GvHD depends on the baseline hazard of GvHD, the effects of risk factors for GVHD,
and the risks of death and disappearance of GvHD symptoms. Confidence intervals for
the probabilities of cGRFS, death after start of tIS, being alive with clinically relevant
GvHD, RFS and OS were calculated based on the estimated variance-covariance matrix
of all transition probabilities.
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SUPPLEMENTAL TABLES

Total cohort (all included patients with alloSCT; N = 388)

Age at alloSCT (years)
median (range)
Disease
acute myeloid leukemia
acute lymphoblastic leukemia
myelodysplastic syndrome
Conditioning
MAC: Cyclo/TBI
MAC: Cyclo/Bu
RIC: Flu/Bu*
RIC: Flu/Bu/Ara-C/Amsa
Donor
RD
UD
Graft source
G-CSF mobilized PBSC

54 (18-78)

260 (67%)
85 (22%)
43 (11%)

196 (51%)
9 (2%)
167 (43%)
16 (4%)

165 (43%)
223 (57%)

368 (95%)

BM 20 (5%)
CMV serostatus patient/donor
+/+ 169 (44%)
+/- 70 (18%)
-/+ 29 (7%)
-/- 120 (31%)
EBYV serostatus patient/donor
+/+ 323 (83%)
+/- 30 (8%)
+/unknown 15 (4%)
-/+ 18 (5%)
-/- 2 (1%)

Supplemental Table 1. Baseline characteristics of all included patients who received an
alloSCT. alloSCT, allogeneic stem cell transplantation; MAC, myeloablative conditioning; RIC,
reduced-intensity conditioning; Cyclo, cyclophosphamide; TBI, total body irradiation; Bu, busulfan;
Flu, fludarabine; Ara-C, cytarabine; Amsa, amsacrine; RD, related donor; UD, unrelated donor; G-
CSE, granulocyte-colony stimulation factor; PBSC, peripheral blood stem cells; BM, bone marrow;
CMYV, cytomegalovirus; EBV, Epstein-Barr virus. “One patient had not received a second consolidation
course before transplant and received 2 days cyclophosphamide 750 mg/m? intravenously additionally

to the conditioning regimen.
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SUPPLEMENTAL FIGURES
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Supplemental Figure 1. Multi-state model for low-dose 3-month DLI. Boxes represent states
and arrows represent the transitions between the states. Grey transitions were not used by any of the
included patients and omitted from the final model. All patients started in the state ‘DLI1’. The number
at the bottom left corner of the starting state shows the number of patients included in the model. The
numbers at the bottom right corner of the boxes show the numbers of the patients who were in that
state at the end of their follow-up. The numbers next to the arrows show the numbers of the patients
who made that transition during their follow-up. The cGRFS is the sum of the probabilities of all green
(thick border) states, the probability of being alive with GVHD the sum of all yellow (dashed border)
states, the probability of death after start of tIS for GvHD the sum of all red (dotted border) states, the
REFS is the sum of all green (thick border) and yellow (dashed border) states, and the OS the sum of all
non-death states. For these summarizing measures, no distinction was made between states after the first
DLI or after multiple DLIs.
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Supplemental Figure 2. Multi-state model for 6-month DLI. Boxes represent states and
arrows represent the transitions between the states. Grey states and transitions were not used by any of
the included patients and omitted from the final model. All patients started in the state ‘DLI1°. The
number at the bottom left corner of the starting state shows the number of patients included in the
model. The numbers at the bottom right corner of the boxes show the numbers of the patients who
were in that state at the end of their follow-up. The numbers next to the arrows show the numbers of
the patients who made that transition during their follow-up. The cGRFS is the sum of the probabilities
of all green (thick border) states, the probability of being alive with GvHD the sum of all yellow (dashed
border) states, the probability of death after start of tIS for GVHD the sum of all red (dotted border)
states, the RFS the sum of all green (thick border) and yellow (dashed border) states, and the OS the
sum of all non-death states. For these summarizing measures, no distinction was made between states
after the first DLI or after multiple DLIs.
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Supplemental Figure 3. Multi-state model for low-dose 3-month DLI considering early
viral infections. Boxes represent states and arrows represent the transitions between the states. Grey
transitions were not used by any of the included patients and omitted from the final model. 63 patients
had no viral infection during the last week before DLI and started in the state ‘DLI1 without early viral
infection’, while the 25 patients with a viral infection during the last week before DLI started in the state
‘DLI1 with early viral infection’ (see the numbers at the bottom left corner of the two starting states).
Patients who had an early viral infection during the first 2 weeks after DLI without any prior event
moved from ‘DLII1 without early viral infection’ to ‘DLI1 with early viral infection’ at time of the viral
infection. The numbers at the bottom right corner of the boxes show the numbers of the patients who
were in that state at the end of their follow-up. The numbers next to the arrows show the numbers of
the patients who made that transition during their follow-up. The cGRFS is the sum of the probabilities
of all green (thick border) states, the probability of being alive with GvHD the sum of all yellow (dashed
border) states, the probability of death after start of tIS for GVHD the sum of all red (dotted border)
states, the RFS the sum of all green (thick border) and yellow (dashed border) states, and the OS the
sum of all non-death states. For these summarizing measures, no distinction was made between states
after the first DLI or after multiple DLIs.
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Supplemental Figure 4. Selection of the DLI cohorts. Events during the first 9 months after

alloSCT for the total cohort. Per patient only the first occurring event was taken into account. The inner

circle describes the main event categories (DLI, GvHD, treatment failure (i.e., death, relapse or graft

failure), no event), while the outer circle further specifies the kind of DLI or treatment failure. The 88 4
patients who received the low-dose 3-month DLI and the 76 patients who received the 6-month DLI as

first DLI were included in the DLI analyses.
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Supplemental Figure 5. Outcomes after low-dose 3-month DLI: probabilities with
associated 95% confidence intervals per state. Probabilities with associated 95% confidence
intervals for each state. The at risk numbers are shown for all non-death states and indicate the numbers
of uncensored patients present in each state at different timepoints.
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Supplemental Figure 6. Outcomes after 6-month DLI: probabilities with associated
95% confidence intervals per state. Probabilitics with associated 95% confidence intervals for
cach state. The at risk numbers are shown for all non-death states and indicate the numbers of
uncensored patients present in each state at different timepoints. Only states that were occupied within
5 years after 6-month DLI are shown.
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Supplemental Figure 7. Pathogens of viral infections close to the first DLI. UpSet plots of
all viral pathogens present within 1 week before and 8 weeks after the low-dose 3-month DLI (panel A)
or the 6-month DLI (panel B). The horizontal bar charts show for each of the pathogens the number
of patients with this pathogen. As can be seen by the dot-connecting lines, some patients had multiple
pathogens during this period. The vertical bar charts show the numbers of patients for cach of the
combinations. Purple indicates early onset (<2 weeks after DLI) viral infections, turquoise late onset (>2
weeks after DLI) infections. For instance, 3 patients had an EBV viremia close to the 6-month DLI, of
whom two beyond 2 weeks after DLI without any other pathogen. The other patient had an early EBV
viremia and a CMV viremia.
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Supplemental Figure 8. ALC per conditioning/donor type and viral status at time of
low-dose 3-month DLI. ALC at time of low-dose 3-month DLI per conditioning/donor type and
the presence of a viral infection within the last week before this DLI. The boxplots are combined with
violin plots showing the kernel probability density to visualize the distribution of the data. The lower
and upper hinges of the boxplots correspond to the 25th and 75th percentiles. The green area shows
the normal range used in our laboratory. Four patients for whom the exact ALC at time of DLI was
unknown, were excluded (1 MAC RD without viral infection, I MAC RD with viral infection, 1 RIC
UD without viral infection, 1 RIC UD with viral infection).
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Supplemental Figure 9. Cumulative incidence of tIS for GvHD after low-dose 3-month
DLI in the absence of viral infections within the last week before DLI. Cumulative
incidences with associated 95% confidence intervals of tIS for GVHD after the low-dose 3-month DLI
for patients with ALC =1000x10°/1 (n=25) or lower (n=38). This was calculated in a competing risks
model starting at time of low-dose 3-month DLI with start tIS, relapse, death and DLI2 as competing
events. The 25 patients with a viral infection during the last week before the low-dose 3-month DLI
were excluded.
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Supplemental Figure 10. Risk factors for death during tIS for GvHD. Cox proportional
hazards models for the transition from tIS for GvHD after DLII to death (see Figure 1). Based on
complete case analysis (n=29 for low-dose 3-month DLI and n=31 (age) or n=30 (chimerism) for 6-
month DLI). DLI, donor lymphocyte infusion; alloSCL; allogeneic stem cell transplantation; high MC,
=5% mixed chimerism in the bone marrow
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Supplemental Figure 11. Cumulative incidence of death during tIS for GVHD after low-
dose 3-month DLI. Cumulative incidences with associated 95% confidence intervals of death during
tIS for GvHD for patients who developed GvHD after an early viral infection and those without any
early viral infection. This was calculated in a competing risks model starting at time of start tIS for

GvHD after DLI with death, DLI2, relapse and stop tIS as competing events.
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Supplemental Figure 12. Cumulative incidence of death during tIS for GvHD after 6-
month DLI. Cumulative incidences with associated 95% confidence intervals of death during tIS for
GvHD per BM chimerism status at time of DLI for patients who developed GvHD after the 6-month
DLI. This was calculated in a competing risks model starting at time of start tIS for GVHD after DLI
with death, DLI2, relapse and stop tIS as competing events. One patient with FDC and one with high
MC had two tIS episodes and entered the risk set twice.
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Supplemental Figure 13. Outcomes after low-dose 3-month DLI based on the viral

status at time of DLI. Stacked state occupation probabilities after low-dose 3-month DLI based on 4
the viral status at time of DLI (viral infection during the last week before DLI (n=25) or no viral

infection until DLI (n=63). The estimates are based on the non-parametric multi-state model in
Supplemental Figure 3 which has two starting states (‘DLI1 without early viral infection’ and ‘DLIT with

early viral infection’). The difference between two adjacent curves represents the probability of being in

the corresponding state. States that were not used within 6 months after DLI were omitted from the

legend.
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ABSTRACT

Donor lymphocyte infusion (DLI) after allogeneic stem cell transplantation (alloSCT)
can boost Graft-versus-Leukemia (GvL) reactivity but may induce Graft-versus-Host-
Disease (GvHD). It is essential to understand which factors besides timing, donor type,
and dose influence DLI alloreactivity. We previously identified viral infections, =25%
patient cells in bone marrow chimerism, and lymphopenia at the time of DLI as relevant
factors for GvHD after DLI following alemtuzumab-based T-cell depletion. Here, we
investigated these factors and the alloreactivity after DLI following alloSCT with
posttransplant cyclophosphamide in 83 patients with acute leukemia/myelodysplastic
syndrome receiving a prophylactic or preemptive DLI. 5% had viral infections close to
DLI, 6% had =5% mixed chimerism, and 17% had lymphopenia. 2-year cumulative
incidence of GVHD requiring systemic treatment was low: 7% (95%-confidence interval
1-14%). 22 of the 28 patients with =21% mixed chimerism at the time of DLI (79%)
converted to full-donor chimerism. None of these responders relapsed, indicating
achievement of GvL despite the low incidence of GvHD. Our data show that DLI
alloreactivity is determined by the conditions at the time of DLI which are influenced by
the transplantation strategy. Adjusting the DLI dose based on these conditions may
improve the balance between GvHD and GvL.
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INTRODUCTION

Relapse remains an important cause of failure of allogeneic stem cell transplantation
(alloSCT) in patients with acute leukemia. Unmodified donor lymphocyte infusions
(DLI) can be given to boost the Graft-versus-Leukemia (GvL) effect to prevent relapse,
but may induce Graft-versus-Host-Disease (GvHD). To improve the balance between
GvHD and GvL and thereby the applicability of DLI, it is crucial to better understand
which factors influence the alloreactivity of DLI.

Expert opinion recommends that dosing of prophylactic and preemptive DLI should at
least be based on donor type and time after alloSCT to reduce the risk of severe GvHD.!
In a recent study, we identified three other risk factors for the development of GvHD
after DLI following alemtuzumab-based T-cell depleted (TCD) alloSCT: occurrence of
viral infections (de novo or reactivation) close to DLI, presence of patient-derived antigen-
presenting cells (APCs) in the bone marrow (BM), and lymphopenia.? Patient-derived
APCs are highly capable of activating donor-derived alloreactive T cells.® After alloSCT,
the professional APCs of the patient are gradually replaced by donor-derived APCs. We
previously showed that the replacement of APCs in the skin occurs predominantly
between 3 and 6 months after alloSCT.* Thus, from 6 months onwards the BM
chimerism status should be a good indicator of the origin of the professional APCs in the
peripheral tissues. Viral infections and lymphopenia promote the activation of
(alloreactive) T cells.”” The presence of these factors at the time of DLI depends on the
transplantation strategy (i.e., conditioning intensity, use and type of TCD, and GvHD
prophylaxis). Posttransplant cyclophosphamide (PTCY) preferentially targets activated
alloreactive T cells and favors recovery of regulatory T cells. #° This leads to relatively
early lymphocyte recovery and better protection against severe infections compared to
other TCD strategies.'”!? Additionally, most patients achieve full-donor chimerism
(FDC, <1% patient cells) within two months after PTCY alloSCT.** This profile could
therefore be associated with low alloreactivity of DLI following PTCY alloSCT.? Indeed,
the risk of GVHD appears to be similar between haploidentical DLI following PTCY
alloSCT and DLI from HLA-matched donors after non-PTCY alloSC'T despite the
larger genetic disparity.'* In the non-haploidentical PTCY setting, only two studies have
reported outcomes after DLI. Carnevale-Schianca et al. investigated 14 patients
receiving therapeutic DLI after which none developed grade III-IV acute GvHD and 1
patient developed chronic GvHD." They reported an overall response rate of 57%.
However, as more than half of the patients also received systemic therapy or
radiotherapy, the contribution of the DLI itself on disease control is unclear.”
Shanmugasundaram et al. investigated 38 DLIs given to 21 patients after PTCY, of
whom 8 with a non-haploidentical donor, and observed low risks of acute (8%) and
chronic (3%) GvHD but limited efficacy with 11% and 15% complete response after DLI
for relapse and mixed chimerism, respectively.'® These reported risks of GvHD are
considerably lower than those observed after non-haploidentical DLI following other
transplantation strategies.>''"® However, both studies involved a wide variety of
conditioning regimens and DLI settings (i.e., timing since alloSCT, DLI dose and pre-
DLI treatments such as chemotherapy and steroids), making it hard to investigate the
impact of the transplantation strategy and DLI circumstances on the alloreactivity of
DLL
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In the current study, we investigated DLI after non-haploidentical PTCY alloSCT in a
more homogeneous cohort treated according to a standardized DLI protocol: all patients
were scheduled for prophylactic DLI at 4 or 6 months after alloSCT with fixed doses
based on timing and donor type. We analyzed the conditions at the time of DLI and
assessed the alloreactivity after DLI, i.e. development of clinically relevant GvHD,
conversion of mixed chimerism (MC, 21% patient cells) to FDC and the risk of relapse.
By following the same systematic approach we used in the setting of DLI after
alemtuzumab-based TCD alloSCT, the impact of the transplantation strategy on the
DLI conditions and alloreactivity can be investigated.

METHODS

Study population

This observational study included all adult patients with acute myeloid leukemia (AML),
acute lymphoblastic leukemia (ALL) or myelodysplastic syndrome with excess blasts
(MDS-EB2) in complete morphologic remission who received PTCY alloSCT from a
=28/10 HLA-matched donor at Leiden University Medical Center (LUMC, Leiden, The
Netherlands) between April 2020 and December 2022. The DLI cohort consisted of all
patients who received a first DLI scheduled at 4 or 6 months after alloSCT (actually
administered at 3.7-5.2 months and 5.3-9.0 months, respectively) without prior relapse
or therapeutic systemic immunosuppression (tIS) for GVHD. The study was approved by
the Medical Ethics Committee Leiden The Hague Delft (RP 22.002). All patients signed
informed consent for data collection and analysis. Data were analyzed as of March 2024.

Transplantation and DLI protocol

Myeloablative conditioning consisted either of cyclophosphamide (2 days 60 mg/kg iv)
and total body irradiation (3 days 2x2 Gy), or of thiotepa (2 days 5 mg/kg iv), fludarabine
(3 days 50 mg/m? iv) and busulfan (3 days 4x0.8 mg/kg iv). Reduced-intensity
conditioning consisted of fludarabine (5 days 30 mg/m? iv), cyclophosphamide (2 days
14.5 mg/kg 1v) and total body irradiation (1 day 2 Gy). All patients received 40 mg/kg
cyclophosphamide intravenously on days +3 and +4, 3x15 mg/kg mycophenolate from
day +5 until +28, and tacrolimus titrated at 5-10 ng/ml from day +5 until +84, after
which it was tapered with the aim to stop by day +120 or +150, depending on the timing
of the first scheduled DLI (i.e., at 4 or 6 months, respectively). Patients had to be off
GvHD prophylaxis for at least 2 weeks before a DLI could be administered. Four CMV
seropositive patients with a CMV negative donor who were transplanted after October
2021 received letermovir prophylaxis.

In the absence of GvHD requiring tIS, patients considered to have a high risk of early
relapse were scheduled to receive a 4-month DLI (0.3x10° or 0.15x10° T  cells/kg in case
of related donor [RD] or unrelated donor [UD], respectively). Reasons for prophylactic
4-month DLI were high-risk disease characteristics or incomplete pretransplant
treatment. Preemptive 4-month DLI was given if minimal residual disease (MRD) was
present at 2 months after alloSCT or in case of rapidly increasing MC between 2 and 4
months after alloSCT. All patients without GvHD requiring tIS, including those who had
received a 4-month DLI, were scheduled to receive a prophylactic 6-month DLI, 1.e.,
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regardless of their anticipated relapse risk and chimerism or MRD status (3x10° or
1.5x10° T cells/kg, respectively). None of the patients received GVHD prophylaxis after
DLI. Patients with persisting or increasing MC or MRD after the 6-month DLI could
receive additional preemptive DLIs in escalating doses with a minimum interval of 3
months between DLIs. Patients with insufficient response despite multiple DLIs could
receive interferon treatment.

BM chimerism, absolute lymphocyte count, viral infections and
definitions of clinical events

BM chimerism, absolute lymphocyte count (ALC) and viral infections were measured
and defined as described previously.? The three chimerism categories were FDC, low MC
(1-4% patient cells), and high MC (=5% patient cells). The three ALG categories were
ALC <500x10°%/1, ALC between 500 and 999x10°/1 and ALC =1000x10°/1. All viral
infections confirmed by PCR that occurred within 1 week before and2 weeks after DLI
without any prior relapse, second DLI or tIS were considered. Relapse was defined as
recurrence of at least 5% blasts on cytomorphologic BM examination, at least 1% blasts
in the peripheral blood or the development of extramedullary disease. Clinically relevant
GvHD was defined as GvHD for which tIS was administered for at least 14 days.?

Analyses

Chimerism response after DLI was evaluated as described previously". Briefly, an
algorithm was used to assess the BM chimerism response after DLI in all patients who
had MC at the time of their first DLI. A complete response was defined as conversion to
FDC, and a partial response as a relative decrease in patient chimerism of 50% or an
absolute decrease of 20%, 10% or 5% depending on the level of patient chimerism at
the time of first DLI: 250%, 20-50% or <20% MC.

The cumulative incidence of clinically relevant GvHD was calculated using a competing
risks model starting at the time of first DLI with start of tIS as event of interest and
relapse and death as competing events.

The current GvHD-relapse free survival (cGRFS) was calculated using two time-
inhomogeneous Markov multi-state models starting at time of alloSCT (total cohort,
Supplemental Figure 1) or first DLI (DLI cohort, Supplemental Figure 2). cGRFS was
introduced by Solomon et al. and takes into account that patients can recover from
GvHD, providing a more accurate measure of long-term treatment success than the
GvHD-relapse free survival.® However, the ¢cGRFS defined by Solomon et al. only
considers moderate-severe chronic GvHD. To get insight in the total burden of clinically
relevant GVHD, we considered the use of tIS for any GvHD instead.?!

In a multi-state model, patients move between states at the occurrence of clinical events.
In the absence of relapse, patients could move between the states ‘tIS for GVHD’ and
‘cGRFS’ based on whether and when they used tIS for GVHD. From both states, patients
could move to the states ‘relapse’ at time of relapse and ‘non-relapse mortality’ at time
of death without relapse. The ‘relapse’ and ‘non-relapse mortality’ states were absorbing,
meaning that patients could never leave these states; the probabilities of these two states
represent the respective cumulative incidences. As long as no event occurred, patients
remained in their current state until end of follow-up.
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All analyses were performed in R version 4.4.0 using the packages prodlim??, mstate®,
ggplot2?!, ggalluvial® and ComplexUpset®.

RESULTS

Cohort

108 patients were included in this study. At 2 years after alloSCT, the cGRF'S was 66%
(95%-confidence interval [95%-CI] 57-77) and the cumulative incidences of relapse and
non-relapse mortality were 22% (95%-CI 15-33) and 7% (95%-CI 3-13), respectively
(Supplemental Figure 3). 83 patients were included in the DLI analyses: 37 received the
low-dose 4-month DLI and 46 the 6-month DLI as first DLI (Table 1). The other 25
patients did not receive a standard DLI because of early relapse (n=9), GvHD (n=7, of
whom 6 required tIS), death without relapse or tIS (n=4), or (temporary) donor
unavailability (n=5).

For the total DLI cohort, the cGRFS was 79% (95%-CI 70-89%) at 2 years after the first
DLI. At this time, the probability of using tIS was 4% (95%-1-12) and the cumulative
incidences of relapse and non-relapse mortality were 14% (95%-CI 8-26%) and 3%
(95%-CI 1-10%), respectively (Figure 1).

Conditions at time of DLI

First, we examined the risk factors for GvHD that we had identified previously in the
setting of DLI after alemtuzumab-based TCD: viral infections, BM chimerism (as
measure for patient-derived APCs), and lymphopenia at the time of first DLI (Table 2,
Supplemental Table 1). Four patients (5%) had viral infections during the week before or
first two weeks after DLI. 55 patients (66%) had FDC at the time of DLI and only 5 (6%)
had MC with =5% patient cells. Minimum ALC at the time of DLI was 477x10° cells/I;
17% of the patients had lymphopenia of <1000x10° lymphocytes/1.

Alloreactivity after DLI

We then investigated the development of GvHD after DLI. Only 5 patients developed
clinically relevant GvHD after DLI, resulting in a cumulative incidence of 7% (95%-CI
1-14%) at 2 years after the first DLI. None of the 5 GvHD patients had lymphopenia or
a viral infection close to DLI (Supplemental Table 2). Two patients had mixed BM
chimerism, 1% and 14% patient cells, at the time of their 6-month DLI. The latter had
also received a 4-month DLI while having 12% MC, but did not have any GvHD
symptoms until 1 month after the 6-month DLI, after which grade 4 acute GvHD
developed. Despite tIS including prednisone and ruxolitinib, this patient died from
GvHD 4 months after the 6-month DLI. The other three patients developed GvHD after
receiving a DLI from an UD, of whom two with a 9/10 HLA-matched donor.

To investigate whether DLI could induce conversion from MC to FDC, we examined the
BM chimerism kinetics of the subset of patients with =1% MC at the time of DLI during
the first year after DLI (n = 28, Figure 2). 22 patients (79%) converted to FDC, including
the two patients with MC who developed clinically relevant GvHD. One of the other
complete responders received interferon before conversion. There were no relapses or
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deaths during follow-up in the complete responders except the patient with lethal GvHD
(median follow-up since their first DLI: 15 months, interquartile range 12-20). Six
patients did not convert to FDC: 4 relapsed and 2 did not relapse before censoring at 14

DLI cohort (N = 83)

Age at the time of first DLI (years)
median (range)
Sex
Male
Female
Disease
AML’
ELN adverse risk
ELN intermediate risk

ELN favorable risk (reason alloSCT: MRD+, no CR after first remission
induction course, MRD+ after 2 remission induction courses)

relapsed AML
ALL
B-ALL with (9;22)
B-ALL, NOS
T-ALL
MDS-EB2
Conditioning
MAGC: thiotepa, Flu and Bu
MAGC: Cy and TBI
RIC: Flu, Cy and TBI
Interval between stop GVHD prophylaxis and first DLI (days)
4-month DLI patients: median (range)
6-month DLI patients: median (range)
Donor
10/10 HLA-matched RD
10/10 HLA-matched UD
9/10 HLA-matched UD
8/10 HLA-matched UD
CMV serostatus patient/donor
+/+
+/-
-/+
/-
EBYV serostatus patient/donor
+/+
+/-
-/+
/-

60 (20-77)

50 (60%)
33 (40%)

63 (76%)
34
15
9

5
11 (13%)

3
5
3

9 (11%)

19 (23%)
1 (1%)
63 (76%)

33 (15-89)

71 (33-145) 5

15 (18%)
50 (60%)
17 (20%)
1 (1%)

34 (41%)
9 (11%)
7 (8%)
33 (40%)

67 (81%)
(10%)
(5%)
(

8
4
4 (5%)

Table 1. Baseline characteristics of the 83 patients in the DLI cohort. DLI, donor
lymphocyte infusion; AML, acute myeloid leukemia; alloSCT, allogeneic stem cell transplantation;
MRD, minimal residual disease; ALL, acute lymphoblastic leukemia; MDS-EB2, myelodysplastic
syndrome with excess blasts; MAC, myeloablative conditioning; RIC, reduced-intensity conditioning;
Flu, fludarabine; Bu, busulfan; Cy, cyclophosphamide; TBI, total body irradiation; RD, related donor;
UD, unrelated donor; CMYV, cytomegalovirus; EBV Epstein-Barr virus. "AML risk scores are based on

the 2022 ELN risk classification.
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months after the first DLI. Notably, only 3 of 17 patients receiving the 4-month DLI
converted before the 6-month DLI was administered. Together, these data show a low
risk of GvHD following DLI in this transplantation setting (one case of lethal GVHD),
but indicate achievement of a meaningful GvL effect in the majority of the patients.

cGRFS tIS for GvHD
1.00 1.00

0.75 1

0.50 -
0.25 A

0.751 0.00 P —

relapse
1.00

0.75 1
0.50 1 0.50 -

Probability

0.25 1
— ]

0.00

non-relapse mortality

0.251 1.00
0.751
0.50 -

0.25 1

0 3 6 & 12 15 18 21 24°%0 5 6 9 12 15 18 21 24
Months since first DLI

Figure. 1 Probability of cGRFS, current use of tIS for GVHD, relapse and non-relapse

mortality for all patients receiving DLI (n = 83). Outcome of the multi-state model over time

since first DLI. The ‘relapse’ and ‘non-relapse mortality’ states are absorbing: these curves represent

cumulative incidences. The structure of the model is shown in Supplemental Figure 2.

0.00

4-month DLI (N = 37) 6-month DLI (N = 46)

Viral infection within 1 week before until 2
weeks after DLI

Yes 5% 4%

No 95% 96%
BM chimerism

High mixed chimerism: 25% patient cells 14% 0%

Low mixed chimerism: 1-4% patient cells 32% 24%

Full donor: <1% patient cells 54% 76%
Absolute lymphocyte count

<500x10°/1 3% 0%

500-999x10°/1 16% 15%

>1000x10°/1 81% 85%

Table 2. Presence of viral infections, mixed BM chimerism and lymphopenia at the
time of first DLI. DLI, donor lymphocyte infusion; BM, bone marrow
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DISCUSSION

The low risk of clinically relevant GVHD after DLI following PTCY alloSCT from HLA-
matched and HLA-mismatched donors observed in our study and by others''® shows
that application of non- haploidentical DLI after PTCY 1s relatively safe. The 4%
cumulative incidence at 3 months is strikingly lower than the 30% we observed after
DLI following alemtuzumab-based TCD alloSCT.? Against the background of our
previous study?, infrequent occurrence of DLI-induced GvHD after non-haploidentical
PTCY alloSCT can be explained by the relatively high prevalence of FDC at the time
of DLI, absence of deep lymphopenia, and low incidence of viral infections around the
time of DLI. A combined interpretation of the results of this study and our study on DLI
after alemtuzumab-based TCD? indicates that transplantation strategies have a profound
impact on the conditions at the time of DLI, which in turn influence the alloreactive
potential of DLI. The impact of the conditioning regimen on DLI alloreactivity was also
noted by Shanmugasundaram et al., who observed GvHD only in patients who received
alemtuzumab or anti-thymocyte globulin in addition to the PTCY.'

In both our studies?, none of the FDC patients receiving DLI developed lethal GvHD.
Together with the results of a matched-pair analysis by Schmid et al.”, this demonstrates
the safety of prophylactic non-haploidentical DLI. The patient with high MC developing
lethal DLI-induced GvHD illustrates the relevance of high presence of patient-derived

28
26
24
22
248 Best response after DLI:
c
.g complete response
g 16 partial response
S 14 partial response until relapse
ul unevaluable due to early relapse
212 no response until relapse
g . no response until stop chimerism
c 10 . no response
8
6
4
2
0

2 3 4 6 7 12
months after starting DLI

Figure. 2 BM chimerism response after DLI for the patients with mixed chimerism at
the time of first DLI (n = 28). The best BM chimerism response achieved at different time points
after the first DLI (complete response: conversion to full-donor chimerism, partial response: decreasing
mixed chimerism, no response: stable/increasing mixed chimerism). Two patients relapsed before the
first chimerism measurement after DLI (relapse at 0.8 and 1.4 months after low-dose 4-month DLI) and
two patients relapsed before reaching a complete response (relapse at 4.8 and 6.4 months after low-dose
4-month DLI, both also received the 6-month DLI before relapse). One other patient converted to full-
donor chimerism after start of interferon. Events after reaching a complete response are not shown.
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APCs and shows that under certain conditions DLI after PTCY can induce lethal
GvHD. Of the other patients developing GVHD after DLI, 2 had an HLA mismatch.
While PTCY may reduce the impact of having an HLA mismatch on the GvHD risk
after non-haploidentical alloSCT%, this effect is likely smaller when fresh alloreactive
lymphocytes are infused by a DLI several months thereafter when the degree of genetic
disparity may play an important role in the development of GvHD. The low number of
GvHD cases in our cohort did not allow us to estimate the effect sizes of mixed
chimerism and HLA mismatch on the risk of GvHD.

The low-dose 4-month DLI after PTCY alloSCT rarely induced chimerism conversion
or clinically relevant GvHD, suggesting limited alloreactive potential in contrast to the
3-month low-dose DLI after alemtuzumab-based TCD alloSC'T:*" This is likely due to
the different conditions at the time of DLI: the faster lymphocyte recovery after PTCY
alloSCT compared to alemtuzumab-based TCD leads to less viral infections and
therefore less inflammation during the months after alloSCT. Combined with the later
timing of the low-dose DLI after PTCY alloSCT (one month later than after
alemtuzumab-based TCD alloSCT), this leads to a less pro-inflammatory environment
at the time of DLI and a low alloreactive potential of the 4-month DLI after PTCY
alloSCT with the current DLI dose. However, the total DLI strategy led to similar
conversion rates for DLI after alemtuzumab or PTCY." In both settings'®, conversion
from MC to FDC after DLI occurred often in the absence of clinically relevant GVHD,
but the GvHD/GvL balance seems to be better in the PTCY setting: the doses of the
6-month DLI and any subsequent DLI were apparently sufficient to induce chimerism
conversion, but with a lower GvHD risk than in the alemtuzumab setting. This supports
the conclusions of Van Bergen et al. that whether or not GvL is companied with GvHD
not only depends on the diversity of the alloreactive T cells but also on the inflammatory
conditions.” Differences in the timing and doses of DLI and the conditions at the time
of infusion might explain why the chimerism conversion rates in our studies differ from
those reported by Shanmugasundaram et al..'®

The aim of prophylactic and preemptive DLI is to prevent relapse without causing
excessive toxicity. With our total strategy of TCD alloSCT followed by standard DLI, the
2-year cumulative incidence of relapse was 22%. This is still close to the estimates
reported in studies on non-haploidentical PTCY alloSCT for acute leukemia without
DLI, which range from 19% in a single-center study to 28% in a 9/10 HLA-matched
UD registry cohort.?**! The 2-year non-relapse mortality in our study (7%) seems be a
bit lower than in the other studies (15-20%).2%**" Comparing studies is notoriously
difficult because of differences in transplantation strategy and characteristics of the
patients, diseases and donors. However, in our study none of the patients who converted
to FDC after DLI experienced relapse, indicating that a meaningful GvL effect was
achieved. Together with the low toxicity, this strongly suggests that application of DLI
after non-haploidentical PTCY alloSCT can have a beneficial clinical effect. In our
cohort, about half of the relapsing patients relapsed between 3 and 6 months after
alloSCT. Considering the low toxicity and efficacy of our 4-month low-dose DLI, it
might be possible to increase the dose of this DLI or to administer the current dose at an
earlier time to reduce the relapse risk during this period without inducing severe GvHD.

A limitation of our study is that we do not have a control group of patients not receiving
standard DLI. Since most alloreactivity was observed after the 6-month DLI, several
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months after cessation of double GVHD prophylaxis, we assume that the observed
alloreactivity is DLI-induced, but cannot rule out some effect of the tapering of GvHD
prophylaxis. However, after PTCY alloSCT combined with double GvHD prophylaxis
using HLA-mismatched donors and no DLI, Soltermann et al. observed a cumulative
incidence of only 15% acute GvHD grade II-IV, predominantly occurring during the
first 2 months.*? This suggests that the GVHD we observed after the 4- and 6-month DLI
1s most likely related to the DLI. We are currently planning a clinical trial to investigate
the optimal timing and dose of prophylactic DLI and to compare alloSCT with or
without standard prophylactic DLI.

In conclusion, our data show that non-haploidentical prophylactic and preemptive DLI
following PTCY alloSCT give a low risk of clinically relevant GvHD but still a
meaningful GvL effect. The conditions in which DLI are more likely to induce severe
GvHD are known. Careful tailoring the DLI dose to the conditions at the time of the
DLI could therefore improve the balance between GvHD and GvL and increase the
safety and efficacy of DLI.
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SUPPLEMENTAL TABLES

BM chimerism: BM chimerism: BM chimerism:

FDC 1-4% MC 25% MC
N ol infs ALC =1000 43 18 4
o viral infection - .
close to DLI* ALC 500-999 10 2 1
ALC <500 0 1 0
Viral infecti ALC =1000 2 (both COVID-19) 2 (CMV, rhinovirus) 0
iral infection -
close to DLI* ALC 500-999 0 0 0
ALC <500 0 0 0

Supplemental Table 1. Numbers of patients for each combination of characteristics of
BM chimerism, ALC and viral infection. BM, bone marrow; FDC, full-donor chimerism; MC,
mixed chimerism; ALC, absolute lymphocyte count (x10°/1); DLI, donor lymphocyte infusion. “Within
1 week before until 2 weeks after DLI

Last DLI BM . ALC at time eral . GvHD
Donor before onset chimerism at £ DLI infection requiring tIS* Outcome
of GvHD time of DLI  ° close to DLI T¢I™TIn8
« aGVHD
liver grade 1
MM UD 4-month DLI FDC >1000 No * extensive Resolved
cGVHD
liver, muscles
6-month DLI * extensive Oneoine S 1
MM UD after 4-month ~ FDC >1000 No ¢cGVHD ngoms
. year after DLI
DLI eyes, nails
¢ Extensive
UD 6-month DLI ~ FDC >1000 No ¢GVHD Ongoing tIS 1
lungs, year after DLI
muscles
. Fxtensi Ongoing tIS 9
RD 6-month DLI 1% MC >1000 No N months afer
cGvHD skin
DLI
6-month DLI « aGVHD Death f
RD after 4-month  12% MC >1000 No skin, liver, GI 1, au rom
GvHD
DLI grade 4

Supplemental Table 2. Characteristics of the 5 patients who developed GvHD after DLI.
MM, HLA-mismatched (else: 10/10 HLA-matched); RD, related donor; UD, unrelated donor; BM,
bone marrow; FDC, full-donor chimerism; MC, mixed chimerism; ALC, absolute lymphocyte count;
aGvHD, acute GvHD; c¢GvHD, chronic GvHD; tIS, therapeutic systemic immunosuppression.
*Grading of acute and chronic GVHD according to the modified Glucksberg and the Seattle criteria,
respectively.
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SUPPLEMENTAL FIGURES
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Supplemental Figure 1. Multi-state model starting from alloSCT (total cohort). Boxes
represent states and arrows represent the transitions between the states. The grey transition was not
used by any of the included patients. All patients started in the state ‘cGRFS’ at the time of alloSCT.
The number at the bottom left corner of the starting state shows the number of patients included in the
model. The numbers at the bottom right corner of the boxes show the numbers of the patients who
were in that state at the end of their follow-up. The numbers next to the arrows show the numbers of
the patients who made that transition during their follow-up.
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Supplemental Figure 2. Multi-state model starting from first DLI (DLI cohort). Boxes
represent states and arrows represent the transitions between the states. The grey transition was not
used by any of the included patients. All patients started in the state ‘cGRFS’ at the time of their first
DLI. The number at the bottom left corner of the starting state shows the number of patients included
in the model. The numbers at the bottom right corner of the boxes show the numbers of the patients
who were in that state at the end of their follow-up. The numbers next to the arrows show the numbers
of the patients who made that transition during their follow-up.
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Supplemental Figure 3. Probability of cGRFS, current use of tIS for GVHD, relapse and
non-relapse mortality after alloSCT (total cohort). The ‘relapse’ and ‘non-relapse mortality’
states are absorbing: these curves represent cumulative incidences. The structure of the model is shown
in Supplemental Figure 1.

129 | Chapter 5



DLI after PTCY | 130






Anti-thymocyte globulin-based treatment
frequently leads to enduring treatment success
in both old and young adult patients with
aplastic anemia: a real-world analysis from the
Dutch Aplastic Anemia Registry

Constantijn J.M. Halkes", Eva A.S. Koster’, Lisette J.M. Bogers,
Floor C.J.I. Heubel-Moenen, Laura G.M. Daenen, Saskia K. Klein,
Saskia M.C. Langemeijer, Erfan Nur, Marc H.G. Raaijmakers,
Tjeerd J.F. Snijders, Jennifer M.L. Tjon, Liesbeth C. de Wreede

" shared first authorship

In submission



ABSTRACT

Discussion remains concerning the safety and tolerability of anti-thymocyte globulin
(ATG)-based immunosuppressive therapy (IST) in older patients with aplastic anemia
(AA). Using data of 127 consecutive patients from the Dutch adult AA registry, we
evaluated long-term treatment success of standard ATG-based IST as first-line
treatment with a multi-state model. Only one death was potentially associated with ATG.
We defined Transplantation-, Treatment- and Disease-Iree Survival (T'T-DFS) as the
ultimate success of this treatment. This means that a patient is alive, is currently
transfusion-independent without having received an allogeneic stem cell transplantation,
has not developed AML or MDS, and has stopped all medication for AA. The
probability of TT-DFS was 42% at 5 years after start of IST. In patients younger than
40 years (n=36) and in patients aged 60 or above (n=53), this was 58% and 34%,
respectively. Older age, more severe AA and absence of a PNH-clone of =1% all
reduced the likelihood of reaching TT-DFS. These analyses on unselected nationwide
data indicate that ATG-based IST is effective and safe also in older patients. They suggest
that age, AA severity and presence of a PNH-clone should be taken into account when
considering this treatment in older patients.
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INTRODUCTION

Acquired aplastic anemia (AA) is a rare hematological disease characterized by
pancytopenia and a hypocellular bone marrow. The exact pathogenesis is unknown but
most likely involves an autoimmune reaction."? The preferred first-line treatment in the
majority of adult patients is intensive immunosuppressive therapy (IST) based on anti-
thymocyte globulin (ATG) and ciclosporin (CsA) with or without eltrombopag.® As this
treatment is associated with an increased risk of acute cardiac toxicity and infusion
reactions and conflicting results are published concerning its effectivity in patients aged
60 years or older, there 1s debate whether ATG-based IST should be offered as preferred
first-line treatment to older AA patients instead of a less intensive treatment.*®

Recently, an analysis based on two single-center clinical trials which ran between 2005
and 2022, showed that acute toxicity after IST, response rate at six months and overall
survival (OS) were similar in responding patients aged below 60 and of at least 60 years.
The authors concluded that ATG-based IST should be the preferred first-line treatment
in all AA patients aged 60 and older. In contrast, another analysis on patients treated
between 1976 and 2024 in 4 tertiary hematologic centers showed an inferior response
rate after ATG-based IST in AA patients aged 60 and older compared to patients
younger than 60. The authors concluded that older patients had an unfavorable risk/
benefit ratio for ATG-based therapy and that this treatment should only be offered to AA
patients younger than 60 and to patients between 60 and 65 years without
comorbidities.®

When considering ATG-based IST as first-line treatment, not only the risk of severe side
effects in older patients with comorbidities, but also the probability to achieve an
enduring response should be taken into account. Hematological recovery at six months
after start of IST is commonly used as a measure for treatment success of IST. Younger
age, non-severe AA and the presence of a glycosyl phosphatidylinositol (GPI)-deficient
cell clone (Paroxysmal Nocturnal Hemoglobinuria (PNH)-clone) at time of diagnosis are
associated with reaching this short-term treatment success in several studies.” Long-
term treatment success and survival after IST in patients with AA is hampered by disease
related mortality due to infections or bleedings, toxicity of second-line treatments like
allogeneic stem cell transplantation (alloSCT) and the development of other bone
marrow diseases like MDS or AML. The most common treatment failure is relapse of
AA, after which a renewed response can often be achieved by reintroduction of IST.
These complex dynamics that are all relevant for achieving and maintaining long-term
IST treatment success cannot be captured by the fixed 6-month timepoint for
hematological response and long-term OS.

Therefore, we propose a comprehensive measure of treatment success over time after
ATG-based IST for AA. The main component of this measure is Disease-free survival
(DES): being alive and currently transfusion-independent without having developed
other bone marrow diseases like MDS or AML. We consider this the broad aim of ATG-
based IST. DFS should preferably be achieved without needing an alloSCT as second-
line treatment: Transplantation-free DF'S (T-DFS). The ultimate aim of IST is to stop all
medication after achieving a response, leading to the endpoint Transplantation- and
Treatment-free DFS (T'T-DFS). All these endpoints are dynamic, i.e. during time since
start of treatment they are continuously updated when responses are gained, lost and
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regained or other relevant events take place. These complex endpoints can be assessed
by multi-state models, which can also serve to investigate the impact of risk factors on
different steps of the recovery/disease process. We used DFS, T-DFS and TT-DFS to
evaluate treatment success in patients from the Dutch adult aplastic anemia registry who
were treated uniformly with horse-derived ATG (ATGAM)-based IST. This registry
describes a unique real-world nationwide cohort containing data of 144 consecutive
adult AA patients who were treated with ATGAM-based IST in the Netherlands
between 2012 and 2021.

MATERIALS AND METHODS

Patients and treatment

The Dutch national AA registry is a population-based registry in which data is collected
from all consecutive patients in the Netherlands who received ATGAM in combination
with CsA as first-line treatment for AA according to the national guideline'
(Supplemental Methods). Treatment is given in a limited number of Dutch hospitals, that
all contribute data to the registry (Supplemental Table 1). Completeness of patient
cohorts per hospital was checked using delivery data of ATGAM to the hospital
pharmacies. Clinical data and laboratory results were collected by the treating
hematologists or local data managers at baseline and at regular intervals after start of
ATGAM and checked by a central data manager. The Institutional review board of the
Leiden University Medical Centre approved data collection and analysis (protocol nr.
C13.014). The dataset was closed on July 1 2022.

Definitions and endpoints

AA diagnosis was classified according to the Camitta criteria.!! Transfusion
independency was defined as having been free of transfusion for at least 4 weeks. Non-
transplant therapy was defined as any treatment to improve hematopoiesis in AA except
alloSCL. This could include multiple courses of ATG, CsA, other immunosuppressive
drugs or drugs with another working mechanism like eltrombopag or Danazol. Disease-
free survival was defined as being alive and currently transfusion-independent without
having started treatment for a secondary bone marrow disease, i.e., AML or MDS.
Transplantation-free DFS was defined as DFS without having received an alloSCT.
Treatment- and Transplantation-free DFS was defined as T-DFS without having
received any non-transplant therapy for at least 2 weeks. The primary endpoint of this
analysis was the probability of TT-DFS until 5 years after start of ATGAM. Secondary
endpoints were the cumulative incidence of achieving transfusion independency and
probabilities of DFS, T-DFS and OS.

Statistical analysis

OS from start of first IST with 95% confidence intervals (95%-CI) was calculated using
the Kaplan-Meier method. Follow-up was quantified using the reverse Kaplan-Meier
method which censors patients when they die.'? The cumulative incidence of achieving
transfusion independency after first-line treatment was estimated using a competing risks
model with death and start of second-line treatment or treatment for AML or MDS as
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competing events. The cumulative incidence of achieving transfusion independency
regardless of the number of treatments was estimated using a competing risks model
with death and treatment for AML or MDS as competing events. To estimate DFS, T-
DFS and TT-DFS after IST and to identify which factors influence the treatment
response, a Markov time-inhomogeneous multi-state model was constructed. In a multi-
state model patients transit between states at the occurrence of clinical events. Each
transition hazard can either be estimated without taking covariates into account (non-
parametrically) or analyzed by means of a transition-specific Cox proportional hazards
model (semi-parametric approach). The baseline hazards and the hazard ratios (HRs) are
the building blocks for the calculation of the transition probabilities, which represent the
probabilities of being in each of the states over time.">'*

The structure of the model is shown in Figure 1. Starting state and time of the model is
the start of the IST (ATGAM and ciclosporin). As all patients are also transfusion-

death after alloSCT for AA

4 T

alloSCT for AA: transfusion-dependent —> alloSCT for AA: transfusion-independent
0 12
13 3 1
1
11 (10) 6
: <€¢— transfusion-independent
transfusion-dependent )
with therapy
111 (102) 62 (59)
127 10 32
5
1 1
7 5 4 2
death without alloSCT/AML/MDS treatment for AML/MDS
13 7

Figure 1. Structure of the multi-state model. Boxes represent states, arrows transitions. All
patients start in the state ‘transfusion-dependent’. The number in the left corner of this box shows the
number of patients included in the non-parametric model. The numbers at the bottom right corner of
the boxes show the numbers of patients who were in that state at the end of their follow-up. The
numbers next to the arrows show the numbers of transitions that were observed during follow-up. A few
patients made a transition multiple times during their follow-up. For the transitions for which this was
the case, the numbers inside the brackets show the numbers of unique patients who made these
transitions. T'T-DFS equals the probability of being in the state ‘“free of transfusion and therapy’ (dark
green), T-DFS the probability of being either in this state or in the state ‘transfusion-independent with
therapy’ (light green), DFS the probability of being in any of the three filled states.
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dependent at that time, this state is called ‘transfusion-dependent’. If a patient has been
transfusion-independent for 4 weeks, this patient will move to the state ‘transfusion-
independent with therapy’ after these 4 weeks. If a patient in this state has stopped all
non-transplant therapy for 2 weeks and remains transfusion-independent, the patient will
move to the state ‘free of transfusion and therapy’. Transfusion-independent patients
who become transfusion-dependent and patients who have to restart non-transplant
treatment will move to the appropriate states. From these three states, patients can
experience three failure events: requirement of alloSCT, start of treatment for another
bone marrow disease (AML or MDS) and death. The latter two are absorbing states,
implicating that patients can never leave the state. AlloSCT is split into transfusion
dependency after alloSCT, transfusion independency after alloSCT and death after
alloSCT to evaluate the outcome after alloSC'T as non-first-line treatment.

The effects of patient age, presence of a PNH-clone and severity of the AA on the
hazards of several transitions of the multi-state model were estimated using transition-
specific Cox models (Supplemental Methods). To translate the obtained HRs into
clinically relevant measures, we calculated multi-state model-based outcomes for
reference patients with different baseline characteristics. This shows the impact of age,
the presence of a PNH-clone and the severity of the disease on T-DFS and T'T-DF'S.

Confidence intervals for DFS and T-DFS, which are combinations of multiple states,
were calculated based on the estimated variance-covariance matrix of the transition
probabilities.'*

Software

All analyses were performed in R version 4.5.0 using the packages survival'®, prodlim'®,
mstate'*, ggplot2', and ggh4x'®.

RESULTS

The majority of AA patients become transfusion-independent after IST

In total, 144 patients who received ATGAM-based IST between 2012 and 2021 were
included in the Dutch AA registry. Seventeen patients received IST with the addition of
eltrombopag as first-line treatment in the prospective randomized EBMT RACE study®.
To preserve a uniform treatment cohort we excluded these 17 patients. Analyses were
performed on the remaining 127 patients.

Baseline characteristics of the patients are shown in Table 1. The median follow-up time
was 56 months (interquartile range 25-80). Figure 1 shows the number of transitions
between the different states. At start of IST; all 127 patients were transfusion-dependent.
The cumulative incidence of achieving transfusion independency without any second-
line treatment was 64% (95%-CI 55-72) at 1 year after start of ATGAM and CsA
(Supplemental Figure 1). For patients who did not become transfusion-independent,
second-line treatment was eltrombopag in 21 patients (of whom 15 became transfusion-
independent), rabbit-derived ATG (Thymoglobulin) in 7 patients (of whom 3 became
transfusion-independent) and 8 patients received an alloSCT. See Supplemental Figure
2 for the respective third- and fourth-line therapies given after ATGAM with CsA. The
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cumulative incidence of becoming transfusion-independent regardless of the number of
treatments was 88% (95%-CI 82-94) at 2 years after start of IST (Supplemental Figure

1).

Low treatment-related mortality after ATG-based IST

The OS at 5 years after start of IST was 79% (95%-CI 70-87%, Supplemental Figure
3A). Twenty-one patients died within 5 years after start of ATG (5 after alloSC'T as non-
first-line treatment for AA (median time between start IST and death 12 months) and 3
due to AML or MDS (median time between start IST and death 45 months). Seven
patients died due to cytopenia-related complications after a median time of 32 months
(causes of death: hemorrhage, pneumonia or refractory aplastic anemia). One patient
(age 77 years) died due to cardiac failure ten days after start of IST, which could
potentially have been associated with a newly diagnosed atrial fibrillation. All causes of
death in the first 5 years after start of IST are shown in the Supplemental Table 2.

At 5 years, 42% of patients are Transplantation-, Treatment- and
Disease-free

Figure 2 shows the outcomes for patients during the first 5 years after start of first-line
IST. Most patients became transfusion-independent during the first year and from the
first year on, patients were also able to stop their medication for AA. Five years after start
of IST, 70% (95%-CI 61-81) of the patients were transfusion-independent and had not

Total cohort

Median Age (range) 54 (18-79) years
Age category- no (%)

Age 18-39 years 36 (28%)

Age 40-59 years 38 (30%)

Age > 59 years 53 (42%)
Sex- no (%)

Male 81 (64%)

Female 46 (36%)
Disease severity- no(%)

Non-severe 42 (33%)

Severe 54 (43%)

Very severe 31 (24%)
PNH-clone at diagnosis-no (%)

<1% 62 (55%)

>1% 50 (45%)

Missing 15
Cytogenetic abnormalities- no (%)

Normal 75/88 (85)

Abnormal karyotype” 8/88 (9)

Karyotype analysis failed 5/88 (6)

Missing 39
Median time between diagnosis and start ATGAM (range)™ 1.6 (0.1-191) months

Table 1. Baseline characteristics of the 127 patients with ATGAM-based IST as first-line
treatment “Abnormal karyotype included loss of Y chromosome (6 patients), -13q (1 patient) and
extra marker chromosome of unknown origin (1 patient) ” Time of diagnosis not known in 13 patients.
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developed MDS or AML (DFS). The Transplantation-free DFS (T-DFS) was 60% (95%-
CI 51-71) and the Transplantation- and Treatment-free DFS (TT-DFS) was 42% (95%-
CI 33-54) (Figure 3A). Supplemental Figure 3B-D and Figure 3B-D show OS, DFS, T-
DFS and T'T-DFS per age category. Patients aged 18-39 years at start of treatment had
a b5-year OS of 97% (95%-CI 91-100), and a TT-DIS of 58% (95%-CI 41-81). For
patients aged 40-59, the 5-year OS and TT-free DFS were 78% (95%-CI 63-93) and
38% (95%-CI 22-64), respectively. For patients of 60 years and older, the 5-year OS and
TT-free DFS were 65% (95%-CI 48-81) and 34% (95%-CI 22-54), respectively.

Age, disease severity and concomitant PNH-clone at diagnosis predict

TT-DFS

Patients with a PNH-clone (>1%) at diagnosis had a HR of 2.2 (95%-CI 1.4-3.4) to
become transfusion-independent during AA treatment compared to patients without a
PNH-clone. Patients aged 40-59 and older than 59 were less likely to become
transfusion-independent compared to younger patients (HR 0.4 [95%-CI 0.2-0.7] and
0.4 [95%-CI 0.3-0.7], respectively). The same was observed for patients with (very)

1.0
0.9
0.8

0.7 State

death without alloSCT/AML/MDS
death after alloSCT for AA

treatment for AML/MDS

. alloSCT for AA: transfusion-dependent

transfusion-dependent
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o
[6;]

alloSCT for AA: transfusion-independent
transfusion-independent with therapy

03 . free of transfusion and therapy

0.2

0.1

0.0
0 12 24 36 48 60

months since start treatment

Figure 2. Outcomes after start of IST. Stacked transition probabilities from state ‘transfusion-
dependent with therapy’: the difference between two adjacent curves represents the probability of being
in the corresponding state. The probability of being in the state ‘free of transfusion and therapy’
represents the T'T-DFS, the probability of being in this state or in the state ‘transfusion-independent
with therapy’ the T-DFS. DFS is the sum of these two states and ‘alloSCT for AA: transfusion-
independent’. At 5 years after alloSCT, the probabilities of DFS, T-DFS and T'T-DFS were 70% (95%-
CI61-81), 60% (95%-CI 51-71) and 42% (95%-CI 33-54), respectively.
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severe AA compared to patients with non-severe AA (HR for severe AA 0.4 [95%-CI
0.3-0.7] and for very severe AA 0.5 [95%-CI 0.3-0.8]). None of these risk factors had a
significant effect on the likelihood of stopping all non-transplant treatments after
having become transfusion-independent.

Patients aged 60 or older were more likely to die (without alloSCT or treatment for AML
or MDS) compared to patients younger than 60 (HR 7.3, 95%-CI 1.5-34.3) (Table 2). To
show the impact of age, presence of a PNH-clone and disease severity on the different
outcomes, we calculated model- based prognoses for reference patients with different
baseline characteristics. Figure 4 shows the model-based outcomes after IST for a
reference patient with severe aplastic anemia who is <40 years old and has no PNH-
clone, a patient of 60 years or older with the same characteristics, and a patient of 60
years or older with non-severe AA and a PNH-clone of =1.0% at baseline. Five years
after the start of IST, the model-based TT-DFS was 47% (95%-CI 33-68) for the young
patient and 24% (95%-CI 14-41) for the older patient with bad characteristics, and 41%
(95%-CI 26-65) for the older patient with NSAA and a PNH clone. Model-based
outcomes for all 18 possible reference patients (based on age, disease severity and
presence of PNH-clone at diagnosis) are shown in Supplemental Figure 4 and
Supplemental Table 3.
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Figure 3. DFS, T-DFS and TT-DFS. Probabilities of Disease-free survival, Transplantation- and
Disease-free survival and Transplantation-, Treatment- and Disease-free survival with associated 95%
confidence intervals for the total cohort (A) and stratified by age group: 18-39 years (B), 40-59 years (C)
and 60 years or older (D). The 5-year probabilities are stated next to the panels.

months after start IST
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DISCUSSION

This study is based on real-world data from a unique cohort of unselected adult AA
patients who were treated with standard first-line IST in the Netherlands between 2012

Transition Factor HR (95%-CI) P-value
PNH-clone: 21% vs <1%  2.19 (1.42-3.40) <0.001
Age: 40-59 vs 18-39 years 0.41 (0.24-0.69) <0.001
Transfusion-dependent > Age: 60+ vs 18-39 years 043 (0.26-0.71)  <0.001
Free of transfusion with therapy .
Severity: SAA vs NSAA 0.42 (0.27-0.67) <0.001
Severity: VSAA vs NSAA  0.46 (0.27-0.80) 0.005
PNH-clone: 21% vs <1% 1.12 (0.65-1.93) 0.69
Free of transfusion with non-transplant Age: 40-59 vs 18-39 years  0.85 (0.43-1.70) 0.65
therapy - Age: 60+ vs 18-39 years 0.84 (0.45-1.58) 0.59
Free of transfusion and therapy Severity: SAA vs NSAA 0.83 (0.43-1.59)  0.57
Severity: VSAA vs NSAA  0.99 (0.48-2.02) 0.98

Transfusion-dependent, Free of

transfusion with therapy or Free of .
transfusion and therapy > Age: 60+ vs 18-59 years 7.28 (1.55-34.32)  0.01

Death without alloSCT/AML/MDS

Table 2. Prognostic factors for becoming transfusion-independent with only non-
transplant therapy, becoming free of transfusion and therapy, or dying without alloSCT,
AML or MDS. Cox proportional hazards models for the transition from ‘transfusion-dependent’ to
‘transfusion-independent with therapy’, for the transition from ‘transfusion-independent with therapy’
to ‘free of transfusion and therapy’ and for the combined transitions to ‘death without alloSC'T/AML/
MDS’. Based on complete case analysis (n=112, n=91 and n = 127 for the three models, respectively).
Age is determined at time of start IST. HR, hazard ratio; 95%-CI, 95% confidence interval; SAA,
severe aplastic anemia; NSAA, non-severe aplastic anemia; VSAA, very severe aplastic anemia

18-39 years of age, 60 years or older, 60 years or older,
SAA with <1% PNH-clone SAA with <1% PNH-clone NSAA with 21% PNH-clone

death without alloSCT/AML/MDS
death after alloSCT for AA
treatment for AML/MDS
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Figure 4. Model-based outcomes for three reference patients with different

characteristics. These are based on the multi-state model in Figure 1 and the transition-specific Cox

models in Table 2. The difference between two adjacent curves represents the probability of being in

the corresponding state. Supplemental IFigure 4 and Supplemental Table 3 show the model-based

outcomes for all possible combinations of characteristics.
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and 2021. These patients had a 5-year overall survival of 79% (95%-CI 70-87), which is
comparable to outcomes reported in Phase II studies'®?’. We showed that after 5 years
60% (95%-CI 51-71) of the patients were alive and transfusion-independent, without
MDS or AML and without having received an alloSCT for AA. Only 42% (95%-CI 33-
54) of the patients were alive and transfusion-independent without needing medication
to treat AA, without MDS or AML and without having received an alloSCT for AA,
which we consider as ultimate treatment success. We showed that age, disease severity
and the presence of a PNH-clone are associated with treatment success.

Based on data from two prospective clinical trials from the NIH, Prabahran concluded
that ATG-based IST is safe and effective in older patients with AA and that this should
be the preferred first-line treatment in these patients.” We confirm these findings in a
real-world cohort showing an OS at 5 years of 65% in patients aged 60 years and older.
In the NIH analysis, the overall response (OR) rate at 6 months in these older patients
was comparable to the OR in younger patients (72% and 73%, respectively). For older
patients, the relapse rate was 71% and the cumulative incidence of high-risk clonal
evolution was 17%. This raises the question whether the hematological responses in
older patients are durable. If a majority of the older patients with a response to
ATGAM-based IST suffer a relapse, develop high-risk clonal evolution or need an
alloSCT as second-line treatment, the long-term success of this treatment would not be
very satisfying for this patient group. The use of cumulative incidences to quantify
response and different causes of failure to IST does not give information about the
percentage of patients who have a long-term response after first-line IST without
encountering one of these events. We advocate the use of multi-state modeling to deal
with recovery after relapse and to show changes in patients’ states over time. This makes
it possible to analyze dynamic outcomes like DFS including transfusion dependency,
DFS without the need for an alloSCT (T-DFS) and T-DFS without need of ongoing
medication (T'T-DFS). Figure 1 shows that transitions between these dynamic states
(transfusion-dependent, transfusion-independent with therapy and transfusion-
independent without therapy) occur frequently and Figure 2 shows that only a small
minority of patients is transfusion-dependent at 5 years after IST but that 18% still uses
medication for the treatment of AA. In those aged 60 years or older, the probability of
being transfusion-independent without alloSCT (T-DFS) was 53% at 5 years, while the
probability of being transfusion-independent without any treatment for AA (TT-DFS)
was only 34%. These measures are more relevant in clinical practice than separate
cumulative incidences of relapse and other failures. Although T-DFS and TT-DFS are
lower for older patients compared to younger patients, we do not think that older age
should be an absolute contra-indication for ATGAM-based IST in patients with aplastic
anemia as suggested by others®. In our cohort this treatment is effective and safe as
indicated by the occurrence of only one death potentially associated with ATGAM
treatment. A possible explanation for this difference between our study and the study of
Fattizzo 1s that in that study patients were treated with different types of ATG including
rabbit-derived ATG which is associated with deeper T-cell depletion and potentially
more toxicity than the currently used horse-derived ATGAM?'*?) and that patients were
included who were treated decades ago when the supportive therapy including the
possibility for anti-fungal prophylaxis was less developed than nowadays. As therapy with
ATG is associated with non-lethal side effects and necessitates hospitalization, it can be
argued that old and frail patients are preferentially treated with less intensive regimens
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like ciclosporin with or without eltrombopag with no need for hospitalization.*** The
long-term treatment success of these therapies should however be compared to the
outcomes of ATGAM-based IST.

How the addition of eltrombopag to first-line IST will improve the enduring treatment
success 18 not yet known. All patients in this analysis received first-line treatment with
ATGAM and CsA without the addition of eltrombopag as this had not been registered
for first-line treatment in the Netherlands during the study period. The prospective
randomized RACE study showed that the addition of eltrombopag to this combination
leads to an increased complete response rate at 3 months (22% versus 10%). However,
this did not translate into a statistical difference in OS at 2 years (90% versus 85%).
Furthermore the number of patients that underwent alloSCT as second-line treatment
was similar in both treatment arms.” Longer follow-up of the RACE study will show
whether the addition of eltrombopag to first-line IST for AA will improve the long-term
outcome, preferably by showing a better TT-DFS. In our opinion, in addition to OS,
analysis of long-term treatment success of IST should include comprehensive endpoints
incorporating the development of MDS or AML and the need for chronic treatment for
AA.

In order to predict which adult patients with AA potentially benefit most from first-line
treatment with ATGAM-based IST, it is important to identify which baseline factors are
associated with long-term treatment success. The detailed clinical data from the Dutch
AA registry formed the basis for our multi-state model, which was used to calculate
model-based outcomes for different reference patients. We showed that at the start of
treatment, lower age, less severe AA and the presence of a PNH-clone of =1% all
increased the probability of reaching the TT-DFS state. For example, patients of 60
years or older with severe AA and no PNH-clone have a poor model-based 5-year T'T-
DFS (24%, 95%-CI 14-41). On the other hand, patients of 60 years or older with non-
severe AA and a PNH-clone of 21% have a model-based 5-year TT-DFS of 41% (95%-
CI 26-65). For both reference patients the model-based 5-year T-DFS, which can still be
considered a satisfying outcome, is 17 percentage points higher. Predictions of treatment
success may be relevant in the shared decision making whether to start ATG-based IST.

In summary, we introduced Transplantation-, Treatment- and Disease-free survival, as
the ultimate goal for patients with AA who are treated with ATGAM-based IST. Based
on patients’ age, disease severity and presence of PNH-clone, the probability of reaching
this positive outcome can be estimated. If confirmed in another cohort, this could be
used as input for personalized treatment decisions.
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SUPPLEMENTAL METHODS

Guideline and treatment schedule

Dutch Guidelines for the diagnosis and management of adults with acquired aplastic
anemia 2013. Published in Dutch in: Nederlands Tijdschrift voor Hematologie 2013
(6),202-213.

Guideline for treatment

Young patients Elderly patients
AlloSCT if a HLA identical sibling is available IST
IST if no HLA identical sibling is available

First line

AlloSCT with an HLA identical sibling or

AlloSCT with HLLA identical unrelated donor
unrelated donor

Second line
Second-line IST if no HLA identical unrelated Second-line IST if no HLA identical unrelated

donor is available donor is available
Alternative IST Alternative IST

Third line AlloSCT with alternative donor AlloSCT with alternative donor
Supportive care only Supportive care only

Young patients: below 40 years but in case of severe AA without comorbidities, upper
age limit of 50 years can be considered.

For second-line IST rabbit-derived Thymoglobulin is suggested.

Treatment schedule with IST

Day 1 2 3 4 5 6
ATGAM 40 mg/kg

ciclosporin 2.5 mg/kg daily

Systemic corticosteroids should be given for 1 3 to 4 week period after start of ATGAM
to avoid serum sickness.

Aim for ciclosporin levels between 200 and 300 ug/l, in elderly patients or in case of
toxicity levels between 150 and 200 ug/1. In case of a hematological response it is advised
to taper ciclosporin starting at 6 to 12 months after start with 5-10% per month.
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Semi-parametric analyses

To estimate the effects of patient age, presence of a PNH-clone and severity of the AA
on the hazards of becoming transfusion-independent with and without non-transplant-
treatment, we used two multivariable Cox proportional hazards regression models for the
transition from ‘transfusion-dependent’ to ‘transfusion-independent with therapy’ and
the transition from ‘transfusion-independent with therapy’ to ‘free of transfusion and
therapy’, and one univariable model for the combined transitions from ‘transfusion-
dependent’, ‘transfusion-independent with therapy’ or ‘free of transfusion and therapy’
to ‘death without alloSCT/AML/MDS’. The first and second model included patient
age (18-39, 40-59 and 60-80 years), the presence of a PNH-clone (<1% and =1% PNH-
clone), and AA severity (NSAA, SAA, and VSAA) because of their potential relevance
shown in previous studies. The third model included only patient age (18-59 and 60-80
years). The transitions for the third model were combined by assuming a shared baseline
hazard because of the low number of events for the separate transitions to death without
alloSCT/AML/MDS (n = 1 to 7). Patients for whom data about PNH-clone at baseline
was not known were excluded from the semi-parametric analyses. Two-sided p-values
<0.05 were considered statistically significant.
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SUPPLEMENTAL TABLES

Hospital Year
Leiden University Medical Centre 2012
Amsterdam Medical Centre 2012
University Medical Centre Groningen 2012
Antonius Hospital Nieuwegein 2012
Medical Centre Twente 2013
Erasmus Medical Centre Rotterdam 2014
Radboud Medical Centre Nijmegen 2014
University Medical Centre Utrecht 2014
VU Medical Centre 2014
OLVG Hospital 2014™
Maastricht University Medical Centre 2017

Supplemental Table 1. Participating hospitals and year in which inclusion of patients in
the registry started. "Hospital stopped treating AA patients with ATG in 2015 "Hospital stopped
treating AA patients with ATG in 2014

Cause of death (n) Time after start of IST in months
Complications of alloSCT as second-line treatment (5) 8, 10, 12, 16, 25

MDS/AML (3) 8,45, 50

Pneumonia (3) 11, 20, 32

Other malignancy (3) 1,3,24

Hemorrhage (2) 1,37

Refractory aplastic anemia (2) 32,59

Cardiac failure (1) 0.3

Abdominal aneurysm (1) 9

Unknown (1) 40

Supplemental Table 2. Causes of death during 5 years after start of IST.
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Reference patient* T-DFS TT-DFS

18-39, =1% PNH-clone, NSAA 0.77 (0.40-1.00) 0.60 (0.41-0.88)
40-59, 21% PNH-clone, NSAA 0.78 (0.68-0.90) 0.55(0.38-0.79)
60-80, =21% PNH-clone, NSAA 0.58 (0.44-0.77) 0.41 (0.26-0.65)
18-39, <1% PNH-clone, NSAA 0.79 (0.69-0.90) 0.57 (0.40-0.79)
40-59, <1% PNH-clone, NSAA 0.71(0.61-0.83) 0.47 (0.31-0.71)
60-80, <1% PNH-clone, NSAA 0.54(0.40-0.71) 0.35(0.22-0.56)
18-39, 21% PNH-clone, SAA 0.78 (0.69-0.90) 0.55 (0.40-0.75)
40-59, =1% PNH clone, SAA 0.70 (0.60-0.83) 0.45 (0.29-0.69)
60-80, =1% PNH-clone, SAA 0.53(0.39-0.71) 0.34 (0.21-0.54)
18-39, <1% PNH-clone, SAA 0.72(0.61-0.84) 0.47 (0.33-0.68)
40-59, <1% PNH-clone, SAA 0.54 (0.42-0.70) 0.31 (0.18-0.56)
60-80, <1% PNH-clone, SAA 0.41 (0.29-0.59) 0.24(0.14-0.41)
18-39, =1% PNH-clone, VSAA 0.78 (0.68-0.90) 0.59 (0.41-0.84)
40-59, 21% PNH-clone, VSAA  0.71 (0.61-0.84) 0.50 (0.33-0.75)
60-80, =21% PNH-clone, VSAA 0.54 (0.40-0.72) 0.37(0.23-0.59)
18-39, <1% PNH-clone, VSAA  0.73 (0.62-0.85) 0.52 (0.35-0.77)
40-59, <1% PNH-clone, VSAA 0.56 (0.43-0.74) 0.36 (0.21-0.62)
60-80, <1% PNH-clone, VSAA 0.43 (0.30-0.61) 0.27 (0.16-0.46)

Supplemental Table 3. Model-based 5-year T-DFS and TT-DFS with associated 95%-CI
for all possible reference patients. “Some combinations of characteristics are scarcely present in

the data.
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SUPPLEMENTAL FIGURES
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Supplemental Figure 1. Cumulative incidence of achievement of transfusion
independency during the first 2 years. The two curves with associated 95% confidence intervals
were estimated in separate competing risks models. The first model considered death and treatment for
AML or MDS as competing events (black curve), the second model also considered start of any second-
line treatment as competing event (grey curve).
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Supplemental Figure 2. Overview of the different lines of treatment until the first
achievement of transfusion independency during the first 2 years. All patients started with
the standard therapy consisting of ATG and ciclosporin. Each new column represents addition of
another line of treatment, achievement of transfusion independency or occurrence of a clinical event.
For example, 83 patients became transfusion-independent without any other treatment. Eltrombopag
was started in 21 transfusion-dependent patients, after which 15 became transfusion-independent. 8
patients received alloSCT as second-line treatment, of whom 3 died. Death following Acute Myeloid
Leukemia or Myelodysplastic Syndrome is ignored. After alloSC'T, only death and achievement of
transfusion independency are considered.
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Summary and general discussion



SUMMARY

The aim of this thesis was to investigate how analysis of specific clinical settings and
application of advanced statistical methodology on high-quality observational data can
be used to investigate complex mechanisms and research questions in the field of
hematology.

In Chapter 2, we aimed to disentangle the effects of competitive repopulation and allo-
immunological pressure on the patient- and donor-derived lymphohematopoietic
recovery after allogeneic hematopoietic stem cell transplantation (alloSCT). For this, we
selected a cohort of 281 patients with acute leukemia receiving alemtuzumab-based T-
cell depleted (TCD) alloSCT after myeloablative (MA) or nonmyeloablative (NMA)
conditioning, Part of this cohort received a prophylactic donor lymphocyte infusion
(DLI) at 3 months after alloSCT because of an anticipated high relapse risk, while the
rest of the cohort could receive DLI from 6 months after alloSC'T. This setting provided
us a natural control and intervention group for the 3-month DLI. We first investigated
the recovery before any DLI. Without DLI, the allo-immunological pressure was low: the
3-month cumulative risk of clinically relevant Graft-versus-Host-Disease (GVHD), 1.e.,
GvHD requiring therapeutic systemic immunosuppression (tIS), was 13% (95%
confidence interval [95%-CI] 9-17) in the total cohort and only 2% (95%-CI 0-5) after
NMA conditioning. Despite the low allo-immunological pressure, 99% of the patients
engrafted, showing that primary engraftment did not depend on MA conditioning or the
presence of evident allo-immunological pressure. However, the establishment of
complete donor-derived hematopoiesis depended on both the conditioning intensity and
the presence of allo-immunological pressure: at 3 months, 32% of the NMA-conditioned
patients without any GvHD showed full-donor bone marrow (BM) chimerism compared
to 71% of the MA-conditioned patients without any GvHD and 88% of the MA-
conditioned patients with GvHD. Granulocytes, monocytes, natural killer (NK) cells and
B cells closely followed the BM repopulation status. In contrast, even in patients with
complete donor-derived hematopoiesis, circulating CD4+ and CD8+ T cells could be
predominantly of patient origin. The 3-month level of donor chimerism in these cell
populations depended on the conditioning intensity: of the NMA-conditioned patients
7% and 12% had full-donor chimerism (FDC) in CD4+ and CD8+ T cells, respectively,
compared to 33% and 41% of the MA-conditioned patients. We did not observe a
significant difference between MA-conditioned patients with and without GvHD, which
may be explained by the systemic immunosuppressive treatment that the patients with
GvHD still received at the time of this measurement. To assess the impact of the
introduction of allo-immunological pressure by DLI, we first compared the 3- and 6-
month measurements between patients with a 3-month DLI who did not develop GvHD
and patients who did not receive a 3-month DLI and did not develop GvHD. The latter
group showed stable BM chimerism kinetics in this period (66% FDC at 3 months
compared to 61% at 6 months). In contrast, patients of the DLI group often showed
conversion to FDC: 38% had FDC at 3 months compared to 63% at 6 months,
demonstrating that the 3-month DLI could induce chimerism conversion even in the
absence of GvHD. CD4+ and CD8+ T-cell chimerism kinetics showed similar patterns
with increasing levels of donor chimerism in the patients with DLI but not in those
without DLI, suggesting that for the establishment of a completely donor-derived T-cell
compartment, some allo-immunological pressure is needed. Finally, we investigated the
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allo-immunological effects of the total DLI strategy in all patients with mixed
hematopoiesis at the time of their first DLI. Of the 65 patients, 72% converted to FDC,
of whom only 34% developed clinically relevant GVHD. These results illustrate that the
Graft-versus-Leukemia (GvL) effect can be separated from GvHD.

In Chapter 3, we investigated the complex associations between immune cell kinetics
and alloreactivity by joint modeling. We selected the same clinical setting as in Chapter
2, except that we only included 166 NMA-conditioned patients in order to have a single
conditioning intensity without any post-alloSCT GvHD prophylaxis that might have
influenced the immune cell kinetics. First, we investigated the effect of the 3-month DLI
on the kinetics of T-cell and NK-cell counts after TCD alloSCT. For this, we constructed
a joint model that considered the first 6 months after alloSC'T and compared two groups
in an intention-to-treat approach: those scheduled for a 3-month DLI because of an
anticipated high risk of relapse (the ‘high risk’ group) and those who were not (the ‘non-
high risk’ group). The model was run separately for the counts of total (CD3+) T cells,
CD4+ T cells, CD8+ T cells and NK cells. The clinical events of interest were start of
tIS for GVHD, relapse and other failure (i.e., death, graft failure, start of systemic
immunosuppression for a non-GvHD indication and virus-specific T-cell infusion for a
severe viral infection). Aside from disease risk group the model also considered donor
type (related donor [RD] versus unrelated donor [UD] with anti-thymocyte globulin
(ATG) additionally to the alemtuzumab) and patient/donor CMV status (both
seronegative or not). Compared to patients with a RD, patients with an UD receiving an
ATG-containing conditioning regimen had lower T-cell counts during the first 3 months
after alloSC'T, illustrating the enduring effect of ATG. However, for those with an UD,
starting from 3 months the T-cell trajectories started to diverge between the high and
non-high risk groups, resulting in higher T-cell counts in those intended to receive a 3-
month DLI. As the only plausible explanation for this increase is the 3-month DLI, these
data show that DLI can lead to detectable T-cell expansion. Notably, we did not see a
divergence between the risk groups with a RD. We observed significantly more GvHD in
the high risk group (hazard ratios [HRs] ranging between 6.3 [CD8 model] and 7.3
[CD4 model]). Also higher CD3 and CD4 counts were associated with a higher risk of
GvHD (HR per unit log count increase: 2.4 [95%-CI 1.4-4.1] and HR 1.5 [95%-CI 1.0-
2.3], respectively). Higher CD4 counts decreased the risk of relapse (HR 0.6, 95%-CI
0.5-0.9) and other failure (HR 0.7, 95%-CI 0.6-1.0). NK cell counts were associated with
a higher risk of GvHD and a lower risk of relapse. However, when including both CD4
and NK cell counts in an exploratory time-dependent cause-specific Cox model for
GvHD, the effect of NK cell counts disappeared, suggesting that the observed association
between NK cell counts and GvHD merely reflected the high correlation between the
counts of NK cells and CD4+ T cells and not a direct effect of NK cell counts on the
risk of GVHD. To further investigate the T-cell kinetics after the 3-month DLI, we
constructed a second joint model starting from this DLI, only including those who
actually received this DLI. Having an UD (HRs ranging between 7.0 [CD8 model] and
22.5 [CD4 model]) and higher CD3, CD4 and CD8 counts (HRs ranging between 1.6
[CD8 model] and 6.7 [CD4 model]) were all associated with a higher risk of GvHD
during the first 3 months after DLI.

In Chapter 4, we aimed to identify other risk factors that influence the alloreactivity of
DLI, considering a cohort of patients with acute leukemia receiving their first DLI at 3
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(n = 88) or 6 (n = 76) months after alemtuzumab-based TCD alloSCT. First, we assessed
the relationship between the timing and dose of DLI and the risk of clinically relevant
GvHD 1in relation to donor and conditioning type. The tenfold dose difference between
the 3- and 6-month DLI resulted in similar risks of GvHD: 28% (95%-CI 20-40) and
30% (95%-CI 22-43) at 3 months after the 3- and 6-month DLI, respectively. For both
DLIs, the 50% dose reduction in case of an UD sufficed for equalizing the GvHD risks
between patients with RD and UD after MA conditioning. In contrast, NMA-
conditioned patients with an UD still had a higher risk of GvHD than NMA-conditioned
patients with a RD. Then, we focused on three conditions at the time of DLI that could
promote T-cell activation: the presence of patient-derived antigen-presenting cells
(APCs) as estimated by the BM chimerism status, lymphopenia and the presence of a
viral infection close to DLI. As we wanted to estimate the effects of these risk factors on
the development of GvHD, the risk of death during GvHD and on the total clinical
outcome after DLI, we constructed a time-inhomogeneous Markov multi-state model
starting at the time of first DLI and considering the following events: start of tIS for
GvHD, stop of tIS, relapse, death and second DLI. The model was run three times for
the 3- and 6-month DLI separately, each time including only one of the factors of
interest and donor/conditioning type. For the 3-month DLI, viral infections close to DLI
increased the risk of GvHD (HR 3.7, 95%-CI 1.7-7.9), while we observed no significant
associations with BM chimerism or lymphopenia. At the time of the 6-month DLI, viral
infections were uncommon and played no important role in the development of GvHD.
Instead, the presence of =25% mixed chimerism (MC) in the BM significantly increased
the risk of GvHD (HR 3.6, 95%-CI 1.2-11.3) while the presence of 1-5% MC in the BM
and lymphopenia showed a trend of increasing the risk of GvHD. We did not observe
significant associations between the risk of death during tIS and the main risk factors of
GvHD, i.e., viral infections for the 3-month DLI and BM chimerism for the 6-month
DLI. To demonstrate the impact of viral infections on current GvHD-relapse-free
survival (cGRFS) after the 3-month DLI, we extended the multi-state model and
compared the 6-month cGRFS from different starting states: 61% (95%-CI 50-73) from
the state ‘DLI without viral infection’ versus 31% (95%-CI 19-52) from the state ‘DLI
with viral infection’. For the 6-month DLI, we integrated the two transition-specific Cox
models with BM chimerism as components in the multi-state model to predict the
outcome for two reference patients, a MA-conditioned patient with a RD and FDC at
time of DLI and a MA-conditioned patient with a RD and 25% MC. The 6-month
cGREFS for these reference patients was 77% (95%-CI 60-98) and 44 (95%-CI 19-100),
respectively. The strong impact of viral infections and BM chimerism on cGRFS
underline the clinical relevance of these findings.

In Chapter 5, we investigated how the transplantation strategy affects the alloreactivity
of DLI by considering a different clinical setting, DLI following alloSCT with
posttransplant cyclophosphamide (PTCY). Like TCD, PTCY can be applied as partial in
viwo T-cell depletion early post-transplant to reduce the risk of severe GvHD after
alloSCT, but it leads to faster immunological recovery and more FDC early after
alloSCT compared to TCD. In this setting, the low-dose DLI was given at 4 months after
alloSCT instead of the 3 months in the case of alemtuzumab-based TCD alloSCT. First,
we examined the risk factors we had identified in Chapter 4. All risk factors were
uncommon: of the 83 patients receiving a 4- or 6-month DLI, only 5% had a viral
infection close to DLI, 6% had =25% mixed BM chimerism and 17% had lymphopenia,
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far less that what we had observed in the alemtuzumab setting (19%, 27% and 47%,
respectively). We then investigated the development of clinically relevant GvHD after
DLI. In line with the low presence of these risk factors, the risk of GVHD was very low:
4% (95%-CI 0-8) at 3 months after DLI. Only one patient died of GvHD, after receiving
a 6-month DLI while having 14% patient material in the BM chimerism sample. The
combined results of Chapter 4 and Chapter 5 indicate that transplantation strategies
have a profound impact on the conditions at time of DLI, which in turn influence DLI
alloreactivity. To investigate whether DLI after PTCY alloSCT could still induce
chimerism conversion from MC to FDC, we examined the BM chimerism kinetics of the
28 patients with MC at time of their first DLI: 79% converted to FDC, of whom only
9% developed clinically relevant GvHD. This conversion rate was similar to what we had
observed in Chapter 2, while the risk of GvHD was lower. None of the responders
relapsed, indicating achievement of a meaningful GvL effect.

In Chapter 6, we aimed to investigate whether and how the multi-state framework
could be used to develop a comprehensive measure of “treatment success” that can
capture the complex clinical recovery and failure patterns of patients with aplastic
anemia (AA) receiving immunosuppressive therapy (IST). We defined three levels of
treatment success. The broad aim of IST for AA is to achieve and maintain transfusion
independency without the development of secondary BM diseases like acute myeloid
leukemia (AML) or myelodysplastic syndrome (MDS). We captured this by the endpoint
Disease-free survival (DFS). Of note, this endpoint does not consider blood cell counts:
it is possible for a patient to be in a DFS state while still having granulopenia. However,
transfusion independency is likely more indicative for quality of life than exact blood cell
counts. DFS should preferably be achieved without requiring an alloSCT:
Transplantation- and Disease-free survival, T-DFS. The ultimate aim is to stop all AA
therapy after a response is achieved, which is captured by the endpoint Transplantation-,
Treatment- and Disease-free survival, TT-DFS. We estimated these endpoints in a cohort
of 127 transfusion-dependent patients with AA using a time-inhomogeneous Markov
multi-state model to allow for gain, loss and recovery of response. The 5-year
probabilities of DFS, T-DFS and TT-DFS were 70% (95%-CI 61-81), 60% (95%-CI
51-71) and 42% (95%-CI 33-54), respectively. In the next step, we investigated the effects
of age, AA severity and the presence of a GPI-deficient cell clone on different transitions.
As GPI-deficient cells are considered to be less sensitive to an immune attack and can
emerge as a detectable cell population after the other HSCs have been depleted by
autoimmune cells, the presence of such a clone can indicate that the AA was caused by
autoimmunity. Since only those with AA caused by an autoimmune response are likely
to respond to IST, the presence of a GPI-deficient cell clone may be associated with
achieving a response. Indeed, having a GPI-deficient cell clone of =1% increased the
hazard of becoming transfusion-independent (HR 2.2, 95%-CI 1.4-3.4), while age of 40
or above and having severe or very severe AA decreased the hazard with HRs ranging
between 0.4 and 0.5. We did not observe significant effects of these risk factors on the
likelihood of being able to stop all non-transplant therapy after having become
transfusion-independent. As expected, age of 60 or above was a strong predictor for the
risk of death (HR 7.3, 95%-CI 1.5-34.3). To demonstrate the impact of these risk factors
on the outcomes, we calculated model-based prognoses for reference patients with
different baseline characteristics. For example, the model-based 5-year probability of
TT-DFS for a patient of 40 years or younger with severe aplastic anemia and no GPI-
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deficient cell clone was 47% (95%-CI 33-68), compared to 24% (95%-CI 14-41) for a
patient of at least 60 years old with the same characteristics, and 41% (95%-CI 26-65)
for a patient of at least 60 years old with a GPI-deficient cell clone and non-severe AA.
These results indicate that the three risk factors have a strong impact on the probability
of long-term treatment success.

GENERAL DISCUSSION

In this thesis, we demonstrated how detailed observational data and advanced statistical
methods can be used to answer clinical and immunological research questions in the field
of hematology by capturing complex recovery and failure patterns and their underlying
mechanisms. The use of cohorts of patients with or without DLI after different
transplantation strategies allowed us to investigate the impact of the transplantation
strategy and DLI on the lymphohematopoietic and clinical recovery and to disentangle
the roles of competitive repopulation and allo-immunological pressure. Via joint
modelling we could quantify the DLI effect on immune cell counts and the associations
between the immune cell counts and different clinical events. With the Markov multi-
state framework we could investigate the effects of risk factors on different components
of the recovery and failure process and translate these to clinically relevant outcome
measures. Taking advantage of the versatility of the multi-state framework, we
constructed a single comprehensive multi-state model that could estimate the
probabilities of three different levels of treatment success after IST for AA over time.

Vital importance of setting of DLI

In Chapters 4 and 5, we aimed to investigate the effects of factors that might increase
the risk of DLI-induced GvHD: the presence of patient-derived APCs, a
proinflammatory environment and cytokines that can amplify GvHD. However, none of
these factors were measured standardly. Instead, for each of the actual factors of interest
we considered a measure that was available as a proxy: the presence of MC in the BM,
viral infection (one of the most common causes of inflammation) and lymphopenia
(during which the concentrations of cytokines that promote T-cell proliferation are
higher), respectively. Because these had been measured as part of the standard clinical
care, we could use the full cohorts for our analyses. We demonstrated that the presence
of mixed chimerism and viral infections can have a strong impact on the risk of DLI-
induced GvHD, and that their presence depends on the transplantation strategy and
timing of DLI.

Current DLI recommendations do not take conditions at the time of DLI into account
aside from strongly advising against the use of DLI to boost the GvL effect in the
presence of GvHD and uncontrolled infections."? This can partly explain the wide range
of reported risks of GvHD?. More personalized DLI protocols that consider more
conditions at the time of DLI would likely improve the balance between efficacy (GvL
effect) and toxicity (GvHD) of prophylactic and preemptive DLI. Firstly, the
recommendations for DLI in case of infection could be extended. Postponing a DLI until
an infection has been cleared is not always feasible, for instance when MRD is increasing
rapidly. As an alternative, the DLI dose could be reduced. If an infection occurs just after
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DLI, one could more aggressively start tIS upon signs of GvHD. However, the benefit of
reducing the risk of severe GVHD should be weighed against the disadvantage of
suppressing the immune system while fighting an infection. Secondly, the presence of
lymphopenia or MC in the BM could be considered for the dose determination in the
preemptive and prophylactic setting. Reducing the dose in case of MC may feel
counterintuitive, since patients with MC are more likely to develop a relapse. However,
as long as there are no signs of relapsing disease, the presence of MC merely reflects the
absence of a GvL effect; the magnitude of MC should not have an effect on the relapse
risk. In contrast, a patient with 5% MG likely has more patient-derived APCs and
thereby a larger GvHD risk than a patient with 1% MC. Following this reasoning, one
would recommend a lower dose for the former patient to minimize the risk of severe
GvHD. If no response occurs, further DLIs can be given following a dose-escalating
approach. Conversely, for patients with FDC and therefore likely having fewer patient-
derived professional APCs, one could increase the DLI dose if they are considered to
have a high risk of relapse. None of the FDC patients in our study died of GvHD,
suggesting that there is room for increasing the dose. Thirdly, for patients who need a
stronger alloimmune response one could nitiate a proinflammatory condition by
administering lymphodepleting chemotherapy before DLI. Miller et al. showed that this
1s an effective method to increase the alloreactivity of DLI, but had to stop the trial
because it caused too much GvHD-related toxicity.* Guillaume et al. applied lower doses
of lymphodepleting chemotherapy and observed no toxicity in patients receiving DLI
after 3 days of 25mg/m? fludarabine.” While these studies took place in the setting of
therapeutic DLI with small patient cohorts, they suggest that low-dose lymphodepletion
can be an effective tool to increase DLI eflicacy.

Before any of these suggestions can be implemented, they need to be tested and validated
in other cohorts and settings. Two types of studies are needed: observational studies to
validate the estimated effects of risk factors for GVHD after DLI and intervention studies
to investigate dose adjustments based on the conditions at the time of DLI and the use
of lymphodepletion in situations where a prompt alloimmune response is needed.

Added value of complex statistical analyses

Two advanced statistical methods were applied in this thesis: Markov multi-state
modeling for investigating complex sequences of events and joint modelling for
analyzing the trajectories of biomarkers and their effects on survival outcomes. The
multi-state models constructed in this thesis showcase several advantages of multi-state
modelling. Firstly, because multi-state models can consider sequences of events and
analyze events in continuous time without assuming a constant hazard, they can capture
dynamic measures of treatment success such as cGRFS and TT-DFS. ¢cGRFS differs
from GvHD-relapse-free survival (GRFS) by considering recovery after GvHD: patients
in whom GvHD does not resolve or who die of GvHD remain in a failure state, while
those who recover move on to a non-failure state. This better reflects the clinical situation
during follow-up, since patients with resolved GvHD can have comparable quality of life
compared to those who never developed GvHD. ® Moreover, patients with resolved
GvHD may benefit from the concomitantly established GvL effect reducing their risk of
relapse, as shown in Chapter 4 (none of the patients who started tIS for GvHD
relapsed) and by others’. In the setting of IST for AA, we defined three dynamic
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endpoints, the DFS, T-DFS and TT-DFS, to evaluate different levels of treatment
success (Chapter 6). In contrast to the commonly used 6-month response rate and
overall survival, these measures shows the loss and gain of different levels of response
over time and give information on the different treatments of AA during follow-up and
the risks of death and development of secondary BM diseases. Secondly, the approach
of including transition-specific risk factors focuses on the underlying biological processes.
This is more logical than estimating the effect of risk factors directly on composite
endpoints such as GRFS. For instance, Tan et al.? constructed an extensive multivariable
Cox model for GRFS. While such an approach may be sufficient if one is only interested
in the prediction of GRFS, it does not help to understand why certain risk factors are
important: donor type was not significant, but does this mean that it was irrelevant or
that the opposing effects of higher genetic disparity on relapse and GvHD cancelled each
other out? Several studies have shown the added value of multi-state modelling by
reanalyzing trials.*!" For instance, Bakunina et al. reanalyzed a trial'* where patients with
AML were randomized to receive remission induction therapy with or without
clofarabine, showing that clofarabine reduced the risk of relapse but did not improve
survival. Their multi-state approach enabled them to consider intermediate events such
as consolidation by alloSCT and achievement of MRD negativity, and showed that the
addition of clofarabine reduced the risk of relapse irrespective of MRD status or
alloSC'T; but increased the risk of non-relapse mortality before alloSC'T.!' In Chapter
6, the transition-specific age effects in the multi-state model on patients with AA
receiving IST showed that the relatively poor T'T-DFS of patients aged 60 years or older
can be explained by both a lower hazard of achieving a response and a higher hazard of
death, of which a descriptive analysis indicated that the majority was not related to
treatment toxicity but to pancytopenia. The possibility to use the estimated transition-
specific effects to calculate model-based prognoses and thereby show the total impact on
the clinical outcome is the third advantage of multi-state modelling. Of note, predictions
can be given for each state separately or for combinations of states, allowing to show the
impact on several clinical outcomes of interest (Chapters 4 and 6). For treatment
decisions and prognosis, outcome predictions are often more relevant than HRs, as they
can take the full recovery process and opposing effects of the same risk factor on different
transitions into account as well as the baseline hazards.

There are also some limitations to the multi-state models used in this thesis. They depend
on the Markovian assumption, meaning that the risk to make a certain transition only
depends on the state, the time since start of the analysis and, if estimated, the transition-
specific covariate effects. This is a simplification, as for instance the risk of death after
relapse likely also depends on the timing of the relapse (early relapses usually have a
worse prognosis than later relapses) and the time since relapse (e.g., those who are still
alive a year after relapse likely have a lower mortality risk than those who just developed
a relapse). Multiple timescales have only been implemented in parametric models",
which require more assumptions than non- and semi-parametric models. As an
alternative, states can be split into multiple states to include some of the information of
the time since the start of a clinical event. For instance, continuing with the relapse
example, relapse could be split into early and late relapse and additional states could be
added such as ‘I year after relapse’. However, this approach can quickly lead to very
extensive multi-state models requiring more data in order to have sufficient events for the
transitions. Moreover, interpreting covariate effects would be more complex, as separate
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coeflicients are calculated for each transition. Because of these reasons, we did not apply
this approach in the studies in this thesis, even though for example in Chapter 6, the
likelihood of stopping all non-transplant therapy after having become transfusion-
independent likely depends on both the time since start (as according to the Dutch AA
guidelines IST should be given for at least 6 months) and on the time since achieving
transfusion independency.

The other advanced model applied in this thesis is the joint model. In Chapter 3, the
raw data (see Supplemental Figure 3) did not hint at a difference in the T-cell count
trajectories between those who eventually did or did not develop GvHD, but the
association could be made visible and quantified using joint modelling. This method is
far more efficient than landmarking such as performed by Podgorny et al.'*; as
landmarking required them to exclude patients who had developed GvHD before the
landmark time and to consider the immune cell counts at the landmark time as fixed
baseline covariates for their Cox proportional hazards model. As outlined in Chapter
1, joint models can model the trajectories of biomarkers over time without assuming
constant values between measurements or absence of measurement error. Moreover,
joint models can yield individualized predictions to visualize and quantify how changes
in the biomarker values affect the risk of clinical events, as illustrated by Baart et al."> As
an example they predicted the risk of neo-aortic valve regurgitation for two patients who
underwent surgery shortly after birth because of transposition of the great arteries,
updating their risk each time the neo-aortic root diameter was measured (i.e., dynamic
prediction). While at the start both patients had the same risk of this event, their risks
diverged considerably over time as in one patient the root diameter increased more
slowly than in the other patient. Dynamic prediction tools like this can have a great value
in the clinical follow-up of patients.

Barriers for widespread application of complex statistical methods

During the studies explored in this thesis, we encountered several limitations due to the
relatively low numbers of patients and events compared to the complexity of our models.
The joint model in Chapter 3 was based on 166 patients and considered four immune
cell populations and three endpoints of interest, GVHD, relapse and a composite of all
other failures. As GvHD and relapse depend on the presence and absence of allo-
immunological pressure, respectively, we expected opposite effects of the immune cell
counts on these events and included them as separate endpoints. The third endpoint was
needed to stop the follow-up as soon as an event occurred that could influence the
immune cell counts or the risks of relapse and GvHD (aside from the 3-month DLI,
which was the intervention of interest). As incorporation of all four immune cell
populations in a single model would require far more assumptions regarding the
assocliation structure, we had to investigate the immune cell populations of interest in
separate models, which was a lot considering the size of our dataset. In Chapter 4, we
had 88 patients with a 3-month DLI and 76 with a 6-month DLI, which were analyzed
in two separate multi-state models with 14 states. In both models, about 30 patients made
the transition from DLI1 to start of tIS for GvHD. The three risk factors of interest had
to be analyzed in separate Cox models as we needed to include conditioning/donor
combination, which was associated with both the presence of the risk factors and the risk
of GVHD after DLI. Having more events would have allowed us to include all our risk
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factors of interest in one comprehensive model. The numbers of patients who died
during tIS were even lower (16 and 12 for the 3- and 6-month DLI, respectively), which
likely explained why we did not detect significant effects of high MC or viral infections
on the risk of death during tIS for GVHD. Morecover, none of the patients with FDC died
during tIS for GvHD, necessitating us to use the presence of either FDC or low MC as
the reference category for high MC. Therefore, we could not quantify the increased
hazard of death during tIS for patients with high MC compared to patients with FDC.
In Chapter 6 we had a larger cohort, but the low numbers of events for the transitions
to death required us to assume a shared baseline hazard in order to assess the effect of
age on the risk of death. Thus, while our analyses yielded valuable results, they were less
precise and required more assumptions than if we would have had more events. In order
to construct even more complex models or get more precise estimates, larger datasets are
needed. However, multi-state and joint models require high-quality detailed
observational data, which is often only collected in relatively small cohorts. Registries
have large cohorts, but will most likely need to improve their data collection in order to
have data of sufficient quality and detail for these types of models. This requires more
commitment of the registries and their participating centers.

Another barrier for the use of complex statistical methods such as multi-state and joint
models is the required level of statistical knowledge to construct these models and to
correctly interpret the results. Chapter 3 was a joint project of the department of
Hematology and the department of Biomedical Data Sciences to ensure sufficient
knowledge both on the clinical and immunological processes and on the modelling
techniques. Assuming a shared baseline hazard for different transitions as we did in
Chapter 6, could only be done after carefully considering the medical/biological
implications of this statistical assumption. Moreover, having a correct model does not
guarantee correct interpretation. An audience with less experience in multi-state
methodology may find it difficult to for instance understand why risk factors can have
opposing effects on different transitions in a multi-state model or to understand the
implications of all model assumptions.

Outlook

Our studies show that the combination of detailed data and advanced statistical methods
can be used to answer complex research questions using real-world clinical data.
Standard collection of detailed observational data has several advantages over data
collected for a specific study. Firstly, standardly collected data that are stored in a single
place can be easily used for multiple studies. It also provides a reliable data source for all
consecutive patients that can be accessed rapidly in the case of fast-changing
developments. For instance, the unexpected change in DLI-induced GvHD risk after
switching from alemtuzumab-based TCD to PTCY alloSCT could be investigated early
after implementation of PTCY, because in both settings detailed information was
collected in a standardized way. Ethically, data may only be collected for research if they
are needed to answer relevant research questions. To this end, it is essential that both
before the start of and during the data collection, researchers, data managers and
methodologists discuss which research questions may be of interest, what measurements
could be useful and analyzable and how they can be most efficiently collected. Also for
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data being collected for clinical care, it is valuable to discuss with a statistician whether
the data are usable for analysis.

If more data with sufficient detail and quality become available, it will be possible to
extend the models used in this thesis or apply them in other settings. For the AA model,
more covariates could be included, and we could also include covariates on other
transitions, such as relapse after having achieved transfusion independency. The
observed differences between the alemtuzumab-based TCD and PTCY setting suggest
that it would be very valuable to repeat the analyses in different alloSCT settings to
validate the results. For all multi-state models, it would also be possible to incorporate
biomarkers, for instance T-cell counts in the cGRFS model and blood counts in the AA
model. This approach has already been implemented by Ferrer et al.', but has not yet
been applied in the field of hematology. As mentioned before, large datasets are mainly
available from registries. It is unlikely that very large registries such as the European
Society for Blood and Marrow Transplantation will collect very detailed clinical data or
biomarker data. Collaboration projects between centers and regional or national
registries are more likely to obtain sufficient data of the required quality, since a lower
number of participating centers usually means higher commitment for precise and
detailed data collection.

After the models have been validated, they may be of value in clinical practice. Model
predictions can help with treatment decisions, shared decision making and counseling of
the patients. A major advantage of both the multi-state model and the joint model is that
they can incorporate new information such as biomarker trajectories and the
occurrences of clinical events during follow-up. This allows to update the prognosis of
patients based on their trajectory so far, which may help in the decision for further
treatment lines. The models in this thesis were constructed to better understand
underlying mechanisms behind recovery and failure patterns and not to serve as a
prediction tool. For that, the results of the semi-parametric analyses need to be validated
in large cohorts, that are preferably treated according to the current treatment guidelines.
Tor instance, the recent addition of eltrombopag to the first-line IST treatment protocol
for patients with AA may affect both the prognosis and the effect sizes of the risk factors:
the estimated values in Chapter 6 might not hold for patients that are treated according
to the new guideline.

Finally, to narrow the gap between clinical researchers and methodologists, papers
applying advanced statistical methods should become more accessible to a less
methodological audience. To serve both audiences, it is important to explain the methods
both on a more general level and a more technical level. In the studies of this thesis that
report multi-state models, we discussed the model results in steps: first the non-
parametric analyses to show how the transition probabilities changed over time, then the
Cox models per transition and finally predictions for reference patients. By analyzing
clinically relevant questions with real-world data, publishing in clinical or immunological
journals and explaining the methods comprehensively, not only methodologists but also
clinical researchers can be reached. Hopefully, by showing by example the added value
of more advanced statistical models in answering important questions, the collaboration
and cross-talk between the different fields will increase, leading to more opportunities for
methodologists to develop or apply methods on clinically relevant applications and for
clinical researchers to answer complex research questions.
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NEDERLANDSE SAMENVATTING

Introductie

Observationele studies op basis van informatie die al in het zorgproces is verzameld
kunnen wveel inzicht geven in ziektepatronen, behandelingen en risicofactoren, maar
hebben als nadeel dat onderzoekers geen controle hebben over wanneer welke metingen
worden gedaan. Het analyseren van uitkomsten en effecten van risicofactoren wordt nog
ingewikkelder als de behandeling uit verschillende stappen bestaat of als complexe
uitkomstmaten worden onderzocht. Hiervoor zijn vaak geavanceerdere statistische
methoden nodig. In dit proefschrift worden twee complexe klinische situaties onderzocht,
allogene hematopoétische stamceltransplantatie (alloSCT) voor patiénten met acute
leukemie en immuunsuppressieve therapie (IST) voor patiénten met verworven
aplastische anemie (AA), waarbij met name twee geavanceerde statistische methoden
worden toegepast: het multi-state model en het joint model.

AlloSCT voor patiénten met acute leukemie

In het beenmerg worden continu bloedcellen en bloedplaatjes aangemaakt vanuit
hematopoétische stamcellen (HSC’s). Bij acute leukemie 1s een HSC zich ongeremd gaan
delen tot ongedifferentieerde cellen. Voor genezing is vaak een alloSCT nodig. Hierbij
worden gezonde HSC’s en immuuncellen (waaronder T-cellen) van een donor aan de
patiént gegeven, meestal na enkele chemokuren om zoveel mogelijk leukemiecellen te
doden. De doelen van alloSCT zijn vervanging van de hematopoése van de patiént door
die van de donor en introductiec van alloreactieve T-cellen van de donor die de
overgebleven leukemiecellen van de patiént kunnen elimineren: het Graft-versus-
Leukemia (GvL) effect. Alloreactieve T-cellen van de donor herkennen deze
leukemiecellen door genetische verschillen tussen patiént en donor. Het is echter ook
mogelijk dat de alloreactieve T-cellen van de donor zich richten tegen niet-
hematopoétische weefsels zoals de huid, lever of darm van de patiént, wat kan leiden tot
Graft-versus-Host-Disease (GVHD). Het succes van alloSCT als behandeling tegen acute
leukemie hangt af van het ontstaan van voldoende GvL zonder ernstige GvHD. Het
GvL-effect zelf is lastig te meten. Als een patiént een recidief krijgt, was er blijkbaar te
weinig GvL, maar bij patiénten die (nog) geen recidief hebben, is het onbekend of dit
komt doordat er een voldoende krachtig GvL-effect is.

AlloSCT bestaat uit een aantal stappen: conditionering van de patiént door middel van
chemotherapie, bestraling en/of antilichamen tegen immuuncellen, infusie van het
transplantaat, interventies ter voorkoming van ernstige GvHD en, bij sommige
strategieén, interventies ter verbetering van het GvL-effect. Al deze stappen beinvloeden
het lymfohematopoétische herstel van de patiént en de risico’s op GvHD, recidief van de
ziekte, infecties en sterfte.

De conditionering kan myeloablatief (MA) of nonmyeloablatief (NMA) zijn, waarbij de
tweede vorm minder toxisch is maar ook minder van de gezonde en maligne HSC’s van
de patiént doodt: na infusie van het transplantaat moeten de donor-HSC’s meer
concurreren met de overgebleven HSC’s van de patiént tijdens de competitieve
repopulatie van het beenmerg en is het nog meer van belang dat er een GvL-effect
ontstaat om de overgebleven leukemiecellen te elimineren. Zolang in een patiént zowel
donor- als patiént-HSC’s gevonden worden, heeft een patiént gemengd chimerisme
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(mixed chimerism, MC). Wanneer alleen nog maar donor-HSC’s worden gemeten, heeft
een patiént volledig-donor chimerisme (full donor chimerism, FDC). Als een patiént een
tijd na alloSC'T van MC naar FDC converteert, komt dit waarschijnlijk door een allo-
immuunrespons van donor-T-cellen tegen de overgebleven hematopoétische cellen van
de patiént. Deze conversie wordt vaak gebruikt als een indicator voor het bestaan van een
GvL-effect. Omdat leukemiecellen hematopoétische cellen zijn, zullen bij een allo-
immuunrespons tegen patiént-HSC’s namelijk ook de leukemiecellen aangevallen
worden.

Chimerisme kan ook in andere celpopulaties zoals T-cellen gemeten worden. Gedurende
de eerste maanden na alloSCT heeft een patiént maar weinig T-cellen, omdat de meeste
patiént-T-cellen de conditionering niet overleven en er in het transplantaat onvoldoende
T-cellen zitten om deze te vervangen. Als reactie op de lymfopenie delen de patiént- en
donor-T-cellen die er wél zijn zich meer. Dit heet homeostatische proliferatie.

Om ernstige GVHD te voorkomen krijgen patiénten meestal gedurende de eerste
maanden na alloSCT profylactische immuunsuppressie. Om het risico op ernstige
GvHD verder te verlagen wordt in sommige strategieén zwaardere immuunsuppressie
gegeven door middel van bijvoorbeeld T-celdepletie (TCD) op basis van alemtuzumab
of toediening van cyclofosfamide vlak na alloSC'T (post-transplantatie cyclofostamide,
PTCY). Het nadeel van TCD en PTCY is dat ook de alloreactieve T-cellen die
verantwoordelijk zijn voor het GvL-effect, en de niet-alloreactieve T-cellen die
verantwoordelijk zijn voor de bescherming tegen virussen, in meer of mindere mate
kunnen worden geraakt. Hierdoor hebben patiénten een hoger risico op een recidief en
infecties.

Om het GvL-effect na alloSCT te versterken kunnen extra alloreactieve donor-T-cellen
aan de patiént worden toegediend. Dit kan door middel van ongemodificeerde
donorlymfocyteninfusies (DLI), die alloreactieve en niet-alloreactieve T-cellen en andere
immuuncellen bevatten. DLI’s kunnen therapeutisch gegeven worden aan patiénten met
een recidief, pre-emptief aan patiénten met MC of minimale restziekte of profylactisch
aan alle patiénten zonder GvHD (teken van sterke alloreactiviteit). Hoe hoger de 'I-
celdosis, hoe effectiever en potentieel toxischer de DLI, d.w.z. hoe sterker het GvL-effect
en hoe hoger het risico op ernstige GvHD. Volgens de huidige richtlijnen hangt de DLI-
dosis af van de indicatie (bij de behandeling van een recidief wordt meer toxiciteit
geaccepteerd dan bij DLI ter voorkoming van een recidief), de donor (onverwante
donoren hebben meer genetische verschillen met de patiént dan verwante donoren wat
de kans op GVHD vergroot) en de tijd sinds alloSCT (DLI’s vroeg na alloSCT geven
meer GvHD dan DLI’s die later worden gegeven). Ondanks deze aanpassingen is de
DLI-alloreactiviteit erg variabel: sommige patiénten overlijden aan ernstige GvHD na
DLI, terwijl anderen geen tekenen van GvHD en GvL vertonen en een recidief krijgen.
Sommige strategieén combineren TCD of PTCY alloSC'T met profylactische DLI om
de balans tussen GvHD en GvL te verbeteren. Het idee hierachter is om de alloSCT in
twee stappen uit te voeren: eerst wordt donorhematopoése geintroduceerd met een
minimaal risico op ernstige GVHD en pas daarna wordt allo-immuniteit van de donor
geintroduceerd om voldoende GvL te bewerkstelligen. Omdat de tweede stap plaatsvindt
nadat het initiéle herstel heeft plaatsgevonden, komen de alloreactieve T-cellen in een
minder pro-inflammatoire omgeving terecht, wat leidt tot een lager risico op GvHD.
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Immunosuppressieve behandeling voor patiénten met verworven aplastische
anemie

AA is een hematologische ziekte die wordt gekenmerkt door een hypocellulair beenmerg
en falen van hematopoése, wat leidt tot pancytopenie. Hierdoor kunnen patiénten
overlijden aan anemie, bloedingen of infecties. In de meeste gevallen lijkt niet-
aangeboren AA te worden veroorzaakt door een auto-immuunreactie tegen
hematopoétische cellen. Een van de aanwijzingen hiervoor is dat patiénten met AA vaak
een grote (=1%) populatie van GPI-deficiénte HSC’s hebben. Deze cellen hebben een
bepaald eiwit veel minder of zelfs helemaal niet op hun celwand waardoor ze mogelijk
minder gevoelig zijn voor auto-immuunaanvallen. GPI-deficiénte HSC’s kunnen ook in
heel lage hoeveelheden bij gezonde mensen voorkomen, maar kunnen bij patiénten met
AA uitgroeien tot grotere populaties doordat ze een overlevingsvoordeel hebben ten
opzichte van ‘normale’ HSC’s.

De meeste volwassen patiénten met AA krijgen een immuunsuppressieve behandeling op
basis van antithymocytenglobuline (ATG, antilichaamtherapie gericht tegen T-cellen) en
ciclosporine. Twee derde van de patiénten heeft een respons, maar vaak slechts
gedeeltelijk: deze patiénten worden transfusie-onafhankelijk, maar hun bloedwaarden
blijven laag. Het kan zes maanden of zelfs langer duren voordat een respons zichtbaar is,
omdat de auto-immuunrespons voldoende onderdrukt moet worden, voordat de weinige
overgebleven HSC’s kunnen uitgroeien. Na het bereiken van een respons wordt de IST
afgebouwd met als doel om volledig te stoppen. Bij 30% van de patiénten die reageren,
treedt echter een recidief van de ziekte op, waardoor de IST herstart of opgehoogd
moeten worden, of zelfs een alloSCT gegeven moet worden. Daarnaast ontwikkelen
patiénten met AA die behandeld worden met IST soms klonale evolutie van
hematopoétische cellen, wat uiteindelijk kan leiden tot andere beenmergziekten zoals
acute myeloide leukemie.

Het multi-state model om complexe gebeurtenisreeksen te analyseren

Beide klinische situaties betreffen een complexe behandeling waarbij patiénten vaak
meerdere interventies krijgen en meerdere klinische gebeurtenissen meemaken. Om dit
goed te analyseren kan een multi-state model gebruikt worden. In zo’n model
verplaatsten patiénten zich tussen ‘staten” wanneer klinische gebeurtenissen optreden of
behandelingen worden gedaan. Een patiént die bijvoorbeeld overlijdt na GvHD na DLI,
gaat van de staat “DLI” via “GvHD” naar “Dood”. De paden tussen de staten heten
transities (bijvoorbeeld “DLI - GvHD”). Het multi-state model kan voor elke staat
berekenen hoe groot de kans is dat een patiént zich over de tijd hierin bevindt. Ook kan
het multi-state model effecten van risicofactoren op elk van de transities schatten. Dit
gebeurt meestal door middel van transitie-specificke Cox proportional hazards modellen.
Voor de transitie “DLI - GvHD” zou bijvoorbeeld donortype meegenomen kunnen
worden om te berekenen hoeveel groter de kans op GvHD na DLI voor patiénten met
een onverwante donor is ten opzichte van patiénten met een verwante donor. Het multi-
state model kan de transitie-specificke Cox modellen vervolgens meenemen in de
berekening van het hele model om de prognose voor patiénten met bepaalde
karakteristicken te schatten en zo de klinische impact van de risicofactoren te tonen op
de kans om in een bepaalde staat te zitten.
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Het joint model om effecten van biomarkers te onderzoeken

Biomarkers zijn meetbare indicatoren die informatie geven over wat er in het lichaam
aan de gang is. In het voorbeeld van alloSCT kunnen bijvoorbeeld chimerisme en T-
celaantallen als biomarker gezien worden: de waardes zeggen iets over de status van het
lymfohematopoétische herstel en kunnen over de tijd gemeten worden. Om de effecten
van dit soort longitudinale metingen op de risico’s van bepaalde gebeurtenissen zoals
GvHD te schatten kan een joint model gebruikt worden. Dit model berekent twee
submodellen, een voor de longitudinale metingen en een voor de klinische
gebeurtenissen, en koppelt ze via een associatiestructuur. Hierdoor kan het model de
trajecten van de longitudinale metingen correct modelleren en associaties tussen de
longitudinale metingen en het ontstaan van klinische gebeurtenissen kwantificeren.

Dit proefschrift

In dit proefschrift werd onderzocht hoe het analyseren van specifiecke klinische
omstandigheden en het toepassen van geavanceerde statistische methodologie op
gedetailleerde observationele data gebruikt kan worden om complexe onderzoeksvragen
binnen de hematologie te beantwoorden.

In hoofdstuk 2 probeerden we de effecten van competitieve repopulatie en allo-
immunologische druk op het lymfohematopoétische herstel na alloSCT van elkaar te
onderscheiden. We onderzochten een cohort van 281 patiénten met acute leukemie die
een TCD alloSCT met alemtuzumab ondergingen, waarna een deel van de patiénten
een profylactische of pre-emptieve DLI op 3 maanden kreeg, terwijl de rest geen DLI
kreeg of pas vanaf 6 maanden. Hierdoor hadden we een natuurlijke controle- en
interventiegroep voor de DLI op 3 maanden. We begonnen met de eerste 3 maanden
zonder DLI. In deze periode was de allo-immunologische druk laag door de TCD: het
cumulatieve risico op klinisch relevante GvHD, d.w.z. GvHD waarvoor therapeutische
systemische immuunsuppressic nodig is, was slechts 13%. Ondanks de lage allo-
immunologische druk sloeg bij 99% het transplantaat aan, wat aantoont dat primaire
engraftment niet afthankelijk was van MA conditionering of de aanwezigheid van
evidente allo-immunologische druk. Het ontstaan van volledige donorhematopoése was
wél athankelijk van zowel de intensiteit van de conditionering als de aanwezigheid van
allo-immunologische druk. Om de impact van de introductie van allo-immunologische
druk door DLI te analyseren vergeleken we eerst de metingen op 3 en 6 maanden na
alloSCT tussen patiénten met een DLI op 3 maanden die daarna geen GvHD
ontwikkelden en patiénten die geen DLI op 3 maanden kregen en geen GvHD
ontwikkelden. De laatste groep vertoonde stabiel beenmergchimerisme in deze periode.
Daarentegen converteerden de patiénten in de DLI-groep vaak naar FDC. Dit laat zien
dat de 3-maanden-DLI chimerismeconversie kan induceren, zelfs bij afwezigheid van
GvHD. De kinetick van CD4+ en CD8+ T-celchimerisme vertoonde vergelijkbare
patronen met toenemende niveaus van donorchimerisme bij de patiénten met DLI, maar
niet bij degenen zonder DLI. Dit suggereert dat voor het tot stand brengen van een
volledig donor-T-celcompartiment enige allo-immunologische druk nodig is. Ten slotte
onderzochten we de allo-immunologische effecten van de totale DLI-strategie byj alle
patiénten met gemengde hematopoése ten tijde van hun eerste DLI. Van de 65 patiénten
converteerde 72% naar FDC, van wie slechts 34% klinisch relevante GVHD ontwikkelde.
Deze resultaten illustreren dat het GvL-effect kan worden gescheiden van GvHD.
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In hoofdstuk 3 onderzochten we de complexe associaties tussen de kinetick van
circulerende immuuncelaantallen en alloreactiviteit door middel van een joint model.
We keken naar dezelfde klinische setting als in hoofdstuk 2, behalve dat we alleen NMA
geconditioneerde patiénten (n=166) includeerden omdat zij geen post-alloSCT GvHD-
profylaxe kregen die de immuuncelkinetiek zou kunnen beinvloeden. We onderzochten
eerst het effect van de 3-maanden-DLI op de kinetiek van T- en NK-celaantallen na
TCD alloSCT. Hiervoor construeerden we een joint model voor de eerste 6 maanden
vanaf alloSCT dat twee groepen met elkaar vergeleeck in een intention-to-treat-
benadering: patiénten die een indicatie voor een 3-maanden-DLI hadden vanwege een
verwacht hoog risico op recidief (de 'hoog-risico'-groep) en patiénten die hier geen
indicatie voor hadden (de 'miet-hoog-risico'-groep). Vergeleken met patiénten met een
verwante donor hadden patiénten met een onverwante donor, die ook ATG bij de
conditionering hadden gekregen, lagere T-celaantallen gedurende de eerste 3 maanden
na alloSCTT. Dit illustreert het lang aanhoudende effect van ATG. Bij patiénten met een
onverwante donor begonnen de T-celtrajecten vanaf 3 maanden te divergeren tussen de
groepen met een hoog en niet-hoog risico, waarbij degenen met indicatie voor een 3-
maanden-DLI hogere T-celaantallen hadden. Aangezien de enige plausibele verklaring
voor deze toename de 3-maanden-DLI is, toont dit aan dat DLI detecteerbare T-
celexpansie kan geven. Opvallend genoeg zagen we geen divergentie tussen de
risicogroepen met een verwante donor. Hierna keken we naar risicofactoren voor o.a.
GvHD en recidief. Het behoren tot de hoog-risico-groep en het hebben van hogere
aantallen van CD3+- en CD4+-T-cellen waren geassociecerd met een hoger risico op
GvHD, terwijl een hoger aantal CD4+-T-cellen het risico op recidief verlaagde. Een
hoger aantal NK-cellen was geassocieerd met een hoger risico op GvHD en een lager
risico op recidief. De GvHD-associatie verdween echter toen zowel CD4+ T-cellen als
NK-cellen werden meegenomen in een exploratieve analyse. Dit suggereert dat de
waargenomen associatie tussen het aantal NK-cellen en GvHD slechts de hoge correlatie
tussen het aantal NK-cellen en CD4+-T-cellen weerspiegelde, en niet een direct effect
van het aantal NK-cellen op het risico op GvHD. Om de T-celkinetiek na de 3-
maanden-DLI verder te onderzoeken construeerden we een tweede joint model vanaf de
3-maanden-DLI, waarbij we alleen de patiénten includeerden die daadwerkelijk deze
DLI hadden gekregen. Het hebben van een onverwante donor en hogere aantallen van
CD3+-, CD4+- en CD8+-T-cellen waren allemaal geassocieerd met een hoger risico op
GvHD gedurende de eerste 3 maanden na deze DLI.

In hoofdstuk 4 probeerden we factoren te identificeren die de alloreactiviteit van DLI
beinvloeden. We onderzochten hiervoor een cohort van patiénten met acute leukemie
die hun eerste DLI op 3 (n = 88) of 6 (n = 76) maanden na TCD alloSCT met
alemtuzumab hadden gekregen. We keken eerst naar de twee factoren die de DLI-dosis
bepaalden: tijd sinds alloSCT en donortype. Het tienvoudige dosisverschil tussen de 3-
en 6-maanden-DLI resulteerde in vergelijkbare risico's op GvHD. Na MA
conditionering was voor beide DLI’s de 50% dosisverlaging in geval van een onverwante
donor voldoende om de GvHD-risico's tussen patiénten met verwante en onverwante
donor gelijk te trekken. Daarentegen hadden NMA geconditioneerde patiénten met een
onverwante donor nog steeds een hoger risico op GvHD dan NMA geconditioneerde
patiénten met een verwante donor. Vervolgens richtten we ons op drie omstandigheden
ten tijde van DLI die de T-celactivatie zouden kunnen bevorderen: de aanwezigheid van
antigeenpresenterende cellen van de patiént (geschat op basis van et
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beenmergchimerisme), lymfopenie en de aanwezigheid van een virale infectie rond DLI.
Om de effecten van deze risicofactoren op de ontwikkeling van klinisch relevante GvHD,
het risico op overlijden tijdens GVHD en op de totale klinische uitkomst na DLI te
schatten construcerden we ecen multi-state model vanaf de eerste DLI. Bij de 3-
maanden-DLI verhoogden virale infecties rond DLI het risico op GvHD (hazard ratio
[HR] 3.7). Ten tijde van de 6-maanden-DLI waren virale infecties zeldzaam. Bij deze
DLI verhoogde de aanwezigheid van 25% MC het risico op GvHD significant (HR 3.6)
en zagen we een trend van meer GvHD biyj 1-5% MC en lymfopenie. We vonden geen
significante effecten van virale infecties bij de 3-maanden-DLI of =5% MC bij de 6-
maanden-DLI op het risico op overlijden tijdens GvHD, wat waarschijnlijk kwam door
het lage aantal sterfgevallen. Tot slot keken we naar de kans om op 6 maanden na DLI
zonder actieve GVHD en zonder recidief in leven te zijn (current GvHD-relapse-free
survival, cGRFS). Bij de 3-maanden-DLI was de cGRF'S 61% voor patiénten zonder een
virale infectie in de laatste week voor DLI versus 31% voor patiénten met een virale
infectie. Bij de 6-maanden-DLI keken we naar de modelgebaseerde kans op cGRF'S voor
twee referentiepatiénten met verschillende karakteristicken. Beide waren MA
geconditioneerd met een verwante donor, maar de eerste had FDC ten tijde van de 6-
maanden-DLI en zou 77% kans hebben om 6 maanden later zonder recidief of actieve
GvHD in leven te zijn, terwijl de tweede =5% MC had en slechts 44% kans zou hebben.
De sterke impact van virale infecties en beenmergchimerisme op de cGRFS
onderstrepen de klinische relevantie van onze bevindingen.

In hoofdstuk 5 onderzochten we hoe de transplantatiestrategie de alloreactiviteit van
DLI beinvloedt door een andere klinische setting te bekijken, DLI na alloSCT met
PTCY, en de uitkomsten te vergelijken met onze studies in de hoofdstukken 2 en 4. In de
PTCY-setting werd de lage-dosis-DLI op 4 maanden na alloSCT gegeven in plaats van
3 maanden. We onderzochten eerst de risicofactoren die we in hoofdstuk 4 hadden
geidentificeerd. Alle risicofactoren kwamen zelden voor: slechts 5% van de 83 patiénten
die een DLI op 4 of 6 maanden kregen had een virale infectie rond DLI, 6% had =5%
MC in het beenmerg en 17% had lymfopenie, veel minder dan wat we hadden
waargenomen in de alemtuzumab-setting (respectievelijk 19%, 27% en 47%).
Vervolgens keken we naar de ontwikkeling van klinisch relevante GvHD na DLI. Zoals
verwacht op basis van de lage aanwezigheid van de risicofactoren was het risico op
GvHD zeer laag: 4% op 3 maanden na DLI. Slechts één patiént stierf aan GvHD na een
6-maanden-DLI te hebben ontvangen met op dat moment 14% MG in het beenmerg,
De gecombineerde resultaten van hoofdstuk 4 en hoofdstuk 5 tonen aan dat de
transplantatiestrategie een grote impact heeft op de omstandigheden ten tijde van DLI,
die weer de DLI-alloreactiviteit beinvloeden. Om te onderzocken of DLI na PTCY
alloSCT nog steeds conversie van MC naar FDC kon induceren, onderzochten we de
chimerismekinetiek in het beenmerg van de 28 patiénten met MC ten tijde van hun
eerste DLI: 79% converteerde naar FDC, van wie slechts 9% klinisch relevante GvHD
ontwikkelde. Het conversiepercentage is vergelijkbaar met wat we in hoofdstuk 2 hadden
gezien, terwijl het risico op GvHD lager was. Geen van de geconverteerde patiénten
kreeg een recidief, wat duidt op een sterk genoeg GvL-effect.

In hoofdstuk 6 wilden we een maat voor "behandelsucces" definiéren en meten die de
complexe patronen van herstel en falen kan meenemen van patiénten met
immunosuppressieve therapie tegen aplastische anemie. We definieerden drie niveaus van
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behandelsucces. Het algemene doel van IST voor AA is het bereiken en behouden van
transfusieonathankelijkheid zonder de ontwikkeling van secundaire beenmergziekten. Dit
1s gevat in de uitkomst Disease-free survival (DFS). DFS zou byj voorkeur bereikt moeten
worden zonder dat een alloSCT nodig is: Transplantation-free DFS (T-DFS). Het
uiteindelijke doel is om alle therapie voor AA te stoppen nadat een respons is bereikt:
Transplantation- and Treatment-free DFS (T'T-DFS). We hebben deze uitkomsten
gemeten door middel van een multi-state model op een cohort van 127 transfusie-
athankelijke patiénten met AA. De 5-jaarskansen op DFS, T-DFS en T'T-DFS waren
respectievelijk 70%, 60% en 42%. De kans om transfusie-onathankelijk te worden was
hoger indien een GPI-deficiénte celkloon van 21% aanwezig was (HR 2.2) en lager bjj
een leeftijd van 40 jaar of ouder en bij ernstige of zeer ernstige AA (HR's tussen 0.4 en
0.5). We zagen geen significante effecten van deze risicofactoren op de kans om alle
therapie voor AA te kunnen stoppen na het bereiken van transfusie-onathankelijkheid.
Zoals verwacht was een leeftijd van 60 jaar of ouder een sterke voorspeller voor het risico
op overlijden (HR 7.3). Om de impact van deze risicofactoren op de S-jaarsuitkomsten
te tonen berekenden we modelgebaseerde prognoses voor referentiepatiénten met
verschillende kenmerken. Zo was de geschatte 5-jaarskans op TT-DFS voor een patiént
van 40 jaar of jonger met ernstige aplastische anemie zonder een GPI-deficiénte celkloon
47%, vergeleken met 24% voor een patiént van ten minste 60 jaar met dezelfde
kenmerken, en 41% voor een patiént van ten minste 60 jaar met een GPI-deficiénte
celkloon en niet-ernstige AA. Deze resultaten laten zien dat de drie risicofactoren de
succeskans van IST voor AA op de lange termijn sterk beinvloeden.

Samenvattend laat het onderzoek in dit proefschrift zien hoe gedetailleerde observationele
data en geavanceerde statistische methodes gebruikt kunnen worden om complexe
klinische en immunologische onderzoeksvragen te beantwoorden. Multi-state en joint
modellen vereisen data van hoge kwaliteit. Voor het analyseren van risicofactoren zijn
bovendien voldoende patiénten nodig die het relevante eindpunt bereiken. Voldoende
data van voldoende kwaliteit kan het beste verkregen worden door middel van
gedetailleerde dataverzameling in samenwerkingsverbanden. Daarnaast is voor het
correct toepassen en interpreteren van deze modellen zowel statistische als klinische
kennis nodig. Meer samenwerking tussen klinische en methodologische onderzoekers is
hiervoor essentieel.
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