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10.1 Introduction/Background
The main mechanisms of action resulting in a
long-term cure, but also in many life-threatening
side effects after HSCT, are mediated by the rap-
idly reconstituting immune repertoire, which
depends on the conditioning regimen, cell dose
and graft composition, as well as the type of
immune suppression. However, knowledge of
these mechanisms is limited, due to many varia-
tions in clinical programs, including the specific
type of transplantation procedure, as well as a lack
of standardized immune monitoring after HSCT.
To date, only the process of donor selection
has been significantly impacted by new biologi-
cal insights, but little attention has been given to
the design of the cell product in terms of numbers
and composition, to avoid variations between dif-
ferent patients. In addition, high variations
between patients in the clearance of agents used
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during the conditioning are rarely investigated.
Given the dearth of prospective clinical studies
addressing these important concepts, and the fact
that such studies will most likely never be per-
formed, due to the lack of interest from pharma-
ceutical companies, we aim to initiate a consensus
discussion. Our goal is to harmonize the inter-
vention HSCT by exploring how individual dif-
ferences between patients and overall
transplantation strategies impact the final effector
mechanisms of HSCT, namely, a timely and well-
balanced immune reconstitution.

10.2 Impact of Conditioning
Regimens on Immune
Reconstitution and
Outcomes:
Pharmacokinetics-
Pharmacodynamics (PK-PD),

Individualized Dosing

Various groups have recently demonstrated that
agents administered as part of the conditioning
regimen, as well as after HSCT, will influence
both short-term and long-term immune reconsti-
tution (Soiffer and Chen 2017; Admiraal et al.
2015). These agents may, therefore, have an
unknown effect on also other cell-based thera-
peutics. In the context of HSCT, “predictable”
immune reconstitution is important when study-
ing maintenance therapies with novel drugs, DLI,
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and advanced cell therapy interventions.
Therefore, it is essential to understand the impact
of the agents used on the immune reconstitution.
Comprehensive pharmacokinetic (PK) and phar-
macodynamic (PD) information can help to illu-
minate the effects that exposure of agents in the
conditioning have on immune reconstitution and
subsequent outcomes (e.g., GVHD, relapse and
non-relapse mortality).

The recent discovery that the pharmacokinet-
ics of serotherapy (e.g., ATG and ATLG) is highly
dependent on receptor load (represented by abso-
lute lymphocyte count; ALC) before the first dos-
ing is one example. In adults, receptor load was
the only predictor for ATG clearance, while in
pediatric patients (<40 kg), weight also influ-
enced clearance. While prospective validation tri-
als of novel ATG nomograms currently include
patients linked to defined transplantation regi-
mens, initial recommendations for dosing sero-
therapy on lymphocyte count rather than body
weight seem to be reasonable, e.g., within the
context of T cell-replete reduced conditioning
regimens (Admiraal et al. 2015) (Table 10.1).
From a post hoc analysis of a recent randomized
controlled trial allowing three different types of
regimens, we learned that different regimens had
the reverse effects of ATLG on the outcomes,
resulting in overlapping curves for the primary
endpoint, chronic-GvHD-free, leukemia-free
survival (Soiffer et al. 2017).

Table 10.1 Suggested novel ATG dosing nomograms
based on PK-PD modeling for (non-)myelo-ablative set-
tings in pediatrics and adults®

Target AUC after

Dosing HSCT (AU*d/mL) Starting
Setting on and donor source  day
Pediatrics; Weight <20 for cord blood 9
MAC Admiraal ALC <50 for bone
et al. (2015) Cell marrow

source
Adults: ALC 60-90 for 9
Non-MAC peripherally
Admiraal et al. mobilized stem
(2017) cells

ALC absolute lymphocyte count, AUC area under the
curve
aLevel C evidence (retrospective studies)

Serotherapy is not the only agent in a condi-
tioning regimen with variable PK that can have a
dramatic impact on the chances for survival. In a
recent retrospective cohort analysis that included
more than 650 pediatric and young adult patients,
cumulative exposure to BU was found to influ-
ence outcomes (Bartelink et al. 2016). The opti-
mal BU exposure, for the main outcome of EFS,
was found to be independent of indication, com-
bination (BU/FLU, BU/CY, or BU/CY/MEL),
age, and donor source. BU/FLU within the opti-
mal BU exposure (80-100 mg*h/L) was associ-
ated with the highest survival chances and lowest
toxicity compared to other combinations. More
recently, fludarabine exposure was also found to
influence survival (in an ATG-FLU/BU: Boelens
et al. 2018). These studies further illustrate that
pharmacokinetic variations in individuals can
have significant effects on survival. Historically,
and still in daily practice, a variety of condition-
ing regimens are used, which complicates com-
parisons of HSCT outcomes across different
centers and even within trials.

10.3 Graft Composition
as an Additional Predictor
for Immune Reconstitution

and Clinical Outcomes

Although transplant physicians carefully monitor
the levels of many drugs, such as CSA or antibi-
otics, an additional opportunity to further harmo-
nize the transplantation procedure arises from the
surprising clinical observation that substantial
cell dose variations are currently accepted across
patients. The hesitation to monitor cell numbers
in the graft or after HSCT, and to act on them, is
of course partially driven by the confusing mag-
nitude of immunological subsets, the narrow
nature of many immunological programs with a
lack of consensus on immune monitoring, and
also rather limited immunological education
across the majority of transplant physicians.
However, currently available retrospective and
prospective studies can provide guidance. A ret-
rospective EBMT study indicated that T cell
numbers vary frequently between 50 and
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885 x 10%kg and the highest quartile in CD34+
cells, as well as T cells associate with an inferior
clinical outcome (5). As we cannot expect in the
future randomized trials addressing the impact of
different graft compositions in T cell-replete
transplantations on clinical outcomes, avoiding
higher numbers of CD34 and T cells within the
highest quartile might be reasonable (Czerw
et al. 2016). Higher numbers of NKT cells
(Malard et al. 2016) and y3T cells (Perko et al.
2015) in the graft have been reported to associate
with favorable immune reconstitution, and a pos-
itive clinical outcome, most likely due to their
impact on controlling GVHD (Du et al. 2017)
and acting on CMV, as well as on leukemia
(Scheper et al. 2013; de Witte et al. 2018).
However, these variables are more difficult to
control in daily clinical practice. Direct ex vivo
graft engineering provides an elegant solution to
further control immune subsets in the graft and
the consecutive immune reconstitution. It also
allows for the standardization of cell numbers, as
well as subsets per patient, e.g., selecting CD34-
positive stem cells alone has been reported to
associate with less chronic GVHD, while the
graft versus leukemia effect is maintained
(Pasquini et al. 2012). As the next generation of
graft engineering, depletion of af T cells has been
reported to associate with lower frequencies of
infection and very low GVHD rates (Locatelli
et al. 2017).

10.4 Immune Monitoring

10.4.1 Immune Cell Phenotyping

The most important questions that arise when
monitoring immune therapeutic interventions
are:

1. How many cells within each leukocyte subset
are present in patients at different stages of
disease, before immune intervention?

2. What is the immune composition of the graft?

3. Which immune subsets are reconstituting at
what points in time?

4. What is the functional response of these cells
to additional immunotherapeutic or drug inter-
ventions after transplantation (Table 10.1)?

These questions are particularly important in an
era when post-HSCT pharmaceutical maintenance
interventions and DLI or the administration of
other ATMPs (advanced therapy medicinal prod-
ucts) have become daily practice for many differ-
ent disease categories (Soiffer and Chen 2017).

Flow cytometry is often available for compre-
hensive immune phenotyping, usually in accred-
ited laboratories within transplant centers.
Markers identifying the most common leukocyte
subsets are broadly used and can therefore be
considered as a “standard” panel: CD45 (lym-
phocytes), CD3 (T cells), CD19 (B cells),
oafTCR, y8TCR, and CD16/CD56 (NK) cells. In
some centers/studies, this panel has been
extended to identify the differentiation and acti-
vation state of subsets of T (T-helper, regulatory
T cells), B, and NK(T) cells, as well as cells from
the myeloid lineage (monocytes, dendritic cell
subsets). This knowledge is important because
the success of cell-based immunotherapies, as
well as agents modulating the immune system
after transplantation, will significantly depend on
the presence or absence of different immune sub-
sets. Mastering the diversity might allow for the
definition of subpopulations who would benefit
from checkpoint-inhibitor treatment after HSCT,
as well as characterize patients who would be at
high risk for GVHD, while currently this inter-
vention is considered to be very toxic (Davids
et al. 2016). Also, other subsets may be suitable
as biomarkers to predict clinical efficacy. Given
the potential impact of sorafenib on post-HSCT
outcomes through the induction of IL15 (Mathew
et al. 2018), additional immune subsets associat-
ing with improved leukemia control need to be
identified. In another study, high baseline fre-
quencies of peripheral blood dendritic cells (DC)
correlated with a clinical response to high-dose
IL-2 (Finkelstein et al. 2010). These data empha-
size the importance of DC in endogenous and
therapy-induced antitumor immunity and
arguably warrant the incorporation of DC
markers in immune-monitoring panels.
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Taken together, a variety of specialized sub-
sets may have potential as predictive markers for
clinical efficacy, but they require more sophisti-
cated staining protocols, making more cumber-
some staining techniques less broadly applicable
for harmonized panels across centers or in multi-
center clinical trials. Furthermore, it is important
to note that trials using whole blood assays may
produce different percentages of cell subsets
when compared with studies using PBMCs. The
same is true when comparing freshly isolated
PBMCs with biobanked material, which has been
subjected to freeze/thaw procedures that affect
expression levels of various markers. Even when
the same samples are collected, variations can be
introduced by the selection of antibody clones,
combination of clones and fluorochromes, and
the gating strategies. In sum, minimizing the
variability in sample handling and the pre-
analysis phase is critical for standardization.

10.4.2 Immune Monitoring:
Secretome Analyses

Measuring the production of cytokines, chemo-
kines, and growth factors and their profiles (i.e.,
the secretome) represents an integral part of
immunomonitoring during immunotherapeutic
treatments. These biomarkers may distinguish
diverse disease/response patterns, identify surro-
gate markers of efficacy, and provide additional
insight into the therapeutic mode of action.
Peripheral blood is often the only source for pro-
tein analysis, which may lack the sensitivity to
reflect local responses in affected tissues. As
examples, proteins, such as interleukin-6,
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), hepatocyte growth factor (HGF),
ST2 (suppressor of tumorigenicity), and soluble
IL-2a, have been suggested as potential biomark-
ers for GVHD, whereas increased levels of TNF-a
and IL-6 are associated with robust immune
responses to viral reactivation (de Koning et al.
2016).

The most commonly used methods to identify
these markers include antibody-based ELISA or

multiplex platforms, such as protein microarrays,
liquid chromatography-mass spectrometry (LC-
MS), electro-chemiluminescence, and bead-
based multiplex immunoassays (MIA). Again,
different technologies and reagents (e.g., anti-
bodies and recombinants for standard curves)
may lead to different concentrations and dramatic
variability in results, depending on how the pre-
analytic samples are handled (e.g., differences in
processing and storage, including duration of
storage). Cytokine levels differ considerably
between serum and plasma samples obtained
from the same donor, due to release of platelet-
associated molecules into serum. Moreover, the
type of anticoagulant used in plasma isolation
and time- and/or temperature-sensitive changes
need to be considered (Keustermans et al. 2013).
These phenomena underscore the need for exten-
sive documentation with respect to all biomarker
analysis before any conclusions can be made
when comparing patient cohorts treated at multi-
ple sites.

10.5 Summary

The failure or success of HSCT is significantly
impacted by the patient’s immune status.
However, only a minority of HSCT programs
systematically consider individualized drug
monitoring during conditioning, graft design, and
immune monitoring as key for patient surveil-
lance, in order to maximally control and cap-
ture essential details of the intervention
HSCT. Therefore, guidelines are needed to fur-
ther harmonize the procedure HSCT as well as
standardized immune monitoring to allow for
distillation of key features for success and failure.
First, careful recommendations for individual-
ized drug dosing as well as graft compositions
can be made based on available data sets.
However, it will be key to register within the new
cellular therapy registry of EBMT additional
details of drug dosages, graft compositions, as
well as immune reconstitution, to capture clinical
variations in programs, as well as defined immune
reconstitutions. This will enable a retrospective
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Table 10.2 Panels under consideration in the panel discussion of the CTIWP (Greco et al. 2018)?

General Advanced
Graft composition afT afTCR, CD45RO/RA, CD3, CD4, Intracellular cytokines
yoT CDg8, CD27 after PMA/ionomycin stimulation
Treg ySTCR, CD45RO/RA, CD3, CD27 Specific TCR by multimer
B CD45, CD4, CD25, CD127, FoxP3 approach
NK/NKT CD45, CD19, CD38, CD27,
1gM/G/D, CD21
CD45, CD3, CD56, TCRa24/811)
Cell phenotyping apT aPTCR, CD45RO/RA, CD3, CD4, Intracellular cytokines
pre- and post yo6T CD8, CD27 after PMA/ionomycin stimulation
transplantation Treg y8TCR, CD45RO/RA, CD3, CD27 Specific TCR by multimer
B CD45, CD4, CD25, CD127, FoxP3 approach
NK/NKT CD45, CD19, CD38, CD27, afTCR and ydTCR repertoire
DC/mono 1gM/G/D, CD21
CD45, CD3, CD56, TCRa24/811)
CDllc, HLA-DR, CD14, CDI16,
CDlc, CD141, CD303
Secretome - Multiplex panel (e.g., IL-7, ST2,
TNF-a, IL-6, HGF, IL-2R, IL-8,
GM-CSF, etc.)
Cell function - NK cell lyses
T cell proliferation upon antigens
and mitogens
B cell maturation
PK BU, FLU, ATG, Campath (if part of conditioning) Trial drug
MRD qPCR (targets expressed, flow cytometry) Next-generation sequencing
Viral load CMYV, EBV, HV6, adenovirus -

“General parameters that could be included in harmonized immune-monitoring protocols across most studies/centers
and advanced parameters that may be of great value in specific studies and that can only be performed in specialized

immunology labs or analyzed in a central laboratory

increase in insight into daily clinical practice, and
its impact on immune reconstitution, as well as
clinical outcome. Also, clinical trials should
adopt such consensus measurements.
Nevertheless, the markers and phenotypes stud-
ied in one setting may not be considered relevant
in another, supporting the definition of a set of
general recommended protocols and a set of add-
on trial-specific parameters (Table 10.2). A con-
sensus panel is currently prepared by the cellular
therapy and immunobiology working party
(CTIWP) of EBMT (Greco et al. 2018). A har-
monization procedure to achieve a more balanced
immune reconstitution might have a more pro-
found impact on patient survival than any other
novel maintenance therapy (Admiraal et al. 2017;
Boelens et al. 2018) and allow for a better suc-
cess rate for novel drugs tested as maintenance
therapy.

Key Points
e The failure or success of HCT is signifi-

cantly impacted by the patient’s immune
status.

Harmonizing individualized drug moni-
toring during conditioning, graft design,
and immune monitoring is key for
patient surveillance and needs to be reg-
istered within the new cellular therapy
registry of EBMT.

A harmonization procedure to achieve a
more balanced immune reconstitution
might have a more profound impact on
patient survival than any other novel
maintenance therapy and allow for a
better success rate for novel drugs tested
as maintenance therapy.
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