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ABSTRACT

Introduction

The conditioning regimen used in cord blood transplantation (CBT) may significantly
impact the outcomes. Variable pharmacokinetics (PK) of drugs used may further influence
outcome. Individualized dosing takes inter-patient differences in PK into account, tailoring
drug dose for each individual patient in order to reach optimal exposure. Dose individual-
ization may result in a better predictable regimen in terms of safety and efficacy, including

timely T cell reconstitution, which may result in improved survival chances.

Areas Covered

Conditioning regimens used in CBT varies significantly between and within centers. For
busulfan, individualized dosing with therapeutic drug monitoring has resulted in better
outcomes. Anti- thymocyte globulin (ATG), used to prevent rejection and GvHD, sig-
nificantly hampers early T-cell reconstitution (IR). Timely IR is crucial in preventing viral
reactivations and relapse. By individualizing ATG, IR is better predicted and may prevent

morbidity and mortality. Expert

Opinion

Individualization of agents used in the conditioning regimen in CBT has proven its added
value. Further fine-tuning, including new drugs and/or comprehensive models for all drugs,
may result in better predictable conditioning regimens. A predictable conditioning regimen
is also of interest/importance when studying adjuvant therapies, including immunothera-

pies (e.g. cellular vaccines or engineered T-cell) in a harmonized clinical trial design setting.
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INTRODUCTION

Allogeneic hematopoietic cell transplantation (HCT) can be a potentially curative treat-
ment option for a variety of diseases including leukemia, bone marrow failure (BMF),
inborn errors of metabolism (IEM), and primary immune deficiencies (PID). Its success
is limited by complications like graft-versus-host- disease (GvHD), rejection, relapse, and
(viral) infections. These complications can be serious threats to patients undergoing HCT,
hampering survival chances. Fortunately, over the last decades, many steps have been made
toward reducing mortality and morbidity; better HLA-typing, centralized care, monitor-
ing for infectious complications, and new agents in conditioning regimens and GvHD-
prevention became avail- able. Furthermore, the use of alternative stem-cell sources such as
unrelated (mismatched) donors, haplo-identical donors, and cord blood (CB) donors made
HCT available for almost all patients. As all these sources contain different number and
phenotypes of cells the optimal conditioning regiment may be different to enable the best
effect for each source of cells. Over the last decade, individualized dosing and therapeutic
drug monitoring (TDM) has been introduced in the field of HCT aiming to optimize the

outcomes.

Differences in pharmacokinetics (PK) of agents, which are part of the conditioning, can be
associated with variable myeloablation and immune suppression before and after CBT re-
sulting in different outcomes. By relating the exposure of these agents to clinical outcomes,
the most optimal exposures of each drug can be determined. Individualized dosing takes
inter-patient differences into account and tailors the drug dose for each individual patient
to optimal exposures. This may mediate a predictable regimen in terms of safety and ef-
ficacy. Also, immune reconstitution (IR), crucial in preventing relapse and viral reactivation
may be better predictable. Such a better predictable regimen may subsequently result in
improved survival chances. In the current paper, we reviewed literature on individualized
conditioning regimens in umbilical cord blood transplantation (CBT) aiming for better
predictable regimens in terms of safety and efficacy, including IR, to optimize the survival
chances after CBT.

Umbilical CBT

Umbilical CB was first introduced as an alternative stem-cell source in allogeneic HCT by
Gluckman et al. treating a patient with Fanconi anemia.' In the following decades, the use
of CB has significantly increased and is currently considered a good alternative cell source

when suitable HLA-identical related and unrelated donors are lacking.

Compared to the more traditional cell sources such as bone marrow (BM) or peripheral

blood stem cells (PBSC), the advantages of using CBT include the reduced incidence of
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GvHD,” while maintaining anti-leukemic effect.”® Due to banking and HLA-matching be-
fore storage, CB is promptly available donor, and less stringent HLA-matching criteria apply,
resulting in suitable donors for most patients.” Disadvantages include the lower nucleated
cell- and CD34+ cell dose/kg, which may lead to prolonged neutropenia (and associated
problems, including higher probability on graft failure), and the higher costs of a CB unit
compared to other stem-cell sources. Moreover, early T-cell reconstitution (i.e. within 3-12
months after transplantation) is suggested to be slower in UCB when compared to BM or
PBSC,* " leading to an increased incidence of viral reactivations associated with increased
transplant-related mortality. Despite this higher TRM in some reports, interestingly the
probability on overall and leukemia-free survival was similar to BM and PBSC, suggesting

a stronger graft-versus-leukemia effect.'* "

Clinical results: CBT versus other stem cell sources

Several studies have compared CBT to other donor cell sources for patients with hema-
tological malignancies and benign disorders. Unfortunately, well-designed randomized
controlled studies are lacking. Despite this, there is growing evidence of comparable results

for patients with malignant and benign disorders.

In benign disorders, the use of CBT is increasing, and in some diseases such as inborn
errors of metabolism (IEM) and primary immune deficiencies (PID) is even becoming the
preferred HCT source. CBT allows for faster availability, which is of utmost importance for
certain life-threatening rapidly progressive dis- eases (e.g. PID, metabolic disorders) and
avoids invasive procedures for donors. In Hurler’s disease (MPS-1), Boelens et al. showed
that patients receiving a CBT, matched sibling donor (MSD) or matched unrelated donor
(MUD) transplant had similar event-free survival (EFS) probabilities.”” While EFS was
lower in 4/6 HLA-matched CBT with low cell dose, those with high cell dose had similar
EFS probability as either 5 or 6/6 matched units. Those with a mismatched MUD had in-
ferior survival probability. Interestingly, full donor chimerism and normal enzyme levels
after HCT were significantly more frequent in patients with CBT, despite similar busulfan
(Bu)-based myeloablative conditioning. For PID (severe combined immune deficiency), Pai
et al. reported on a cohort of children receiving a HCT.' Survival was highest among those

with a MSD, while other stem-cell sources including CBT perform comparably.

For patients with hematological malignancies both in a myeloablative and non-mye-
loablative setting, the use of CBT is a valuable alternative source of HCT when a suitable
donor is lacking, as several studies found similar probabilities on overall and leukemia-free
survival.»'>'*'” In studies by Rocha, Laughlin, and Eapen, all comparing donor sources in
patients with leukemia, relapse rates in CBT were lower or comparable to BM and PBSC.

Transplant-related mortality in the more historical studies was higher after CBT, which
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partly may be associated to lower cell dosed CB units as this appears to be a predictor
for worse clinical outcomes.>" An interesting and important observation in these cells
source comparison studies are that lower chronic GvHD is reported in the CB group.
This is important, as the complication is associated with substantial lower quality of life.
Nowadays, some centers regard CB to be the preferred cell source for patients at high risk
of relapse with or without minimal residual disease pre-transplant.”” This is supported
by the lower probability of relapse in majority of studies, even in very high-risk, MRD-
positive patients.”"” The less stringent HLA-matching resulting in more HLA-disparity®
may explain this lower probability of relapse observed in CBT when compared to MUD
and mismatched unrelated donors (MMUD). Also, a recent report showed that CB T cells
mediate stronger anti-leukemic activity compared to adult cells.”’ In addition, novel donor
CB selection strategies based on non-maternal inherited antigen (NIMA)*' and/or numbers
of predicted indirectly recognizable HLA epitopes (PIRCHES)” may further reduce the
risk of relapse after CBT. Over the last years haplo-identical transplantation has become a
popular and cheaper alternative cell source for patients lacking identical donors. Especially,
the post-HCT cyclophosphamide (Cy) strategy has become the alternative option of interest
for some centers. The early outcomes look promising but longer-term follow-up is needed
as well as comparison of early and late outcomes to other cell sources including CB. This

should also include chronic GYHD-free-EFS comparisons.

In summary, these landmark papers reviewed above showed that CBT can be considered as
an alternative cell source with similar estimated survival chances as HLA-identical related
and unrelated donors, for benign disorders and malignant indications for HCT. Important
to consider is that most studies included historical patients (treated >10 years ago), which
may have influenced the outcomes. Cell-dose selection criteria have improved outcome and
HLA-typing on high resolution, as well as selection for preferred mismatches (e.g. NIMA,
PIRCHES), may improve the outcomes of CBT as well. Moreover, further improvement may
be achieved by improving lymphocyte reconstitution, in particular T-cell reconstitution.

Unmet needs in CBT

The unmet needs in CBT, and likewise in HCT in general, include reduction of the short-
(e.g. viral disease, GvHD) and long-term toxicity (including chronic GvHD) of the proce-
dure as well as getting better disease control (efficacy). Most safety and efficacy problems are
associated with absence of timely and balanced IR (neutrophils and T-cell reconstitution),
which may even be more hampered after CBT; therefore, strategies aiming for predictable
T-cell IR may result in better survival chances. This may be achieved by individualization
of treatment, making a transformation from one-size-fits-all to tailored, individualized

transplantation.
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Neutrophil engraftment

Historically, engraftment was a major drawback of using CB as a stem-cell source. With
lower numbers of infused cells, both total nucleated cells (TNC) as well as CD34+ cells,
neutrophil engraftment was slower compared to BM or PBSC.*'*'*!” Advantages have been
made in improving engraftment, including a larger inventory of stored CB units. Nowadays,
the stored units contain higher numbers of TNC (and CD34+). Additionally, stimulation
of neutrophil proliferation with granulocyte colony-stimulating factor is routinely used
following CBT. These interventions have improved neutrophil engraftment following CBT
when compared to BM or PBSC. In more recent studies, where a lower limit of acceptable
cell dose/kg was taken into account, CBT performs comparably to other sources in terms of

engraftment, especially in children.'>'®

If a single unit is not containing sufficient number of cells, a strategy to overcome the limit-
ing cell dose is infusion of 2 CB units or combining a single CB unit with other cell source
graft: e.g. CD34+ selected haplo-identical cells (haplo-CB transplantation). These strategies
are mainly applied in the adult transplantation setting, where body weights are generally
higher compared to children. Both strategies rely on a higher number of infused TNC and/
or CD34+ to ensure early engraftment from one winning units (double cord) or initially
from the haplo-donor (haplo-cord), followed by gradually increasing single cord-blood
donor chimerism. In pediatrics and young adults, the use of double CB transplant gave
equal survival chances between single (with sufficiently high cell dose) and double-cord
transplants with a higher probability on acute GYHD 3-4 and chronic GvHD in the double
cord group.” Using these strategies, steps have been made to make CBT safer, aiming for
similar survival chances as after related or unrelated donor transplantation.”** More re-
cently, strategies such as the use of ex-vivo-expanded CD34+ cells have led to a significant
improvement in time to neutrophil engraftment.’"* Various strategies have been used, such
as Notch, StemRegenin- 1, and nicotinamide.”** Currently, various clinical trials are run-

ning and phase III randomized controlled studies are planned.

T-cell IR

With temporary absent or delayed reconstitution of the humoral immunity not being a ma-
jor obstacle in current clinical practice of CBT (also because this can be easily substituted),
restoration of cellular immunity is a significant hurdle. Delayed reconstitution of lymphoid

lineages, most importantly T cells, has been associated with inferior survival chances. Viral

36-38

reactivations™® and relapse of malignancy”””* both depend on adequate T-reconstitution

. . 19,42
and influences survival chances.*’

In most literature, CBT has been associated with delayed or very poor T-cell TR.>"'"**

Important to realize is that in these studies, anti-thymocyte globulin (ATG) was used
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frequently, which is suggested to be the main predictor influencing early T-cell reconstitu-
tion. Many reports are available showing a relationship between dosage and timing of ATG
and early T- cell IR.>***"* Relatively low exposure of ATG to the graft already leads to a
significant delay in T-cell IR while acute- GvHD was not influenced by exposure after CBT.
This suggests that exposure after graft infusion should be avoided in CBT.”If a patient lacks
early T-cell IR (no ability of peripheral expansion of the infused T cells), the IR needs to
come from thymic output which can take at least 6-9 months, but more likely up to several
years after transplant.* This leaves the patients vulnerable for viral reactivations and relapse.

More recently, several centers have omitted ATG (or other serotherapy) from the condition-
ing regimen in CBT. This strategy has been shown to be feasible in malignancies and is oc-
casionally used in primary immune deficiencies. Results from these studies show excellent
early T-cell IR, possibly even superior to BM or PBSC.'”'"*>*® Hiwarkar et al. compared viral
reactivations between cell sources: patients receiving CB without ATG in the condition-
ing showed lowest incidence of viral reactivation (cytomegalovirus, Epstein-Barr virus,
adenovirus), even lower than BM without ATG.*® Additionally, CB-derived T cells mediate
a more powerful anti-leukemic effect'’ and tumor responses compared to adult T cells.**"
A drawback of this strategy may be an increased incidence of GvHD. This was described in
other manuscript from same group, but this GYHD was mainly acute and not chronic and
did not influence TRM.* Although ATG exposure after transplantation did not influence
the probability of aGvHD (and significantly hampers CD4+ IR), sufficient exposure before
transplantation was associated with lower probability on aGvHD.’ Furthermore, not using
in vivo T-cell depletion of the host may also be a problem in immune- competent recipients
(e.g. BMF or IEM and hemoglobinopathies) in preventing rejection. Thus, by individual-
izing the dosing and timing of ATG before infusion of donor graft, the chances on aGvHD
and rejection may be reduced, while timely T-cell IR is promoted resulting in better survival
chances.

Currently used conditioning regimens and outcomes

In current daily practice, many conditioning regimens are used in allogeneic HCT, includ-
ing CBT-setting. Most of the regimens used in CBT were simple copies from regimens used
in transplantation using the conventional sources: related and unrelated BM or PBSC. The
huge variety of regimens makes comparisons between centers, and even between stem cell
sources, difficult as the conditioning regimen used can influence the outcomes. Further-
more, a conditioning regimen used for BM may not be optimal in CBT as the number of
cells and the phenotype of cells is different. The currently used conditioning regimens and
GvHD- prophylaxes in centers performing a substantial number of CBT’s on a yearly basis

. ,11,15,37,41,49~
are shown in Table 1.>11153741:49-59
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In adults, where the main indication is leukemia, most centers use a total body irradiation-
based conditioning, mostly combined with Cy and/or fludarabine (Flu). Other centers use
Bu-based conditioning.” In children, indications for CBT are more diverse; we focused on
conditioning regimens used in CBT for leukemia, PID and IEM. In general, most centers use
a chemotherapy-based conditioning for all indications, mostly Bu- or Flu-based. No center
uses the same conditioning in all pediatric indications, nor were the same conditioning
regimens for adults and children with the same indication. Historically, decision-making

was mainly based on expert opinion not on clear evidence.

While most patients received ATG containing regimens, nowadays most centers choose
not to use ATG or other serotherapy, such as alemtuzumab in CBT, neither in adults nor
children. The main reason for this is that exposure to the graft of ATG (and alemtuzumab)
significantly depletes the T cells in the CB-graft. Early T-cell reconstitution relies in the first
months mainly on peripheral expansion of the infused T cells. Therefore, over- exposure to
serotherapy may lead to delayed or absent T-cell reconstitution during the first 6-9 months
after CBT, making a patient at risk for viral reactivations and relapse. When serotherapy is
not part of the conditioning regimen, IR following CBT can result in a restoration of adap-
tive immunity within 2 months after transplantation.***" A drawback, however, of omitting
ATG is the higher incidence of acute GVHD as discussed above. Developing better balanced

individualized conditioning regimens is a current excitement in the field of HCT.

Interestingly, as mentioned above the choice of conditioning regimen over the last decades
was mostly expert opinion based. No solid evidence existed showing that one of condition-
ing regimens was superior to others. Most centers balance the necessity for intense condi-
tioning, which may be needed for disease control and myeloablation, with toxic effects, both
short term (e.g. GVHD, veno-occlusive disease, idiopathic pneumonia syndrome) and long
term (growth in children, endocrinopathies, fertility, chronic GvHD including bronchitis
obliterans). In this decision-making, possible inter-patient variability of PK is not taken
into account. As PK measures may also influence PD end- points, the outcomes may be op-
timized by studying the PK and PD in cohorts of patients to determine the optimal exposure
of each component of the conditioning regimen. Over the last decades, there has been an
increasing interest in pharmacological research in agents used in HCT (e.g. cyclosporine,
tacrolimus, ATG, Busulfan). With these findings, a more evidence- based decision can be
made on how to design the most optimal conditioning regimens (in term of exposure and

combination of agents), which may result in the best predictable outcomes.

Toward individualized conditioning

As mentioned above, it is well recognized that differences in conditioning regimen may

contribute to differences in out- come. Even within patients receiving the same condition-
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ing regimen with comparable doses, outcomes may not be the same, due to variability in PK
and PD of agents used in the conditioning (Figure 1). Variables such age, body size, organ
function, and concomitant medications can influence the PK profile resulting in variable

PD outcomes.***

From a pharmacological perspective, drug exposure (i.e. drug concentration over time),
rather than the drug dosing, is driving the effects. Many drugs used in the conditioning
regimens are dosed in mg/kg or mg/m2, assuming a linear increase in clearance with in-
creasing weight or body surface area, while this most often is untrue.” *® Also, other factors
potentially influencing PK such as renal function, obesity, or age are not taken into account.
As a consequence, using the same dose (expressed in mg/kg or mg/m?®) for all patients, a
vast variability in drug exposure is introduced, which may lead to under- or overdosing of
certain patients (Figure 1a). It would be preferable to adjust dosing, taking into account all
factors influencing PK and PD (i.e. individualized dosing), resulting in comparable drug
exposure and drug effects for all patients (Figure 1b). These individualized dosing regimens
may contribute to better predictable regimens in terms of safety and efficacy and in the

62,69,70

context of HCT also predictable IR which reflects safety and efficacy.

Concentration/
Dose Exposure Effects

Overdosing

Fixed
dosing : Optimal effects

Underdosing

Individualized Optimal effects
dosing

Figure 1. Schematic representation of fixed dosing (top row) and individualized dosing (bottom row). In fixed
dosing, most variability is found in concentration/ exposure and drug effects, leading to under- and overdosing
in a part of the population. In individualized dosing, the variability is found in the dose, thereby accounting for
differences in PK, leading to more on-target exposure and drug effects. Adapted with permission from: Steeghs
N, Best Practice: TDM in oncology. Where there is evidence. Presented at the IATDMCT 2015 in Rotterdam,
the Netherlands
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To develop individualized dosing regimens, the PK and PD of a drug of interest needs to
be described in a population PK/ PD model. With the PK and PD described, dose can be
calculated to reach optimal effects, taking into account all factors influencing PK and PD.
To finalize, a proposed individualized dosing regimen should be prospectively validated to
assess its performance both in reaching optimal exposure and effects (Figure 2). Ultimately,
PK and PD of all components of the conditioning can be modeled in a multi-agent PKPD
model. As the individual components of the conditioning regimen can each have their own
optimal effect and can influence each other, modeling in a multi-agents model may even
further optimize drug efficacy and safety. Such a multi-agent PKPD modeling has so far not
been studied in the context of HCT.

TDM may further fine-tune the optimal drug exposure and is complementary to individual-
ized dosing. This may be of value when significant variability in drug exposure remains fol-
lowing implementation of an individualized dosing regimen due to unpredictable PK. TDM
can also be used without individualized dosing; however, substantial dosing adjustments
and the additional costs are drawbacks. Additionally, PK and optimal exposure need to be
described in order to perform TDM; therefore, the additional effort to design an individual-

ized dosing regimen is minimal.

| Model building >

Patients:
Samples

Building of Building of

PK-model PD-model
Outcome

/
p " Development Determining
ik acr Individualized therapeutic
Omcalina dosing window
< Clinical implementation ]

Figure 2. The development of individualized dosing. First, in the model-building phase, samples are collected
from the population of interest. Next, the PK and PD are described in this population. In the clinical imple-
mentation phase, using the PD-model, the therapeutic window is determined. Knowing the target exposure, the
optimal dosing is calculated using the PK-model. This optimal dosing is evaluated in prospective clinical trial,
potentially leading to a validated individualized dosing regimen.

219



220

Chapter 11

By individualizing the dose of all agents used in CB transplantation, the efficacy of the treat-
ment may be improved while reducing unwanted toxicity, which may result in improved
survival chances. A predictable conditioning is also of importance when harmonizing clini-
cal trial design, where various novel therapies or interventions can be better com- pared as

recently reviewed by an international consortium.”

Examples of individualized dosing in HCT

Although PK/PD modeling has been around for decades,”” implementation of PK/PD-based
individualized dosing regimens used prior to HCT including CBT, is scarce. This may have
been due to lack of communication between physicians and pharmacometricians (PK/PD
specialists), a difference in scope of research (i.e. more descriptive versus predictive models),
and little confidence in the advantages of individualized dosing by physicians. However, the
field of HCT has been a pioneer in the use of individualized dosing aiming to optimize the
survival chances.”****”>™ Currently, most centers target to trough levels of cyclosporin A
or tacrolimus in the context of GvHD prophylaxis and are using individualized Bu-dosing
with TDM to aim for optimal exposure.”>”® More recently, in some (inter)national studies a
newly developed individualized ATG regimen aiming for improved and predictable T-cell

IR was implemented.”*””’

Busulfan PK has been studied by several groups (adult and pediatric), which has led to sev-
eral PK-models, mainly developed in cohorts of infants and children but also in some adult
cohorts.***”*** The optimal therapeutic window has been established in multiple reports
75768182 (Bigure 3). This optimal exposure appears to be independent on cell source, match
grade, indication, and concomitant conditioning agents.””’® Although the optimal exposure
was similar among 1, 2, and 3 alkylators, patients receiving only Busulfan combined with
Flu had lowest toxicity and superior survival chances (due to lower toxicity: e.g. VOD,
GvHD, and IPS). The optimal cumulative target for Bu AUC,_, 4.ys was found to be 90 mg
h/L (equivalent to 5600 pmol min per day over 4 days), for all cell sources, including CB.

83-85

Although conflicting data are present,” " most (larger) studies including a meta-analyses
suggest that the outcomes may be further optimized by combining Bu with Flu rather than
with Cy and/or melphalan, mainly by reducing toxicity.”*’***® For a definite answer, best

would be to study individualized dosing regimens in randomized controlled trials.

To better predict the T-cell IR, some groups have described the PK and PD of ATG (Thymo-
globulin®).”**¥"” From these PK models we have learned that dosing should be dependent
on bodyweight as well as on the lymphocyte count prior to ATG, as these determine ATG
clearance.” Variations in levels of ATG or exposure to ATG before and after HCT were
associated with various outcomes, such as CD4+ IR, TRM, relapse, and GvHD.****"*> Most

studies investigated concentrations at single time points as a predictor of outcome rather
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Figure 3. Weibull model of busulfan exposure in relation to EFS for all patients, showing the optimal exposure
to be between 80-100 mg*h/L. Solid and dashed blue lines: Weibull model with 95% confidence intervals. Red
dashed line: Kaplan Meier estimate. Reprinted from: Lalmohammed et al, Studying the Optimal Intravenous
Busulfan Exposure in Pediatric Allogeneic Hematopoietic Cell Transplantation (alloHCT) to Improve Clinical
Outcomes: A Multicenter Study, Biology of Blood and Marrow Transplantation 2015;21(2):S102-S103, with
permission from Elsevier.

than total exposure (before and/or after HCT), making some reports hard to interpret. In
the largest report in children, high exposure to ATG after transplantation was associated
with lower chances on timely CD4+ IR (defined as twice over 50 x 10° per liter within
100 days after CBT: found to be the best predictor for outcomes), which was associated
with lower survival and higher TRM and relapse rates’ (Figure 4). Of note, in CBT even
very low exposure of ATG after transplantation results in poor or even absent T-cell re-
constitution during the first 6-9 months after transplantation (Figure 5), while omitting
ATG results in very fast CD4+ IR as described by various groups.”**** Furthermore, the
incidence of GvHD and rejection was mainly influenced by sufficient ATG exposure before
infusion of the graft, not after. Taking these observations into account, an individualized
dosing regimen was established, which is currently being investigated in a prospective study
(PARACHUTE- trial; Dutch Trial Register identifier NTR4960).

Taken together, the therapeutic windows of Busulfan and ATG are narrow and critical.
Dose individualization appears to be essential for reaching optimal drug exposure. This may
result in a better predictable conditioning regimen in terms of safety and efficacy associated

with better survival chances.
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Figure 4. Chance of successful reconstitution, incidence of acute graft-versus-host disease, and overall survival
(A) Successful CD4+ T-cell reconstitution before day 100, defined as twice > 50 x 106/L (red 0’s) and grade 2-4
acute GVHD (blue I's) versus AUC of active ATG after HCT. The logistic regression lines show the chance of
successful reconstitution versus the AUC after HCT (red line) and the chance of developing acute GvHD of at
least grade 2 versus the AUC after HCT (blue line). Every I or O represents a patient with their respective AUC
after HCT (x axis) and whether they had an event (y axis, either yes [1; top] or no [0; bottom]). Therefore, the
patient with an AUC after HCT of 480 AU x day/mL had no immune reconstitution and no GvHD. (B) Kaplan-
Meier survival curve of overall survival according to successful CD4+ T-cell immune reconstitution. Reprinted
from: Lancet Haematology, Volume 2, Issue 5, Admiraal et al, e194-e203. Copyright (2014), with permission
from Elsevier.

Future of CBT

The two most important upcoming developments in the field of CBT are designing condi-
tioning regimens that better predict early CD4+ IR and CB-based adjuvant cellular therapies.
A predictable CD4+ IR is essential for an optimal effect of adjuvant cellular therapies, such
as cell vaccines. In addition, new indications for CB therapy are being explored, including
cerebral palsy and hypoxic ischemic brain injury: promising results have been reported for

these new indications.”>*

Predictable early T-cell IR

As described above, there is apparently a delicate balance present between ATG (or other
serotherapy: e.g. Campath) in CBT and prevention of GvHD and graft failure on one side,
and T-cell IR on the other. Omitting ATG may be feasible in heavily chemotherapy pre-
treated or immune-compromised patients (leukemia’s, primary immune deficiencies) but is
associated with higher probability on severe acute GvHD, but not chronic GYHD or TRM.”’
Adding ATG to the conditioning may lead to delayed or absent early CD4+ IR by peripheral
expansion, due to too high exposure of ATG after CBT.
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Our group has worked on describing the PK and PD of ATG, the most commonly used
drug for serotherapy in the Netherlands, in order to develop an evidence-based, individual-
ized dosing regimen (see also Section 7). With this regimen, dosing and starting day can
be chosen for each patient to ensure optimal ATG exposure before (and after) CBT. This
individualized regimen has the advantages of sufficient recipient T-cell depletion and other
immune cells with targets for antibodies in the ATG (e.g. antigen presenting cells) for the
prevention of GVHD and graft failure, while exposure to ATG after infusion of cells is very
low to prevent (too deep) T-cell depletion. When used in this individualized way, both early
and late CD4+ IR following CBT will be at least similar (Figure 5), but probably better than
BM or PBSC transplants as suggested by various groups.”**** The normal functionality of
these cells is shown in some cell source comparison studies for probability on viral reactiva-
tion and relapse.”**® Currently, a prospective clinical trial is recruiting in the Netherlands,
investigating individualized ATG compared to historical fixed-dose ATG (see above). The
primary end- point is achieving CD4+ IR within 100 days.

More recently we initiated research into Flu, a purine analogue used commonly next to Bu
in CBT conditioning. Flu inter- acts with lymphocyte proliferation; therefore, exposure to
Flu may play a role in T-cell IR.””* The project is aimed at describing the population PK and

PD of Flu in order to derive individualized dosing nomograms.

With the PK and PD of Bu, Flu and ATG described, a conditioning platform consisting of
individualized drugs will be available. As a final step, a comprehensive model, integrating all

agents, combined with patient and donor variables, will give a fully predictable and adjust-
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Figure 5. CD4+ T-cell reconstitution and overall survival according to area under the curve after haemopoietic
stem cell transplantation by stem cell source. The effect of AUC of ATG after HCT on immune reconstitution
in all patients (A), those who received cord blood transplants (B) and those who received bone marrow and
peripheral blood stem cell transplants (C). Reprinted from: Lancet Haematology, Volume 2, Issue 5, Admiraal
et al, e194-e203. Copyright (2014), with permission from Elsevier.
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able Bu-Flu-ATG backbone. Designing a platform that is predictable with regards to safety
and toxicity (including CD4+ IR) is essential also in the context of harmonized clinical trial

design to study effect of novel interventions such as adjuvant immunotherapies.”

Targeted therapies, including adjuvant cellular therapies, after CBT

Targeted therapies, including adjuvant cellular therapies, given post-transplantation, are
strategies being used and developed to get better disease control in patients receiving
a HCT, including CBT for malignant disease as this remains an unmet need for certain
indications. For a very selected group of patients, those with Philadelphia-positive ALL or
CML, targeted small molecule therapies with tyrosine kinase inhibitors (TKI: e.g. imatinib,
dasatinib) are given after HCT aiming to prevent disease relapse.” More kinase inhibitors,
when identified to have a role in the biology of leukemia and lymphoma, may be used post-
HCT in future. Currently, no CB specific studies are known. Regarding cellular therapies,
historically (and still in some protocols) unmanipulated lymphocyte infusions are given,
while nowadays also more specific cell therapies are being developed, such as engineered T

cells and cellular vaccines.

As relapse remains the main obstacle even after potentially curative HCT, novel combi-
national immunotherapeutic strategies are being developed aiming at preventing relapse
after HCT. Currently, the most widely used type of additional immunotherapy combined
with allogeneic HCT is donor lymphocyte infusion, where alloreactive T cells may help to
eradicate residual tumor cells. Unfortunately, this ‘non-specific’ strategy suffers from severe

100

toxic side effects, such as GVHD. ™ Other approaches aim to increase innate or adaptive an-

titumor responses by transferring ex vivo-generated cells, such as chimeric antigen receptor
(CAR)-modified tumor-specific cytotoxic T lymphocytes (CTL) or natural killer cells."”*'”
Although initial results seem promising, these procedures are often time-consuming (up
to months) and may have limitations, such as HLA-restriction and uncertain functionality.
Additionally, there is a highly variable induction of immunological memory upon transfer
in the patient, which may restrict the broad eligibility of these treatments. Although CAR
modified T cells looks promising, at least on the short term, several drawback, such as
(life)-long B-cell lymphopenia in CAR T cells against CD19. Also, duration of effect, which

may reflect the life span of these engineered T cells, remains unclear.

Another intriguing option is development of cell vaccines: increased antigen presentation
provided by a DC-vaccine combined with the intrinsic increased proliferative capacity of
the grafted CB cells may result in fast differentiation and proliferation of tumor-specific
CTL early after CBT.'"®®'”” This early and mass expansion of tumor-specific CTL may subse-
quently result in clearance of minimal residual disease and prevention of relapses in cancer

patients. Naive CB-T cells display exceptional proliferative capacities, suggesting that ef-
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ficient priming of these cells using a tumor-specific DC- vaccine will provide powerful
antitumor activity. This may result in clearance of, and long-term immunological memory
against, tumor cells. That CB T cells mediates a stronger anti-leukemic activity compared to

adult cells was recently shown in a study by Hiwarkar et al."?

For all these adjuvant immunotherapies, predictable T-cell IR is essential as the effect relies
on absence of circulation ATG but also on presence of adequate number of T cells to medi-
ate the desired antitumor effect.

CONCLUSION

CB is an emerging alternative cell source. In historical, mainly registry studies CB showed
similar probabilities on survival compared to MUD, MMUD, and in some studies even
compared to MSD transplantation. Some of the disadvantages such as prolonged neutrophil
and platelet reconstitution have been overcome using higher cell-dosed units, double-cord
transplants and more recently with expanded CB products. Furthermore, individualization
of Bu has influenced donor-cell engraftment, relapse, and limited toxicity. More recently,
the significant influence of exposure of ATG after CBT on T-reconstitution was recognized,
while expo- sure before transplantation appears to be important in the prevention of rejec-
tion and GvHD. Naive T cells from CB have been recognized to mediate powerful antiviral
and anti-leukemic properties early after transplantation. To get the most potent effect,
individualizing ATG dosing to improve T-cell IR after transplantation seems to be essential.
Although a variety of regiments have been used, it seems that individualized ATG-Bu-Flu
backbone used for CBT suggests being associated with the best predictable outcomes. Dose
individualization is essential to optimize the effects. A predictable conditioning backbone is
also essential for studying the effect of future adjuvant immune therapies or new agents to
get better disease control, within a harmonized clinical trial setting (Figure 6).

Expert opinion

Outcomes of CBT are reported to be highly variable. In addition to variables such as cell
dose, underlying disease, co-morbidities of the patients, the conditioning regimen used is
recognized to impact the outcomes. Furthermore, differences in PK can be associated with
variable myeloablation and immune suppression before and after CBT. Dose individual-
ization of agents used in the conditioning regimen in CBT has proven its added value in
terms of enhancing safety and efficacy. Further fine-tuning of individualized conditioning
regimens, including all used agents and/or finding the optimal combination of agents, may
result in better predictable conditioning regimens in terms of safety and efficacy including

predictable T-cell IR. Furthermore, such a predictable conditioning regimen in CBT in the
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Figure 6. Summarizing figure showing the implications of individualized dosing in the conditioning of hema-
topoietic cell transplantation.

context of harmonized clinical- trial design is also of interest/importance to study the ef-
fect of adjuvant immunotherapies on CBT platforms, such as cellular vaccines, engineered

T-cell therapies.

Currently, a large number of conditioning regimens are being used in allogeneic CBT.
Besides differences in choice of drugs, the actual drug exposure varies due to variability
in PK and PD between patients. The use of regular dosing regimens, with a linear increase
in dose with body weight (mg/kg) or body surface area (mg/m?) leads to a highly variable
expo- sure, with some patients being under- or overdosed. By using individualized dosing
regimens, this variability in PK and PD is accounted for, resulting in more patients reaching
optimal drug exposure and thereby drug effects.

While this may have major implications for patient care, research in comparing drugs or

drug doses may also be impaired due to a skewed distribution in PK or PD.

An individualized dosing regimen is available and being used in clinical care for Bu.”
Additionally, exposure of ATG before and after HCT has shown to have impact on the
outcomes. Individualized dosing regimen for ATG seems, there- fore, crucial to influence
the outcomes. To our best knowledge, these are the only drugs used in the conditioning
regimen in allogeneic HCT for which individualized dosing regimens are available. How-

ever, efforts have been made to characterize the PK and PD of other drugs used including
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Flu,”"" treosulfan® and Cy,"" which however did not yet result in practical guidelines or

dosing recommendations.

There are however some hurdles in designing individualized drug dosing. As described
above, the development of a dosing regimen includes describing drug PK and PD. In terms
of PK, blood needs to be collected to determine drug concentration levels, finally resulting
in a population PK model. Besides the possible logistical issues, collecting blood samples
and accurate documentation of taking these samples, is a challenge in a pediatric setting,
where observational studies are difficult due to ethical constraints. On the other hand,
describing the PD and determination of the therapeutic window, that is the target exposure
poses most challenges. This is especially true for drugs with effects for which no direct bio-
marker is available, or is also being influenced by concomitant medication (e.g. lymphocyte
counts for ATG and Flu). Additionally, in drugs where the time between drug exposure and
clinical effect is large (i.e. hysteresis), for instance incidence of relapse following clofarabine

as conditioning, the exposure-effect relationship is hard to estimate.

Currently, cost effectiveness is playing an increasingly larger role in healthcare decision-
making. In this perspective, we hypothesize that dose individualization may be quite cost-
effective, especially in the field of HCT/CBT where all complications are very costly (e.g.
treatment of GvHD, expensive anti- viral drugs, VOD, graft failure).”*""> Additionally, the

costs of the development of individualized dosing regimens are relatively low.

In the last years, dose individualization has proven its added value in terms of enhancing
safety and efficacy. In the coming years, we expect to see more individualized dosing regimens
emerging in the field of CBT, especially in pediatric transplantations, where differences in PK
are major. In our view, we need fully individualized conditioning regimens including all drugs
used. This way, outcome will be predictable and adjustable based on individual patients’ needs.
Additionally, other drugs used in CBT may need individualization as well, including GvHD-
prophylaxis and the treatment and prophylaxis for infectious diseases. Finally, the currently
available models may be further sophisticated, describing not only PK or PD, but rather the
complete spectrum of drug treatment, including dose, PK, biomarker response, clinical ef-
ficacy, and toxicity in one comprehensive model. We expect development and implementation
of individualized dosing to take place in the next 10 years, thereby improving the knowledge
and efficacy of clinical drug therapy, and improving clinical outcome following CBT. With
individualized dosing, unwanted variability in drug exposure will be reduced, leading to pre-
dictable, adjustable, and improved outcome of CBT (Figure 6). Such a predictable conditioning
regimen can also be used as a transplantation platform in the context of harmonized clinical
trial design to study the effects of adjuvant therapies: for example concomitant chemotherapy

in conditioning or adjuvant immunotherapies.
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