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Abstract: Unrelated umbilical cord blood transplantation (UCBT) exhibits a low risk of graft-versus-host-
disease (GvHD) and has unique potent anti-virus and anti-leukemia effects. Anti-thymocyte globulin (ATG)
in the conditioning regimen for UCBT is successful in reducing graft rejection and GvHD. Nevertheless,
this beneficial effect of AT'G coincides with its detrimental effect on immune reconstitution. The latter
directly relates to a high incidence of viral infections and leukemia relapses. AT'G has been used in transplant
patients for over 30 years. In recent years, the knowledge on the mechanisms of action of ATG and its
implementation in the UCBT setting has increased dramatically. Important data became available showing
the highly variable pharmacokinetics (PK) of ATG and its consequence on outcome measures. Here, we
review the effects of ATG on immune reconstitution and subsequent outcomes after UCBT, and describe
the mechanisms causing these effects. We highlight the importance of optimizing ATG exposure before and
after UCBT and discuss strategies to maintain the ‘good’ and overcome the ‘bad and ugly’ effects of AT'G on
UCBT outcome.
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Introduction with higher infection probability, relapse incidence, and

Anti-thymocyte globulin (ATG) was implemented in the subsequent lower survival chances. In the late 1980’ (1),

conditioning regimen in the early 1980 to overcome the
incidences of graft rejection and graft-versus-host-disease

unrelated umbilical cord blood (CB) was introduced as an
alternative cell source for allogeneic hematopoietic (stem)

(GvHD) that were observed after transplantation with cell transplantation (HCT) with important advantages.

bone marrow (BM) or peripheral blood stem cells (PBSC)
(1-4). It however became apparent that conditioning
with ATG severely affects immune reconstitution (IR)
(5-10). Especially, T-cell IR may be delayed or even
absent in patients receiving AT G, which is associated
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Unfortunately, in patients receiving unrelated umbilical cord
blood transplantation (UCBT) an even more prominent
AT'G-dependent delay in T-cell IR was observed (10).
However, in absence of ATG the IR (CD4+) potential of

CB is as good as, or even better than, conventional stem cell
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sources (6,10-13), in pediatric cohorts. The AT'G-induced
delay in T-cell recovery thus limits the full potential of
UCBT; either omitting AT'G or using individualized dosing
strategies may drastically improve UCBT outcome.

Nowadays, multiple formulations for ATG are
available. AT'G is either horse or rabbit derived, and can
be produced using lymphocytes (Jurkat cells or whole
thymus tissue). Several brands of AT'G are on the market:
Thymoglobulin® (rabbit derived, whole thymus, Sanofi-
Genzyme), ATG-Fresenius® (rabbit derived, Jurkat cells,
Fresenius/Neovi) and ATGAM® (equine, lymphocytes,
Pfizer). In line with their differences in production, the
different products differ in terms of pharmacokinetics
(PK) and pharmacodynamics (PD); they require different
dosing schemes. Thymoglobulin® is most frequently used
in UCBT and, therefore, most knowledge on effects and
mechanisms is available for this formulation. Throughout
this review, AT'G should be read as Thymoglobulin unless
specified otherwise.

We will review the advantageous and adverse effects of
ATG on outcomes and immune reconstitution after UCBT,
and describe the mechanisms that are at play (Figure I).
Furthermore, we discuss what strategies can be used for
future AT'G conditioning; aimed at lowering GvHD and
graft rejection risk, while optimally utilizing the potent
T-cell recovery after UCBT.

The good; decreasing adverse alloreactive
events after HCT

Why ATG was implemented in UCBT

One of the advantages of using CB as a cell source is that
less stringent matching for human leukocyte antigens
(HLA) is permitted, without increased probability of acute
and chronic GvHD (aGvHD and ¢cGvHD, respectively),
compared to BM (14). This makes CB an interesting
cell source, as for almost all pediatric patients a “well-
matched” and adequately cell-dosed CB-graft can be
selected. For adults and heavier weighted patients there can
be more mismatches. Due to usually lower cell dose/kg,
transplantation with two CB-units (double-cord) (15),
or ex vivo expansion-strategies are available to obtain
grafts containing enough cells for transplantation; such as
nicotinamide (e.g., NiCord) (16), Deltal Notch ligand (17),
co-culture with mesenchymal-cells (e.g., Mesoblast) (18),
aryl hydrocarbon receptor antagonist StemRegenin
1 (SR1, e.g., HSC835) (19), and the copper chelator
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tetraethylenepentamine (e.g., TEPA; StemEx) (20).
However, even in a well-matched setting, graft rejection
and GvHD incidences can be significant. To prevent
adverse allogeneic reactions, ATG was implemented in the
conditioning of UCBT, aiming for iz vivo T-cell depletion
of host cells (to prevent rejection) or donor cells (to prevent
GvHD).

As ATG is a polyclonal antibody, it targets a large
variety of antigens expressed on many immune cells, but
also endothelial cells (21). ATG depletes immune cells
either through direct apoptosis via the Fas/FasL pathway
(22-24) or indirect cytotoxicity. The latter results from
ATG binding to target cells and subsequent complement
activation (complement-dependent-cytotoxicity; CDC),
killing by natural killer (NK)-cells or granulocytes
(antibody-dependent-cell-cytotoxicity; ADCC), or
phagocytosis by monocytes and macrophages (antibody-
dependent-cellular-phagocytosis; ADCP) (24,25). In
addition to these cytotoxic properties, AT'G can interfere
with the function of B-cells, T-cells, natural killer-T-cells,
and dendritic cells (DCs) (24). Notably, ATG exerts specific
regulatory mechanisms by stimulating the development of
regulatory T-cells (26-28), as well as the development of
tolerogenic DCs (29). These provide other mechanisms by
which ATG reduces GvHD risk. AT'G also interferes with
priming of allogeneic T-cells against patient-antigens, due
to disruption of the T-cell - antigen-presenting-cell (APC)
synapse (30). The latter reduces the chance of GvHD, as
GvHD occurs when T-cells from an allogeneic graft are
primed with patient-antigens by APCs.

Effects of ATG dosage on risk of graft rejection and GvHD

Most data on the effect of AT'G on graft rejection and
GvHD are available from BMT and PBSCT studies,
mostly in adults. Early studies in BMT, PBSCT, and
UCBT introduced conditioning with AT'G at high dosages
ranging from 7.5 to 20 mg/kg for Thymoglobulin or 30 to
60 mg/kg AT'G-Fresenius. These studies not only reported
decreased graft rejection, but also lower GvHD rates
(31-34). Overall, conditioning with AT'G appears to impact
c¢GvHD more than aGvHD (31-34), but was associated
with high rates of viral infection complications, and relapse
(after myeloablative HCT). The severe toxicity observed
in patients receiving these higher AT'G dosages led to the
use of lower doses of 4.5 to 10 mg/kg, and even 2.5 mg/kg,
of Thymoglobulin, which still potently decreased both
aGvHD and ¢cGvHD (1-3,35). These studies indicate that
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UCBT

pre-UCBT

ATG-exposure

conditioning

“The good”

Clinical effects of pre-UCBT ATG:
- reduce graft rejection risk
- reduce GvHD risk

Mechanisms:

- in vivo patient T-cell depletion

- induction regulatory T-cells

- induction tolerogenic DCs

- interfere with allogeneic T-cells priming

post-UCBT

immune-reconstitution

“The bad and ugly”

Clinical effects of post-UCBT ATG:
- delay T-cell reconstitution
- decrease TCR-diversity

Mechanisms:
- in vivo graft T-cell depletion;

reduce homeostatic peripheral expansion
- cytotoxic effect on thymus cells;

reduce thymopoiesis

Figure 1 How ATG exposure before and after UCBT affects immune reconstitution and outcome. AT'G, anti-thymocyte globulin; UCBT,

unrelated cord blood transplantation.

all these regimens may be effective to a certain extent, but
no clear survival advantages have been reported. A reason
for this may be a highly variable exposure to AT'G between
individuals, due to variables influencing the pharmacokinetic
profile. Until very recent, no PK and PD analyses were
done to identify the optimal therapeutic window of ATG.

The effect of ATG exposure before and after

transplantation on graft-versus-host disease risk

Our group recently performed in-depth PK and PD analyses
of AT'G in pediatric and adult patients in myeloablative and
non-myeloablative conditioning using various cell sources.
Interestingly, in the myeloablative setting we found that not
the AT'G exposure after transplantation, but the exposure
before HCT predicted the probability of developing
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GvHD (10). ATG exposure after transplantation
significantly impacted immune reconstitution and overall
survival chances. The optimal area under the curve (AUC)
before graft infusion was at least 40 active AT G-units
x day/mL (10). Patients with this high exposure before
either BMT or UCBT showed a lower probability of acute
and chronic GvHD as well as lower rejection probability.
In addition, Admiraal et a/. evaluated the effect of ATG
exposure after UCBT on the incidence of GvHD (11).
This study showed that GvHD grade 2—-4 probability is
not impacted by ATG exposure after UCBT (11). These
findings could imply that iz vive graft T-cell depletion by
ATG exposure after transplantation might not be the most
important factor in decreasing GvHD risk. We hypothesize
that ATG exposure before transplantation induces
suppression of host APCs (29,36), with possible depletion of
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these cells. As host APCs are shown to be most important
to induce severe GvHD (37), suppression of these cells is
pivotal to reduce GvHD risk. More research is, however,
important to verify the effect of pre-HCT ATG exposure
on lowering GvHD risk in other cohorts as well.

The bad and ugly; delaying T-cell recovery and
ruining the unique properties of CB T-cells

ATG impacts immune reconstitution after HCT

Although conditioning with AT'G resulted in decreased
incidence of GvHD and graft rejection, overall survival
chances were not improved after either BM'T, PBSCT,
or UCBT (7,31,38-42). This was due to an increased
incidence of lethal infections, such as viral reactivations,
which was pronounced in patients receiving high ATG
doses (7,31,38,39,41). In addition, high AT'G exposure after
transplantation was related to increased relapse risk, in
non-myeloablative HCT (43,44), but not in myeloablative
HCT in adults (45-47). After myeloablative conditioning in
pediatric BM or CB transplantation high exposure of ATG
was associated with more relapse in AML patients (10).
As adequate T-cell reconstitution is crucial to prevent viral
reactivations (7,48,49) and relapse of disease (10,50-52),
delayed T-cell recovery (5-10), caused by high ATG
exposure after transplantation (7,10,11), thus highly
influences survival chances after UCBT (9,10,53).

The in vivo depletion of graft T-cells by AT'G exposure
after UCBT is the most important reason for the delayed
T-cell recovery. In the first months after transplantation,
"T-cell reconstitution is primarily dependent on homeostatic
peripheral expansion (HPE) of graft T-cells. Depletion of
graft T-cells by AT'G thus severely hampers HPE. It is only
after at least 6 months, or even years, until thymopoiesis
contributes to T-cell recovery. The recovery of other
immune subsets, such as NK-cells, B-cells, monocytes,
granulocytes, and DCs, is less affected by ATG than
T-cell recovery (5-10), despite that they also contain ATG
epitopes (21). This may be due to the fact that recovery of
these cells depends merely on direct BM differentiation
and not on HPE like T-cells. As mentioned, when ATG
is not part of the conditioning regimen, CB T-cell
reconstitution is excellent, harboring unique anti-viral and
anti-tumor properties. Usually within 1-2 months after
UCBT hundreds of T-cells/pL. are present (6,54). These
T-cells also have proven to be functional as suggested by
the lower incidence of viral reactivations compared to other
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cell sources (6,48,55), as well as lower incidence of relapse
(50,56,57).

Residual ATG exposure after transplantation affects T-cell
recovery after CB more than after BM transplantation

Compared to BMT or PBSCT, UCBT has been associated
with a delayed and poor T-cell reconstitution (10,13,58-60).
However, AT'G was frequently used in these studies. We
recently compared T-cell recovery in patients with different
ATG exposure levels after UCBT and BMT/PBSCT (10).
The probability of T-cell IR (>50x10° CD4+ T-cells/L
blood within 100 days) was decreased even in the lowest
ATG exposure group after UCBT, while only the highest
ATG exposure group after BMT/PBSCT had poor T-cell
IR (10). However, without AT'G exposure, or with very low
exposure, T-cell reconstitution after UCBT is at least as
fast as BMT/PBSCT (5,6,59,60), or even faster (Figure 2).
These findings indicate that delayed T-cell reconstitution
reported after UCBT compared to BMT/PBSCT is
explained by the fact that AT G more severely impacts T-cell
recovery after UCBT. Our group is currently investigating
what factors explain this higher effect on UCBT T-cell
reconstitution by AT'G exposure after transplantation.

The unique features of T-cells recovering after CB
transplantation

Overcoming the detrimental effects of ATG on T-cell
recovery is especially important to exploit the full potential
of T-cell immunity after UCBT. Without ATG, the
vastly naive T-cells from the infused CB-graft show early
expansion, with a rapid shift towards the central memory
phenotype (6). Upon exposure to viruses, these CB-derived
T-cells can be primed to become functional virus-specific
T-cells as soon as 5-6 weeks after UCBT, able to resolve
the viral infection/reactivation (6,55). This rapid ability to
become antigen-specific may play a role in the low relapse
rates observed in patients transplanted with CB compared to
volunteer unrelated donors for a hematopoietic malignancy
(50,56). Also in ex vivo models CB T-cells have a more
powerful anti-leukemia function compared to PB T-cells (61).
CB T-cells showed prompt induction of high IFNy-
producing CD8+ and CD4+ T-helper 1 T-cells, with rapid
and functional tumor infiltration, which was significantly
higher than PB T-cells (61). In addition, within two years
after UCBT, a higher T-cell receptor (T'CR)-diversity can
be found compared to BMT (62). Early T-cell recovery

Stem Cell Investig 2017;4:38



Stem Cell Investigation, 2017

Cord blood
1.0 7 91%+3%
0.8
c
K}
]
g 067 52%=10%
[e}
3
T 04—
g 38%:+8%
(@]
0.2
0.0
I T T | | I
0 20 40 60 80 100
Time (days)
— 22 41 17 10 6 5
— 23 18 15 13 11 11
— 39 35 29 25 24 24
— 14 14 14 13 12 12

Page 5 of 11
Bone marrow/PBSC
1.0 | — <10 AU x day/mL
——10-20 AU x day/mL
——10-100 AU x day/mL 86%8%
0.8 - —>100 AU x day/mL
' 83%4%

s }
E 70%+11%
2 06
(2]
c
o
3
pe 04 P |
5
<
a
&)

0.2

52%+8%

0.0
T T T T T T
0 20 40 60 80 100
Time (days)
—_— 22 22 10 5 4 3
— 16 16 7 4 4 4
— 82 82 38 19 13 12
— 40 40 32 22 19 18

Figure 2 Probability of CD4 T-cell recovery according to ATG exposure after transplantation. CD4 reconstitution is defined as having

>50x10° CD3+CD4+ cells/L in two consecutive measurements within 100 days after HCT. Groups are defined by transplant source: cord

blood (left), and bone marrow or peripheral blood stem cells (right). Exposure groups are based on AT'G exposure after HCT: <10 active
units (AU) x day/mL, 10-20 AU x day/mL, 10-100 AU x day/mL, and >100 AU x day/mL. Amounts of patients per time point after HCT,

per exposure group, are given. Patients’ characteristics and treatment protocol are as previously described (10). AT'G, anti-thymocyte

globulin; HCT, hematopoietic cell transplantation; PBSC, peripheral blood stem cells.

with high TCR-diversity is related to higher survival
chances (62,63). But to profit maximally from these unique
properties of CB-derived T-cells, it is of utmost importance
to optimize the ATG dosing aiming for either no or very
low ATG after UCBT.

Effects of different ATG formulations on T-cell
reconstitution and outcome

Different effects on immune reconstitution are observed
with use of different ATG formulations. Most of these
studies have been performed in BMT and PBSCT patients,
but are likely to apply to the UCBT setting as well. T-cell
recovery is significantly delayed in patients treated with
rabbit-ATG (Thymoglobulin) (64) when compared with
horse- (AT'GAM). However, ATGAM did not show to be
effective in preventing GvHD (65,66). This may be due
to differences in avidity and affinity of the antibodies, or
the amount of “active AT G”; the fraction of ATG that
binds to human targets. This might explain why a higher
concentration of ATG-Fresenius is needed to achieve
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cytotoxicity that is comparable to that of Thymoglobulin
(67,68), and translates to a higher ATG-Fresenius dosage
required for equal GvHD reduction (31-34). The European
Blood and Marrow Transplant Group recommends
20 mg/kg/day (day-3 to day-1) AT'G-Fresenius or 0.5 mg/kg
Thymoglobulin (day-2) to 2 mg/kg (day-1 and day-1) in
the myeloablative setting, or 2.5 mg/kg (days 2 and 1)
Thymoglobulin in the reduced-intensity-conditioning
setting, for GvHD prophylaxis in allogeneic HCT (69).
However, with the current knowledge on PK, dosing based
on mg/kg might still be too high for some of the patients,
especially since exposure is relatively higher in heavier
weighted patients (43,70).

ATG impacts T-cell recovery more severely in adults
compared to children

Klein et al. investigated T-cell recovery in adults and
children receiving UCBT after AT'G conditioning (71).
They investigated T-cell Receptor Excision Circles
(sjTREC) in T-cells as well as TCR-diversity. They
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found a more diverse T-cell repertoire earlier in children
(within 1-2 years after UCBT) than in adults (only after
3-4 years after UCBT). Overall, T-cell recovery was
delayed in adults compared to T-cell recovery in children
after conditioning with ATG (71,72). This fits the recent
report that using weight-based dosing usually results in
overdosing as clearance of AT'G above the weight of 40 kg
is only influenced by absolute lymphocyte count (43).
Moreover, conditioning with ATG severely decreased
sjTREC levels and TCR-diversity, which are both indicative
for thymopoiesis, at least during the first 6-12 months after
UCBT (6,71). Especially Thymoglobulin (rabbit-IgGs
directed against human thymus cells) is found to damage the
thymus and reduce thymopoiesis (73). Studies comparing
TCR-diversity and sjTREC levels after UCBT with and
without AT'G in both children and adults are largely lacking
to be able to assess to what extent these differences are
impacted by age; e.g., thymus function. Furthermore, these
observed disparities could well be explained by differences
in exposure; when dosed on mg/kg, relatively higher ATG
exposures are observed in patients with higher body weight
(43,70). Thus, to optimally utilize the unique properties of
CB T-cells, we need to harmonize and individualize ATG
dosing (or omit AT'G in certain patient groups).

Towards excellent T-cell reconstitution after
UCBT; harboring the unique anti-viral and
anti-tumor properties, while still preventing
alloreactive adverse events

Omitting ATG from the conditioning regimen

Because of the detrimental effects of ATG on IR and
outcome, some centers have recently chosen to omit ATG
from the conditioning regimen prior to UCBT. This
results in fast T-cell recovery (5,6,59,60), a lower risk of
viral reactivations (48), and subsequent higher survival
chances (49). CB-derived T-cells are known to mediate
a more powerful anti-leukemic effect compared to adult
T-cells (56,61,74,75). Omitting AT'G has, therefore, shown
to be feasible for patients with malignancies, especially
since its detrimental effect on T-cell recovery was linked to
higher relapse probability and lower survival chances (11,76).
The reported aGvHD rates seem to be a bit higher, but
manageable, while cGvHD rates remain low. The increased
probability of aGvHD appears to mainly be a problem for
patients transplanted with double UCBT (77,78). In non-
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immunodeficient benign disorders omitting AT'G showed
an increased incidence of graft-failure most likely due to
insufficient depletion of host T-cells (5-7,59,60). Ideally, a
conditioning regimen contains AT'G aiming for very low
exposure after transplantation to prevent the detrimental
effect on IR, while maintaining a protective effect for graft-
failure and aGvHD by having sufficiently high exposure
before UCBT (10,11).

Low-dose ATG or ATG earlier in conditioning

In BMT and PBSCT, low-dose ATG (2.5 mg/kg
Thymoglobulin, or 35 mg/kg ATG-Fresenius) decreased
GvHD risk (35,79), with minimal impact on immune
reconstitution (72). Nevertheless, IR was still severely
delayed compared to no ATG (5,6,59,60). Giving ATG
already at day-9 before transplantation also lowers exposure
after transplantation, while improving IR (7,10,11). These
strategies are still based on dosing on body weight only,
which has been shown to result in over- or under exposure
in a significant number of patients (43,70). In addition, even
very low AT'G exposure after transplantation has shown
to highly affect IR after UCBT (10,11). It was recently
found that clearance of AT'G was mainly influenced by
body-weight (<40 kg) and absolute lymphocyte count (43).
Therefore, dosing AT'G at a fixed mg/kg dose for all weights,
and not taking the absolute lymphocyte count into account,
will still result in high variability in AT'G exposures between
patients, subsequently causing unpredictable T-cell recovery.

Individualized ATG dosing

The most reliable method to obtain optimal ATG
exposure is through individualized dosing and therapeutic
drug monitoring (TDM). In individualized dosing, the dose
and start day of AT'G is chosen based on factors impacting
ATG PK, such as body weight, lymphocyte count, and
HCT cell source (70). Furthermore, TDM could be
advantageous to monitor ATG exposure, and target for
optimal exposure in high-risk patients. The advantage of
individualized dosing is that the pharmacokinetic model
targets for low exposure after HCT; providing optimal
T-cell IR, while maintaining high exposure before HCT;
protecting against GvHD and graft rejection (10,11). A
prospective clinical trial (Dutch trial register N TR4960)
is currently underway to investigate this approach in

pediatric UCBT and BMT.
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Lowering GvHD further potentiates T-cell reconstitution

Important to note is that a strategy to limit GvHD with
low ATG exposure after UCBT may further improve
T-cell reconstitution, as GvHD itself also is a major factor
affecting T-cell recovery (80). This is partly due to the need
for immunosuppressive therapy (steroids) to treat GvHD,
and in part to the detrimental effect of the GvHD reaction
on thymus cells and thymopoiesis (80-82). Therapeutic
drug monitoring for immunosuppressive drugs, such as
tacrolimus (83), cyclosporine (84), and mycophenolate
mofetil (85), would be helpful to target to the appropriate
exposure to limit GvHD with a less profound effect
on T-cell recovery. Future research is needed to find
the balance between thymic damage from GvHD and
immunosuppression to treat GvHD.

Concluding remarks and future perspectives for
the use of ATG in UCBT

Generally, AT'G has shown to be successful in preventing
graft rejection and GvHD in allogeneic HCT using
different cell sources. Exposure of ATG after HCT,
however, has a tremendous negative impact on survival
chances due to delayed T-cell recovery. Notably, when
ATG exposure after transplantation is low, T-cell recovery
and function might even be superior after UCBT compared
to BMT and PBSCT. Recent studies have given us clues to
better understand why UCBT has historically been related
to delayed T-cell IR; ATG exposure after UCBT affects
T-cell IR to a higher extent than after BM'T and PBSCT.
Additional findings indicate that adequate ATG levels
before transplantation are important to target alloreactive
adverse effects, while low or absent AT'G exposure after
transplantation is crucial for early T-cell recovery.

Future research should aim for a more predictable T-cell
recovery after UCBT, which is pivotal to achieve optimal
outcomes. Individualized ATG dosing and TDM have the
highest potential to obtain optimal ATG exposure that
does not affect IR, while still preventing GvHD, in each
individual patient. Although this review only focused on
the effect of AT'G conditioning on T-cell recovery after
UCBT, more strategies to tackle delayed T-cell recovery
exist (86). CB T-cells have unique properties that are
currently under-utilized by conditioning with ATG. These
unique anti-viral/anti-tumor properties may be better
utilized by implementing non-inherited maternal antigens

(NIMA)-matching (87,88), inherited paternal antigens
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(IPA)-mismatching (87,89,90), and optimal Predicted
Indirectly ReCognizable HLA Epitopes (PIRCHE) (91). By
individualizing AT'G in the conditioning, UCBT provides
a unique platform for HCT, with optimal and potent T-cell
immunity associated with low GvHD and high anti-virus
and GvL properties.
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