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ABSTRACT

Rabbit antithymocyte globulin-Genzyme™ is used to prevent graft-versus-host disease after allogeneic hematopoi-
etic stem cell transplantation. Common disadvantages of treatment are infectious complications. The effects of
rabbit antithymocyte globulin-Genzyme™ on thymic function have not been well-studied. Multicolor flow
cytometry was used to analyze the kinetics of conventional and regulatory T cells in adult patients treated (n=12)
or not treated (n=8) with rabbit antithymocyte globulin-Genzyme™ during the first 6 months after allogeneic
hematopoietic stem cell transplantation. Patients treated with rabbit antithymocyte globulin-Genzyme™ had
almost undetectable levels of recent thymic emigrants (CD45RA*CD31") of both conventional and regulatory CD4
T cells throughout the 6 months after allogeneic hematopoietic stem cell transplantation whereas CD4*CD45RA
memory T cells were less affected, but their levels were also significantly lower than in patients not treated with
rabbit antithymocyte globulin-Genzyme™. In vitro, rabbit antithymocyte globulin-Genzyme™ induced apoptosis
and cytolysis of human thymocytes, and its cytotoxic effects were greater than those of rabbit antithymocyte
globulin-Fresenius™. Rabbit antithymocyte globulin-Genzyme™ in combination with a conditioning regimen
strongly impairs thymic recovery of both conventional and regulatory CD4* T cells. The sustained depletion of
conventional and regulatory CD4" T cells carries a high risk of both infections and graft-versus-host disease. Our
data indicate that patients treated with rabbit antithymocyte globulin-Genzyme™ could benefit from thymus-pro-
tective therapies and that trials comparing this product with other rabbit antithymocyte globulin preparations or
lymphocyte-depleting compounds would be informative.

©2013 Ferrata Storti Foundation. This is an open-access paper. doi:10.3324/haematol.2012.067611

Introduction

The thymus is required for de novo generation of naive T
cells with a broad T-cell receptor repertoire.! Although
thymic function in humans decreases after puberty, the adult
thymus still contributes substantially to the restoration of
immune competence after myeloablative therapy.” Factors
that inhibit thymic function after allogeneic hematopoietic
stem cell transplantation (HSCT) include thymic damage by
the conditioning regimen®* as well as graft-versus-host disease
(GvHD), in which cell damage is mediated by donor alloreac-
tive T cells.”® The consequence of delayed thymic recovery is
profound T-cell deficiency and repertoire restriction after allo-
geneic HSCT." In consequence, the delay in thymic recovery
is associated with a higher incidence of infections® and dis-
ease relapse;” furthermore, it hinders success of immunother-
apeutic strategies.

CD31 (PECAM-1) has been demonstrated to characterize
the T-cell receptor excision circles (TREC)-rich CD4 recent
thymic emigrants (RTE)"""" and is already adopted in clinical

practice as an excellent marker for thymic function in solid
organ transplantation” and after autologous HSCT."*" Junge
et al. found a correlation between CD31* CD4 T cells and the
recurrence of TREC during aging of healthy individuals and in
six lymphopenic children after allogeneic HSCT."

Rabbit antithymocyte globulin-Genzyme™ (ATG-G,
Thymoglobulin®, Genzyme™ Transplant, Cambridge, MA,
USA) therapy is commonly used for in vivo T-cell depletion in
the context of allogeneic HSCT to prevent GvHD.* Different
rabbit ATG preparations are currently available of which
ATG-G and ATG-Fresenius™ (ATG-F Fresenius™ Biotech
GmbH, Munich, Germany) are frequently used. ATG-F is
manufactured by immunization of rabbits with a Jurkat cell
line whereas ATG-G is manufactured by immunization of
rabbits with human thymocytes. In this study ATG-G was
used, which contains a diverse spectrum of antibody speci-
ficities depleting various T-cell subsets."” Clinical data regard-
ing the effect of ATG-G on thymopoiesis after allogeneic
HSCT are scarce, and the effect of ATG-G on thymic output
of regulatory T cells (Treg), in particular after allogeneic
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HSCT, has not been studied yet.

The aim of this study was to assess the impact of ATG-
G on the reconstitution of RTE, naive and memory T cell
subsets of both conventional (Tcon) and regulatory (Treg)
CD4 T cells in adult patients undergoing allogeneic HSCT.
Considering a possible direct effect of ATG-G on the thy-
mus, we also tested the toxicity of ATG-G to human thy-
mocytes in vitro and compared to ATG-F as well as to the

toxicity to peripheral blood mononuclear cells (PBMC).

Design and Methods

Patients and treatment

Blood samples for the kinetic study were obtained from 20 adult
patients, who received myeloablative conditioning (n=13),
reduced intensity conditioning (n=6) or non-myeloablative condi-
tioning (n=1, a patient diagnosed with chronic lymphocytic
leukemia) according to standard protocols. The patients’ character-
istics are listed in Table 1. All hematopoietic grafts were obtained
by apheresis after stem cell mobilization with granulocyte-colony
stimulating factor and were provided from healthy HLA-matched
related donors (n=7) and unrelated (n=13) donors. GvHD prophy-
laxis consisted of cyclosporine A in combination with either
methotrexate (n=15) or mycophenolate mofetil (n=5). ATG-G (2
mg/kg/day) was additionally administered in the case of matched
unrelated donor transplants on days -3, -2 and -1 before transplan-
tation according to standard protocols in 12 patients. Patients’
samples were obtained once before transplantation and on days
15, 30, 60, 90 and 180 after transplantation. Analyses were per-
formed on fresh blood samples in order to avoid possible influ-
ences caused by cycles of freezing and thawing. Human thymo-
cytes were obtained from fresh thymic tissue of patients, who
underwent cardiac surgery. Studies were approved by the local
ethics committee of the Charité Berlin (approval n. EA4/128/09
and n. EA1/233/09) and patients gave informed consent.

Antibody staining and flow cytometry

PBMC were isolated by density gradient centrifugation (Ficoll-
Hypaque; GE Healthcare) from fresh heparinized blood samples in
order to avoid possible influences caused by freeze-thaw cycles.
PBMC were distributed into different tubes. The PBMC in one
tube were incubated for 15 min at room temperature with the fol-
lowing conjugated monoclonal antibodies for later assessment of
central and effector memory CD4 T cells as well as RTE CD4 T
cells: anti-CD3 APC/Cy7 (clone UCHT1; BioLegend), anti-CD4
Alexa Fluor 700 (clone RPA-T4; BioLegend), anti-CD8 V500 (clone
RPA-T8; BD Biosciences), anti-CD45RA PerCP/Cy5.5 (clone
HI100; BioLegend), anti-CD45RO Pacific Blue (clone UCHLI;
BioLegend), anti-CD197 (CCR7) Alexa Fluor 488 (clone
TG8/CCR7; Biolegend), anti-CD62L APC (clone DREG-56;
BioLegend), CD27 PE/Cy7 (clone O323; eBioscience) and anti-
CD31 PE (clone WM59, BioLegend). PBMC were washed and
resuspended for flow-cytometric analysis. The PBMC in a sepa-
rate tube were incubated for 15 min at room temperature with the
following conjugated monoclonal antibodies for later assessment
of RTE of Tcon and Treg CD4 cells: anti-CD3 APC/Cy7 (clone
UCHT1; BioLegend), anti-CD4 Alexa Fluor 700 (clone RPA-T4;
BioLegend), anti-CD8 V500 (clone RPA-T8; BD Horizon), anti-
CD25 PE/Cy7 (clone 2A3; BD Horizon), anti-CD31 APC (clone
AC128; Miltenyi), anti-CD45RA eFlour605 (clone HI100;
eBioscience) and CD45RO Pacific Blue (clone UCHLI; BioLegend).
After washing and resuspension PBMC from the second tube
were treated with fixation buffer and permeabilization buffer
(eBioscience) and then incubated with anti-FOXP3 PE (clone

PCH101; eBioscience) for 30 min at room temperature. The PBMC
were then washed and resuspended for flow cytometric analysis.
The phenotype of the samples was analysed using a BD™ LSRII
(Becton Dickinson, Palo Alto, CA, USA) supported by FlowJo 9.3
software (TreeStar, Ashland, OR, USA).

For in vitro experiments, thymocytes and PBMC were washed
with phosphate-buffered saline after stimulation and resuspended
in phosphate-buffered saline/Flebogamma solution for blocking on
ice for 20 min. Cells were stained for 15 min at room temperature
with propidium iodide staining solution and annexin V according
to the manufacturer’s instructions (BD Pharmingen). After wash-
ing, thymocytes and PBMC were resuspended in annexin V bind-
ing buffer and analyzed by flow cytometry using a BD™ Fortessa
flow cytometer (Becton Dickinson, Palo Alto, CA, USA) supported
by FlowJo 9.3 software (TreeStar, Ashland, OR, USA).

Cultures of thymocytes and peripheral blood
mononuclear cells

Fresh thymic tissue was obtained from patients who were par-
tially thymectomized in the context of heart surgery. The tissue
was manually prepared in sterile buffer solution (phosphate-
buffered saline with 2 mM EDTA and 2% bovine serum albumin)
for dissociation with the gentle MACS Dissociator (Miltenyi
Biotech, Bergisch Gladbach, Germany). After dissociation, single
cell suspensions were obtained by passing through 70 um and 40

Table 1. Patients’ characteristics.

ATG-G group % Non-ATG-G group %
n=12 (d+180 n=11) n=8 (d+180 n=3)
Age, median (range) 50 (27-68) 57 (34-66)
Male 8 3 38
Disease
Chronic lymphatic leukemia 1 13
Acute lymphatic leukemia 2 17
Acute myeloid leukemia 10 83 1 87
Donor
Matched related 7 87
Matched unrelated 12 100 1 13
Pretransplant conditioning
Myeloablative conditioning 9 75 4 50
Cy/12 Gy TBI 8 66 2 25
Fludara/8 Gy TBI 1 8
Bu/Cy 1 13
MitoFLAG 1 13
Reduced intensiy conditioning 3 25 3 38
Fludara/Treo 2 17 2 25
FLAMSA 1 8 1 13
Non-myeloablative conditioning 1 13
Fludara/2 Gy TBI 1 13
CMV Status
Recipient*/Donor* 4 34 4 50
Recipient"/Donor 3 25 1 13
Recipient/Donor* 1 8 1 13
Recipient/Donor 4 34 2 25
Acute GvHD grade after transplant
0 3 25 2 i)
I-II 7 58 5 63
1I8\% 2 17 1 13
CMV-reactivation 7 58 3 38
EBV-reactivation 8 66 2 25

CMV: cytomegalovirus; EBV: Epstein-Barr virus; FLAMSA: fludarabine, cytosine-arabinoside and
amsacrin; fludara: fludarabine; Gy: Gray; mitoFLAG,: mitoxantrone, fludarabine, cytosine-arabi-
noside and granulocyte colony-stimulating factor; TBI: total body irradiation; Treo: treosulfane.



um cell strainers with washing in between. Cells were then count-
ed and resuspended in stimulation medium (RPMI-1640, 1% P/S,
10% FCS, 1% NEAA and 0.05 mM pB-mercaptoethanol). PBMC
were isolated by density gradient centrifugation (Ficoll-Hypaque;
GE Healthcare) from fresh heparinized blood samples from healthy
donors and resuspended in stimulation medium (RPMI-1640, 1%
P/S, 10% FCS). Thymocytes and PBMC were then supplemented
with either ATG-F or ATG-G at the following concentrations: 2.5
ug/mL, 25 ug/mL and 100 pug/mL. No treatment was given to con-
trols. Cells were redistributed in 96-well plates with 2x10° cells in
500 uL stimulation medium per two wells and incubated for 20 h
at 87°C. Cells were then co-stained with propidium iodide solution
and annexin V and immediately analyzed by flow cytometry, in
order to determine the level of necrosis and apoptosis.

Complement-dependent cytotoxicity assay

Freshly isolated human thymocytes or PBMC were resuspend-
ed at a density of 5x10° cells/mL in culture medium containing 2.5
ug/mL, 25 ug/mL or 100 ug/mL ATG-F or ATG-G, respectively.
One hundred microliters of each suspension were added to round-
bottomed microtiter plates and incubated for 60 min at 4°C. After
addition of 100 uL freshly prepared human serum the cells were
incubated for 60 min at 37°C. Finally the samples were stained
with propidium iodide solution and immediately analyzed by
flow cytometry.

Statistics and software

Calculations were performed in GraphPad Prism v5.0
(GraphPad Software, La Jolla, CA, USA). Group comparisons were
made with the Mann-Whitney U test.

Results

Treatment with antithymocyte globulin-Genzyme™
impairs CD4 but not CD8 T-cell recovery

Within the CD3 T-cell compartment we analyzed the
recovery of CD4 Tcon (Figure 1A) and Treg (Figure 1B). In
the ATG-G group the total peripheral CD4" Tcon and Treg
cell counts were diminished by roughly 95% at day +15,
and their recovery from day 30 to day 180 was significant-
ly delayed compared to that observed in the cohort of
patients not treated with ATG-G. Mean CD4* Tcon cell
counts did not exceed 250 cells/uL at any time point after
transplantation in patients treated with ATG-G, while
mean Treg cell counts did not exceed 15 cells/uL. In con-
trast, there was no significant difference in CD8 T-cell
recovery at any of the defined time points between the
cohorts of patients treated or not treated with ATG-G
(Figure 1C).

T-cell subset-dependent recovery after allogeneic
hematopoietic stem cell transplantation

We next differentiated naive (CD45ROCD45RA") and
memory (CD45RO*CD45RA") CD4* Tcon and Treg. The
effect of ATG-G was most pronounced in the naive sub-
sets of both Tcon (Figure 2A) and Treg (Figure 2B). At all
time points after transplantation the naive cell counts
were significantly lower in the ATG-G group than in the
group not treated with ATG-G.

Memory CD4 Tcon (Figure 2C) and Treg (Figure 2D)
were also more severely depleted in the group treated
with ATG-G than in the group not treated with ATG-G,
but showed an overall more rapid recovery starting from

day 30 after transplantation than the respective naive sub-
sets. Memory T cells were further differentiated into cen-
tral memory CD4 T cells and effector memory CD4 T
cells. Central memory CD4 T cells were almost complete-
ly depleted on day 15 in ATG-G-treated patients. Their
recovery was delayed until day 180, whereas they recov-
ered faster and to higher levels in the group not treated
with ATG-G (Figure 2E). Levels of effector memory CD4
T cells were significantly lower only on day 15; otherwise
their levels were comparable in the two groups (Figure 2F).

Impaired thymic generation of both naive conventional
and naive FOXP3" regulatory CD4" T cells

Since the naive cell subset in particular was depleted, we
delineated the presence of RTE, in order to determine the
thymic function and output of thymic T cells. We ana-
lyzed the recovery of the RTE CD4* T cells based on
CD31 expression. Representative gates of Tcon RTE and
Treg RTE are shown in Figure 3A and 3B, respectively. In
the ATG-G-treated group a nearly complete lack of RTE of
both Tcon and Treg cells was observed from day 15 until
day 180. The Tcon RTE cell count initially decreased by
99.5% and its recovery did not start until day 180 (Figure
3C). Similarly, Treg RTE cells were strongly depleted and
remained stable at very low levels throughout the whole
time to day 180 in the ATG-G-treated group (Figure 3D).
In contrast, no significant decrease was observed in the
group not treated with ATG-G.

Differential effects of Genzyme™ and Fresenius™
rabbit antithymocyte globulins on human thymocytes
and peripheral blood mononuclear cells in vitro

We hypothesized, that ATG-G might have a strong
cytotoxic effect on human thymocytes as ATG-G-treated
patients had significantly lower RTE counts and ATG-G is
manufactured by immunization of rabbits with human
thymocytes. We compared ATG-G with ATG-F as ATG-F
is manufactured by immunization of rabbits with Jurkat
cells and not thymocytes. The in vitro cytotoxic effect of
both ATG preparations on cultured human thymocytes
(Figure 4A) and PBMC (Figure 4B) was studied at concen-
trations of 2.5 ug/mlL, 25 ug/mL and 100 ug/mL. In order
to determine levels of necrosis and apoptosis, we co-
stained for propidium iodide and annexin V. An untreated
population was used to define the basal level of apoptotic
and dead cells. The cytotoxic effect of ATG was generally
greater for thymocytes than for PBMC and most promi-
nent in the propidium iodide*/annexin V* cells, character-
izing the late apoptotic and necrotic cells shown in Figure
4. ATG-G treatment of thymocytes with 25 ug/mL
(P<0.05) and PBMC with 100 ug/mL (P<0.01) led to signif-
icantly more propidium iodide/annexin V* cells than
ATG-F treatment. The difference between the two types
of ATG for the propidium iodide/annexin V* and propidi-
um iodide’/annexin V- cells was not significant at any con-
centration for thymocytes and PBMC (data not shown).

In order to investigate complement-mediated lysis as
another important mechanism, we performed comple-
ment-dependent cytotoxicity assays, as described by
Popow et al'® These assays showed that both types of
ATG caused dose-dependent specific lysis of thymocytes
(Figure 5A) as well as PBMC (Figure 5B). Compared to
ATG-E ATG-G, at the concentrations of 25 and 100 ug/mL
for thymocytes and PBMC, respectively, caused more
complement-mediated lysis of both types of cells.

ATG and thymic function -
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In our study, we analyzed the effect of ATG-G on
thymic function and reconstitution of the T-cell compart-
ment early after allogeneic HSCT. Our initial findings
demonstrated a significantly delayed recovery of total
CD4 T-cell counts in ATG-G-treated patients, whereas
total CD8 T-cell counts were similar in patients treated or
not treated with ATG-G. A number of studies showed a
more rapid recovery of CD8 T cells than CD4 T cells in
allogeneic HSCT recipients,"” and various factors, such as
older age and toxicity of the conditioning regimen have
been associated with delayed CD4 T-cell recovery.”* A
functional thymus has been shown to be necessary for the
reconstitution of naive CD4 T cells, whereas thymic-inde-
pendent pathways seem to exist to regenerate naive CD8
T cells.” Our study suggests that ATG-G treatment is an
additional factor that is associated with severe and pro-
longed thymic dysfunction after allogeneic HSCT.

ATG-G-treated patients exhibited a reconstitution fail-
ure of RTE of both Tcon and Treg in the peripheral blood,
with hardly any recovery by day 180 after allogeneic
HSCT. With regards to Tcon our results support previous
findings by Sairafi et al., who reported reduced TREC lev-
els in ATG-G-treated patients in a retrospective study.”
Regarding Treg we found an impairment of thymic gener-
ation of Treg, which had not been previously reported.
Matsuoka et al.*® found abnormal Treg homeostasis after
allogeneic HSCT among patients not treated with ATG-G;
these patients had limited thymic generation of Treg and
disturbed proliferative and apoptotic patterns. Our study
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Discussion showed that ATG-G treatment aggravates the imbalance

by further limiting thymic output. Normal Treg homeosta-
sis may be crucial especially after allogeneic HSCT, as Treg
regulate responses to allogeneic target antigens” and are,
therefore, important in controlling GvHD.***

Results from in vitro studies®™ and solid organ transplan-
tation research® suggested that ATG-G is capable of pro-
moting Treg expansion thus contributing to GvHD prophy-
laxis. On the other hand, impaired thymic generation of
Treg, as found in our study, may favor GvHD. Total body
irradiation is also known to influence thymocyte viability
negatively.” A possible potentiation of irradiation and the
effects of ATG-G cannot be excluded and might have addi-
tionally influenced RTE recovery in this study (Table 1).

With regards to the duration of the effects of ATG-G,
Waller et al. performed pharmacokinetic analyses showing
that active ATG-G is rapidly cleared (half-life, 6 days) to
sub-therapeutic levels (<1 ug/mL) by a median of 17+9
days after transplantation in comparable treatment condi-
tions.* They postulated that slow and prolonged T-cell
recovery was not, therefore, due to effects of ATG-G,
assuming ATG-G activity only if the product was present
at therapeutic levels. However, in view of our results for
Tcon RTE and Treg RTE recovery we suggest that ATG-G
also targets the thymus with long-term consequences for
thymic T-cell recovery beyond week 3 after transplanta-
tion. ATG-G is prepared by immunizing rabbits with cells
derived from the thymus organ, so ATG-G should contain
antibodies potentially targeting all cells within the thy-
mus. The complex architecture of the human thymus is
difficult to mimic in an experimental set-up and it is not,

ATG and thymic function -
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therefore, possible to determine in vitro concentrations of
ATG that realistically reflect those concentrations of ATG
that would be found within the thymus in vivo in the clin-
ical situation of allogeneic HSCT. Additionally, human
thymic tissue is difficult to obtain, because it cannot be
readily biopsied. We, therefore, decided to test different
concentrations of ATG-G in a simplified experimental
approach with fresh cultured human thymocytes. While it
has already been shown that ATG-G can induce apoptosis
of PBMC,” we showed that this ATG preparation also has
an apoptotic effect on cultured human thymocytes.
Furthermore, thymocytes appeared to be more susceptible
than PBMC to ATG-G-induced cell death. As ATG-F is
produced by immunization of rabbits against a Jurkat cell
line and not against human thymocytes, we also com-
pared the effect of ATG-F and ATG-G on thymocytes. We
found that at a dose of 25 ug/mL, ATG-G had a signifi-

cantly stronger pro-apoptotic effect (late apoptosis) than
ATG-F on thymocytes. In a recent study Popow et al.
showed that complement-dependent lysis is an important
mechanism in ATG-mediated cytotoxicity.”® Our results
suggest that complement-dependent lysis is of equal
importance in thymocyte toxicity of ATG-G.

Our in vitro data appear consequential in view of the dif-
ferent methods of producing the two ATG preparations
and support the assumption that ATG-G affects the thy-
mus directly. In this respect it would be interesting to per-
form comparative clinical studies with other T-cell-
depleting therapeutic approaches such as alemtuzumab or
ATG-E all differing in their biological activity. However,
there are only a few studies comparing the different in vivo
T-cell depletion treatments in allogeneic HSCT patients:
Soiffer et al. investigated ATG-containing and alemtuzum-
ab-containing regimens,” while Basara et al. analyzed the



effects of ATG-G and ATG-F on GvHD and relapse risk.”
In the light of our results, thymic function should be
examined in detail in future comparative studies, as this
might help with the choice of T-cell-depleting treatment
for different clinical indications.

While recovery of naive T cells was almost completely
suppressed in the first 6 months in ATG-G-treated
patients, memory T-cell counts increased continuously,
although later than those in patients not treated with
ATG-G. Looking at the memory cell compartment, our
results suggest a preferential effect of ATG-G on central
memory CD4 T cells compared to effector memory CD4
T cells in the setting of allogeneic HSCT. To our knowl-
edge this effect has so far only been shown in the setting
of solid organ transplants.®* It has been suggested that
CD4 memory T cells can cause a graft-versus-leukemia
effect without causing GvHD in mice,” a phenomenon
that has more recently been ascribed to effector memory
CD4 T cells in murine models.”* On the other hand, from
clinical studies it is known that ATG-G contributes to pre-
vention of GvHD without causing higher relapse rates in
humans. The shift in the CD4 memory compartment after
ATG-G treatment in favor of effective memory CD4 T
cells in our study might thus be interpreted as an indica-
tion for one of the mechanisms underlying this mode of
action of ATG-G.

Taken together, our findings suggest that ATG-G, which is

ATG and thymic function -

raised against human thymocytes, may directly affect
thymic cells and result in functional deficits. However, given
the rather small sample number, our data need to be con-
firmed in larger studies. In this respect, we suggest further
comparative trials of different T-cell-depleting approaches.
Another possible implication of our study is that thymus-
protective and/or -supportive therapies, such as keratinocyte
growth factor, interleukin 7, growth hormone and others
which are already being discussed as treatment approaches
to limit thymic damage by conditioning regimens (irradia-
tion/chemotherapy) or GvHD, should be considered, espe-
cially when ATG-G is used as GvHD prophylaxis.
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