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Summary:

We have investigated the feasibility and efficacy of
large-scale T cell depletion from granulocyte colony-
stimulating factor (G-CSF) mobilized peripheral blood
stem cells (PBSC). The method is based on the use of a
CD3 antibody conjugated to magnetic microbeads and
magnetic activated cell sorting (Clinimacs). A total of
eight large-scale experiments were performed. In four
experiments, CD3* T cells were depleted from PBSC
obtained from volunteers mobilized with G-CSF
whereas, in four experiments, T cells were depleted
from PBSC from stem cell donors, in which the CD34*
stem cells had been removed for allogeneic transplan-
tation by positive selection prior to T cell depletion. The
mean number of processed mononuclear cells (MNCs)
was 3.3 X 10" (range 1.5 x 10°-5.1 X 10'%) with a
mean T cell proportion of 35.8% (range 16.7—64.0%).
After T cell depletion, the percentage of contaminating
T cells was 0.15% (range 0.01-1.01%) with a mean log,,
depletion of 3.4 (range 2.8—4.1). The mean recovery of
CD3-negative MNCs after depletion was 76% (range
52-100%). The mean recovery of CD34" stem cells in
the four evaluable experiments was 82% (range 75—
92%). In vitro colony assays and in vivo NOD/SCID
repopulation assays showed that this large-scale T cell
depletion method has no negative impact on the func-
tion of the hematopoietic precursor cells. Therefore, we
conclude that this T cell depletion method is a valuable
tool for further graft engineering strategies involving
mobilized PBSCs.
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While bone marrow (BM) has been the source of hemato-
poietic stem cells in the past, G-CSF mobilized PBSCs are
increasingly used as a stem cell source. Compared to BM,
transplantation of allogeneic mobilized PBSC is associated
with less regimen-related toxicity! and earlier hematopo-
ietic recovery.? Although the risk of developing acute graft-
versus-host disease (GVHD) is not increased after PBSC
transplantation compared to bone marrow transplantation,>#
the incidence of extensive chronic GVHD is high.’ The
most effective means of prevention of acute and chronic
GVHD is in vitro depletion of T lymphocytes from the
graft.>” Most of the available T cell depletion strategies
have been developed for BM and methods based on
antibody/complement® or other approaches® are not well
applicable for PBSC due to the high cell numbers to be
processed.

Recently, a method for indirect T cell depletion of
PBSCs based on the positive selection of CD34* stem cells
has been described.'® We and others have used this method
in matched sibling transplants,'! MUD transplants'? and
haploidentical transplantation.® This indirect approach
yields a T cell depletion of >5 log.'° However, there might
be some disadvantages associated with the use of purified
CD34" cells, such as a higher incidence of engraftment fail-
ures,'® delayed immunoreconstitution,' the lack of an anti-
leukemic effect!S and the exclusion of CD34-negative stem
cells from the graft. In order to overcome the disadvantages
of CD34" positive selection, we have evaluated a strategy
to directly deplete T cells from PBSC.

In this paper, we describe a rapid and efficient method
of T cell depletion based on the Clinimacs technology. This
method allows the use of T cell-depleted PBSC and can be
the basis for further graft engineering strategies.

Materials and methods

Mobilization and collection of PBSCs

A total of eight large-scale experiments were performed.
PBSCs were mobilized from four volunteer donors
(experiments 1-4) using G-CSF (480 wg/day, Neupogen;
Amgen, Thousand Oaks, CA, USA) for 4 days. A single
leukapheresis was performed at day 5 using a Cobe Spectra
(Cobe, Lakewood, CO, USA).
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In experiments 5-8, allogeneic stem cell donors were
mobilized as previously described.® Prior to T cell
depletion, CD34* stem cells were positively selected from
the PBSC using the Clinimacs device'® and used for trans-
plantation. The left-over fraction was used for the further
T cell depletion experiments. All PBSC donors had given
written informed consent and the study had been approved
by the institutional review board.

Depletion of CD3" T cells

PBSCs were processed either immediately or mixed with
an equal volume of autologous plasma and stored overnight
at 4°C. PBSC were washed once with PBS buffer
(phosphate-buffered saline supplemented with 1 mm
EDTA) and incubated with the anti-CD3 antibody OKT-3
directly conjugated to magnetic microbeads (Miltenyi,
Bergisch-Gladbach, Germany). In the experiments with
MNC numbers <2 X 10'° cells, one vial (7.5 ml) of the
antibody/microbead conjugate was used. If the cell number
exceeded 2 X 10'°, an additional 7.5 ml of the antibody
per 2 X 10'° cells was used. Cells were then incubated
under continuous agitation at room temperature for 30 min,
washed twice with PBS buffer, resuspended in 300 ml
buffer and then processed with the fully automated Clinim-
acs device (Miltenyi) equipped with LS/TS (162.01) separ-
ation columns using the program ‘Depletion 2.1° according
to the manufacturer’s instructions. The processing time on
the Clinimacs was dependent on the cell numbers with a
mean of 3.2 h (range of 2.5 to 4.1 h).

Flowcytometric analysis

Prior to and after T cell depletion, cells were analyzed for
CD3, CD19, CD34 and CD133 with fluorochrome-labeled
antibodies (all Becton Dickinson, Mountain View, CA,
USA). Flow cytometric analysis was performed using a
flow cytometer (LSR, Becton Dickinson). The anti-CD3
antibody labeled with fluorescein isothiocyanate (FITC)
(clone SK7, Becton Dickinson) recognizes a different epi-
tope than the OKT-3 antibody conjugated to the magnetic
microbeads. Therefore, binding of the OKT-3/microbead
conjugate does not interfere with or block the binding of
the anti-CD3-FITC conjugate and the residual amount of
CD3* T lymphocytes in the graft can reliably be determined
with this method (Figure 1).
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Figure 1 The presence of the OKT-3/microbead conjugate does not
interfere with the binding of the anti-CD3 antibody. Mononuclear cells
were stained with anti-CD3-FITC before and after labeling with OKT-
3/microbeads. There is no significant interference in the binding of the
anti-CD3-FITC with the OKT-3/microbeads.
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Colony-forming unit (CFU) assays

CD34* stem cells were isolated prior to and after T cell
depletion using the CD34" positive selection kit and the
Variomacs device (both Miltenyi) according to the manu-
facturer’s instructions. Purified CD34* cells were plated at
5000 cells/plate in methylcellulose-based semisolid culture
medium-MethoCult H4433 (Stem Cell Technologies,
Vancouver, Canada). After 14 days, total numbers of
colonies were counted and scored for the presence of burst-
forming units-erythroid (BFU-E), colony-forming units-
granulocyte/macrophage (CFU-GM) and colony-forming
units-granulocyte/erthroid/macrophage/megakaryocyte
(CFU-GEMM). Assays were performed in duplicate.

NOD/SCID repopulation assays

After T cell depletion, CD133* progenitor cells were iso-
lated using the CD133 antibody/microbead conjugate and
the Clinimacs device (both Miltenyi) according to the
manufacturer’s instructions. The mean purity of the CD133
cells was 94% (data not shown). NOD/SCID mice
(NOD.CB17-Prkdc**“/J) were irradiated with 300 cGy
using a '¥’Cs source (JL Shepherd, CA, USA) and injected
with various numbers of CD133* stem cells into the lateral
tail vein. Mice were killed after 8 weeks and the bone mar-
row was harvested by flushing femora and tibiae. Human
engraftment was determined by double-staining the BM
cells with a directly labeled anti-human CD45 antibody and
an anti-murine CD45 antibody (both Becton Dickinson).
The presence of human cells in the mouse bone marrow
was analyzed using flow cytometry.

Results

Depletion of CD3* T lymphocytes and CD34" recovery

A total of eight large-scale experiments were performed.
The mean mononuclear cell count prior to T cell depletion
was 3.3 X 10'° (range 1.5-5.1 X 10'%). The mean recovery
of CD3-negative MNCs was 76% (range 52—-100%). The
mean percentage of T cells prior to depletion was 35.8%
(range 16.7-64.0%). After depletion, the mean percentage
of remaining T cells was 0.15% (range 0.01-1.01%). Thus,
the mean log,, T cell depletion was 3.4 (range 2.8-4.1).
The automated processing time on the CliniMACS ranged
from 2.5 to 4.1 h, dependent on the processed cell numbers.
These data are summarized in Table 1. In Figure 2, a rep-
resentative flow cytometric analysis of two experiments
before (a, b) and after T cell depletion (c, d) is shown.

In four out of the eight large-scale experiments in which
PBSCs from volunteer donors were used, the recovery of
CD34* stem cells after T cell depletion could be evaluated.
The T cell depletion was associated with minimal loss of
hematopoietic precursors, since the mean recovery of
CD34* stem cells was 82% (range 75-92%). These data
are shown in Table 2.

Functional in vitro and in vivo assays

In order to rule out that this T cell depletion method has any
negative impact on the biological function of stem cells, in



Table 1 Number of mononuclear cells (MNC) before and recovery of
CD3-negative MNC:s after T cell depletion, percentage of CD3* T lympho-
cytes before and after T cell removal and log depletion

Experiment No. of MNC % CD3* T cells Log,,
MNC  recovery depletion
(X10") (%) before  after

1 1.6 76 64.0 1.01 2.8
2 3.1 66 36.0 0.10 3.1
3 5.1 67 32.0 0.04 33
4 5.0 52 16.7 0.03 32
5 3.6 86 28.3 0.03 32
6 4.1 77 25.7 0.02 34
7 2.1 100 57.0 0.01 4.1
8 1.5 82 27.0 0.01 37
Mean 33 76 358 0.15 34
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Figure 2 Two representative flow cytometric analyses of the proportion
of T and B cells in mobilized peripheral stem cells before (a, b) and after
(¢, d) T cell depletion.

Table 2 Number of CD34" stem cells before and after T cell depletion
and percentage recovery of CD34* cells

Experiment No. of CD34* cells (X10°) % Recovery of
CD34* stem
Before After cells
1 16 12 75
2 186 172 92
3 270 208 77
4 95 77 81
Mean 142 117 82
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Figure 3 Percentages of colonies before and after T cell depletion.
CD34" cells were isolated before and after T cell depletion and 5000
CD34* cells were plated. Colonies were scored and differentiated after 14
days. The average number of colonies per 5000 CD34" stem cells before
and after T cell depletion was 322 and 327, respectively. The data
represent the average colonies of two experiments.

vitro colony-forming assays and in vivo NOD/SCID repop-
ulating assays were performed in the large scale experi-
ments 1-4. For the colony assays, CD34" stem cells iso-
lated from the PBSC prior to and after T-depletion were
plated and colonies were scored after 14 days. There was
no nonspecific loss of colony-forming units. In addition,
there was also no difference before and after T depletion
in the composition of colonies (Figure 3). Due to the limi-
tations of the in vitro CFU assay for the evaluation of
primitive hematopoietic progenitors, we have additionally
investigated the NOD/SCID repopulating activity of the
mobilized stem cells after T cell depletion. Therefore,
CD133* stem cells were isolated after T cell depletion and
various amounts were injected into NOD/SCID mice. Mice
were killed after 8 weeks and the engraftment of human
cells was assessed in the bone marrow of the mice by stain-
ing with human anti-CD45 antibodies. In all experiments,
a high engraftment potential of the CD133* stem cells
after T cell depletion could be observed. These data are
summarized in Table 3.

Discussion

The prevention of acute or chronic GVHD remains a major
challenge in allogeneic stem cell transplantation. Immuno-

Table 3 Engraftment of CD133" stem cells in NOD/SCID mice after
T cell depletion

Experiment No. of No. of % Engraftment*
transplanted transplanted (range)
CDI133" cells mice
(X10°)
2 5.0 5 40 (31-47)
2.0 3 19 (14-22)
0.5 1 9
3 5.0 4 50 (19-71)
1.0 2 24 (13-36)
4 1.0 3 15 (4-33)

“% Engraftment denotes the ratio of the number of bone marrow cells
staining positive for anti-human CD45 to the number of cells staining
positive for anti-human and anti-mouse CD45.
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suppressive drugs currently used for GVHD prophylaxis are
associated with a number of side-effects and none of them
are effective enough to reliably prevent GVHD. In the past,
the reduction of T cells in bone marrow grafts has been
shown to decrease the incidence of GVHD and various
methods for T cell depletion have been used. However,
none of these negative depletion techniques are well suited
for the depletion of T cells from PBSC grafts. Mobilized
PBSC are increasingly used for stem cell transplantation
either due to the donor’s preference!® or due to the phys-
ician’s decision. In matched sibling and matched unrelated
situations, the incidence of acute GVHD after transplan-
tation of unmanipulated PBSCs is similar to unmanipulated
BM. However, a high rate of extensive chronic GVHD has
been observed after transplantation of unmanipulated
PBSCs.®

In contrast to these observations, it has been shown that
matched sibling,'" matched unrelated'? and three-loci mis-
match haploidentical CD34* positively selected stem
cells®7 can be grafted in the complete absence of any phar-
macologic GVHD prophylaxis and without any signs of
severe acute or extensive chronic GVHD. In these studies,
CD34" stem cells were positively selected from mobilized
PBSCs either by a combination of T cell depletion and
CD34-positive selection’ or by a one-step CD34*-positive
selection alone.® The CD34* cell selection to a high purity
is associated with a highly effective indirect T cell
depletion of >5 log. However, the transplantation of such
highly selected stem cells can be associated with a higher
rejection rate, delayed immunoreconstitution or a less effec-
tive graft-versus-leukemia effect. Therefore, the transplan-
tation of PBSCs selectively depleted of T lymphocytes
would offer some advantages over the use of positively
selected CD34" stem cells. We have chosen the OKT-3
antibody as a T cell reagent due to its clinical availability.
It is used as an immunosuppressive agent in solid organ
transplants'” as well as in the depletion of T lymphocytes
from bone marrow.'® The in vitro T cell depletion is exerted
via activation of complement and complement-dependent
cytotoxicity (CDC). In our setting, the in vitro incubation
of the OKT-3/microbead conjugate might potentially result
in an initial T cell activation. However, almost all of the
magnetically labeled and potentially activated T cells are
removed after depletion. The few remaining T cells in the
graft stained with the OKT-3 antibody most likely will be
destroyed by the CDC or other mechanisms in vivo.

The graft obtained is composed of different cell types,
such as natural killer (NK) cells, monocytes, dendritic cells,
and CD34-negative stem cells. The high numbers of NK
cells in T cell-depleted PBSC grafts could facilitate
engraftment'® or exert an anti-leukemic activity.>® Mono-
cytes and NK cells as part of the innate immune system
possess anti-bacterial or anti-viral activity?'=>* and might
therefore be of importance in preventing infections in the
early post-transplant phase. Moreover, recent studies have
challenged the concept that all stem cells are found within
the CD34* subset and CD34-negative stem cells capable of
long-term in vivo repopulation and multilineage differen-
tiation have been identified.>>?® The clinical significance
of CD34-negative stem cells is currently not clear, but with
our described method of T cell depletion of PBSC, in con-
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trast to CD34" selection, this subset is retained in the graft.
This might provide some further insights into its clinical
significance.

The nonspecific cell loss is low and the CD34* cell
recovery is excellent. The method has no negative impact
on the progenitor cells, since the in vitro and in vivo bio-
logical functions of the stem cells after T cell depletion are
completely maintained, as shown by the in vitro colony
assays and by the in vivo NOD/SCID repopulating activity
of the CD133* stem cells. We have chosen the CD133 anti-
gen because it identifies hematopoietic progenitor cells with
high NOD/SCID repopulating activity.?® The high number
of remaining B cells in a T cell-depleted PBSC graft could
potentially be associated with a higher incidence of post-
transplant donor-derived EBV-associated lymphoprolifer-
ative syndromes.*® This problem can be addressed, how-
ever, by preemptive therapy with adoptively transferred
donor-derived EBV-specific cytotoxic T lymphocytes,*!
anti-CD20 antibodies*? or the additional removal of B cells
using an appropriate antibody conjugated to the microbeads
together with the OKT-3/microbead conjugate. Currently,
experiments for additional B cell depletion using an anti-
CD19/microbead conjugate are underway.

Whereas in experiments 1-4 T cells have been depleted
directly from untouched PBSCs, the T depletion in experi-
ments 5-8 was performed with PBSCs from which the
CD34" stem cells had been positively selected prior to the
T cell depletion using the Clinimacs system. These experi-
ments were performed in order to see whether the prior
CD34" selection would have any impact on the subsequent
T cell depletion. As shown in Table 1 (experiments 5-8),
this T cell depletion method can be performed with the
same efficacy as with untouched PBSCs (Table 1, experi-
ments 1-4). These observations raise the further possibility
of graft engineering. The CD34* stem cells can be removed
from a PBSC graft prior to the manipulation of the leftover
fraction. The leftover fraction can then be further processed
without the risk of loss of or damage to the CD34" cells,
thus offering an add-on approach to already established
transplantation procedures. The T (and B) cells can be
removed from the leftover fraction and the residual cells
(NK cells, dendritic cells, CD34-negative precursors) can
be extensively manipulated ex vivo. The CD34* stem cells
are then transplanted together with the manipulated, T (B)
depleted leftover fraction. Such a possible graft engineering
scenario is shown in Figure 4. All these graft manipulation
steps can be performed with automated devices and are
easily transformable to large-scale methods and to GMP
conditions.

In summary, we have shown that T cells can be depleted
from mobilized PBSCs with a high efficacy and with a high
CD34" recovery. The biological functions of the processed
stem cells are fully maintained. Moreover, this method can
be combined with positive CD34* cell selection, thus
allowing the manipulation of a graft without the risk of
stem cell damage. This method can be the basis for further
graft engineering strategies to evaluate different graft com-
positions and manipulations in order to improve the out-
come of allogeneic stem cell transplantation.
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Figure 4 Proposed scheme for graft engineering of peripheral blood
stem cells (PBSC). The CD34" cells are purified in order to protect them
from potential damage by further graft manipulation. The left-over fraction
is then T (B) cell depleted. The remaining cells (natural killer (NK) cells,
monocytes, CD34-negative stem cells) can then be manipulated without
the risk of damaging the CD34" population, eg augmentation of NK
activity with interleukin 2, ex vivo generation of dendritic cells, expansion
of CD34-negative stem cells with cytokines or others and transplanted
together with the CD34* stem cells.
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