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Abstract This is the first report showing that an epitope-
specific ex vivo modulation of an allogeneic hematopoietic
stem cell graft by the anti-human CD4 antibody MAX.16H5
IgG, simultaneously facilitates the anti-tumor capacity of the
graft (Graft-versus-leukemia effect, GvL) and the long-term
suppression of the deleterious side effect Graft-versus-host-
disease (GvHD). To distinguish and consolidate GvL from
GvHD, the anti-human CD4 antibody MAX16.HS5 IgG,
was tested in murine GVHD and tumor models. The sur-
vival rate was significantly increased in recipients receiving
a MAX.16HS5 IgG;, short-term (2 h) pre-incubated graft even
when tumor cells were co-transplanted or when recipient
mice were treated by MAX.16H5 IgG, before transplanta-
tion. After engraftment, regulatory T-cells are generated only
supporting the GvL effect. It was also possible to transfer the
immune tolerance from GvHD-free recipient chimeras into
third party recipient mice without the need of reapplication
of MAX.16HS5 IgG, anti-human CD4 antibodies. These find-
ings are also benefical for patients with leukemia when no
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matched related or unrelated donor is available and provides
a safer allogeneic HSCT, which is more effective against leu-
kemia. It also facilitates allogeneic (stem) cell transplanta-
tions for other indications (e.g., autoimmune-disorders).
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APCs Antigen-presenting cells

BM Bone marrow

FoxP3 Forkhead box P3

GvHD Graft-versus-host-disease

GvL Graft-versus-leukemia

HLA Human leukocyte antigen

HSCT Hematopoietic stem cell transplantation

IgG Immunoglobulin G

MHC Major histocompatibility complex
PCR Polymerase chain reaction

SpC Splenocytes

TTG mice Triple transgenic mice

WBC White blood cell count
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Introduction

Graft-versus-host-disease (GVHD) is a life-threatening dis-
ease after allogeneic HSCT [1]. GvHD is initiated by donor
immune T-cells recognizing and attacking host antigens of
the recipient, which results in the induction of cytokines
leading to the release of pro-inflammatory factors. Irra-
diation and chemotherapy lead to organ damage with the
release of pro-inflammatory cytokines (TNF-a) and the
activation of APCs. After donor T-cell activation and release
of 1I-12 by APCs, TH,-cells activate CD8" T-cells by the
release of INF-y and II-2 leading to apoptosis of target host
cells [2, 3]. Therapy options include high-dose prednisone
[4] and immunosuppressive strategies against key elements
of T-cell activation [5]. However, these strategies are asso-
ciated with less long-term success and increased toxicity,
infectious complications, and relapses of the underlying
hematological malignancy, as well as a general suppres-
sion of all T-cell activity. Only 50 % of GvHD-affected
individuals respond to the current therapy. The balance
between GvHD and the beneficial GvL-effect (anti-cancer
capacity of donor immune cells) are crucial. Strategies
for GvHD-prophylaxis and therapy could not distinguish
between different T-cell clones and therefore not between
GvHD and the GvL-effect. GVHD and GvL are maintained
by different T-cell clones [6]. Therefore, GVHD is initiated
by CD4* T-cell clones, which activate CD8*1 T-cells. These
CD8" T-cells are using the Fas-FasL pathway instead of
the perforin-granzyme B pathway, which is used by CD8™
T-cells mainly responsible for the GvL effect. In contrast
to what has been observed in some murine GvHD models,
GvHD and GvL are not always mediated by different T-cell
clones in humans. GvHD is usually associated with the
GvL effect [7].

Modulation of CD4% T-cells by anti-human CD4 anti-
bodies should lead to a time-dependent, targeted modula-
tion of the immune system. CD4" molecules bind directly
to constant regions of HLA molecules on APCs to allow a
complete T-cell activation. Non-depleting monoclonal anti-
bodies inhibit this activation by a total steric blockage, by
shortening cell—cell contact between APCs and T-cells [8],
by the induction of negative signals through inhibition of
protein tyrosine phosphorylation [9], or by the induction of
T-cell anergy [10, 11].

Previously, the murine anti-human CD4 monoclonal
antibody MAX.16HS5 IgG, was used in patients with auto-
immune diseases or as a protective therapy against trans-
plant rejection [12—14]. In human kidney transplantation,
MAX.16HS5 IgG, effectively reduce graft rejection [15-17].
The use of MAX.16H5 IgG, not only resulted in the sup-
pression of immune activity but also in the induction of tol-
erance against tetanus toxoid in a triple transgenic mouse
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model [18-20]. CD4/DR3 mice expressing human CD4
and HLA-DR17, a split antigen of HLA-DR3, on a cd4-
deficient background, were initially bred at the Institute
for Laboratory Animal Science, Medical School, Hanover,
Germany [21]. Using these mice, anti-human CD4 antibod-
ies can be used directly and host and donor hematopoiesis
could be distinguished by means of human and murine cd4
molecules [22-24]. In this paper, we will show the preven-
tion of GvHD with preserved GvL effect by ex vivo and in
vivo modulation of CD4*" T-cells by MAX.16H5 IgG; anti-
CD#4 antibodies.

Materials and methods
Animals

Donor triple transgenic mice (human CD4%/*, murine
cd4™~, HLA-DR3"*) TTG-C57Bl/6 were bred at the
Universitit Leipzig and donor C57B1/6™" mice and recipi-
ent Balb/c"™" mice were purchased from Charles River
(Sulzfeld, Germany) [22, 23, 25]. All mice were housed,
treated, or handled in accordance with the guidelines of
the Universitdt Leipzig Animal Care Committee and the
Regional Board of Animal Care for Leipzig (animal experi-
ment registration number 28/08 and 55/11). Several recipi-
ent mice were treated with MAX.16HS IgG, (15 pg/g body
weight) at day 0. Survival, engraftment, and hematological
(full blood cell count) and immunological reconstitution
(murine cd4, human CD4, murine cd8, HLA-DR3, and
H2KP®) were measured weekly (Fig. 1).

Statistical analysis

All data are presented as mean =+ standard deviation. Sta-
tistical analysis and graphic presentations were made using
SigmaPlot 10.0/SigmaStat 3.5 software (SYSTAT, Erkrath,
Germany). p values were calculated using ¢ tests. Kaplan—
Meier survival curves were analyzed using the Logrank test
and pair-wise multiple comparisons of means (Holm—Sidak
method).

Irradiation protocol of Balb/c recipients and antibody
injection in TTG-C57Bl/6 and Balb/c*" mice

For the irradiation of mice, the X-Ray apparatus (D3225,
Orthovoltage; Gulmay Medical, Camberley, UK) was
adjusted for animal irradiation to reach an irradiation dose
of 8 Gy [23]. Antibody concentration of 15 and 1.5 png
antibody/g for intra-venous injection of MAX.16H5 IgG,
in TTG-C57Bl/6 or Balb/c*' mice was calculated according
to the observations of Laub et al. [19].
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Fig. 1 The principle of allogeneic hematopoietic stem cell transplan-
tation after short-term pre-incubation of the graft by anti-human CD4
antibodies (MAX.16H5 IgG,) or treatment of recipient Balb/c™* mice
at day of transplantation (day 0) is shown. Allogeneic hematopoietic
stem cell grafts were incubated with MAX.16H5 IgG, 2 h before
transplantation into Balb/c™" mice or recipient mice were treated with
15 pg/g body weight at day 0. Engraftment and hematological (WBC

Preparation of BM cells, splenocytes, mast cell leukemia
cells, and antibody incubation

As isotype control, the antibody from LEAF™ (Low
Endotoxin, Azide-Free)™ Purified Mouse IgG,(k isotype
control antibody; BioLegend, San Diego, CA, USA) was
used. MAX.16H5 IgG, antibodies were used as described
by Emmrich et al. [13]. MAX.16H5 IgG, anti-human CD4
antibodies recognize an epitope, which has been described
by three-dimensional mapping of overlapping peptides
and which is located in the first CD4 domain (F. Emmirich,
unpublished data). Anti-human CD4 antibody clone RPA-
T4 IgG, was purchased from AbSerotec (Cat: MCA127EL).
RPA-T4 IgG, recognise an epitope within domain 1 of the
extracellular region of the CD4 molecule (©2013, BioRad
Laboratories, according to the data sheet). BM cells and
splenocytes were prepared by methods already published in
the literature [22, 24, 25]. Mast cell leukemia cells (P815-
cells) were handled according to a protocol from Demehri
et al. [26]. Labeling of P815 cells was done with Amaxa®
Cell Line Nucleofector® Kit T as described by the manu-
facturer (Lonza Cologne, Cologne, Germany). For antibody
incubation, the calculated amount of antibodies was diluted

.........
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subsets) and immunological reconstitution (murine cd4, human CD4,
murine cd8, HLA-DR3, and H2K®) were measured weekly (four inde-
pendent transplantation experiments, one experiment for direct anti-
body application, at least four animals per group in the transplantation
experiments and three animals per time point in the antibody applica-
tion experiments)

before use to a final concentration of 1 mg/ml in Dulbec-
co’s Modified Eagle Medium without FCS. BM (1.4 x 10%)
and splenocytes (1.4 x 10%) from donors were incubated
with 800 pg MAX.16HS5 IgG, or 800 pg RPA-T4 IgG, in
15 ml Dulbecco’s Modified Eagle Medium without FCS for
2 h at room temperature in the dark. As control, BM and
splenocytes from the donors without antibody pre-incuba-
tion were prepared under the same conditions. After 2 h of
incubation, cells were centrifuged at 300 x g for 10 min to
pellet them and washed once in PBS (1x) at 300 x g for
10 min to remove unbound antibodies.

Cell transplantation

For co-transplantation experiments, 2 x 107 pre-incubated
BM cells of donor TTG-C57Bl/6 or C57BI/6™" mice were
added to 2 x 107 MAX.16H5 IgG, pre-incubated spleno-
cytes. The cell concentration was adjusted to a final volume
of 150 ul sterile 0.9 % NaCl. For GvHD induction, 2 x 107
BM cells of donor TTG-C57B1/6 or C57Bl/6™" mice were
added to 2 x 107 splenocytes. Subsequently, the allogeneic
grafts were transplanted in the lateral tail vain of recipi-
ent Balb/c*" mice in a volume of 150 pl [22, 23, 25]. The
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GvHD score after transplantation was calculated according
to Cooke et al. [27].

Flow cytometry

FACSCanto BD™ 1II was set up by unstained and sin-
gle stained cells as controls. For compensation of fluoro-
chromes and calibration, compensation beads (Comp-
Beads; BD Biosciences, Heidelberg, Germany) were used
according to the manufacturer’s recommendations.

Donor TTG-C57B1/6 or C57Bl/6™" and recipient Balb/
c™ mice were analyzed by flow cytometry. For cytomet-
ric analysis, cells were prepared and incubated with anti-
murine cd4-PECy7, MHC-I (H2Kb)—PE, anti-murine
cd8-PerCP (BD Biosciences), anti-murine cd3-FITC, anti-
human CD4-APC (Beckman Coulter, Brea, USA), and
anti-human HLA-DR3-FITC (Immunotools, Friesoythe,
Germany) according to the MiFlow-Cyt standards [25].
For cytometric analysis of murine FoxP3, the murine T,
Detection Kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) was used according to the manufacturer’s proto-
col. The Forward Scatter and Side Scatter gate was used
to define the lymphocytes. Forward Scatter-cd3 gate was
applied to the lymphocytes to discriminate T-cells. The
gates for murine cd4/cd3, human CD4/cd3 were applied on
the cd3* T-cells to determine the engraftment (analysis of
chimerism) and for discrimination of human and murine
CD4™" cells. The gate for cd8/cd3 was applied on the cd3™
T-cells to investigate the cytotoxic T-cells and the gate for
Forward Scatter-H2K® was used for analyzing the chimer-
ism after transplantation. Gates for human CD4-cd25 and
murine cd4—cd25 were applied on the lymphocyte gate
to determine how many CD4 cells are positive for CD25.
Gates for cd25-FoxP3 were applied on human CD4-cd25
and murine cd4—cd25 gates for the investigation of donor
and host CD4TCD25 FoxP3™ regulatory T-cells. The gate
for human CD4-HLA-DR was applied on lymphocyte gate
for detection of CD4 and HLA-DR-expressing cells after
allogeneic transplantation. GFP-labeled P815 cells were
detected in the FITC channel. Data were acquired on a BD
FACSCantolI™ Flow Cytometer and analyzed using BD
FACSDIVA™ software (both BD Biosciences).

Histology of recipient mice, RNA isolation, FoxP3-PCR

Histology was done as described previously [24]. The
TUNEL assay for detection of apoptosis in skin samples of
GvHD mice was done according a protocol described by
Jerome et al. [28]. Total RNA was isolated from tissue sam-
ples of murine livers and spleens from recipient mice and
reverse transcribed into cDNA [23]. Real-time PCR was
performed on a Roche LightCycler® (Roche, Grenzach-
Wyhlen, Germany) using the QuantiTect SYBR Green PCR
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Kit (Qiagen) in a 20-pu1 reaction mix containing 100 ng of
the cDNA (2 wl), 2 pl primer mix (each 20 pmol), 6 wl
water, and QuantiTect SYBR Green Master Mix (with Hot-
StarTaqg DNA Polymerase, PCR Buffer, deoxynucleotide
triphosphate mix, SYBR Green I, ROX passive reference
dye, and 5 mM MgCl,). Amplification was performed by
real-time PCR: 15 min activation and denaturation at 95 °C,
followed by repetitive cycles of denaturation at 94 °C for
15 s, annealing at primer-specific annealing temperature for
20 s [FoxP3 5’-cag ctg cct aca gtg ccc cta g-3’ 5'-cat ttg cca
gca gtg ggt ag-3’ [29] (annealing temperature 65 °C), Glyc-
eraldehyde 3-phosphate dehydrogenase 5’-ccc act aac atc
aaa tgg gg-3’ 5-cct tec aca atg cca aag tt-3’ [30] (annealing
temperature 56 °C)], and polymerization at 72 °C (20 s). A
melting curve was obtained by heating at 70 °C for 20 s,
then increasing to 99 °C at a rate of 0.1 °C/s while record-
ing SYBR Green fluorescence. Relative gene expression
was performed with the delta—delta method using the Rela-
tive Expression Software Tool® [31].

Results

Anti-human CD4 antibody administration to TTG-C57Bl/6
mice

For the evaluation of the effects to human CD41/murine
cd3* cells in the TTG-C57B1/6 donor mice, we investi-
gated the development of human CD4"/murine cd3% cells
in the blood after intravenous injection of MAX.16HS IgG,
(1.5 and 15 pg antibody/g body weight) by flow cytom-
etry. Blood was investigated within 70 h after injection
with regard to human CD4/murine cd3-expressing cells.
After injection of 1.5 pg of the antibodies/g body weight,
the human CD4"/murine cd3™ cells were not detectable for
at least 6 h and again detectable after 9 h. After injection
of 15 pg antibodies/g body weight (Fig. 2), the cells were
again detectable after 24 h. After antibody administration,
the human CD4 molecules were masked and the duration
was dose-dependent.

Induction of GVHD by transplantation of BM cells
and splenocytes from C57B1/6™" or TTG-C57Bl/6
into Balb/c™" mice

The transplantation of BM cells and splenocytes from
transgenic human CD4%, murine cd4~'~, and HLA-DR*
mice in a full MHC allogeneic mismatch transplantation
model (H2K® — H2K?) induces GvHD. Balb/c™ recipi-
ent mice transplanted with 2 x 10’ BM cells and 2 x 10’
splenocytes from TTG mice develop a severe GvHD
within 40 days after transplantation (0 % survival; Fig. 3a).
The GvHD score increases significantly from O at day of
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Fig. 2 Evaluation of the distribution of CD4*" T-cells after intrave-
nous application of MAX.16H5 IgG, (1.5-15 pg/per g body weight)
in TTG-C57B1/6 mice (one experiment, n = 3 per time point). Human
CD4* T-cells from peripheral blood were not detectable for at least
6 h and again detectable after 9 h. The application of 15 pg/g body
weight led to a prolongation of human CD4" T-cell disappearance in
peripheral blood to 24 h

transplantation to 4.8 £ 1.87 at day 8 (Fig. 3b; p < 0.001).
Leukocytes (WBC) from Balb/c" recipient mice decreased
from 9.31 + 221 x 10%mm? (day—2 = 2 days before
transplantation) to 1.15 £ 0.35 x 10*/mm’® (day 40)
and showed no recovery to the initial levels (p < 0.001;
Fig. 4a). Also, the WBC subsets (lymphocytes, granu-
locytes, and monocytes) did not reach the initial levels
(Fig. 4b—d). In GvHD-mice, flow cytometry for human
CD4, HLA-DR, murine cd4, murine cd8, and donor MHC-
H2K® after transplantation showed engraftment of TTG
donor cells (Fig. 5a). Figure 5a shows that the expression
of human CD4 (only expressed on donor T-cells) signifi-
cantly increased in GvHD-animals from 0.04 £ 0.03 %
(day —2) to 10.49 £ 4.9 % (day 27). The expression of
HLA-DR (only expressed on donor APCs) significantly
increased in GvHD-animals from 0.06 £ 0.09 % (day —2)
to 4.51 £ 1.03 % (day 27), respectively. The loss of murine
cd4-expressing cells also indicated the engraftment of
donor cells. Murine MHC-H2K" was expressed after trans-
plantation in GvHD-animals (50.54 + 38.31 %, p < 0.001,
day 27 compared to day —2). The cd3%/cd8™ cells
increased from 8.8 £ 2.19 % (day —2) to 44.23 4 22.56 %
(day 27, p < 0.001). Repeating the experiments by using
C57B1/6™" mice as donors instead of TTG-C57B1/6 mice
showed that all recipient Balb/c"™' mice developed a severe
GvHD and died within 35 days even when the grafts were
pre-incubated with MAX.16H5 IgG, anti-human CD4 anti-
bodies (Fig. 3c, d). Histological staining of skin samples by
a TUNEL assay showed apoptosis in GvHD-mice in com-
parison to recipients receiving a MAX.16H5 IgG, pre-incu-
bated graft or to recipients after treatment with MAX.16H5
IgG, before transplantation (Fig. 3e-g).

Prevention of GvHD by short-term pre-incubation of BM
cells and splenocytes coated with MAX.16HS5 IgG,
anti-CD4 antibodies

The pre-incubation of BM cells and splenocytes from trans-
genic human CD4*, murine cd4~/~, and HLA-DR" mice
with MAX.16HS5 IgG, anti-human CD4 antibodies and sub-
sequent transplantation in a full MHC allogeneic mismatch
transplantation model prevents the induction of GvHD. BM
cells (2 x 107) and splenocytes (2 x 107) from TTG mice
were incubated with MAX.16HS5 IgG, anti-human CD4
antibodies before transplantation into Balb/c™ recipient
mice. These mice did not develop GvHD within 60 days
after transplantation compared to the GvHD controls (86 %
survival; Fig. 3a; p < 0.001). The GvHD score was sig-
nificantly lower at day 25 until the end of the experiment
(Fig. 3b; p < 0.001) in comparison to GvHD-controls. WBC
from recipient mice increased from 6.58 4 2.15 x 10%/
mm?® (day —2) to 8.82 + 2.46 x 10/mm? (day 54) and
showed recovery to the initial and normal levels (Fig. 4a).
Also, the WBC subsets (lymphocytes, granulocytes, and
monocytes) reached normal levels (Fig. 4c, d). Flow cyto-
metric analysis 60 days after transplantation showed
engraftment of TTG donor cells (Fig. 5b). Human CD4
expression (only expressed on donor T-cells) significantly
increased in GvHD-free animals from 0.07 + 0.05 %
(day —2) to 41.4 £ 7.65 % (day 54). HLA-DR expression
(only expressed on donor APCs) significantly increased
in GvHD-free animals from 0.02 £+ 0.03 % (day —2) to
37.69 £ 12.44 % (day 54). The loss of murine cd4-express-
ing cells also indicated the engraftment of the donor cells.
Murine MHC-H2K" was expressed after transplantation in
GvHD-free animals (92.3 & 3.27 %, p < 0.001). The cd3*/
cd8™ cells increased from 10.18 % 3.34 % (day —2) to
20.91 £ 4.38 % (day 54, p < 0.001).

In GvHD-free recipients, the relative FoxP3 expression
showed an increase after allogeneic transplantation (up to
more than 100-fold) in recipient Balb/c™' mice 46 days after
transplantation in liver, spleen, and gut (Fig. 6a). Survival
after transplantation of cells from TTG mice with short-
term pre-incubation of RPA-T4 IgG, antibodies (800 pg
in 15 ml Dulbecco’s Modified Eagle Medium without FCS
for 2 h) was significantly lower than using MAX.16H5
IgG, antibodies. This indicated an epitope-specific effect
(Fig. 3a). The GvHD scores in this group were significantly
higher compared to the controls (Fig. 3b).

Prevention of GvHD by in vivo application of MAX.16HS5
IgG, at day of transplantation

The direct administration of MAX.16H5 IgG,; anti-
human CD4 antibodies into Balb/c™ recipient mice before
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Fig. 3 a, b GvHD induction after transplantation of cells from human
CD4* C57BI1/6-TTG mice into Balb/c™ mice with or without short-
term pre-incubation of MAX.16H5 IgG,. a Survival of Balb/c™" recip-
ient mice after allogeneic transplantation of 2 x 107 BM cells and
2 x 107 splenocytes from human CD4* C57Bl/6-TTG mice. Balb/
c™ recipient animals, treated with the antibodies or receiving a pre-
incubated graft showed a significantly higher survival rate compared
to control mice (four independent experiments for transplantation of
cells from human CD4" C57B1/6-TTG mice into Balb/c™' mice with
or without short-term pre-incubation of MAX.16H5 IgG, (800 pg
per 1.4 x 10% BM cells and splenocytes), n = 16 and 28, p < 0.001,
one experiment for isotype control IgG, (800 g per 1.4 x 108 BM
cells and splenocytes, n = 4), two experiments for transplantation
of cells from human CD4" C57BI1/6-TTG mice into Balb/c*" mice
with antibody treatment of recipient mice, n = 10). Without antibod-
ies, recipient mice died within 45 days. Additionally, recipient Balb/
c* mice transplanted with cells from human CD4% C57Bl/6-TTG
mice and short-term pre-incubation (800 pg per 1.4 x 108 BM cells
and splenocytes) with anti-CD4 antibodies RPA-T4 IgG, are shown
(one experiment, n = 4). b The GvHD scoring system showed a sig-

transplantating BM cells and splenocytes from transgenic
human CD4%1, murine cd4~~, and HLA-DR' mice also
prevented the induction of GvHD. Balb/c™ mice received
15 pg/g MAX.16H5 IgG, anti-human CD4 antibodies intra-
venously before receiving 2 x 10’ BM cells and 2 x 107 sple-
nocytes from TTG mice. These mice did not develop aGvHD
within 60 days after transplantation compared to the GvHD
controls (100 % survival; Fig. 3a, b; n = 10, p < 0.001).
Immune reconstitution was comparable to recipient Balb/c™*
mice receiving a pre-incubated graft (data not shown).
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nificantly lower GVHD score in Balb/c"' recipient animals that were
treated with MAX.16H5 IgG, or receiving a pre-incubated graft. c,
d Transplantation of cells from C57B1/6"" into Balb/c* mice with or
without short-term pre-incubation with MAX.16H5 IgG,. ¢ Survival
of Balb/c™ recipient mice after allogeneic transplantation of 2 x 10’
BM cells and 2 x 107 splenocytes from C57BI/6™ mice (one experi-
ment for transplantation of cells from C57BIl/6™ mice into Balb/c™'
mice with or without short-term pre-incubation of MAX.16HS5 IgG,
(800 g per 1.4 x 108 BM cells and splenocytes), n = 6, one experi-
ment for isotype control IgG,, n = 6). b The GvHD scoring system
showed a high GvHD score in all transplanted animals. Total body
irradiation of recipients led to a survival of 0 % (three independent
experiments, n = 13). e—g All recipient animals that developed a
GvHD showed apoptosis in histological analysis (shown for skin). e
Balb/c™* mice without transplantation. f Skin of Balb/c chimera with
GvHD after transplantation of cells from TTG-C57B1/6 mice without
MAX.16H5 IgG, showed apoptosis. g Skin of Balb/c chimera with-
out GvHD after transplantation of cells from TTG-C57B1/6 mice with
MAX.16H5 IgG, showed no apoptosis

Transfer of immune tolerance and determination
of regulatory T-cells in recipient Balb/c*' mice

The possibility to transfer immune tolerance from trans-
planted GvHD-free Balb/c chimeras (Balb/c mice with
TTG hematopoiesis) into third-party Balb/c*" mice with-
out new pre-incubation of the graft with MAX.16H5 IgG;
anti-human CD4 antibodies was hypothesized. Thus, after
40 days of initial transplantation, BM cells and spleno-
cytes were attained and transferred into new Balb/c™" mice.
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Fig. 4 Immune reconstitution of cells from TTG-C57B1/6 mice trans-
planted into Balb/c™" mice with or without short-term pre-incubation
with MAX.16H5 IgG,. a Leukocytes from mice transplanted with
2 x 10" BM+ 2 x 107 splenocytes+ MAX.16H5 IgG, reach the ini-
tial WBC levels within 60 days after transplantation. Control mice
receiving an untreated graft showed a decrease of WBC levels and did
not reach the initial levels. b—d Full blood cell count after allogeneic
transplantation. Reconstitution of monocytes, granulocytes, and lym-
phocytes from mice transplanted with 2 x 107 BM+ 2 x 107 sple-

Engrafted recipient mice did not develop aGvHD within
60 days after transplantation even when cell numbers of
BM cells and splenocytes were increased to 8 x 10’7 BM
cells and 1 x 10® splenocytes (Supplementary Fig. 1). Fifty
percent of the recipient Balb/c*" mice survived without
GvHD development. Dying animals showed no engraft-
ment and no signs of GVHD (hematopoietic failure). The
relative FoxP3 expression showed a continuous increase
of donor-derived human CD4%/FoxP3* T-cells after allo-
geneic transplantation from Balb/c-TTG chimeras into
third-party Balb/c™" recipients (Fig. 6b). Flow cytometry
analysis 60 days after transplantation showed engraftment
of TTG donor cells (Fig. 6¢). Figure 6¢ shows that the
expression of human CD4 significantly increased in these
animals until day 54. The expression of HLA-DR signifi-
cantly increased in these animals from 0.02 £ 0.02 % (day

nocytes+ MAX.16HS IgG, reached the initial levels within 60 days
after transplantation compared to the control mice (four independent
experiments for transplantation of cells from human CD4" C57B1/6-
TTG mice into Balb/c"" mice with or without short-term pre-incuba-
tion of MAX.16H5 IgG,, n = 16 and 28, one experiment for isotype
control IgG, n = 4, two experiments for transplantation of cells from
human CD4% C57B1/6-TTG mice into Balb/c™ mice with antibody
treatment of recipient mice, n = 10)

—2) to 17.8 &+ 3.8 % (day 54). The loss of murine cd4-
expressing cells also indicated the engraftment of the donor
cells. The cd3/cd8" cells significantly increased from
10.17 £ 1.17 % (day —2) to 23.94 £ 1.63 %. The expres-
sion of cd3 at day 54 was 70.5 £ 8.5 % (Fig. 6c, day 54).
Leukocytes (WBC) recovery reached nearly the initial lev-
els 120 days after transplantation (Fig. 6d).

Influence of the antibody therapy to the GvL effect

The pre-incubation of CD4" T-cells should not have a sup-
pressive effect on developing CD8" T-cell clones respon-
sible for the GvL effect. Therefore, Balb/c*' mice received
different cell concentrations of P815-mast-cell leukemia
cells intravenously before transplantation of 2 x 10’ BM
cells and 2 x 107 splenocytes from TTG mice incubated
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Fig. 5 Flow cytometric analysis of murine cd4, human CD4, murine
cd8, H2K®, and HLA-DR on day —2 (2 days before transplanta-
tion) and day 27 (a), and day —2 and 54 (b) after transplantation.
A decrease of murine cd4-expressing T-cells, an increase of human
CD4-expressing T-cells, and HLA-DR-expressing cells indicates
engraftment of transplanted cells in Balb/c"' recipient mice after

with or without MAX.16H5 IgG, anti-human CD4 anti-
bodies. Transplantating high concentrations of P815-cells
(1 x 10° per 150 wl) led to a survival of 0 % of all recipi-
ents. Interestingly, after titration of P815-cells to 5 x 10°
per 150 w1, survival in recipients receiving a pre-incubated
graft was significantly higher compared to recipients
receiving no MAX.16HS5 IgG, anti-human CD4 antibodies
(90 vs. 10 %, p < 0.001, n = 10; Fig. 7a). Immune re-con-
stitution was comparable to recipient Balb/c™' mice receiv-
ing a pre-incubated graft (Fig. 7b) except for human CD4,
which was markedly increased at day 42 in recipients of the
antibody. P815-cells could be detected in different organs
by histological analysis, e.g., liver (Fig. 7c). In Balb/c™
recipients receiving an allogeneic graft (after irradiation
with 8 Gy and pre-incubation with MAX.16H5 IgG, or
the isotype control IgG,) and P8159FF cells, no P815 cells
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allogeneic transplantation of 2 x 10" BM cells and 2 x 107 sple-
nocytes from human CD4" C57BI1/6-TTG mice with (b) or without
(a) pre-incubation of MAX.16H5 IgG, (four independent experi-
ments for transplantation of cells from human CD4" C57Bl/6-TTG
mice into Balb/c™ mice with or without short-term pre-incubation of
MAX.16H5 IgG,, n = 10 and 28)

were detectable after transplantation at different time points
by flow cytometry indicating a GvL effect. In recipients
only receiving P8155F cells after irradiation with 8 Gy
and without transplantation, P815 cells were detectable
(Fig. 8a—c, shown for liver cells).

Discussion

We investigated whether MAX.16H5 IgG;, monoclonal
anti-human CD4 antibodies can prevent the development
of GvHD with preserved GvL effect when allogeneic grafts
are short-term pre-incubated and unbound antibodies are
removed.

After in vivo administration of MAX.16H5 IgG,
anti-human CD4 antibodies in TTG-C57B1/6 mice, the
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Fig. 6 a Relative FoxP3 expression 46 days after transplantation of
2 x 107 MAX.16HS5 IgG, pre-incubated BM cells and 2 x 107 sple-
nocytes from TTG-C57B1/6 mice into Balb/c"" mice (one experiment,
n = 1). The relative FoxP3 expression showed an increase after allo-
geneic transplantation 46 days after transplantation in liver, spleen,
and gut of a transplanted animal. b—d Tolerance transfer by transplan-
tation of 2 x 107 BM cells and 2 x 107 splenocytes from GvHD-free
chimeric TTG-Balb/c mice into third party Balb/c™ recipient mice.
BM cells and splenocytes (2 x 10" BM+ 2 x 107 splenocytes) were
transplanted into third party Balb/c*™" mice without pre-incubation
with MAX.16H5 IgG, (n = 4, one experiment). b The relative FoxP3
expression showed a continuous increase of donor derived (human

antibodies covered the CD4 molecules on murine T-cells
expressing the human CD4 up to 24 h depending on the
dose administered. In a clinical study, patients treated with
MAX.16H5 IgG, antibodies undergo a rapid modulation of
the CD4" T-cells, the degree of which varies from patient
to patient and appears to be dependent on the amount of
MAX.16HS5 IgG, antibodies. Modulation of the target anti-
gen by MAX.16HS5 IgG, was demonstrated in one study,
through high levels of soluble CD4 and a decreased CD4
antigen density on T-helper cells, down to 30 % of the orig-
inal level [32]. This effect occured within a few hours after
the infusion started. Circulating CD4-expressing lympho-
cytes become coated with the antibodies, and in vivo infu-
sions demonstrated that a maximum coating of 11 &7 % is
reached by the end of infusion, which declines to 0-5 % by
12 h post-infusion [33].

Using TTG mice as donors, Balb/c"™" mice develop a
severe GVHD within 45 days, which was comparable to
when C57B1/6™" mice instead of TTG mice were used as
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CD4"/FoxP3™) T-cells after allogeneic transplantation from Balb/c-
TTG chimeras in third party Balb/c™" recipients compared to the con-
trols (n = 4, one experiment). ¢ Flow cytometric analysis 60 days
after transplantation showed engraftment of TTG donor cells. The
expression of human CD4", HLA-DR™, and cd8™ cells significantly
increased in these animals. The loss of murine cd4-expressing cells
also indicated the engraftment of the donor cells (n = 4, one experi-
ment). d Leukocytes (WBC) from surviving Balb/c recipient mice
showed recovery to the initial levels (n = 4, one experiment) after
120 days. Total body irradiation from control mice led to a survival of
0 % (one experiment, n = 3)

donors. Engraftment of cells and GvHD development was
first observed after 12 days. GVHD was classified accord-
ing to a GVHD score [27] and by histological analysis [25].
Because the GvHD score is a clinical score considering
weight, texture of the fur, and mobility, the control animals
were also positively scored at different time points espe-
cially as a consequence of irradiation. However, the GvHD
score in GvHD animals was significantly higher after
engraftment compared to recipients receiving MAX.16H5
IgG,. Interestingly, direct application of the antibodies led
to a lower GvHD score in recipient animals compared to
animals receiving a pre-incubated graft. There are other
GvHD models specifically using C57B1/6™" mice as donors
and Balb/c™" mice as recipients (www.stembook.org), but
the originality of our model is the possibility for direct
testing of anti-human CD4 antibodies in mice. All ani-
mal models of GvHD and GvL are simply animal models.
The results should be confirmed using non-obese diabetic/
severe combined immunodeficient mice as recipients for

@ Springer


http://www.stembook.org

2144

S. Fricke et al.

Q
N
S
S o
. 3

o)
o

% of survival

N
o
!

10 20 30 40 50 60
Time (days)
—@- 5x10° P815>Balb/c without irradiation (n=3)
—O- TTG>Balb/c 5x10° P815 + 2x107 BM + 2x107 SpC (n=10)
=¥ TTG>Balb/c 5x10° P815 + 2x107 BM + 2x107 SpC + MAX.16H5 IgG, (n=10)
=& 1x108 P815>Balb/c without irradiation (n=3)

—& 1x108 P815>Balb/c 3Gy irradiation (n=3)
—{F TTG>Balb/c 3Gy irradiation 1x108 P815 + 2x107 BM + 2x107 SpC (n=5)

—&- TTG>Balb/c 3Gy iradiation 1x108 P815 + 2x107 BM + 2x107 SpC + MAX.16HS5 IgG, (n=5)
O Imadiation control + 0.9% NaCl (n=9)

Fig. 7 a, b Transplantation of cells from human CD4* cells from
C57B1/6-TTG mice into Balb/c™ mice with or without short-term
pre-incubation with MAX.16H5 IgG, and with or without co-trans-
plantation of P815 mastocytoma cells. a Transplantation of high
concentrations of P815-cells (1 x 10° per 150 pl) with 3 Gy total
body irradiation led to a survival of 0 % in all recipients (one experi-
ment, n = 5). Interestingly, after titration of P815-cells to 5 x 10> per
150 pl, the survival in recipients receiving a pre-incubated graft was
significantly higher compared to recipients receiving no MAX.16HS
IgG, (90 vs. 10 %, p < 0.001, two independent experiments, n = 10)

human immune cell grafts. In these models, the contribu-
tion of CD8" T-cells or other cells responsible for innate or
adaptive immune responses should be investigated as well
as the GvL effect against human leukemia cell lines.

The reconstitution of WBC was observed in GvHD-
free mice until the end of the experiment. In GvHD mice,
lymphocytes and monocytes did not reach the initial lev-
els indicating the immunosuppressive effect of GvH reac-
tions also observed by hyposplenism in recipient animals.
For analysis of hematopoietic chimerism, we examined
the presence of murine and human CD4 molecules, HLA-
DR, and H2K" after transplantation. After transplantation,
human CD4", HLA-DR*, and H2K"" cells representing
donor hematopoiesis were stably expressed from day 12.

We found that transplantating short-term (2 h) pre-incu-
bated and washed allogeneic hematopoietic stem cell grafts
with MAX.16H5 IgG, prevents aGvHD. It is not known
whether the time of incubation is crucial for the observed
effect. It would be interesting to test different antibody
incubation times before transplantation in recipient mice
with regard to GvHD development. Furthermore, GvHD
could be prevented when recipient Balb/c™" mice were
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and the infiltration of P815-cells into different organs was lower (c,
shown for liver). b Immune re-constitution was comparable to Balb/
c™ mice receiving a pre-incubated graft without co-transplantation of
P815-cells except for human CD4, which was markedly increased at
day 42 in recipients of the antibody (two independent experiments,
n = 10). Transplantation of 1 x 10® P815-cells without irradiation
lead to a survival of 66 % (one experiment, n = 3). Total body irradia-
tion led to a survival of 0 % (three independent experiments, n = 9),
transplantation of 5 x 10 P815 cells without irradiation to a survival
of 100 % (one experiment, n = 3)

treated by MAX.16H5 IgG, anti-human CD4 antibodies
before transplantation. In comparison to the ex vivo treat-
ment of the graft, the antibody doses are probably higher
when the antibodies are directly administered to the recipi-
ents. These effects should be investigated in clinical trials.
However, it is encouraging that after direct administration
of the antibodies to recipient mice, a normal reconstitu-
tion of all lymphocyte subsets without GVHD development
occurred. Further experiments will investigate whether dif-
ferent administration time points have different effects to
the GVHD development.

Allografts included BM cells and splenocytes. BM cells
were transplanted for reconstitution of a hematopoietic
system and splenocytes for induction of GvHD by CD4%
T-cells. For transplantation in human beings, peripheral
mobilized stem cells and umbilical cord blood grafts are
also used. These un-manipulated grafts also contain other
mononuclear cells and T-cells that initiate GvHD. Espe-
cially in transplantation with reduced intense conditioning,
the T-cells have an impact to facilitate the GvL effect [34].

Interestingly, CD4 and its natural ligand HLA-DR
were co-transferred. Up to date, it is not clear whether
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Fig. 8 a—c Transplantation of cells from human CD4% cells from
C57B1/6-TTG mice into Balb/c™ mice with or without short-term
pre-incubation with MAX.16HS5 IgG, and with co-transplantation
of P815%F mastocytoma cells. a After transplantation of P815°F>-
cells (5 x 103 per 150 1) without an allogeneic graft and 8 Gy total
body irradiation, the P815°F cells could be detected until death of

this association is responsible for GvHD development in
Balb/c"" mice in this transplantation model. Probably, host
antigens are presented by HLA-DR-expressing cells after
transplantation and GvHD T-cell clones are induced after
engraftment of hematopoietic stem cells. On the other
hand, human CD4*" T-cells from TTG mice can probably
recognize the murine H2K? complexes and initiate the
GvHD. Experiments in which HLA-DR-expressing cells
are separated prior to transplantation should be performed.
After transplantation, the expression of HLA-DR signifi-
cantly increased. In this model, HLA-DR is not specific for
dendritic cells. HLA-DR is also expressed on B-cells that
develop after T-cell reconstitution and on activated T-cells.
In GvHD-free and in GvHD animals, a stable engraftment
of donor cells could be observed. In GvHD-free animals,
the immune reconstitution of the cells nearly reached the
initial levels compared to the GvHD recipients.

A short-term contact of anti-CD4 antibodies can induce
tolerance to foreign proteins and transplanted allografts
[35, 36]. We hypothesize that the pre-incubation of CD4™

»
>

FITC [GFP]

the recipients (one experiment, n = 6). b, ¢ After transplantation
of P815% cells (5 x 10* per 150 wl) with an allogeneic graft pre-
incubated with MAX.16H5 IgG, or the isotype control IgG,, P815°P
cells were cleared from the circulation indicating the Graft-versus-
leukemia effect of the graft (two independent experiments, n = 6). All
dot plots and flow cytometric analysis are shown for liver cells

T-cells with MAX.16HS5 IgG, suppresses the clonal expan-
sion of GvHD-specific T-cell clones through induction of
Tiees- MAX.16H5 IgG, modulates the activation of CDh4*
T-cells through down-regulation of IL-2 mRNA levels
and by inhibition of lymphocyte-specific protein tyrosine
kinase transmission [37, 38]. It has been shown that anti-
CD4 antibody therapy effectively induces tolerance in rats
[39] and mouse strains [40]. Tregs can also be induced by
CD4 ligands, which is a central mechanism in tolerance
induction by monoclonal anti-CD4 antibodies. In this
study, recipient animals receiving a MAX.16HS5 IgG, pre-
incubated graft showed a higher Fox-P3 gene expression
after transplantation in liver, spleen, and gut 46 days after
transplantation.

The murine depleting anti-CD4 antibody (GK 1.5)
induces tolerance against a rat anti-mouse Il-6 receptor
antibody with a lower appearance of nephritis in (New
Zealand Black x New Zealand White) F, mice [41]. The
induction of a donor-specific tolerance due to the com-
bination of donor-specific T-cell infusion and anti-CD4
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YTS177.9 antibody therapy was also observed [40].
However, depletion of CD4" T-cells could be associated
with higher risk for infectious diseases after transplanta-
tion. It is well known that GVHD development in murine
transplantation models depends on the T-cell content
in the graft. A T-cell depleted graft will not induce any
GvHD development in our model. Prevention of GvHD
was only achieved by pre-incubation or direct applica-
tion of MAX.16HS IgG, indicating an epitope-specific
effect. By using RPA-T4 anti-human CD4 antibodies, the
observed effect could not be repeated. However, further
anti-human CD4 antibodies or anti-CD4 beads binding to
other epitopes of the CD4 molecule than MAX.16H5 IgG,
should be investigated.

In P815-Balb/c leukemic mice, the survival rate was
significantly higher compared to controls when these
animals received a MAX.16H5 IgG,; pre-incubated graft.
This demonstrated that different T-cell clones at different
time-points are responsible for GVHD and the GvL effect.
The GVL effect in our GvHD model using TTG mice
as donors and Balb/c™" mice as recipients has not so far
been investigated to discover whether the GvHD and GvL
effect are antigen-specific. Allo-reactive donor C57Bl1/6
T-cells expressing human CD4 that recognize allo-anti-
gens restricted by human HLA-DR would not be expected
to directly recognize peptides expressed on murine H2K¢
by Balb/c cells. On the other hand, the triple transgenic
donor cells have more allo-reactivity than wild-type donor
cells. Therefore, recipients die faster from GvHD when
receiving TTG donor cells. This suggests a difference in
overall allo-reactivity between transgenic and wild-type
donor T-cells. Probably, human CD4% T-cells from TTG
mice recognize antigens on murine H2KY in situ as well
as on co-transferred HLA-DR, which strengthen the allo-
reactivity. The overall allo-reactivity of the transgenic
human CD4 T-cells may not be directly comparable to
wild-type donor T-cells. Because all the murine donor
CD4™" T-cells express human CD4, the effect of the anti-
CD4 antibody can be an effect of a general CD4 modu-
lation that is antigen non-specific. The GvL effect after
transplantation of C57B1/6 cells into Balb/c recipients is
predominately mediated by CD8" T-cells [42, 43]. Also,
the P815 cell line is derived from Dilute Brown Non-
Agouti Mouse mice (DBA/2, H2%) so that there are differ-
ences in minor antigens between it and Balb/c™" recipient
mice. This can explain the relative strengths of GvL and
GvHD in this model. However, MAX.16H5 IgG, did not
influence the GvL effect negatively in this model. Balb/c
recipients are resistant to low doses of P815 cells, pre-
sumably through the recognition of the minor antigens.
The use of a DBA/2 x Balb/c F, as a transplant recipient
will be further investigated to eliminate intrinsic resist-
ance of the recipients to the tumor cells.
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Due to irradiation, host APCs can easily activate CDh4*
T-cells within the graft. The blockage of the CD4 molecule
by MAX.16HS5 IgG, leads to T-cell anergy. After HSCT,
T.eos are generated that permanently suppress GvHD-
specific T-cell clones. By transplantation of an allogeneic
graft from a GvHD-free recipient without pre-incubation
of MAX.16HS5 IgG, into a third-party recipient, no GvHD
was inducible even when higher T-cell concentrations are
used. This indicates the presence of a (T,,)-cell population
maintaining the effect. Recipients do not die of GvHD and
the time for impact of the GvL effect was increased. An
application of MAX.16H5 IgG, antibodies after engraft-
ment of the hematopoietic stem cells showed no success
because MAX.16HS IgG, antibodies are cleared within
48 h from the circulation or the activation of GvHD-spe-
cific T-cell clones cannot be prevented. In comparison to
GvHD, GvL can also be mediated by natural killer cells
or cytotoxic CD8" T-cells. CD8* T-cells can be activated
directly through antigen-presenting cells with high expres-
sion of B7 molecules without the need of CD4" T-helper
cells. Developing T-cell clones are still able to attack resid-
ual tumor cells.

Prevention of GvHD by preserving the beneficial immu-
nological functions (e.g., anti-tumor capacity) is one of the
major goals for cell transplantation. This is the first report
showing that the anti-human CD4 antibody MAX.16HS5
IgG, was effective in long-term suppression of GvHD
while preserving the anti-tumor capacity when monoclonal
antibodies were used ex vivo. The separation of GvL from
GvHD was CD4 epitope-specific.
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