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Host dendritic cells (DCs) play a critical
role in initiating graft-versus-host dis-
ease (GVHD) and graft-versus-leukemia
(GVL), and separation of GVL from GVHD
remains a major challenge in the treat-
ment of hematologic malignancies by al-
logeneic hematopoietic cell transplanta-
tion (HCT). Here, we show that
preconditioning with anti-CD3 monoclo-
nal antibody before conditioning with to-
tal body irradiation (TBI) prevents GVHD
but retains GVL in a HCT model of major
histocompatibility complex (MHC)–mis-

matched C57BL/6 donor to BALB/c host.
Prevention of GVHD is associated with
inhibition of donor T-cell expression of
homing and chemokine receptors, and
inhibition of GVHD target tissue expres-
sion of chemokines. Furthermore, inhibi-
tion of donor T-cell expression of gut
homing �4�7 and chemokine receptor
(CCR)9 by anti-CD3 preconditioning re-
sults from a reduction of CD103� DCs in
draining mesenteric lymph nodes (LNs),
which is associated with down-regulation
of DC expression of CCR7, a receptor

required for tissue DC migration to drain-
ing LNs. These results indicate that anti-
CD3 preconditioning reduces not only
tissue release of chemokines but also
prevents tissue DC migration to draining
LNs and subsequently reduces the capac-
ity of DCs of draining LNs to imprint
donor T-cell tissue tropism. Therefore,
modulation of host DCs by anti-CD3 pre-
conditioning before HCT represents a new
approach for separating GVL from GVHD.
(Blood. 2009;113:953-962)

Introduction

In allogeneic hematopoietic cell transplantation (HCT), both
graft-versus-host disease (GVHD) and graft-versus-leukemia (GVL)
activity are predominantly mediated by donor T cells in bone
marrow grafts.1-4 Donor T cells are activated in host lymphoid
tissues and then migrate to epithelial GVHD target tissues (ie, gut,
liver, lung, and skin) to mediate GVHD.5-7 Studies have shown that
inhibition of donor T-cell migration to GVHD target tissues
prevents GVHD but retains GVL activities in lymphohematologic
tissues.8,9

Alloreactive T cells are activated by host antigen-presenting
cells (APCs), especially dendritic cells (DCs), in secondary lym-
phoid tissues.10,11 It has been proposed that, during activation, host
DCs in draining lymph nodes (LNs) induce donor T cells to express
homing and chemokine receptors (CCRs) that medicate tissue-
specific migration.12It has been shown that DCs in mesenteric LNs
(MLNs) induce T-cell expression of �4�7 receptors and CCR9 that
mediate T-cell migration to gut tissues,13,14 because DCs in MLNs
are able to metabolize vitamin A into retinoic acid (RA) that
induces T cells to up-regulate �4�7 and CCR9.15 Similarly, DCs in
peripheral LNs induce T-cell expression of E-selectin ligand
(E-Lig), P-selectin ligand (P-Lig), CCR4, and CCR10 that mediate
T-cell migration to skin tissue,14,16,17 because DCs in peripheral
LNs are able to metabolize vitamin D3 to an active form that
induces T cells to up-regulate CCR1018 T-cell expression of
chemokine receptors as well as GVHD target tissue release of

chemokines has been shown to play critical roles in the control of
donor T-cell migration to GVHD target tissues.19-26

It has been proposed that CD103� DCs in lamina propria (LP)
capture antigens locally and then migrate via afferent lymph to
draining MLN, where they activate naive T cells and induce
expression of gut tissue-specific homing and chemokine recep-
tors.27 It has also been indicated that DC migration from LP to
MLN and from dermis to peripheral LN (PLN) both requires DC
expression of CCR7,27,28 and MLN and PLN DCs reciprocally
induce T-cell gut and skin tissue tropism.14 Consistently, DCs in
host draining LNs have been shown to induce donor T-cell
expression of gut and skin homing receptors,29 although donor
T cells can still infiltrate GVHD target tissues in recipients
deficient in MLNs and PLNs.30

In addition, host DCs in tissues may attract activated donor
T cells to GVHD target tissues, because depletion of APCs in liver
were shown to markedly reduced activated donor T-cell migration
into liver.31 It has been proposed that tissue inflammatory chemo-
kines attract donor T-cell migration to GVHD target tissues after
total body irradiation (TBI) conditioning,26 and the chemokines are
secreted by tissue macrophages and tissue DCs as well as infiltrated
donor T cells.32 However, it is not yet clear which cells are the
initial ones in chemokine release. It was reported that, in the case of
viral infection, plasmacytoid DCs initiate the complex chemokine
and cytokine network.33Therefore, plasmacytoid DCs in GVHD
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target tissues may also play an initial role in chemokine release
after TBI conditioning.

Modulation of the tissue distribution of DCs has been suggested
to regulate immune responses. For example, intravenous injection
of lipopolysaccharide (LPS) led to a massive migration of DCs
from tissues to LN and spleen,34 and blockade of LPS was shown to
ameliorate GVHD.35 In contrast, intravenous injection of anti-CD3
was shown to cause DC migration into spleen and suppress
allogeneic skin graft rejection.36 We have also reported that
conditioning of allogeneic recipients with anti-CD3 prevents
GVHD but retains GVL activity in recipients who had not been
irradiated by confining donor T cells to the host lympho-
hematologic tissues,9 but it is not yet clear whether this results from
modulation of host DC tissue distribution. Our results in the current
study indicate that anti-CD3 preconditioning can modulate host DC
subset tissue distribution and inhibit donor T-cell migration to
GVHD target tissues.

Methods

Mice

C57BL/6 and BALB/c mice were purchased from NCI Laboratories
(Frederick, MD). All animals were maintained in a pathogen-free room at
the City of Hope Research Animal Facility. Male mice 8 to 12 weeks old
were used in the current studies. Animal use protocols were approved by the
institutional review committee at the Beckman Research Institute.

Conditioning of recipients and HCT

Production of anti-CD3 monoclonal antibody (mAb; 145-2C11) was
described in our previous publication.9 Recipient BALB/c mice were
injected intravenously with anti-CD3 (5 �g/g) on day �9 and were given
sublethal TBI (800 rads) on day 0. Then the recipients received transplanted
donor T cell–depleted bone marrow (TCD-BM) cells (5 � 106) and whole
spleen cells (2.5-5 � 106). For GVL experiments, Luc� B-cell leukemia/
lymphoma 1 (BCL1) cells (0.5 � 106) were injected intraperitoneally at the
same time when donor bone marrow (BM) and spleen cells were injected
intravenously. In vivo imaging of tumor growth was previously described.9

The recipients were monitored daily for survival and every 5 days for body
weight changes and clinical signs of GVHD. The clinical scoring system
was previously described.26,37

Cell preparation

CD11� DCs in LP, liver, LN, and spleen were collected as previously
described.27,38 CD103� and CD103� CD11� DC subsets (purity � 99%)
were isolated with flow cytometric sorting after magnetic enrichment of
CD11c� DCs. Mononuclear cells (MNCs) from liver and gut were
processed and collected as previously described.39 MNCs from skin were
collected as follows: back skin (3 � 3 cm2) were cut into small pieces and
digested in RPMI containing 10 mM HEPES (N-2-hydroxyethylpiperazine-
N�-2-ethanesulfonic acid; Irvine Scientific, Santa Ana, CA), 0.01% DNase
(Sigma-Aldrich, St Louis, MO), 0.27% collagenase (Sigma-Aldrich), and
1000 U hyaluronidase at 37°C for 1 hour. Skin MNCs were then isolated by
Lymphocyte M (Accurate Chemical & Scientific, Westbury, NY).

Flow cytometric analysis

The following anti–mouse mAbs were purchased from BD Biosciences
Pharmingen (San Jose, CA), eBioscience (San Diego, CA), and R&D
Systems (Minneapolis, MN): TCR� (H57-597), CD4 (RM4-5), CD8�
(53-6.7), CD11b/Mac-1 (M1/70), H-2b (AF6-88.5), H-2d (34-2-12), CD11c
(HL3), �4�7 (DATK32), CD103 (M290), CCR9 (CW-1.2), CCR4 (1G1),
CCR10 (248918), CCR5 (HM-CCR5), CXCR3 (1C6/CXCR3), PDCA-1
(JF05-1C2.4.1), E-selectin/Fc chimera, P-selectin/Fc chimera, and anti–
IFN-	 (2E2). Fluorescence-activated cell sorting (FACS) was performed

with a 4-laser MoFlo Immunocytometry System (Dako, Glostrup, Den-
mark), and data were analyzed with FlowJo software (TreeStar, Ashland,
OR), as described previously.9,40 The FoxP3 staining kit was purchased
from eBioscience.

Quantification of chemokine expression by real-time RT-PCR

Isolation of total tissue RNA and synthesis of first strand cDNA were
described previously.37,41 mRNA was quantified by real-time quantitative
PCR using Applied Biosystems 7300 Fast Real-Time PCR System (Applied
Biosystems, Forest City, CA). The primers for chemokines were previously
described in the following publications: Ccl3-5,42 Ccl17,43 Ccl22,43 Ccl25,44

Ccl27,45 Ccl28,45 and Cxcl9-11.37 Relative expression levels of genes were
normalized within each sample to the housekeeping gene GAPDH (glycer-
aldehyde 3-phosphate dehydrogenase) and were presented relative to the
expression in recipients of syngeneic transplants, in which BALB/c
recipients that had been irradiated were injected with 5 � 106 syngeneic
TCD-BM cells as previous described.37

Mixed leukocyte reaction and in vitro induction of donor T-cell
expression of homing and chemokine receptors

Sorted CD4�, CD8�, or CD4�/CD8� T cells (2 � 105) from spleen of
donor C57BL/6 mice were cultured with CD11c� DCs (105) from
BABL/c host in a U-bottom 96-well plate for 4 days. T-cell homing and
chemokine receptor expression was measured by flow cytometry, and
T-cell proliferation was measured by 3H-thymidine (3H-TdR; Amer-
sham, Buckinghamshire, United Kingdom) incorporation, which were
previously described.9

GVHD histopathology and scoring

Colon, liver, and skin specimens were fixed in formalin before embedding
in paraffin blocks. Tissue sections were stained with hematoxylin and eosin
(H&E) as described previously.9 Assessment of tissue damage was per-
formed based on scoring system previously described.37,46,47

Statistical analysis

Comparison of survival groups was analyzed using the log-rank test with
Prism version 4.0 software (GraphPad, La Jolla, CA). Comparison of
2 means was analyzed using the unpaired 2-tailed Student t test.

Results

Anti-CD3 preconditioning prevented GVHD but retained GVL in
recipients conditioned with TBI

Our recent report showed that anti-CD3 conditioning allowed
donor CD8� T cells to mediate GVL without causing clinical
GVHD in recipients who had not been irradiated.9 In the current
study, we tested whether anti-CD3 preconditioning could separate
GVL from GVHD in recipients conditioned with TBI. Accordingly,
recipient BALB/c mice were injected with anti-CD3 (5 �g/g) or
phosphate-buffered saline (PBS) as preconditioning. Nine days
after anti-CD3 injection, the mice were conditioned with TBI. At
this time point, serum anti-CD3 was not detectable by blocking
assay, and the host T-cell receptor ��� (TCR���) cells were also
not detectable in blood. Six hours after TBI, the recipients were
injected intravenously with TCD-BM (5 � 106) and spleen cells
(2.5-5 � 106) from C57BL/6 donor mice. The recipients were
monitored daily for clinical GVHD, including body weight,
posture, diarrhea, and survival. We found that, while 5 � 106 donor
spleen cells induced severe clinical GVHD in control recipients
without anti-CD3 preconditioning, and all recipients died by
15 days after HCT, the same dose of donor cells induced only
moderate clinical GVHD, and 91% (11/12) of the recipients
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survived for more than 100 days (P 
 .01, Figure 1A,B). Similarly,
2.5 � 106 donor spleen cells induced severe GVHD in the control
recipients, and only 42% (5/12) of recipients survived for more
than 100 days after HCT. In contrast, the same dose of donor cells
induced minimal clinical GVHD in recipients preconditioned with
anti-CD3, and all recipients survived for more than 100 days

(Figure 1A,B). Therefore, anti-CD3 preconditioning markedly
reduced clinical GVHD.

In additional experiments, we compared the histopathology of
liver, skin, and colon of the recipients with or without anti-CD3
preconditioning 60 days after injection of 2.5 � 106 donor spleen
cells. We observed that anti-CD3 preconditioning markedly re-
duced infiltration and tissue damage in liver, skin, and colon
(P 
 .01, Figure 1C,D). Taken together, these results indicate that
anti-CD3 preconditioning prevents induction of acute GVHD.

Furthermore, we tested whether anti-CD3 preconditioning
could retain GVL while preventing GVHD. Accordingly, luciferase
transfected (Luc�) BCL1 leukemia/lymphoma cells (0.5 � 106)
were coinjected with donor TCD-BM (5 � 106) and spleen cells
(2.5 � 106) into recipients preconditioned with anti-CD3 6 hours
after TBI conditioning. The control recipients were injected with
TCD-BM and Luc�BCL1 cells only. The recipients were moni-
tored for survival daily and for tumor growth using in vivo
bioluminescent imaging (BLI) weekly. We found that Luc� BCL1
tumor cells grew rapidly in recipients given TCD-BM without
donor spleen cells, and killed the recipients 30 to 40 days after
HCT (Figure 1E-G). In contrast, after a transient growth, Luc�

BCL1 tumor cells were eliminated in the recipients that received
transplants of both TCD-BM and spleen cells, and all recipients
survived for more than 100 days with little clinical GVHD
(P 
 .01, Figure 1E-G). These results indicate that anti-CD3
preconditioning prevents GVHD but retains GVL activity.

Anti-CD3 preconditioning reduced donor T helper 1 cell
differentiation and donor T cell infiltration of GVHD target
tissues

We and others previously reported that donor T-cell expansion in
recipients conditioned with TBI reached first peak 5 days after
HCT.7,9 Therefore, we compared the percentage and yield of donor
T cells in lymphoid and GVHD target tissues (liver, gut, and skin)
in the recipients with or without anti-CD3 preconditioning, 5 days
after injection of donor TCD-BM and spleen cells (5 � 106). We
found that the percentage and the yield of donor T cells in the
spleen, MLNs, and PLNs of the recipients with anti-CD3 precondi-
tioning were approximately 2-fold lower than those in the control
recipients (P 
 .01, Figure 2A-C). In contrast, the percentage and
yield of donor T cells in skin and gut of the recipients precondi-
tioned with anti-CD3 was more than 15-fold lower than those of the
control recipients (P 
 .01, Figure 2A-C). These results indicate
that anti-CD3 preconditioning markedly inhibits donor T-cell
migration into GVHD target tissues such as gut and skin in
TBI-conditioned recipients.

Interestingly, the percentage and yield of donor T cells in liver
of the recipients with anti-CD3 preconditioning were only approxi-
mately 2-fold lower than those of the control recipients, although
the difference was significant (P 
 .01, Figure 2A-C). This was
markedly different from that of skin and gut tissues, but similar to
that of spleen (Figure 2A-C). These differences may be attributed
to the ability of donor T cells to directly enter spleen and liver by
blood circulation. Despite the moderate difference in donor T-cell
yield from liver of recipients with or without anti-CD3 precondition-
ing early after HCT, the clinical acute GVHD of the recipients from
the 2 groups was markedly different (Figure 1). Since interferon	
(IFN-	)–producing T helper 1 (Th1) and T cytotoxic type 1 (Tc1)
cells were reported to play an important role in mediating acute
GVHD target tissue damage,37,48 we compared the percentage of
the IFN-	� donor CD4� and CD8� T cells in spleen and liver of
the recipients. We found that anti-CD3 preconditioning reduced the

Figure 1. Anti-CD3 preconditioning separated GVL from GVHD in recipients
conditioned with TBI. BALB/c mice were preconditioned with anti-CD3 on day �9.
The mice were conditioned with 800 rads sublethal TBI on day 0. Six hours later, the
mice were injected intravenously with TCD-BM cells (5 � 106) and spleen cells (2.5
or 5 � 106) from C57BL/6 donors. There were 12 mice in each group combined from
3 replicate experiments. (A) Clinical score. (B) Survival percentage. (C,D) Liver, skin,
and colon tissues from the recipients conditioned with TBI with or without anti-CD3
preconditioning were evaluated for tissue inflammation and damage 60 days after
HCT. A representative histopathology and the mean plus or minus SE of 6 recipients
in each group are shown. (E-G) BALB/C recipients that were preconditioned with
anti-CD3 were injected intravenously with BCL1 cells transfected with luciferase
(Luc�) and donor TCD-BM and spleen cells (2.5 � 106). There were 8 mice in each
group combined from 2 replicate experiments. The survival percentage, representa-
tive photographs of in vivo BLI of Luc� BCL1 cells, and the intensity (photo/second) of
BLI are shown.
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percentage of IFN-	� cells among total CD4� and CD8� T cells by
approximately 2-fold in the spleen and liver relative to those in
control recipients (P 
 .01, Figure 2D,E). Consistently, anti-CD3
preconditioning reduced the serum levels of Th1 cytokine IFN-	
and tumor necrosis factor � (TNF-�) by 2- to 5-fold (P 
 .01,
Figure 2F,G). These results indicate that anti-CD3 preconditioning
leads to a significant reduction in donor Th1 differentiation.

Anti-CD3 preconditioning inhibited up-regulation of chemokine
receptors by donor T cells as well as chemokine release by
GVHD target tissues in recipients conditioned with TBI

It has been reported that homing and chemokine receptors expressed by
donor T cells as well as chemokines released by GVHD target tissues
play a critical role in donor T-cell migration into GVHD target
tissues.12,19,26 It has also been proposed that donor T cell expression of
homing and chemokine receptors is induced by host DCs in LNs12,29;
homing receptor �4�7 receptor and CCR9 mediate donor T cell
migration into gut13,14; homing receptor E-Lig, P-Lig, and CCR4 and
CCR10 mediate donor T-cell migration into skin tissues.14,16,17 There-
fore, we first compared donor T-cell expression of homing and
chemokine receptors in MLNs and PLNs of recipients with or without

anti-CD3 preconditioning. We found that anti-CD3 preconditioning
reduced the percentage of �4�7� CD4� and CD8� T cells in MLNs by
more than 2-fold and reduced the percentage of CCR9� CD4� and
CD8� T cells by more than 4-fold (P 
 .01, Figure 3A,B). Similarly,
anti-CD3 preconditioning reduced the percentage of E-Lig� or P-Lig�

CD4� and CD8� T cells in PLNs by approximately 2-fold and reduced
the percentage of CCR4� or CCR10� CD4� and CD8� T cells by
approximately 5-fold (P 
 .01, Figure 3A,B). These results indicate that
anti-CD3 preconditioning inhibits donor T-cell up-regulation of homing
and chemokine receptors in host draining LNs.

In addition, CCR5 and CXCR3 have been reported to be
expressed by Th1 cells and mediate T-cell infiltration of nonspecific
GVHD target tissues.20,21,49 Therefore, we compared donor T-cell
expression of CCR5 and CXCR3 in spleen of recipients with or
without anti-CD3 preconditioning. We found that, although there
was no significant difference in the percentage of donor CCR5�

CD4� and CD8� T cells, there was a 2-fold reduction in the
percentage of CXCR3� CD4� and CD8� T cells in recipients
preconditioned with anti-CD3 (Figure 3D,E). These results indicate
that anti-CD3 preconditioning can also inhibit donor T-cell expres-
sion of some non–tissue-specific chemokine receptors.

Figure 2. Anti-CD3 preconditioning inhibited donor T-cell infil-
tration of GVHD target tissues. Five days after injection of donor
TCD-BM and spleen cells (5 � 106), the percentage and yield of
donor T cells in spleen, MLNs, PLNs, liver, gut, and skin of the
recipients with or without anti-CD3 preconditioning were compared.
There were 4 recipients in each group. (A) A representative FACS
pattern. Mononuclear cells from different tissues were stained with
anti-TCR�� versus anti-H-2b (donor MHCI), and the donor-type
T cells were gated. (B) Mean plus or minus SE of the donor T-cell
percentage among total mononuclear cells of 4 recipients. (C) Mean
plus or minus SE of the yield of donor T cells in different tissues.
(D) A representative intracellular IFN-	 staining pattern of the gated
H-2b�CD4� or H-2b�CD8� T cells. The IFN-	� cells were gated.
(E) Mean plus or minus SE of the percentage of donor IFN-	�CD4�

or CD8� cells of 4 examined recipients. (F,G) Mean plus or minus
SE of serum IFN-	 and TNF-� levels of 6 examined recipients.
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Next, we compared the GVHD target tissue expression of
chemokines, including skin tissue expression of CCL17 and
CCL22 (CCR4 ligand), and CCL27 and CCL28 (CCR10 ligand),
the gut tissue expression of CCL25 (CCR9 ligand), and non–tissue-
specific chemokines CCL3-5 (CCR5 ligand) and CXCL9-11
(CXCR3 ligand). We found that anti-CD3 preconditioning reduced
the skin tissue expression of CCL17, CCL22, CCL27, and CCL28
by more than 10-fold and reduced gut tissue expression of CCL25

by more than 3-fold (P 
 .01, Figure 4). In addition, anti-CD3
preconditioning reduced the gut, skin, and liver tissue expression of
CCL3-5 and CXCL9-11 by more than 10-fold (P 
 .01; Figure 4B
and Figure S1, available on the Blood website; see the Supplemen-
tal Materials link at the top of the online article). These results
indicate that anti-CD3 preconditioning inhibits the release of
inflammatory chemokines in GVHD target tissues trigged by TBI
conditioning.

Anti-CD3 preconditioning reduced CD103� DCs in MLNs and
down-regulated MLN DC capacity in imprinting donor T-cell
expression of gut homing and chemokine receptors

We observed a marked reduction of �4�7� CCR9� donor
T cells in MLNs of recipients preconditioned with anti-CD3
(Figure 3), and it was reported that CD103� DCs in MLN
induced T-cell expression of �4�7 receptor and CCR9.27

Therefore, we evaluated the effect of anti-CD3 preconditioning
on the percentage and yield of CD103� DCs in MLNs as well as
the capacity of MLN DCs in inducing donor T-cell expression of
gut homing �4�7 receptor and CCR9. We found that anti-CD3
preconditioning reduced the percentage and yield of CD103�

DCs in MLN by approximately 5-fold, but increased the
percentage and yield of CD103� DCs in spleen by more than
5-fold (P 
 .01, Figure 5A,B). These results indicate that
anti-CD3 preconditioning reduces CD103� DCs in MLN.

Next, we compared the capacity of MLN DCs to induce donor T-cell
expression of �4�7 receptor and CCR9 in vitro as described previ-
ously.27 We observed that CD11c� DCs from MLN of BALB/c mice
without anti-CD3 preconditioning induced approximately 50% of donor
CD8� T cells to express �4�7 receptor and CCR9, and induced 40%
and 25% of donor CD4� T cells to express �4�7 receptor and CCR9,
respectively. In contrast, anti-CD3 preconditioning reduced the capacity

Figure 3. Anti-CD3 preconditioning inhibited donor T-cell expression of homing
and chemokine receptors. Five days after HCT, donor T-cell expression of gut
homing �4�7 receptor and CCR9 in MLNs, donor T-cell expression of skin homing
E-Lig, P-Lig, CCR4, and CCR10 in PLNs, and donor T-cell expression of non–tissue-
specific CCR5 and CXCR3 in spleen were compared. There were 4 recipients in each
group. (A) A representative FACS pattern of CCR9 and �4�7 receptor by gated
H-2b�CD4� or H-2b�CD8� donor T cells from MLN, as well as a representative
FACS pattern of CCR4, CCR10, E-Lig, and P-Lig of donor CD4� or CD8� T cells from
PLN. (B) Mean plus or minus SE of CCR9� or �4�7� cells among donor CD4� or
CD8� T cells from MLN. (C) Mean plus or minus SE of CCR4�, CCR10�, E-Lig�, or
P-Lig� cells among donor CD4� or CD8� T cells from PLN. (D) A representative
FACS pattern of CCR5 and CXCR3 by gated H-2b�CD4� or H-2b�CD8� donor
T cells from spleen. (E) Mean plus or minus SE of CCR5� or CXCR3� cells among
gated donor CD4� or CD8� T cells from spleen of 4 recipients.

Figure 4. Anti-CD3 preconditioning inhibited GVHD target tissue expression of
chemokines. Expression of chemokine mRNA at day 5 after HCT in various tissues
(including skin and colon) of recipients conditioned with TBI and with or without
anti-CD3 preconditioning was measured by real-time RT-PCR. (A) Expression of
Ccl17, Ccl22, Ccl27, and Ccl28 by skin tissues. (B) Expression of Ccl25, Ccl3-5, and
CXCL9-11 by colon tissue. Data are presented relative to the expression in syngeneic
control recipients. Mean plus or minus SE of 4 recipients in each group is shown.
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of DCs to induce donor CD4� and CD8� T-cell expression of �4�7
receptor by 2-fold and almost completely abrogated the capacity of DCs
to induce donor CD4� and CD8� T cell expression of CCR9 (P 
 .01,
Figure 5C,D). These results indicate that the marked reduction of
CD103� DCs in MLNs after anti-CD3 preconditioning leads to marked
reduction of the capacity of MLN DCs to induce donor T-cell expression
of �4�7 receptor and CCR9.

Because anti-CD3 preconditioning markedly increased the percent-
age and yield of CD103� DCs in spleen (Figure 5A,B), we compared
the ability of spleen and MLN CD103� DCs to induce donor T-cell
expression of �4�7 receptor and CCR9. Accordingly, CD103� DCs
were sorted from MLN and spleen of control mice or mice that had been
anti-CD3-preconditioned. There was not a sufficient number of CD103�

DCs in the MLNs of mice conditioned with anti-CD3 available for
experiments. The sorted CD103� DCs were cocultured with sorted
donor CD8� T cells. We found that CD103� DCs from MLNs of the
control mice without anti-CD3 preconditioning induced more than 80%
or 60% of donor CD8� T cells to express �4�7 receptor or CCR9,

respectively. In contrast, CD103�CD11c� DCs from the spleen of the
same mice induced 3-fold fewer �4�7� and 50-fold fewer CCR9�

donor CD8� T cells (P 
 .01, Figure 5E,F). Similarly, CD103� DCs
from spleen of mice preconditioned with anti-CD3 failed to induce
donor CD8� T cell expression of CCR9 (Figure 5E,F). These results
indicate that CD103� DCs in MLN but not in spleen can efficiently
induce donor T cells to up-regulate both �4�7 receptor and CCR9. We
should point out that, although MLN DCs have been reported to induce
CCR9�FoxP3� regulatory T (Treg) cells when cocultured with ovalbu-
min-specific transgenic CD4� T cells,50,51 host MLN DCs induce
alloreactive donor CD4� and CD8� T cells to express only CCR9 but
not FoxP3 (data not shown).

Reduction of CD103� DCs in MLNs by anti-CD3 preconditioning
was associated with down-regulation of CCR7 on CD103� DCs

It was proposed that CD103� DCs migration from LP to MLN
tissue was dependent on their expression of CCR7.27 Therefore, we

Figure 5. Anti-CD3 preconditioning reduced CD103� DCs in MLN and reduced MLN DC capacity to induce donor T-cell expression of �4�7 receptor and CCR9.
Spleen and MLN cells of BALB/c mice with or without anti-CD3 preconditioning were harvested and enriched for CD11c� DCs by micromagnetic beads. The CD11c�-enriched
cells were further analyzed with flow cytometry or used for in vitro culture. (A) A representative FACS pattern of CD103 expression among CD11c� DCs. (B) Mean plus or minus
SE of CD103� cells among CD11c� DCs and the yield of CD103�CD11c� DCs in spleen and MLNs of 4 mice with or without anti-CD3 preconditioning. (C) Sorted CD4�/CD8�

T cells (0.2 � 106) from C57BL/6 spleen were cocultured with enriched CD11c� DCs (0.1 � 106) from the MLNs of host BALB/c mice with or without anti-CD3 preconditioning
for 4 days. Thereafter, donor CD4� or CD8� T cells were analyzed for the expression of �4�7 receptor and CCR9. One representative of 4 replicate experiments is shown.
(D) Mean plus or minus SE of the percentage of �4�7� or CCR9� cells among donor CD4� or CD8� T cells in the culture of the 4 experiments. (E) Sorted donor CD8� T cells
(0.2 � 106) were cocultured with CD103� DCs (0.05 � 106) from MLN and spleen of the host mice, and then donor CD8� T-cell expression of �4�7 receptor and CCR9 were
analyzed. The �4�7� or CCR9� CD8� T cells were gated. One representative of 4 replicate experiments is shown. (F) Mean plus or minus SE of the �4�7� receptor or CCR9�

cells among donor CD8� T cells of the 4 experiments.
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compared the CCR7 expression by CD103� DCs in LP and MLNs
with or without anti-CD3 preconditioning. We found that, consis-
tent with a previous report,27 most (� 85%) of the CD11c� DCs
from LP were CD103�, which was approximately 2- or 15-fold
higher than that in MLNs or spleen, respectively (P 
 .01,
Figure 6A). We also found that CCR7 expression levels on
CD103� DCs in LP were variable, and approximately 30% of
the CD103� DCs stained positive for CCR7. Interestingly, the
percentage of CCR7� DCs among CD103� DCs in MLN tissue
was 2-fold higher than that in LP, and their expression levels of
CCR7 was 4-fold higher than that in LP (P 
 .01, Figure 6A-C).
These results indicate that CD103� DCs with high-level expres-
sion of CCR7 are enriched in MLNs.

After anti-CD3 preconditioning, the percentage of
CCR7�CD103� DCs and their CCR7 expression levels in LP were
reduced by more than 2-fold (P 
 .01, Figure 6A-C). Accordingly,
the percentage of CCR7�CD103� DCs among total CD11c� DCs
or among residual CD103� DCs in MLNs was reduced by

approximately 30-fold or 4-fold, respectively, and their CCR7
expression levels were reduced by 5-fold (P 
 .01, Figure 6A-C).
There was no increase of CCR7�CD103� DCs in spleen, although
the CCR7�CD103� DCs were increased by 4-fold (P 
 .01, Figure
6A-C). These results indicate that reduction of CD103� DCs in
MLNs after anti-CD3 preconditioning is associated with down-
regulation of CCR7 expression by CD103� DCs in LP. This also
indicates that anti-CD3 preconditioning may prevent CD103� DC
migration from LP to MLNs.

Reduction of CD103� DCs in MLNs by anti-CD3 preconditioning
required activation of host T cells

To test whether anti-CD3 activation of host T cells was necessary
for reduction of CD103� DCs in MLN, we compared the percent-
age of CD103� DCs in MLN of wild-type BALB/c and T cell–
deficient BALB/c nu/nu mice before and after anti-CD3 precondi-
tioning. We found that, while anti-CD3 preconditioning always

Figure 6. Anti-CD3 preconditioning down-regulated CCR7 expression by CD103� DCs in intestine LP and MLN, and this effect required anti-CD3 activation of host
T cells. (A) Nine days after anti-CD3 preconditioning, CD11c� DCs from LP, MLN, and spleen of the BALB/c mice with or without preconditioning were analyzed with flow
cytometry. The gated CD11c� DCs are shown in CD103 versus CCR7. The percentage of CCR7�CD103� or CCR7�CD103� cells among total DCs is shown next to the
gating boxes. One representative of 4 replicate experiments is shown. The mean plus or minus SE of the percentage of total CD103� DCs among total CD11c� DCs in different
tissues before and after anti-CD3 preconditioning is 85.4 (� 2.9) versus 72.9 (� 6.5), LP; 57.2 (� 1.8) versus 8.4 (� 0.8), MLN; and 7.1 (� 0.8) versus 28.9 (� 3.1), spleen.
(B) Mean plus or minus SE of CCR7� cells among CD103� DCs. (C) Mean plus or minus SE of CCR7 expression level (mean fluorescence) by CD103� DCs.
(D) T cell–deficient Nu/Nu mice and IFN-	�/� mice as well as wild-type mice were preconditioned with anti-CD3 or PBS. Nine days later, the MLN cells were enriched with
CD11c� DCs, and the percentage of CD103� DCs among total CD11c� DCs was measured. One representative of 4 examined mice in each group is shown. (E) Mean plus or
minus SE of the percentage of CD103� DCs in MLN of 4 recipients with or without anti-CD3 preconditioning.

ANTI-CD3 PRECONDITIONING SEPARATES GVL FROM GVHD 959BLOOD, 22 JANUARY 2009 � VOLUME 113, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/113/4/953/1312716/zh800409000953.pdf by guest on 19 M

ay 2024



markedly reduced the percentage of CD103� DCs in MLNs of
wild-type mice, it resulted in little change in BALB/c nu/nu mice
(Figure 6D,E). These results indicate that anti-CD3 activation of
host T cells is required for reduction of CD103� DCs in MLNs.

Because reduction of CD103� DCs in MLNs after anti-CD3
preconditioning was associated with down-regulation of CCR7
expression by the CD103� DCs (Figure 6A-C), and anti-CD3
preconditioning led to an elevation of serum IFN-	,52 a cytokine
that was reported to regulate chemokine receptor expression,49 we
compared the CD103� DC percentage in MLN of IFN-	�/� mice
with or without anti-CD3 preconditioning. We found that anti-CD3
preconditioning still markedly reduced the percentage of CD103�

DCs in MLNs of IFN-	�/� mice (P 
 .01, Figure 6D,E). These
results indicate that IFN-	 is not required for reduction of CD103�

DCs in MLN by anti-CD3 preconditioning.

Discussion

We have demonstrated here that anti-CD3 preconditioning resulted
in separation of GVL from GVHD in recipients conditioned with
TBI. The GVHD prevention resulted from reduction of donor
T-cell migration to GVHD target tissues, which was associated
with inhibition of donor T-cell expression of homing and chemo-
kine receptors as well as inhibition of GVHD target tissue
expression of chemokines.

Chemokine receptors expressed by donor T cells and chemo-
kines released by GVHD target tissues play a critical role in
alloreactive T-cell migration to GVHD target tissues.19,26 Anti-CD3
preconditioning markedly reduced donor T-cell expression of �4�7
receptor and CCR9 in MLNs, and markedly reduced T-cell
expression of P-Lig, E-Lig, CCR4, and CCR10 in PLNs. Anti-CD3
preconditioning also markedly reduced the expression of CCL25
(CCR9 ligand) in gut, and reduced the expression of CCL17 and
CCL22 (CCR4 ligand), and CCL27 and CCL28 (CCR10 ligand) in
skin. In addition, the expression of other chemokines that regulate
Th1 cell migration into inflammatory tissues, including CCL3-5
(CCR5 ligands) and CXCL9-11 (CXCR3 ligands), were also
markedly reduced in gut and skin tissues after anti-CD3 precondi-
tioning. Therefore, it is not surprising that anti-CD3 precondition-
ing prevents donor T-cell infiltration of gut and skin tissues.

The reduction of donor T-cell expression of gut homing and
chemokine receptors by anti-CD3 preconditioning resulted from
reduction of CD103� DCs in draining MLNs. It was reported that
CD103� DCs in MLNs induced T cells to express gut homing
�4�7 receptor and chemokine receptor CCR9.27 Consistently, we
observed that anti-CD3 preconditioning markedly reduced the
percentage and yield of CD103� DCs in MLNs and subsequently
led to a marked reduction in the capacity of MLN DCs to induce
donor T-cell expression of �4�7 receptor and CCR9. It is of interest
that only the CD103� DCs from MLNs but not those from spleen
were able to induce donor T-cell expression of �4�7 receptor and
CCR9, especially CCR9. This result was consistent with our
observation that reduction of CD103� DCs in MLN led to a
reduction of �4�7� or CCR9� donor T cells in the recipient, even
when there was an increase of CD103� DCs in the spleen. It is not
yet clear why the CD103� DCs from the MLNs can but those from
the spleen cannot induce donor T-cell expression of �4�7 receptor
and CCR9. This may be due to the difference in their capacity to
produce RA, because addition of RA to the culture led to the
induction of donor T-cell expression of CCR9 by spleen DCs as
well as by MLN DCs from mice preconditioned with anti-CD3

(Figure S2). It was reported that RA is required for induction of
T-cell expression of gut homing receptors, and MLN DCs were
able to secret RA by metabolizing vitamin A.15

The reduction of CD103� DCs in MLNs was associated with
down-regulation of CCR7 expression by CD103� DCs in intestine
LP after anti-CD3 preconditioning. It was reported that CD103�

DCs in LP carried the orally administered ovalbumin peptide to
MLNs and induced the antigen-specific OT-II T cells to express
�4�7 receptor and CCR9,27 and the CD103� DC migration from
intestinal LP to draining MLNs was CCR7-dependent.27 We found
that the marked reduction of CD103� DCs in MLNs or marked
increase of CD103� DCs in spleen after anti-CD3 preconditioning
was associated with a significant reduction of CCR7 expression of
CD103� DCs in intestinal LP. These changes were dependent on
anti-CD3 activation of host T cells, although IFN-	 was not
required.

Anti-CD3 preconditioning markedly reduced chemokine expres-
sion in GVHD target tissues such as gut, skin, and liver in
recipients conditioned with TBI. The mechanisms are not yet clear.
It may result from the reduction of serum levels of IFN-	 and
TNF-� as well as the reduction of some DC subsets such as
plasmacytoid DCs in the tissues, because it was reported that
plasmacytoid DC cells were the initiators of a complex chemokine
and cytokine network,33 and because we observed a marked
reduction of plasmacytoid DC antigen (PDCA)-1� plasmacytoid
DCs in liver tissues after anti-CD3 preconditioning (Figure S3
bottom row).

Taken together, we hypothesize that anti-CD3 preconditioning
activates host T cells and leads to the secretion of cytokines that
modulate host DC subset tissue redistribution. First, the cytokines
down-regulate CCR7 on CD103� DCs in intestinal LP, which
prevents CD103� DC migration from LP to draining MLN,
although they are able to enter blood circulation and end up in the
spleen. In addition, anti-CD3 preconditioning may also prevent DC
migration from skin to PLN, since CCR7 was also required for DC
migration from skin to PLN.28 Subsequently, the DCs in MLN and
PLN lose the capacity to imprint donor T-cell gut and skin tissue
tropism. In addition, anti-CD3 preconditioning also results in the
reduction of PDCA-1� plasmacytoid DCs and CD11b� myeloid
DCs in the GVHD target tissues such as liver (Figure S3), which
may subsequently reduce tissue release of chemokines. Therefore,
anti-CD3 preconditioning down-regulates donor T-cell expression
of chemokine receptors on the one hand and down-regulates
chemokine release by GVHD target tissues on the other hand.
Accordingly, donor T-cell infiltration of GVHD target tissues is
prevented, although they are still activated and able to kill host
hematologic cells and tumor cells in lympho-hematologic tissues.

We should point out that other mechanisms may also contribute
to the prevention of GVHD by anti-CD3 preconditioning. For
example, a recent report showed that anti-CD3 treatment induced
expansion of FoxP3� Treg cells in anti-CD3–treated mice.53

Consistently, we also observed a 3-fold increase in donor
FoxP3�CD4� T cells in recipients preconditioned with anti-CD3
(Figure S4). The increased donor Treg cells may be the major
contributor to the inhibition of donor T-cell proliferation and Th1
differentiation in the recipients preconditioned with anti-CD3.
Although host DCs were reported to dictate donor T-cell activation
and differentiation,3 sorted DCs from recipients with or without
anti-CD3 preconditioning showed similar capacity in stimulating
donor T-cell proliferation and differentiation into Th1 (Figure S5).
Donor Treg cells have been reported to inhibit Th1 differentiation
and prevent GVHD.4,40,54 However, we should point out that
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inhibition of donor T-cell expansion in lymphoid tissues by Treg
cells or by potential residual anti-CD3 does not appear to be the
major factor in GVHD prevention, because the reduction of donor
T-cell yield in lymphoid tissues was only approximately 2-fold, but
the reduction of donor T-cell infiltration in gut and skin was more
than 15-fold.

In summary, this is the first report showing that modulation of
host DC subset tissue distribution before HCT (ie, prevention of
tissue DC migration to draining LN) leads to confinement of donor
T cells to lympho-hematologic tissues and separation of GVL from
GVHD. It is of interest that, although anti-CD3 preconditioning
modulated host DCs and prevented GVHD, preconditioning with
antithymocyte globulin (ATG), a clinically used reagent for
reduced intensity conditioning (RIC), did not reduce
CCR7�CD103� DCs in host MLN or prevent GVHD in recipients
who had been conditioned with TBI (Figures S6,S7). This may
explain why patients conditioned with ATG-based RIC still devel-
oped severe GVHD.55,56

We are aware that, in previous reports, anti-CD3 or anti-CD3
(Fab)2 prevented GVHD and also reduced GVL activity when
administered after HCT.57 We should point out that our studies are
different from the previous ones, because in our studies anti-CD3
was administered 9 days before HCT, and anti-CD3 was not
detectable in the serum of recipients when donor T cells were
injected. In this case, anti-CD3 had little direct effect on donor
T-cell activation or GVL activity.

We should also point out that there is a concern about cytokine
storm triggered by anti-CD3 when intact anti-CD3 is used,
although the anti-CD3 dose used in our studies is the same as that
used clinically for the prevention of organ graft rejection.58 It was
reported that using anti-CD3 (Fab)2 avoided cytokine storm,59 and
we also recently reported that the histone deacetylase inhibitor
SAHA ameliorated the cytokine storm triggered by intact anti-
CD3.53 We have recently observed that preconditioning with
anti-CD3 (Fab)2 or with anti-CD3 and SAHA modulated host DCs,

similar to preconditioning with intact anti-CD3 alone (Figure S6).
Therefore, we expect that preconditioning with the clinically
applicable Fc receptor (FCR)–non-binding anti-CD360 will modu-
late host DCs and separate GVL from GVHD. In conclusion,
modulation of HCT recipients with CD3-specific antibodies before
HCT may represent a new approach for the separation of donor
T cell–mediated GVL from GVHD.
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