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In acute graft-versus-host disease
(aGVHD), donor T cells attack the recipi-
ent’s gastrointestinal tract, liver, and skin.
We hypothesized that blocking access to
distinct lymphoid priming sites may alter
the specific organ tropism and prevent
aGVHD development. In support of this
initial hypothesis, we found that different
secondary lymphoid organs (SLOs) im-

print distinct homing receptor pheno-
types on evolving alloreactive effector T
cells in vivo. Yet preventing T-cell entry to
specific SLOs through blocking monoclo-
nal antibodies, or SLO ablation, did not
alter aGVHD pathophysiology. Moreover,
transfer of alloreactive effector T cells
into conditioned secondary recipients tar-
geted the intestines and liver, irrespective

of their initial priming site. Thus, we dem-
onstrate redundancy of SLOs at different
anatomical sites in aGVHD initiation. Only
prevention of T-cell entry to all SLOs
could completely abrogate the onset of
aGVHD. (Blood. 2008;111:2919-2928)
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Introduction

Allogeneic hematopoietic cell transplantation (aHCT) is a success-
ful therapy for malignant and nonmalignant diseases. The major
limitations of this treatment modality are opportunistic infections
and aGVHD, an immune syndrome caused by donor T cells that
recognize recipient tissues as foreign. A hallmark of aGVHD is the
specific organ injury affecting primarily the gastrointestinal tract
(GIT), liver, and skin.1,2 Recently, we and others have demon-
strated in murine models across major histocompatibility barriers
that, similar to other adaptive immune responses,3-5 aGVHD is
initiated exclusively in the T-cell areas of secondary lymphoid
organs (SLOs) during the first 3 days after aHCT.2,6 SLOs,
including the spleen, lymph nodes (LN), Peyer’s patches (PPs), and
other mucosa-associated lymphatic tissues, enable interactions
between antigen presenting cells (APCs) and T lymphocytes
through tightly regulated compartmentalization.3-5 Antigen-specific
T cells encountering activated APCs proliferate and differentiate
into effector T cells. One possible explanation for the specific organ
manifestation in aGVHD is that alloreactive effector T cells are
instructed in lymphoid organs to migrate to corresponding target
tissues. Several findings support this concept, suggesting that
homing properties of T cells are imprinted during the initiation of
an immune response.7-13 For example, T cells having encountered
cognate antigen in gut-associated lymphatic tissues (GALT) would
be instructed to migrate to the intestinal tract where the likelihood
of encountering the antigen is the highest.8,11,12 Similarly, T cells

encountering antigen in a skin draining LN would favorably
migrate to the skin.8,14 Host type APCs are pivotal in aGVHD
induction,15 and in other murine models it was demonstrated that
dendritic cells (DCs), as potent APCs, can mediate the selective
generation of intestinal effector T cells in GALT and skin-homing
effector T cells in skin draining LNs, respectively.9-12,16,17 Further-
more, retinoic acid, abundant in the intestinal tract but virtually
absent in the skin, promotes intestinal trafficking of T cells via their
retinoic acid receptors.18 Others reported that PP-deficient mice did
not develop lethal aGVHD in contrast to wild-type (WT) animals.19

Accordingly, when access of alloreactive donor cells to PPs was
prevented with MAdCAM-1 blocking antibodies or by using
CCR5�/�-deficient donor animals, recipients were protected from
aGVHD. Taken together, these data suggested that distinct priming
sites may be responsible for the specific target organ manifestation
in aGVHD. However, it remained to be tested whether certain
aGVHD initiation sites instruct alloreactive T-cell trafficking or
whether aGVHD target tissues selectively attract alloreactive T
cells.20

Therefore we tested in various in vivo scenarios whether the
lack of potential instructive priming sites would reduce or delay
infiltration of aGVHD target tissues after aHCT. Blocking entry to
selected SLOs by monoclonal antibodies (MAbs) or by lymphoid
ablation did not alter the aGVHD manifestation. Furthermore,
alloreactive effector cells isolated from anatomically distinct
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aGVHD initiation sites migrated efficiently to the intestinal tract
and liver, irrespective of their original priming site. Thus, we
demonstrate that SLOs as priming sites are redundant in aGVHD
initiation. Ultimately, blocking T-cell entry to all SLOs was
required to prevent aGVHD.

Methods

Mice

FVB/N (H-2q, Thy1.1), Balb/c (H-2d, Thy1.2), C57Bl/6 (H-2b, Thy1.2), and
C57Bl/6-Lymphotoxin-�-receptor-deficient (B6-LT��/�) mice21 were pur-
chased from Jackson Laboratories (Bar Harbor, ME). Peyer’s patch–
deficient Balb/c (PPKO) mice were generated by the timed intravenous
injection of pregnant mice with 100 �g lymphotoxin-�-receptor IgG fusion
protein (LT�R-IgG, a kind gift from Dr J. L. Browning, Biogen, Cam-
bridge, MA) on gestational day E17.5 and subsequently of the newborns
intraperitoneally within 12 hours postpartum.22,23 Depletion of PPs was
confirmed macroscopically and by histology in littermates and for each
mouse at termination of the experiment. The luciferase expressing (luc�)
transgenic FVB/N line was generated as previously described.2,24,25 Either
female heterozygous or homozygous luc� offspring of the transgenic
founder line FVB-L2G85 were used for transplantation experiments. All
animal studies were performed under institutional approval according to
specific animal use protocols.

Flow cytometric cell purification and analysis

Unless otherwise indicated, the following antibodies were purchased from
eBiosciences (San Diego, CA) and BD Pharmingen (San Diego, CA) for
FACS analysis on an LSR flow cytometer (Becton Dickinson, Mountain
View, CA): CD3� (145-2c11), CD4 (RM4-5), CD8� (53-6.7), CD11b/
Mac-1 (M1/70), CD25 (PC61), CD44 (IM7), CD45R/B220 (RA3-6B2),
CD62L (MEL14), CD69 (H1.2F3), CD103/�E�7, CCR5 (C34-3448),
CCR9 (242503, R&D Systems, Minneapolis, MN), CXCR3 (220803, R&D
Systems), Gr-1 (RB6-8C5), H-2Kq (KH114), H-2Dq (KH117), H-2Dd
(34-2–12), LPAM-1/�4�7 (DATK32), NK1.1 (PK136), P-selectin ligand-
IgG fusion protein, E-selectin-ligand-IgG fusion protein, anti–human-
IgG�-PE (Jackson ImmunoResearch Laboratories (West Grove, PA),
Thy1.1 (H1S51), Thy1.2 (53-2.1). Dead cells were excluded by propidium
iodide staining shortly before FACS.

For transplantation of T-cell subsets, splenic single cell suspensions
from luc� FVB-L2G85 mice were enriched with CD4- and CD8-conjugated
magnetic beads using the AutoMACS system (Miltenyi Biotech, Auburn, CA).
Cell purity was confirmed by postenrichment fluorescence-assisted cell sorting
(FACS) analysis ( � 85%). FACS analyses were performed on single cell
suspensions from cervical LNs (cLNs), inguinal LNs (iLNs), mesenteric LNs
(mLNs), PP, and spleen at indicated time points after aHCT. For cell-proliferation
analysis, splenocytes (107/mL) were resuspended in PBS and Vybrant CFDA SE
Tracer reagent (Invitrogen, Carlsbad, CA) at a final concentration of 5 �M for
exactly 6 minutes at 37°C. Immediately after staining, cells were washed in
5 volumes of ice-cold RPMI plus 10% fetal bovine serum (FCS; Invitrogen)
twice, resuspended in PBS and counted before intravenous injection. Flow
cytometric data were analyzed with FlowJo Software (TreeStar, Ashland, OR).

Allogeneic HCT

To condition mice for aHCT, a Phillips Unit Irradiator (250 kv, 15 milli-
amperes) was used to deliver lethal radiation on day 0 relative to
transplantation. Female 8- to 12-week-old HCT recipient mice received
split doses of either 400 Gy (allogeneic Balb/c recipients, 2 	 400 rad) or
4.5 Gy (allogeneic C57Bl/6, B6-LT��/� recipients, 2 	 400 rad) 3 to
4 hours apart. For hematopoietic reconstitution, animals were injected with
5 	 106 FVB/N wild-type BM cells intravenously within 3 hours after the
second dose of radiation. To induce aGVHD, wild type mice were
coinjected intravenously with FVB/N-L2G85 4 	 106 luc� splenocytes.

In vivo bioluminescence imaging and ex vivo imaging analysis

In vivo bioluminescence imaging (BLI) was performed as previously
described, using an IVIS100 CCD-imaging system (Xenogen, Alameda,
CA).2,24 After in vivo BLI, mice were injected intraperitoneally with an
additional dose of luciferin (150 �g/g bodyweight). Five minutes later
animals were killed. Selected tissues were prepared and imaged for
5 minutes. Tissue processing was timed to stay within a period of
3 minutes. Ex vivo imaging resulted in high-resolution images display-
ing signal foci within organs of interest and directed the embedding of
tissues for histology as well as cell extraction for FACS analysis.
Imaging data were analyzed and quantified with Living Image Software
(Xenogen) and Igor (WaveMetrics, Lake Oswego, OR).

In vivo antibody administration and splenectomies

Recipient Balb/c or B6-LT��/� mice were splenectomized and controls
sham operated 2 weeks before aHCT, according to standard protocols. In
initial experiments mice received a single dose of either 150 �g purified
anti-MAdCAM-1 (�MAdCAM-1, MECA-367) or isotype control MAbs
intravenously. In subsequent experiments aHCT recipients received either
�MAdCAM-1 (MECA-367) or anti-L-selectin (�CD62L, Mel-14) MAbs
alone or in combination, or rat IgG2a isotype control MAbs intravenously
as follows: day 0 immediately before cell injection, 150 �g; day 1 to 4,
100 �g; day 5, 50 �g. Antibodies were either purified from hybridomas at
Stanford University or purchased from eBioscience.

Transfer experiments into secondary aHCT recipients

Primary aHCT Balb/c recipients were conditioned with 2 split doses of 4 Gy
(2 	 400 rad) and transplanted with magnetic-assisted cell sorting (MACS)–
purfied luc� FVB-L2G85 splenocytes as described in “Allogeneic HCT.”
On day 3 after aHCT, cells were isolated from mLN or peripheral LNs
(pLNs) (cLN and iLN) and 107 luc� Thy1.1� T cells were injected
intravenously into secondary Balb/c recipients that were conditioned
(2 	 4 Gy) and transplanted with WT FVB/N cells at the same time as the
primary recipients (day 0). To study the short term homing of alloreactive
T cells without biasing secondary migration effects, secondary recipients
were imaged within 18 hours after secondary transfer.

Histology

Tissues were sampled over the time course of 6 days and cryopreserved at
�80°C. Fresh frozen 5-�m-thick sections were mounted on positively
charged precleaned microscope slides (Superfrost/Plus; Fisher Scientific,
Pittsburgh, PA) and stored at �80°C. The sections were initially thawed for
20 minutes at room temperature (RT). After acetone fixation (7 minutes at
RT) and air drying (3 minutes), sections were incubated with blocking
solution (PBS � 2% FCS) for 15 minutes. Incubations with primary
antibodies were performed for 1 hour at RT. Directly conjugated antibodies
were used for lineage determination of T lymphocytes (CD8-FITC and
CD4-PE; BD Pharmingen) and diluted 1:200 in 1	 PBS. The donor T-cell
marker Thy1.1-APC (BD Pharmingen) was used at a dilution of 1:100 in
PBS. Nuclei were stained with DAPI. Washing steps after antibody
incubation and 4,6-diamidino-2-phenylindole (DAPI) staining were per-
formed in 1	 PBS (3 times, 3 minutes each). Fluorescence microscopic
evaluation was performed on a Nikon microscope (Eclipse, TE 300).
Microscopic photos were obtained using a digital camera (Spot; Diagnostic
Instruments, Sterling Heights, MI). Digital images were saved in TIFF and
inserted and processed in PowerPoint (Microsoft, Redmond, WA). Standard
magnifications were 200	/0.45 NA and 400	/0.60 NA.

Statistical analyses

Data were compared using GraphPad Prism 4.0c (GraphPad Software, San
Diego, CA) by log rank test, Student t test, Kruskal-Wallis test, or 2-way
ANOVA with Bonferroni correction, as appropriate. Data represent mean
values, error bars indicate 1 SD, and P values less than .05 were deemed
statistically significantly different.
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Results

Differential expression of homing receptors in secondary
lymphoid organs during aGVHD initiation

To explore the role of different SLOs in the aGVHD organ
manifestation, we analyzed the acquisition of homing receptors on
alloreactive T cells. Therefore, myeloablatively conditioned Balb/c
recipients (H-2d, Thy1.2�) received transplants of FVB/N bone
marrow (BM) cells plus CFSE-labeled luciferase transgenic (luc�)
FVB/N-L2G85 splenocytes as a source of alloreactive T cells
(H-2q, Thy1.1�). On day 3 after transplantation, the last time point
before alloreactive T cells exit SLOs, bioluminescence imaging
guided the extraction of luc� donor cells from different SLOs,
namely Peyer’s patches (PP), mesenteric LN (mLN), spleen,
cervical LN (cLN), and inguinal LN (iLN) as peripheral LN (pLNs)
to characterize donor-derived T-cell populations. Thy1.1� donor
T cells were found to have undergone multiple divisions in SLOs as
indicated by the dilution of CFSE (Figure 1A).

Next we analyzed expression of homing receptors that have
been implicated in organ-specific effector cell trafficking.13 Divid-
ing CD4� and CD8� donor T cells of PP and mLN (but not the

pLNs) up-regulated the gut homing receptors �4�7-integrin,8

�E�7 (CD103),26 and CCR927,28 (Figure 1A,B). �4�7hi donor
CD8� T cells were also found in the spleen. Donor T cells in pLNs
up-regulated more E-selectin ligand (E-lig), associated with skin
homing, than did T cells of PP, mLN, and spleen. Similarly
P-selectin ligand (P-lig) was more pronounced in pLNs than in PP.
However, more than 90% of dividing donor T cells expressed the
activation marker CD44 in all aGVHD initiation sites (Figure 1B),
thus T-cell proliferation and activation per se were comparable in
all SLOs analyzed. These results were consistent with previous in
vitro and in vivo observations of several independent investigators
in different models of other adaptive immune responses7-11,17

supporting the concept of existing instructive sites in aGVHD
initiation.

Peyer’s patches are important but not essential sites in
aGVHD induction

Bioluminescent signals from excised tissues revealed involvement
of PP during the initiation phase of aGVHD.2 These observations
and a previous report19 suggested that gut alloreactive T cells might
be specifically instructed in the PP, and depletion of PP may

Figure 1. Differential homing receptor expression by
alloreactive T cells in anatomic distinct priming sites.
CFSE-labeled allogeneic FVB/N-L2G85 (H-2q, Thy1.1)
splenocytes were transplanted into myeloablative condi-
tioned Balb/c recipients (H-2d, Thy1.2). On day 3 after
aHCT, immediately before alloreactive T cells enter
aGVHD target organs, cells were isolated from different
SLOs for phenotypic comparison by flow cytometry.
(A) Representative staining of �4�7 integrin and CCR9
on in vivo primed Thy1.1� donor CD4� T cells (top) and
CD8� T cells (bottom). Alloreactive T cells had undergone
several cell divisions (color encoded) and markedly up-
regulated �4�7 integrin and CCR9 after 5 cell divisions
predominantly in mLN and spleen (1 of 4 representative
experiments is shown). (B) Bar graphs depict percentage
of dividing donor T cells expressing peripheral homing
receptors. Of note, intestinal-associated lymphoid organs
(PP, mLN) up-regulated mucosal-associated homing re-
ceptors, whereas pLNs (cLN and iLN) displayed more
pronounced skin homing receptor expression (E-lig,
P-lig). Most of the dividing cells in all SLO are CD44�.
Cells were pooled from 5 mice, 3 independent experi-
ments were performed. Bars depict means plus or
minus SD.
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ameliorate intestinal aGVHD. Therefore, we generated mice de-
void of PP (PPKO mice) by injecting a lymphotoxin-�-receptor IgG
fusion protein during embryonic development.22,23 Analysis of
representative mice from each litter confirmed the lack of PP on
macroscopic and histologic levels. Surprisingly, aHCT of these
myeloablative conditioned Balb/c PPKO recipients with allogeneic
luc� splenocytes and WT BM cells resulted in severe and lethal
aGVHD with a time course indistinguishable from WT animals. In
one representative experiment (of 2), 4 of 11 PPKO aHCT recipients
were killed early in the disease course (day 6) for histologic
evaluation. The in vivo BLI signals were distributed and increased
similarly as in WT Balb/c controls after aHCT (Figure 2A). On day
3 after aHCT, bioluminescent signals from GIT samples of PPKO

mice revealed only a few discrete light-emitting foci in the small
intestines (Figure 2B). Histologic evaluation of serial sections from
these positive foci revealed diffuse and unorganized lymphoid
aggregates, and no PP (Figure 2D). Immunofluorescent staining
showed that Thy1.1� donor T-lymphocytes dominated these aggre-
gates (data not shown). Importantly, the strongest BLI signals were
detectable in mLN and spleen, indicating predominant alloreactive
T-cell expansion at these sites (Figure 2B) in PPKO recipients. PPKO

mice and WT mice simultaneously developed intestinal and later

skin aGVHD. Strong lymphocytic infiltrates became evident by
day 5 after aHCT (Figure 2C) paralleled by tissue injury typical of
aGVHD (Figure 2E). FACS analysis demonstrated donor T cells
expressing high levels of �4�7� in mLN and spleen of these PPKO

mice on day 3 (data not shown). A recent report using a different
aHCT model of myeloablatively conditioned PPKO recipients
supports our data, again demonstrating that these animals develop
aGVHD with a similar time course and severity to WT recipients.29

Together these results suggest that lymphoid organs other than PP,
in particular mLN and spleen, can functionally compensate for the
lack of PP by activating alloreactive T cells capable of intestinal
aGVHD induction (Table 1).

Mice lacking Peyer’s patches and lymph nodes develop aGVHD

Because PP appeared not as the only sites to give rise to gut-tropic
alloreactive T cells, we asked whether mice deficient in LNs and
PPs would develop aGVHD. Mice deficient in the lymphotoxin-
alpha chain (B6-LT��/�) do not develop SLOs, with the exception
of a morphologically altered spleen.21 Either C57Bl/6 wild-type
(B6.WT, H-2b) or B6-LT��/� (H-2b) mice received transplants of
FVB/N WT BM cells plus luc� splenocytes. The recipients were

Figure 2. Onset of intestinal aGVHD is not delayed in
Peyer’s patch (PPKO)–deficient mice. Myeloablatively
conditioned PPKO Balb/c mice received transplants of
luc� FVB/N-L2G85 splenocytes plus FVB/N wild type
bone marrow cells. (A) In vivo BLI of transplanted mice
showed expansion of alloreactive T cells over lymphatic
and intestinal sites by day 4, intestinal, liver, and skin
infiltration by day 6 after aHCT. (B) Ex vivo images of the
intestinal tract on day 3 displayed BLI signals from the
mLN and the spleen. In some animals small light-emitting
foci (arrow) were observed, which were sampled and
analyzed (see below). (C) Ex vivo imaging of the gastroin-
testinal tract confirmed diffuse intestinal infiltration by
luc� donor cells on day 5. (D) Histologically, above
described foci (arrow) were identified as ill-defined small
lymphocytic aggregates. All of the analyzed mice were
deficient for PP. (E) hematoxylin and eosin (H&E) analy-
sis on day 6 after aHCT revealed a grade 2 GVHD on
intestinal samples, showing apoptotic bodies and exten-
sive crypt destructions in PPKO recipients.
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not optimally suited for in vivo imaging due to their light-absorbing
skin and coat pigmentation. However, ex vivo imaging of these
recipient animals revealed proliferation of luc� alloreactive T cells
in SLOs of B6.WT recipients (Figure 3A), similar to the FVB/N
into Balb/c aHCT model.2 In contrast, in B6-LT��/� mice, luc�

donor T cells projected a signal only on the spleen at day 3 (Figure
3B). However, by day 6 both B6.WT and B6-LT��/� mice
developed intestinal aGVHD as shown by the infiltration of luc�

donor cells (Figure 3D,E; histology Figure 3G,H). Donor T-cell
proliferation in the spleen of B6-LT��/� mice showed that this
organ was sufficient to compensate for the lack of other SLOs.

Therefore, we splenectomized B6-LT��/� mice (B6-LT��/�
SplEx)

2 weeks before aHCT, eliminating all SLOs. After myeloablative
conditioning, these B6-LT��/�

SplEx, mice together with control
B6-LT��/� and B6.WT mice received allogeneic FVB/N luc�

splenocytes and WT BM cells. In 3 independent experiments we
found that B6-LT��/�

SplEx mice did not develop intestinal aGVHD
by day 6 (Figure 3C,F,I) in contrast to B6.WT mice with intact
SLOs (Figure 3A,D,G) or B6-LT��/� mice lacking PPs and LNs
(Figure 3B,E,H). Histologic evaluation of skin and liver of
B6-LT��/�

SplEx mice did not show alloreactive T-cell infiltration of
these sites in contrast to B6-LT��/� and B6-WT recipients (Figure

Table 1. Redundancy of secondary lymphoid organs in the generation of aGVHD target tissue–specific alloreactive effector T cells

No access to these
aGVHD initiaton site(s) Strategy aGVHD initiation sites:

aGVHD target manifestation:
(� GIT, � liver, � skin)

PP Embryonic PP ablation, (LT�-IgG-fusion protein) mLN, pLN, spleen* ���

PP plus mLN plus pLN Genetic deficiency (LT�-/- mutation) spleen ���

PP plus mLN Anti-MAdCAM-1 blocking antibodies pLN, spleen ���

pLN Anti-CD62L blocking antibodies mLN, spleen ���

PP plus mLN plus pLN Anti-CD62L blocking antibodies � anti-MAdCAM-1 blocking

antibodies

spleen ���

Spleen splenectomy PP, mLN, spleen ���

PP plus mLN plus spleen Anti-MAdCAM-1 blocking antibodies � splenectomy pLN ���

pLN plus spleen Anti-CD62L blocking antibodies � splenectomy mLN ���

PP plus mLN plus pLN

plus spleen

*Genetic deficiency (LT�-/- mutation) � splenectomy or anti-

CD62L blocking antibodies � anti-MAdCAM-1 blocking antibodies

� splenectomy

None§

None

None

None

None Isotype control antibody PP, mLN, pLN, spleen ���

MAdCAM-1 indicates mucosal vascular addressin cellular adhesion molecule (MECA-367); CD62L, L-selectin (MEL-14).
*Ectopic ill-defined lymphoid aggregates in intestinal mucosa observed.
§Potential discrete ectopic lymphoid aggregates in intestinal mucosa.
��� aGVHD manifestation in the gastrointestinal tract (GIT), liver, and skin.

Figure 3. Lymph node– and Peyer’s patch–deficient
LT��/� mice develop intestinal aGVHD, while splenec-
tomized LT��/� mice are protected. Myeloablatively
conditioned C57Bl/6 wild-type recipients (B6.WT) were
compared with C57Bl/6-Lymphtoxin alpha�/� mice
(B6.LT��/�, deficient for PP and LNs) and splenecto-
mized B6.LT��/� recipients (B6.LT��/�

SplEx) after trans-
plantation with allogeneic luc� FVB/N T cells plus WT BM
cells. (A) Ex vivo BLI signals projected to the spleen,
mLN, and PP in B6.WT mice, solely to the spleen in
B6.LT��/� (B), but were not apparent in B6.LT��/�

SplEx

recipients (C) on day 3 after aHCT. (D,E) On day 6 ex vivo
BLI signals increased over the intestines in B6.WT and
B6.LT��/� recipients in similar strength, in stark contrast
to B6.LT��/�

SplEx recipients (F) Ex vivo imaging corre-
lated well with H&E histopathology on day 6, by showing
widespread signs of aGVHD (grade 2) in the small and
large bowel of B6.WT (G) and B6.LT��/� recipients (H).
In contrast, the intestinal mucosa of B6.LT��/�

SplEx recipi-
ents hardly showed any lymphocytes and no aGVHD (I).
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Figure 4. Blocking the access to all SLOs prevents aGHVD. Conditioned Balb/c recipients (H-2d) received transplants of allogeneic luc� T cells and wild type FVB/N (H-2q) bone
marrow cells. To prevent donor T-cell entry to SLOs either Balb/c or splenectomized Balb/c (no spleen, SplEx) aHCT recipients were intravenously injected daily with �CD62L�MAdCAM-1
or isotype control antibodies. (A) In vivo BLI for the first 6 days after aHCT demonstrated effective blocking of nodal sites by combined �CD62L/�MAdCAM-1 treatment. However,
alloreactive cells proliferated in the spleen before aGVHD target infiltration (top panel). Splenectomy plus isotype control antibody treatment lead to compensatory alloreactive cell
expansion in remaining accessible sites (second from bottom). However, combined �CD62L/�MAdCAM-1SplEx treatment resulted in less intense BLI signals (middle), that projected
predominantly to the bone marrow compartments (sternum, femura and pelvis). By day 4 abdominal sites were targeted in all groups except for the �CD62L/�MAdCAM-1SplEx group.
Shown is one representative animal (of 5) from each group (reproduced in 3 independent experiments). (B) The total body photon emission of �CD62L/�MAdCAM-1SplEx recipients is
reduced in contrast to all other groups (P 
 .015). This indicates compensatory proliferation in recipients with partially blocked SLO T-cell entry. Means plus or minus SD are shown in the
bar graphs. (C) In higher magnification (day 3), BLI reveals the compensatory sites of alloreactive proliferation.The spleen region was positive in the �CD62L/�MAdCAM-1 group, whereas
PP and LN regions were positive in the splenectomy plus isotype antibody group. Less intense signals projected to the BM compartment in the �CD62L/�MAdCAM-1SplEx group.
(D) Blocking the access to SLO by �CD62L/�MAdCAM-1SplEx was effective as measured by ex vivo imaging (top left) and immune fluorescence microscopy (Thy1.1� donor T cells in blue,
MHC II� host APCs in red, isotype control right panels). Histopathologic evaluation supported these findings, by showing a grade 2 intestinal aGVHD in isotype controls (bottom right) in
comparison to unaffected GIT from the �CD62L/�MAdCAM-1SplEx group (bottom left). (E) All animals from the �CD62L/�MAdCAM-1SplEx group survived the aHCT without any signs of
acute or chronic GVHD (pooled data from 3 independent experiments, P 
 .001). In contrast, �CD62L/�MAdCAM-1 treatment, isotype treatment or isotype treatment with splenectomy all
resulted in acute GVHD-related mortality ( � 90%) within 70 days after aHCT. Control groups: BM only, more than 90% survival, no aGVHD; BM and splenocytes, no antibodies: 0%
survival, severe aGVHD; radiation only: 0% survival.
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S1, available on the Blood website; see the Supplemental Materials
link at the top of the online article.). Thus, we concluded that SLOs
are essential for the induction of aGVHD, however, there is
significant redundancy of SLOs, and the spleen can give rise to gut-
tropic, but also skin and liver infiltrating alloreactive T cells.

Blocking of all secondary lymphoid organs prevents aGVHD

Mice deficient for certain SLOs may develop compensatory
mechanisms to cope with their immunologic impairment, as
discussed for aly/aly mice and B6-LT��/� mice.30,31 Thus, confound-
ing factors such as arising tertiary or inducible lymphoid organs32,33

may influence experimental outcome. Furthermore, remaining
SLOs, such as mLN and spleen in PPKO mice or the spleen in
B6-LT��/� mice, might possibly adopt additional functions in
surveying intestinal mucosal surfaces.

To rule out such a potential experimental bias, we explored
short-term homing blockage of SLOs with monoclonal antibodies
(MAbs). We treated aHCT recipients intravenously with blocking
MAbs to L-selectin (�CD62L) or MAdCAM-1 (�MAdCAM-1),
important homing ligands that facilitate the entry of lymphocytes
into pLNs and PP, respectively. We found that a single injection of
150 �g �MAdCAM-1 or �CD62L at the time of aHCT did not alter
the onset of aGVHD, contrary to reports of nonmyeloablative or
unconditioned aHCT recipients19 (data not shown). In addition,
continual administration of either �MAdCAM-1 or �CD62L did
not prevent aGVHD (data not shown). Therefore we administered
combined �MAdCAM-1/�CD62L daily until day 5. BLI revealed
that combined MAb delivery efficiently blocked the access to LNs
and PP, as illustrated by the lack of cervical lymph node infiltration
(Figure 4A). Nevertheless, aGVHD onset and organ manifestation
was not altered compared with aHCT recipients that received
isotype control MAbs. Splenectomized recipients receiving isotype
control antibodies developed the same aGVHD target organ
manifestation as controls. These data support the findings of
lymphatic redundancy during aGVHD initiation in myeloablative-
conditioned recipients (Table 1). This redundancy is also reflected
in comparable absolute total-body BLI signal increases (Figure
4B). BLI revealed infiltration of proliferating luc� donor cells over
the respective compensatory sites (Figure 4C). Peripheral blood
chimerism analysis on day 6 in splenectomized recipients receiving
isotype MAbs versus mice receiving the combination of blocking
MAbs showed no difference from control animals receiving
isotype MAbs only (P � .05; � 90% donor CD4�, CD8�, � 80%
Mac-1/CD11b�, Gr-1�, � 60% CD19� cells; data not shown).

To prevent aGVHD, we splenectomized aHCT recipients and
administered �MAdCAM-1/�CD62LMAbs (�MAdCAM-1/
�CD62LSplEx). BLI signals in �MAdCAM-1/�CD62LSplEx recipi-
ents differed markedly from all other groups and projected on BM
compartments, while LN regions and the spleen area remained
negative (Figure 4A,C). Ex vivo imaging and histology of the
intestinal tract, LN, and spleen confirmed these results (Figure 4D).
Overall BLI signal increase caused by proliferation of luc� donor
cells (day 0 to day 6) was less in the �MAdCAM-1/�CD62LSplEx

group compared with other aHCT groups (Figure 4B). Neverthe-
less, conversion to full donor chimerism in these animals was
similar to other groups receiving allogeneic T cells (P � .05, data
not shown). Our data suggest that allogeneic donor T cells can find
niches of proliferation other than SLOs, particularly the BM
compartment. However, access to SLOs is required for aGVHD
initiation.

Survival and clinical performance of allogeneic recipients
receiving either single (not shown) or the combination of blocking

MAbs, or splenectomy plus isotype MAbs demonstrate that all
groups have a potentially better outcome compared with allogeneic
recipients receiving no antibodies (Figure 4E). However, beneficial
effects cannot be ascribed to the blocking of entry to a single
priming site itself, because survival does not differ from aHCT
recipients receiving isotype control antibodies only (P � .05).
Remarkably, all splenectomized �MAdCAM-1/�CD62L–treated
aHCT recipients survived without any signs of aGVHD (Figure 4E,
P 
 .001).

Alloreactive T cells migrate to aGVHD target tissues
irrespective of the initial priming site

To explore the observed redundancy of SLOs, we chose a
complementary strategy to the previously described experiments.
(Figure 5A). Myeloablatively conditioned Balb/c mice received
transplants of allogeneic luc� FVB-L2G85 T cells as primary
recipients. At the same time, conditioned Balb/c mice received
transplants of nonluminescent allogeneic FVB/N WT T cells as
future secondary recipients to simulate conditions similar to the
primary recipients. On day 3 we transferred luc� T cells isolated
from either pLNs, mLNs, or the spleen of the primary recipients
into individual conditioned secondary aHCT recipients to track the
migration of alloreactive T cells by BLI (Figure 5A). Phenotypic
analysis of alloreactive luc� donor cells before the secondary
transfer confirmed up-regulation of CD44 on T cells in all SLOs.
As previously described, �4�7-integrin was up-regulated only in
mLNs and spleen, in contrast to pLNs (compare Figure 1A and 1B).
In vivo imaging of aHCT secondary recipients within 18h of cell
transfer revealed alloreactive T-cell infiltration predominantly in
abdominal sites, projecting to the intestinal tract and liver (Figure
5B). Importantly, luc� T cells targeted the intestinal tract and liver
regardless of where they had been primed (Figure 5B,C). Target
organ infiltration by luc� T cells persisted in secondary aHCT
recipients and further extended to skin infiltration at later time
points (Figure S2). These findings were consistent with our
previous experiments in which access to SLO was essential while
the localization of the priming site was not decisive in the aGVHD
target organ manifestation.

Discussion

Several reports have provided evidence in favor of an instructive
model of effector T-cell trafficking.7-12,14,16,17 Such a model was
particularly appealing as an explanation for the organ specific
aGVHD manifestation mediated by donor T cells. Host antigen-
presenting cells15 initiate the alloreactive T-cell response in SLOs2,6;
however, once activated, effector CD4� and CD8� T cells can
target aGVHD organs independent of antigen recognition.34

Here we demonstrate that the lack of certain priming sites
resulted neither in reduced nor delayed aGVHD in target tissues
and that single remaining priming sites were sufficient for aGVHD
induction. These observations were made in 4 independent experi-
mental models: recipients without PP, recipients lacking PP and
LN, splenectomized recipients, and recipients receiving MAbs
blocking PP and LN entry or a combination of PP blocking MAbs
and splenectomy. Only the prevention of access to all SLOs
inhibited aGVHD target infiltration and pathology. Such abrogation
was observed in splenectomized B6-LT��/�

SplEx recipients lacking
all SLOs, or by using �MAdCAM-1 and �CD62L blocking MAbs
in splenectomized Balb/c recipients. Alloreactive T cells that had
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been isolated from different priming sites, namely mLN, pLN, or
spleen, and transferred into secondary conditioned recipients
rapidly infiltrated the intestinal tract and liver irrespective of their
original priming sites. Although alloreactive CD4� and CD8�

T cells in pLN expressed low levels of �4�7 integrin, �E�7
integrin or CCR9, these cells homed to the intestinal tract and liver
as effectively as cells from mLN. Lastly, transferred alloreactive
effector cells primed in the spleen also homed efficiently to
intestines and liver.

In accordance with prior studies, we found that homing receptor
acquisition in SLO is nonstochastic. Yet other receptors such as
CD44, and to a lesser extent P-selectin ligand, were up-regulated
on donor T cells infiltrating all SLOs. CD44 and P-selectin ligands
are functionally implicated in effector lymphocyte trafficking to
inflamed tissues.35,36 Clinical aHCT involves conditioning regi-
mens of the recipient to eradicate residual disease in cancer patients
and to provide immunologic acceptance of the graft. To model the
clinical situation, our aHCT experiments also involved host
conditioning before transplantation. Inflammatory cytokine re-
lease, including tumor necosis factor (TNF) � and IL-1, following
the conditioning regimen and the GVH reaction, can accelerate
aGVHD onset.1,34,37,38 Conversely, neutralizing TNF� and IL-1
prevented aGVHD in CD4�- and CD8�-dependent models.34

Importantly, blocking these cytokines did not affect aGVHD
initiation, but the aGVHD effector-phase, resulting in reduced
intestinal and hepatic alloreactive T-cell infiltration. Moreover,
precise timing and dosing of this treatment strategy seemed
essential, because other investigators could not observe the same
beneficial effects using a similar approach.39,40 These data strongly
suggest that TNF� and IL-1, together with effects further down-
stream, are pivotal in rendering aGVHD target organs permissible
for alloreactive T-cell infiltration as opposed to non-GVHD targets.

In fact, intercellular adhesion molecule (ICAM)-1 and vascular cell
adhesion molecule (VCAM)-1, facilitating T-cell entry into aGVHD
targets, are up-regulated upon host conditioning.41 Our strategy of
MAdCAM-1 blocking could not reproduce the same beneficial
effects as transfer of allogeneic �4�7� T cells to reduce intestinal
aGVHD.42 It remains possible that in our study, VCAM-1 or other
�4�7-ligands induced upon host conditioning on intestinal vascu-
lar endothelial cells compensated for MAdCAM-1 blocking.
Induced adhesion molecules can also enhance retention of
alloreactive effector T cells, as it has been shown for TGF-�
and �E�7 integrin (CD103) expression on alloreactive T cells in
the intestinal tract.26

Murai et al described aGVHD protection in PPKO recipients
within the first 30 days after aHCT using a non- or reduced-
conditioning haploidentical transplant model.19 In contrast, we
could not observe the same beneficial effects in our aHCT model
preventing access to PP or other selected lymphoid organs.
Similarly, Clouthier et al observed aGVHD organ manifestation in
splenectomized recipients43 and Welniak et al in PPKO mice.29

Using our BLI model we could visualize that accessible SLOs can
compensate for nonaccessible SLOs. This redundancy of SLOs in
aGVHD initiation is further supported by our observations from
secondary transfer experiments, in which alloreactive T cells
infiltrate aGVHD target tissues irrespective of the initial priming
site. Therefore, the type and the intensity of conditioning regimens
used in aHCT studies must be taken into consideration. Highlight-
ing such differences in an inflammatory versus noninflammatory
environment, a study by Wysocki et al uncovered different roles for
CCR5 by comparing unconditioned (reduced GVHD19,44) with
conditioned aHCT recipients (exacerbated aGVHD by CCR5�/�

donor T cells).45

Figure 5. Intestinal and hepatic recruitment of allo-
reactive effector cells after transfer of in vivo primed
alloreactive T cells into conditioned secondary alloge-
neic recipients irrespective of the original priming
site. (A) Primary and secondary Balb/c (H-2d) recipients
were conditioned (2 	 4 gy) and received transplants of
either luc� or wild-type allogeneic FVB/N (H-2b) T cells,
respectively, to simulate comparable conditions in both
groups. On day 3, luc� T cells were isolated from either
pLN (cLN and iLN combined) or mLN, or spleen. Subse-
quently, these in vivo primed alloreactive donor T cells
were injected separately into secondary recipients to
track their in vivo short-term homing. (B) Within 18 hours
after secondary transfer, luc� T cells predominantly homed
to abdominal sites in all of the analyzed groups (1 of
5 representative experiments is shown). (C) Ex vivo
imaging confirmed that alloreactive luc� donor cells
homed to the gastrointestinal tract (GIT), the liver (above
GIT), and the spleen (right from GIT) in conditioned
secondary recipients irrespective whether in vivo priming
occurred in pLN, mLN, or spleen.
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An intriguing result from our study is that the combined �MAdCAM-
1/�CD62L treatment plus splenectomy entirely prevented aGVHD.
This is surprising, because we expected a delayed aGVHD onset when
we stopped administration of �MAdCAM-1 and �CD62L on day
5 after aHCT. As reported in models of delayed donor lymphocyte
infusion (DLI),46 inflammatory responses due to host conditioning
decline in the absence of alloreactive T cells, which could not access
SLOs during the first week after aHCT. As interactions between
activated host-APCs with donor T cells are essential for aGVHD
initiation,15 donor chimerism conversion could have reduced efficient
host-APC-alloreactive T-cell interactions by the time of SLO entry.
Supporting this concept was a high CD11b� donor cell chimerism by
day 6. In addition, by the time alloreactive T-cell clones could finally
access SLOs, regulatory immune mechanisms could have regained
control while simultaneously inflammatory responses due the host
conditioning have declined. In line with this, reducing the toxicity of
conditioning regimens for aHCT holds great promise as reported for the
combination therapy of total lymphoid irradiation and antithymocyte
serum that reduced aGVHD incidence in humans.47

In conclusion, our study demonstrates that access to SLOs is
essential in aGVHD initiation. Importantly, we have shown that
multiple redundant priming sites exist throughout the body. Block-
ing access to all SLOs is required to prevent the onset of aGVHD.
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