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Objective. Human allogeneic (allo)–T-cell responses within recipient lymphoid tissues and the
degree to which they are altered in the presence of activated tissue-resident dendritic cells
(DC) remain unknown. This study examined allo–T-cell recruitment and the early allo–T-
cell responses that occur in the bone marrow (BM) and spleen (SP) of humanized (hu)
nonobese diabetic (NOD)/severe combined immunodeficient (SCID) recipients containing ac-
tivated human tissue-resident myeloid DC (MDC).

Materials and Methods. Human naı̈ve allo–T cells were transferred into polyinosinic:polycy-
tidylic acid [poly(I:C)]–treated or untreated huNOD/SCID recipients containing human
tissue-resident DC derived from transplanted CD34+ cells. Activation of human tissue-
resident MDC mediated by poly(I:C) treatment, recruitment, proliferation, and effector dif-
ferentiation of allo–T cells in the BM and SP of huNOD/SCID recipients were analyzed in vivo
by flow cytometry.

Results. Poly(I:C) treatment induced transient activation of human MDC within a maximum
of 8 hours, as evidenced in the BM by an increased proportion of MDC-expressing CD86 while
in the SP by MDC expressing CD86 and producing interleukin-12. Poly(I:C)-pretreated hu-
NOD/SCID recipients showed changes in the recruitment of allo–T cells in the BM and SP
and developed different allo–T cell responses within the BM and SP compartments. In the
BM, allo–T cells underwent multiple divisions and increased numbers of interferon-g+ and
tumor necrosis factor–a+ effector cells, while the majority of splenic allo–T cells underwent
a single division and had fewer effector allo–T cells.

Conclusions. Our experimental transplantation model demonstrates that early allo–T-cell re-
sponses are regulated by compartmentalization in the BM and secondary lymphoid tissues;
events potentially occurring after allotransplantation in human recipients. � 2008 ISEH -
Society for Hematology and Stem Cells. Published by Elsevier Inc.
In vascularized lymphoid tissues like bone marrow (BM)
and spleen (SP), tissue-resident dendritic cells (DC) recog-
nize blood-borne pathogens or their products via toll-like
receptors (TLR) and initiate activation programs involving
phenotypic and functional changes followed by anatomical
redistribution within lymphoid tissues [1–3]. Subsequent to
these changes, activated tissue-resident DC induce activa-
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tion, proliferation, and effector differentiation of local T
cells [4–6].

In allotransplantation settings, tissue-resident DC
presenting host peptides within the context of major histo-
compatibility complex molecules became activated by
pretransplantation conditioning regimens and pathogen
products and initiate allo–T-cell responses (direct allorecog-
nition). Experimental murine transplantation models suggest
that tissue-resident DC and macrophages are essential for
triggering activation and proliferation of allo–T cells [7,8]
but, that they also recruit allo–T cells into their target tissue
during the effector phase of acute graft-vs-host disease [9].
ology and Stem Cells. Published by Elsevier Inc.
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Human allo–T-cell responses within lymphoid tissues and
how they are altered by tissue-resident DC are unknown be-
cause of restricted access to tissues from allotransplant recip-
ients and lack of alternative experimental models.

Human lymphoid tissue-resident DC are now amenable
to experimental analysis in immunodeficient mice ‘‘human-
ized’’ by the engraftment of human hematopoietic stem
cells (HSC). The two major subsets of human DC, myeloid
DC (MDC) (CD11cþ DC) and plasmacytoid DC (PDC)
(CD303þ DC), develop in lymphoid tissues of humanized
(hu) nonobese diabetic (NOD) severe combined immunode-
ficienc (SCID) mice transplanted with HSC obtained from ei-
ther cord blood, fetal liver, or mobilized peripheral blood
[10–12]. Human MDC and PDC also develop in the lym-
phoid tissues of NOD/SCID mice with a complete null mu-
tation of the interleukin-2 receptor (IL-2R) g chain (NOD/
SCID/IL-2Rgcnull mice) and in BALB/c mice with both re-
combination-activating gene 2 (RAG2) and truncated gc
mutations (BALB/cRag2–/–gc–/– mice) when engrafted as
newborns with cord blood CD34þ cells [13,14]. The hu-
manized NOD/SCID/IL-2Rgcnull and BALB/cRag2–/–gc–/–

mice also permit human T-cell development within their
lymphoid tissues and, as such, allow a more complete hu-
man immune system to be developed from transplanted
CD34þ cells [13,14].

Based on these precedents, we reasoned that the adoptive
transfer of human naı̈ve allo–T cells into humanized mice con-
taining human tissue-resident DC, derived from transplanted
CD34þ cells, could be used as an experimental strategy to
study in vivo interactions between human tissue-resident DC
and allo–T cells. In this study, we transferred human naı̈ve
allo–T cells into polyinosinic:polycytidylic acid [poly(I:C)]-
treated or untreated huNOD/SCID recipients containing hu-
man tissue-resident DC and analyzed recruitment of allo–T
cells and allo–T cell responses within the BM and SP of recip-
ient mice. Evidence presented indicates that pretreatment of
huNOD/SCID recipients with poly(I:C) activates tissue-
resident MDC leading to changes in recruitment, activation,
proliferation, and effector differentiation of allo–T cells in
the BM and SP of recipient mice. Significantly, allo–T cells
in the BM underwent multiple divisions and increased the
numbers of interferon (IFN)-gþ and tumor necrosis factor
(TNF)-aþ effector cells, while the majority of splenic allo–T
cells underwent a single division and had few effector cells,
suggesting that early allo–T-cell responses are regulated by
compartmentalization in the BM and secondary lymphoid tis-
sues after allotransplantation.
Materials and methods

Cord blood CD34þ cells isolation
and generation of huNOD/SCID mice
Cord blood and peripheral adult blood were obtained after appro-
priate informed consent in accordance with the Mater Adult
Hospital Human Ethics Committee Guidelines. CD34þ cells
were isolated from cord blood using the CD34þ isolation kit (Mil-
tenyi Biotec, Sydney, NSW, Australia) according to manufac-
turer’s instructions. NOD/SCID mice were housed in
a pathogen-free facility at the Mater Medical Research Institute
animal facility. All experimental work involving animals was ap-
proved by the University of Queensland Animal Ethics Commit-
tee. Six-week-old female NOD/SCID mice were sublethally
irradiated with 325 cGy using a gamma beam 137Cs source and
48 hours later were transplanted intravenously (IV; tail vein)
with cord blood CD34þ cells (2 � 105 CD34þ cells per mouse)
in 200 mL Hank’s balanced salt solution (Invitrogen, Sydney,
NSW, Australia); thereafter referred to as humanized (hu)NOD/
SCID mice.

Detection of human engraftment
and human lineages in huNOD/SCID mice
To define human cell engraftment in the blood, huNOD/SCID
mice were bled between weeks 4 and 10 post-transplantation. Hu-
NOD/SCID mice with evidence of huCD45þ cells in their blood
were sacrificed 8 to 10 weeks post-transplantation and blood,
BM, and SP collected for analysis by flow cytometry [15]. Lymph
nodes are rudimentary in NOD/SCID and could not be analyzed
[16]. The lack of cross-reactivity of anti–human monoclonal anti-
bodies (mAb) with mouse cells was confirmed by staining cells
from BM, blood, and SP of NOD/SCID mice. All mAb were
purchased from BD Biosciences (Sydney, NSW) unless otherwise
indicated. For detection of human engraftment, cells were
labeled with anti–huCD45- peridinin-chlorophyll-protein (PerCP)-
conjugated mAb combined with phycoerythrin (PE)- or fluores-
cein isothiocyanate (FITC)–conjugated mAb specific for
huCD34, CD19, CD14, CD15, CD3, CD56 antigens. For detection
of human MDC and PDC in the blood, BM and SP cells were la-
beled with FITC-conjugated mAb specific for lineage (Lin) human
markers, huCD3, CD14, CD15, CD19, CD20, CD34, CD56, anti–
mouse (m)CD45-FITC, anti–huCD45-PerCP, anti–huHLA-DR-PE
combined with either anti–huCD11c-allophycocyanin (APC), for
MDC detection, or anti–huCD303-APC (Miltenyi Biotech) for
PDC detection. To further characterize the phenotype of human
MDC in the BM and SP, cells from the BM and SP of huNOD/
SCID mice were stained with anti–huLin-FITC, anti–mCD45-
FITC, anti–huCD45-PerCP, anti–huCD11c-APC combined with
either mIgG-PE, anti–huCD33-PE, anti–huCD1c-PE, anti–
huCD141-PE, anti–huCD1a-PE, anti–huCD205-PE (anti–
huCD205-PE mAb produced in house [17]), anti–huCD16-PE,
anti–huCD4-PE, anti–huCD123-PE, anti–huHLA-DR-PE, anti–
huCD86-PE, anti–huCD40-PE, anti–huCD83-PE or anti–
huTLR3-PE.

Activation of human MDC in BM and SP of huNOD/SCID mice
HuNOD/SCID mice (at 8–10 weeks post-transplantation) were
treated with poly(I:C) (Sigma, St Louis, MO, USA;100 mg
poly(I:C) in 200 mL phosphate-buffered saline (PBS) per mouse,
intraperitoneal injection) or with PBS (Invitrogen, Sydney,
NSW, 200 mL per mouse, intraperitoneal injection). At the indi-
cated time after poly(I:C) or PBS injection, mice were sacrificed
and the human MDC in the BM and SP were analyzed for surface
phenotype and cytokine production. To define activated human
MDC, cells were prepared from the BM and SP of huNOD/
SCID mice, stained with anti–huLin-FITC, anti–mCD45-FITC,
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anti–huCD45-PerCP, anti–huCD11c-APC combined with either
anti–huCD86-PE, anti–huCD40-PE, anti–huCMRF44-PE or
anti–huCMRF56-PE (anti–huCMRF44-PE and anti–huCMRF56-
PE mAb produced in house [18,19]). For cytokine production by
activated human MDC, cells were prepared from the BM and
SP of huNOD/SCID mice, stained with anti–huLin-FITC, anti–
mCD45-FITC, anti–huCD45-PerCP, anti–huCD11c-APC, fixed/
permeabilized (FIX and PERM kit; Caltag Laboratories, Sydney,
NSW), labeled with either anti–huIL-6-PE, anti–huIL-10-PE, or
anti–huIL-12p40/p70-PE (BD Bioscience, Sydney, NSW, Aus-
tralia) and analyzed by flow cytometry.

Adoptive transfer of human naı̈ve allo–T cells
Naı̈ve CD3þ T cells (hereafter referred to as allo–T cells), for
adoptive transfer into NOD/SCID or huNOD/SCID recipients,
were prepared by labeling peripheral blood mononuclear cells
with unconjugated mAb-specific for huCD19, CD20, CD11c,
CD14, CD34, CD56, HLA-DR, glycophorin-A, and CD45RO
(Coulter Immunotech, Gladesville, NSW), followed by incubation
with goat–anti-mouse IgG beads (Miltenyi Biotech) and magnetic
depletion of the positive cell fraction using the AutoMACS
DEPL025 protocol (CD3þCD45RAþ cells, O90% purity). Allo–
T cells, unlabeled or labeled with 5- and 6-carboxyfluorescein di-
acetate succinimidyl ester (CFSE; Molecular Probes, Eugene, OR,
USA) were adoptively transferred into NOD/SCID or huNOD/
SCID recipients (20 � 106 allo–T cells in 200 mL PBS per mouse,
IV injection).

Detection of allo–T-cell responses
in the BM and SP of huNOD/SCID recipient mice
Allo–T-cell responses were analyzed in the BM and SP of recipient
mice, at day 3 to 5 after adoptive allo–T-cell transfer. To detect total
allo–CD3þ T cells or allo–CD4þ T and allo–CD8þ T-cell subsets,
cells were stained with anti–huCD45-PerCP, anti–huCD3-APC
combined with either anti–huCD4-PE anti–huCD8-PE. To analyze
the activation status of allo–T cells, cells were stained with
anti–huCD45-PerCP, anti–huCD3-APC combined with either
anti–huCD25-PE or anti–huCD69-PE. Proliferation kinetics of
CFSE-labeled allo–T cells were assessed by CFSE dilution analysis
[20]. To detect allo–T-effector cells, cells were stained with anti–
huCD45-PerCP, anti–huCD3-APC, fixed/permeabilized, labeled
with either anti–huIFN-g, anti–huTNF-a, anti–huIL-2-PE, anti–
huIL-4-PE, or anti–huIL-10-PE mAb (BD Bioscience, Sydney,
NSW) and analyzed for cytokine production by flow cytometry [21].

Statistical analysis
Significant differences in human cell engraftment were calculated us-
ing an unpaired two-tailed t-test. p values for MDC activation and
allo–T-cell response comparisons were calculated using unpaired or
paired two-tailed t-test. Significance was defined as p ! 0.05.
Results

Analysis of engrafted
huCD45þ cells in huNOD/SCID mice
HuCD45þ cells were detectable in the blood of huNOD/
SCID mice 6 weeks post-transplantation of cord blood
CD34þ cells (CD45þ cells $1%; 65% mice; n 5 10).
However, huNOD/SCID mice exhibited higher engraftment
frequency in the blood (O90% mice) 8 to 10 weeks post-
transplantation. Analysis of engrafted huCD45þ cells in
the BM and SP of huNOD/SCID mice 8 to 10 weeks post-
transplantation showed presence of CD34þ precursors,
CD19þ B cells, CD14þ monocytes, and CD15þ granulo-
cytes, but no evidence of CD3þ T or CD56þ natural Killer
(NK) cells (Table 1). HuNOD/SCID mice had higher levels
of human CD45þ, CD34þ, CD14þ, and CD15þ cells in the
BM as compared with the SP (Table 1).

In the BM and SP of huNOD/SCID mice, human MDC
and PDC were defined by SSC and huCD45 gating
(Fig. 1A, BM; upper dot plot, SP; lower dot plot), followed
by gated acquisition of huCD45þCD11cþ and
huCD45þCD303þ events (Fig. 1A, B, and Fig. 1A, C, re-
spectively) and then MDC and PDC, within the gated pop-
ulation, were detected by huHLA-DRþLin–/dim mCD45–

expression (Fig. 1B, C, respectively). Blood MDC and
PDC were defined using the same gating strategy (not
shown). As expected, MDC and PDC represented rare cells
within huCD45þ cells in the BM, blood, and SP of en-
grafted mice (Table 1). The level of human MDC in the
BM was lower than that observed in the blood and SP.
MDC were detected at lower levels in the BM and blood
of huNOD/SCID mice than PDC (p ! 0.05; Table 1).

All human MDC in the BM and SP strongly expressed
CD33, CD1c, CD4, CD123, and CD205, whereas CD1a
was weakly positive on most MDC (Fig. 1D). Most BM
and splenic MDC (O70%; n 5 3) were negative for
CD141, whereas all BM and spleen MDC were negative
for CD16. CD86 and CD40 molecules were expressed by
MDC in the BM and SP, whereas CD83 was absent. In ad-
dition, human MDC in the BM and SP uniformly expressed
TLR3, predicting their responsiveness to the TLR3 ligand,
double-stranded RNA, or synthetic product poly(I:C). Hu-
man MDC in the BM were distinct from splenic MDC in
that they expressed a higher level of CD11c and a lower
level of HLA-DR (relative fluorescence intensity was, on
average, 2.7 times higher for CD11c and 1.8 times lower
for HLA-DR, Fig. 1B, D). In brief, human MDC engrafted
in the BM and SP of huNOD/SCID mice had a phenotype
similar to that of the CD11cþCD16– MDC subset found in
human blood and spleen [22,23].

Poly(I:C) treatment induces transient activation of
human MDC in the BM and SP of huNOD/SCID mice
Given that BM and SP are vascularized, we predicted that
resident MDC within these tissues recognize pathogen
product spread by the local bloodstream via their TLR
and ultimately became fully activated. To test this hypoth-
esis, we analyzed activation of human MDC in the BM and
SP of huNOD/SCID mice from 2 to 12 hours after poly(I:C)
treatment. Two hours after poly(I:C) treatment, the propor-
tion of human MDC expressing CD86 increased in the BM
and SP of treated mice compared with PBS-treated mice



Table 1. Engrafted human cells in the BM, blood, and SP of huNOD/

SCID mice

Human cells BM Blood SP

CD45

Mean 6 SD 89.1 6 2.7a 2.8 6 0.6a 69.4 6 5.7

Range 44.6–98.9 0.6–7.1 7.7–96.0

n 30 10 17

MDC

Mean 6 SD 1.4 6 0.3a,b,c 2.9 6 0.5d 2.3 6 0.3

Range 0.3–5.0 0.9–7.7 0.4–4.4

n 15 15 16

PDC

Mean 6 SD 4.4 6 0.5 4.7 6 0.6 2.9 6 0.3

Range 2.3–7.5 1.3–7.5 1.1–5.4

n 15 14 16

CD34 NA

Mean 6 SD 22.3 6 2.6a 7.6 6 1.1

Range 7.8–33.8 2.0–13.0

n 10 10

CD19 NA

Mean 6 SD 73.4 6 3.7 85.3 6 1.7

Range 57.8–90.0 78.0–93.0

n 10 10

CD14 NA

Mean 6 SD 4.6 6 0.4a 1.2 6 0.3

Range 2.0–6.0 0.2–3.2

n 10 10

CD15 NA

Mean 6 SD 2.7 6 0.6a 0.3 6 0.1

Range 0.9–7.3 0.0–1.0

n 10 10

CD3 ND NA ND

n 10 10

CD56 ND NA ND

n 10 10

Engrafted human cells in the bone marrow (BM), blood, and spleen (SP) of

huNOD/SCID mice were examined at 8 to 10 weeks post-transplantation

with cord blood CD34þ cells. Human CD45þ cells are represented as per-

centage of total live cells; human MDC, PDC, CD34þ precursors, B cells,

monocytes, granulocytes are represented as percentage of huCD45þ cells.

BM 5 bone marrow; MDC 5 myeloid dendritic cells; NA 5 not analyzed;

ND 5 not detected; PDC 5 plasmacytoid dendritic cells; SP 5 spleen.
a,bDenote significant differences when compared with these cells in the

spleen and blood.
c,dDenote significant differences when compared MDC with PDC in the

BM and blood (p ! 0.05).
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(Fig. 2A). The proportion of human MDC expressing CD86
was maximal in the BM and SP after 2 hours of poly(I:C)
treatment and no further increases occurred after 8 hours
of poly(I:C) treatment (Fig. 2A). This increase in the pro-
portion of human MDC expressing CD86 was transient
and by 12 hours after poly(I:C) treatment, levels of
CD86þ MDC in the BM and SP of poly(I:C)-treated mice
returned to levels similar to that in control mice
(Fig. 2A). On the other hand, the proportion of human
MDC expressing CD40, CD83, CMRF44, and CMRF56
was comparable in the BM and SP of poly(I:C)-treated
and PBS-treated huNOD/SCID mice (not shown).
We further analyzed whether poly(I:C) treatment
changed inflammatory cytokine production by MDC in
the BM and SP of poly(I:C)-treated huNOD/SCID mice.
Eight hours after poly(I:C) treatment, the proportion of hu-
man MDC producing IL-12 was increased in the SP of
poly(I:C)-treated mice compared with PBS-treated mice
(Fig. 2B). Further, at this same time point, a higher propor-
tion of MDC producing IL-12 was detected in the SP as
compared to the BM of poly(I:C)-treated mice (Fig. 2B).
No changes in the proportion of MDC producing IL-6
and IL-10 were observed in the BM and SP of poly(I:C)-
treated mice compared with control mice (not shown).
Thus, poly(I:C) treatment induced rapid but transient acti-
vation of human tissue-resident MDC, similar to the tran-
sient activation of tissue-resident myeloid DC seen in
mice [2]. In addition, these data suggest inherent differ-
ences between BM and splenic-activated MDC, whereby
activated MDC in the BM provide a CD86 costimulatory
signal, while splenic-activated MDC provide both CD86
and IL-12 costimulatory signals to induce T-cell responses.

Changes in recruitment of allo–T cells in the BM
and SP of poly(I:C)-pretreated huNOD/SCID recipients
We investigated the possibility that poly(I:C) treatment and
subsequent activation of resident MDC may have conse-
quences for recruitment of adoptively transferred allo–T
cells in the BM and SP of poly(I:C)-pretreated huNOD/
SCID recipients. Human naı̈ve allo–T cells were transferred
into poly(I:C)-pretreated and PBS-pretreated huNOD/SCID
recipients (2, 8, and 12 hours after poly(I:C) injection or 2
hours after PBS injection). To control for the contribution
of human cells in huNOD/SCID recipients, allo–T cells
were also transferred into poly(I:C)-pretreated or PBS-
pretreated nonhumanized NOD/SCID recipients (8 hours
after poly(I:C) injection; 2 hours after PBS injection). Cells
were recovered from the BM and SP of recipient mice 3
days after allo–T cell transfer (average 20–30 � 106 cells
from two femurs or 10–30 � 106 cells from SP) and ana-
lyzed for presence of allo–T cells (Fig. 3A). Few allo–T
cells were detected in the BM and SP of either PBS- or
poly(I:C)-pretreated nonhumanized NOD/SCID recipients
(Fig. 3B, left panel). In contrast, allo–T cells were readily
detected in huNOD/SCID recipients, but were, on average,
35- to 37-fold fewer in the BM than in the SP of PBS-
pretreated huNOD/SCID recipients (Fig. 3B, right panel).
These data suggest that in the absence of overt activation
of human resident MDC, allo–T cells are recruited, albeit
at different levels, to both the BM and SP of huNOD/
SCID recipients.

Pretreatment of huNOD/SCID recipients with poly(I:C)
2 and 8 hours prior to allo–T-cell transfer, increased the
number of allo–T cells three to fivefold in the BM and two-
fold in the SP of recipient mice, as compared with PBS-
pretreated recipients (Fig. 3B, right panel). In contrast,
there was a trend for lower numbers of allo–T cells in the



Figure 1. Human MDC and PDC engrafted in the BM and SP of huNOD/SCID mice. (A, B, C) Human MDC and PDC were defined in the BM and SP of

huNOD/SCID mice by flow cytometry (BM, upper dot plots, SP lower dot plots). (A, B) To define human MDC, gates were defined as follows: R1, huCD45þ

events; R2, huCD11cþ events; R3, huHLA-DRþhuLin–mCD45– events. (A, C) To define human PDC, gates were defined as follows: R1, huCD45þ events;

R4, huCD303þ events; R5, huHLA-DRþhuLin–mCD45– events. (D) Expression of surface molecules on gated human MDC in the BM (gray fill) and SP

(black line) of huNOD/SCID mice.
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BM and SP of poly(I:C)-pretreated huNOD/SCID recipi-
ents that received allo–T cells 12 hours after poly(I:C) treat-
ment, compared to other huNOD/SCID recipients (Fig. 3B,
right panel). The changes we observed in the number of
allo–T cells are suggestive of inherent differences within
the BM and SP of poly(I:C)-pretreated huNOD/SCID recip-
ients, which have direct consequences for allo–T-cell
recruitment.

Activation and proliferation
of allo–T cells occurs in the BM and
SP of poly(I:C)-pretreated huNOD/SCID recipients
Next, we investigated the possibility that poly(I:C)-
pretreated huNOD/SCID recipients are capable of
mounting early allo–T-cell responses within BM and SP
compartment. Activation and proliferation of allo–T cells
were analyzed in the BM and SP of huNOD/SCID recipi-
ents 3 days after transfer of CFSE-labeled allo–T cells.
This experimental approach necessitated different donor–
recipient pairing and, consequently, considerable variation
was observed between individual huNOD/SCID recipients,
making it difficult to obtain sufficient evidence for signifi-
cant differences between experimental groups. There was
a trend for an increased proportion of activated allo–T cells
expressing CD25 and CD69 in the BM and SP of huNOD/
SCID recipients pretreated with poly(I:C) 2 to 8 hours prior
to allo–T-cell transfer, as compared with PBS-pretreated re-
cipients (Fig. 4A). However, a significantly higher propor-
tion of activated allo–CD3þCD25þ T cells was only seen
in the BM of huNOD/SCID recipients pretreated with
poly(I:C) 2 hours prior to allo–T-cell transfer, compared
with PBS-pretreated recipients (Fig. 4A).

In addition, there was a trend for a greater proportion of
proliferating allo–T cells in the BM and SP of poly(I:C)-
pretreated recipients, as compared with PBS-pretreated
recipients (Fig. 4B). Significantly higher proportions of
proliferating allo–CD3þT and allo–CD4þT cells were
found in the BM and SP of allo–T-cell recipients pretreated
with poly(I:C) 8 hours prior to allo–T-cell transfer com-
pared to PBS-pretreated recipients (Fig. 4B, top and middle
panel).

Next, we compared the division kinetics of allo–CD3þT
cells in the BM and SP of huNOD/SCID recipients pre-
treated with poly(I:C) 2 or 8 hours prior to allo–T-cell



Figure 2. Activated human MDC in the BM and SP of poly(I:C)–treated

huNOD/SCID mice. Proportion of human MDC expressing CD86 (A) or

producing IL-12 (B) in the BM and SP of polyinosinic: polycytidylic acid

[poly(I:C)] treated or control (PBS)–treated huNOD/SCID mice. Each

symbol identifies individual mice; paired BM and SP from individual

mice are connected by dotted lines; three to four mice per group; *p ! 0.05.
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transfer. It was impossible to acquire sufficient events to
clearly define division kinetics of allo–T cells in huNOD/
SCID recipients pretreated with poly(I:C) 12 hours prior
to allo–T cell transfer or PBS-pretreated recipients. In the
BM of huNOD/SCID recipients pretreated with poly(I:C)
8 hours prior to allo–T-cell transfer, we observed that
allo–CD3þ T cells underwent as many as four to eight di-
visions, whereas in the SP of these same recipients allo–T
cells primarily accumulated in the first division, implying
faster allo–T-cell proliferation kinetics in the BM compared
to SP (Fig. 4C, D). Similarly, huNOD/SCID recipients pre-
treated with poly(I:C) 2 hours prior to allo–T-cell transfer
also showed a trend for faster allo–T-cell proliferation ki-
netics in the BM as compared to the SP (not shown).
This kinetic analysis was restricted to allo–CD3þ T cells,
as it was impossible to track the smaller number of division
events within the CD4þT- and CD8þT-cell subsets. These
results suggest that pretreatment with poly(I:C) of hu-
NOD/SCID recipients is critical for activation and prolifer-
ation of allo–T cells, and that activated allo–T cells undergo
more rapid division in the BM as compared to the SP of the
same recipient mice.
Effector allo–T cells emerge in the BM
of poly(I:C)-pretreated huNOD/SCID recipients
We next investigated whether the activation and prolifera-
tion of allo–T cells observed in the BM and SP of
poly(I:C)-pretreated huNOD/SCID recipients was coupled
with effector allo–T-cell generation. Three days after trans-
fer of allo–T-cell transfer, effector allo–T-cells producing
IFN-g, TNF-a, IL-2, or IL-4, but not IL-10 were observed
in the BM and SP of huNOD/SCID recipients that were pre-
treated with poly(I:C) 8 hours prior to allo–T-cell transfer
(Fig. 5A, B). Unexpectedly, there were a significantly
higher proportion of effector allo–T cells producing IFN-
g and TNF-a and a trend toward a greater proportion of ef-
fector allo–T cells producing IL-2 and IL-4 in the BM as
compared to SP of these animals. Additionally, 5 days after
allo–T cell transfer, these animals still had a greater propor-
tion of effector allo–T cells in the BM compared to SP (not
shown). There were few effector allo–T cells in the BM and
SP of huNOD/SCID recipients pretreated with poly(I:C) 2
or 12 hours prior to allo–T-cell transfer. Effector allo–T
cells were undetectable in control PBS-pretreated mice
(not shown). These findings demonstrate that poly(I:C)
treatment of huNOD/SCID recipients is required for effec-
tor allo–T-cell generation and the BM rather than the SP is
the privileged site for effector allo–T-cell generation.
Discussion
In humans, in situ donor allo–T-cell responses induced by
host-activated tissue-resident DC after allotransplantation
are impossible to analyze. In the present work, adoptive
transfer of human allo–T cells into huNOD/SCID recipi-
ents, containing human tissue-resident DC derived from
transplanted CD34þ cells was used as an experimental
strategy to define donor allo–T-cell responses within the
BM and SP of recipient mice. We showed that allo–T cells
underwent activation, proliferation, and effector differenti-
ation in the BM and SP of huNOD/SCID recipients in
which activated tissue-resident human MDC were induced
by poly(I:C) treatment. Faster allo–T-cell proliferation ki-
netics and increased numbers of effector allo–T cells
were observed in the BM as compared to the SP of
poly(I:C)-pretreated huNOD/SCID recipients, suggesting
that early allo–T-cell responses are regulated by compart-
mentalization in the BM and secondary lymphoid tissues
after allotransplantation.

Adoptive transfer of human allo–T-cells into PBS-
pretreated huNOD/SCID recipients suggested that human
allo–T cells were recruited to both the BM and SP of hu-
NOD/SCID recipients and that this occurred regardless of
the activation status of the resident MDC. However, the
number of allo–T cells detected in the SP was 35- to 37-
fold higher compared to the BM. There are several nonex-
clusive explanations for this finding. It is theoretically
possible that splenic resident MDC or (other cells) attract



Figure 3. Human allo–T cells in the BM and SP of allo–T cell recipients. (A) Human allo–T cells in the BM and SP of recipient mice at day 3 after allo–T

cell transfer were defined as follows: R1, huCD3þ events; R2, huCD3þCD45þ events. (B) Proportions of allo–CD3þ T cells within total live cells in the BM

and SP of polyinosinic:polycytidylic acid [poly(I:C)]–pretreated and PBS–pretreated NOD/SCID or huNOD/SCID recipients (mean 6 SEM, three to four

mice/group). *p ! 0.05.
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allo–T cells via a chemokine gradient or provide an alterna-
tive survival signal to facilitate allo–T cells persistence. We
found that human splenic MDC differed from their BM
counterparts in that they displayed higher levels of surface
HLA-DR and lower levels of CD11c molecules. Although
these differences are likely to represent maturation changes
that CD11cþMDC must make during their journey from the
BM to the SP, these distinct phenotypic properties of
splenic-resident MDC may also dictate their capacity to at-
tract and maintain allo–T cells. In human spleen,
CD11cþMDC are mostly found in the T-cell area and are
postulated to be good candidates for interaction with
allo–T cells [23]. Another possibility is that naı̈ve allo–T
cells with distinct homing and chemokine receptors prefer-
entially traffic to the SP, unlike T memory cells, which pref-
erentially home to the BM [4,24,25].

Compared to PBS-pretreated recipients, there was trend
for increased numbers of allo–T cells in the BM and SP of
poly(I:C)-pretreated recipients. These changes in allo–
T-cell numbers in the BM and SP of poly(I:C)-pretreated
recipients occurred in coordinated fashion with activation
of resident MDC, implying that activated resident MDC
may be involved in allo–T cell recruitment into the BM
and SP of recipient mice, but further studies are required
to resolve this issue.
We demonstrated that poly(I:C) pretreatment of allo–
T-cell recipients was required to initiate allo–T-cell re-
sponses. The initial phase of the allo–T-cell response,
which includes activation, proliferation, and effector differ-
entiation, occurs within 3 days of allo–T-cell transfer. These
data are compatible with allo–T-cell responses seen in mu-
rine transplantation models, where donor allo–T-cell activa-
tion and proliferation, induced by host-activated DC and
macrophages, occurred within 24 hours of donor T-cell
transplantation [7,26]. This also confirms that our experi-
mental model, based on the adoptive transfer of allo–T-cells
into huNOD/SCID recipients, has the potential to provide
significant new insights into events associated with human
allo–T-cell responses after allotransplantation that other-
wise would not be possible to obtain.

Secondary lymphoid tissues are considered to be the ma-
jor sites of allo–T-cell responses in allotransplant recipients
[7,9]. We suggested some time ago that human BM cells
can prime allo–T-cell responses in vitro [27], however,
since then, the possibility that hematopoietic organs such
as BM could also be a site for allo–T-cell responses has
remained unexplored. In the present study, we detected
allo–T-cell responses in the SP but also in the BM of
poly(I:C)-pretreated huNOD/SCID recipients. We only
monitored allo–T-cell responses in the BM and SP 3 days



Figure 4. Activation and proliferation of allo–T cells in the BM and SP of huNOD/SCID recipients. (A) Proportions of activated allo–CD3þ T cells express-

ing CD25 (upper panel) or CD69 (lower panel) in the BM and SP of polyinosinic: poly(I:C)–pretreated and control PBS-pretreated huNOD/SCID recipients

at day 3 after allo–T cell transfer (mean 6 SEM, three to four mice/group). (B) Proportions of dividing CFSE–labeled allo–CD3þ T cells (upper panel), allo–

CD4þ T cells (middle panel) and allo–CD8þ T cells (lower panel) in the BM and SP of poly(I:C)-pretreated and control PBS-pretreated huNOD/SCID re-

cipients at day 3 after allo–T-cell transfer (mean 6 SEM, three to four mice/group). (C) Representative dot plots displaying division kinetics of CFSE-labeled

allo–CD3þ T cells in the BM and SP of PBS-pretreated huNOD/SCID recipients and huNOD/SCID recipients pretreated with poly(I:C) 8 or 12 hours prior to

allo–T cell transfer. Boxes (dotted lines) were created to calculate the proportions of CFSE-labeled allo–CD3þ T cells in division number 0, 1, 2, 3, 4–8. (D)

Proportions of CFSE-labeled allo–CD3þ T cells in division number 0, 1, 2, 3, 4–8 in the BM and SP of huNOD/SCID recipients pretreated with poly(I:C) 8

hours prior to allo–T cell transfer (mean 6 SEM, data collected from four poly(I:C)-pretreated huNOD/SCID recipients). *p ! 0.05.
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after transfer, because it was technically difficult to track
transferred allo–T cells at earlier time points, thus our ex-
periments cannot exclude the possibility that the allo–T
cell could have been primed in other tissues prior to migra-
tion to the BM. Our data rather, argue that after allotrans-
plantation allo–T-cell responses persist in the BM, as has
been proposed for secondary lymphoid organs. In support
of this proposed new role for BM as a site for allo–T-cell
responses in allotransplant recipients, recent studies have
shown that BM host memory cells specific for tumor anti-
gen [4], autoreactive T cells specific for b-cell antigen
[25] and also represents a primary site for immune
responses to foreign antigen [5].

Furthermore, in our present study, we established that
early human allo–T-cell responses after allotransplantation
were regulated by their compartmentalization in the BM
and secondary lymphoid tissue (e.g., SP). In the BM,
allo–T cells underwent multiple divisions, including
allo–T effector cell generation, while in the SP, allo–T
cells were restricted to a single division, which resulted
in fewer or no allo–T effector cells. Allo–T cell responses
have been extensively studied using experimental murine
transplantation models, however, no such compartmentali-
zation has yet been proposed. Because human allo–T-cell
responses are induced in vitro more effectively by
CD11cþMDC than by any other antigen-presenting cells
[28], this implies that activated resident CD11cþMDC
are likely to be principal mediators of induction and com-
partmentalization of allo–T-cell responses within BM and
SP of allotransplant recipients. Also, our finding that



Figure 5. Effector allo–CD3þT cells in the BM and SP of huNOD/SCID recipients. (A) Representative dot plots showing the proportions of activated allo–

CD3þ T cells producing huIFN-g, hu TNF-a, huIL-2 or huIL-4 in the BM and SP of huNOD/SCID recipients pretreated with poly(I:C) 8 hours prior to allo–

T cell transfer. Events that correspond to allo–T cells producing cytokines are indicated by dotted boxes and numbers. (B) The proportions of allo–T cell

producing huIFN-g, huTNF-a, huIL-2, or huIL-4 in the BM and SP of huNOD/SCID recipients pretreated with poly(I:C) 8 hours prior to allo–T cell transfer

(mean 6 SEM, three to six mice/group). *p ! 0.05.
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allo–T-cell responses occurred exclusively in the BM and
SP containing activated human resident MDC argues for
the role of activated resident MDC in the induction of
allo–T-cell responses, but further studies are required to
affirm this.

We found that splenic CD11cþMDC, when compared
with BM MDC from poly(I:C)-pretreated allo–T-cell recipi-
ents, had a more activated phenotype and were endowed with
CD86 and IL-12 signals, both essential for allo–T-cell
response generation. Therefore, it is reasonable to expect
that allo–T-cell responses would be generated more effec-
tively in the SP with its ‘‘professional’’ CD11cþMDC than
in the BM of poly(I:C)-pretreated recipients. Unexpectedly,
allo–T-cell responses were accelerated in the BM compared
to SP 3 days after allo–T-cell transfer. This cannot be attrib-
uted to a delay in allo–T-cell responses in the SP compared to
BM, because even 5 days after allo–T-cell transfer,
allo–T-cell responses were still clearly accelerated in the
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BM as compared with the SP of poly(I:C)-pretreated hu-
NOD/SCID recipients.

Because allo–T-cell responses were paradoxically accel-
erated in the BM as compared to SP, this suggested the
possibility that BM may be a source of additional antigen-
presenting cells, which can facilitate allo–T-cell responses.
A previous study suggested that activated allo–T-cells, in par-
ticular these producing TNF-a, induced differentiation of
CD34þ cord blood cells into MDC capable of direct alloan-
tigen presentation [29]. Consistent with this study, our exper-
imental model suggests that activated allo–T cells producing
TNF-a would be capable of recruiting new antigen-
presenting cells from the engrafted human CD34þ cells
that were plentiful in the BM as compared to the SP, thereby
creating an amplification loop for allo–T-cell responses in the
BM. Furthermore, activated allo–T cells producing IFN-g,
IL-2, or IL-4 could also induce MDC differentiation from hu-
man monocytes or myeloid progenitors [30–32] that were
engrafted in the BM of huNOD/SCID recipients.

Taken together, our experimental transplantation model
demonstrated compartmentalization of early allo–T-cell re-
sponses specifically accelerating allo–T-cell responses in
the BM as compared to the SP in the same recipient
mice. The characteristics of the allo–T-cell responses gen-
erated in the BM compared to these generated in secondary
lymphoid organs may have consequences for the severity of
pathology associated with allotransplantation. This, for ex-
ample, may help explain recent data showing severe allo–T-
cell responses in recipient mice lacking all major secondary
lymphoid tissues [33]. While we suggest that early allo–T-
cell responses are regulated by compartmentalization in the
BM and secondary lymphoid tissues, much remains to be
done to provide additional clarity for this clinically relevant
phenomenon.
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