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Abstract
Activation of TLR4 by administration of LPS shortens the survival of skin allografts in mice treated
with costimulation blockade through a CD8 T cell-dependent, MyD88-dependent, and type I IFN
receptor-dependent pathway. The effect of TLR activation on the establishment of allogeneic
hematopoietic chimerism in mice treated with costimulation blockade is not known. Using a
costimulation blockade protocol based on a donor-specific transfusion (DST) and a short course of
anti-CD154 mAb, we show that LPS administration at the time of DST matures host alloantigen-
presenting dendritic cells, prevents the establishment of mixed allogeneic hematopoietic chimerism,
and shortens survival of donor-specific skin allografts. LPS mediates its effects via a mechanism that
involves both CD4+ and CD8+ T cells and results from signaling through either the MyD88 or the
type I IFN receptor pathways. We also document that timing of LPS administration is critical, as
injection of LPS 24 h before treatment with DST and anti-CD154 mAb does not prevent
hematopoietic engraftment but administration the day after bone marrow transplantation does. We
conclude that TLR4 activation prevents the induction of mixed allogeneic hematopoietic chimerism
through type I IFN receptor and MyD88-dependent signaling, which leads to the up-regulation of
costimulatory molecules on host APCs and the generation of alloreactive T cells. These data suggest
that distinct but overlapping cellular and molecular mechanisms control the ability of TLR agonists
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to block tolerance induction to hematopoietic and skin allografts in mice treated with costimulation
blockade.

Induction of allogeneic hematopoietic chimerism using non-cytoreductive conditioning
regimens based on costimulation blockade has been shown to be effective for establishing
allogeneic hematopoietic chimerism and inducing central tolerance (1–3). These costimulation
blockade-based protocols for the establishment of hematopoietic chimerism are promising
alternatives to the use of immunosuppression for prolonging allograft survival. We (4) and
others (5) have shown that administration of TLR agonists at the time of costimulation blockade
shortens the survival of multiple solid organ allografts, including skin, islet, and cardiac grafts.
However, the effects of environmental perturbants such as TLR agonists on the establishment
of mixed hematopoietic chimerism in mice treated with costimulation blockade have not been
reported.

TLRs constitute a family of at least 12 pattern recognition receptors expressed on many cell
types including APCs, T cells, and endothelial cells (6). TLRs recognize conserved microbial
components known as pathogen-associated molecular patterns (7,8). Activation of TLRs can
lead to the maturation of APCs and the production of proinflammatory cytokines such as IL-6,
TNF-α, IL-12, IL-15, and type I IFNs (IFN-α/β) (9,10). TLR activation in the setting of
transplantation engenders a proinflammatory environment (11–17) that makes the recipient
less susceptible to the tolerance-promoting effects of costimulation blockade (4,5,18–21), in
part by signaling through the type I IFN receptor (18). Two cellular mechanisms for the effects
of TLR agonists on tolerance induction have been proposed. First, we have shown that TLR
agonists given at the time of donor-specific transfusion (DST)4 and anti-CD154 mAb prevent
the deletion of alloreactive CD8+ T cells and that CD8 T cell depletion prevents the detrimental
effects of TLR agonists on allograft survival (4). Second, Chen et al. (5) have shown that
administration of TLR agonists prevents the recruitment of regulatory T cells (Tregs) to the
allograft.

In this report, we demonstrate that treatment with the TLR agonists LPS,
polyinosinic:polycytidylic acid (poly(I:C)), and Pam3-Cys-Ser-(Lys)4 (Pam3Cys) at the time
of costimulation blockade prevents the establishment of allogeneic hematopoietic chimerism
and long-term skin allograft survival by activating host APCs, thereby leading to the generation
of alloreactive CD8 T cells. These effects are dependent on the presence of both CD4 and CD8
host T cells and can be mediated through both MyD88 and type I IFN receptor signaling
pathways.

Materials and Methods
Animals

BALB/c (H2d) and C57BL/6 (H2b) mice were obtained from Charles River Laboratories or
The Jackson Laboratory. C57BL/10ScSnJ (H2b abbreviated as C57BL/10), C57BL/10ScNJ-
Tlr4lps-del (H2b, abbreviated as C57BL/10.TLR4−/−), and C57BL/6.129S2-Cd8atm1Mak/J

(H2b, abbreviated as C57BL/6.CD8α−/−) mice were obtained from The Jackson Laboratory
and bred at the University of Massachusetts Medical School. C57BL/6.MyD88−/− (N6,
abbreviated as B6.MyD88−/−) (22) and C57BL/6.129S2-Ifnar1tm1At (N12, abbreviated as
B6.IFNARI−/−) (23) were a gift from Dr. E. Lien (University of Massachusetts Medical School,
Boston, MA), who originally obtained the B6.MyD88−/− mice from Dr. D. Golenbock

4Abbreviations used in this paper: DST, donor-specific transfusion; DC, dendritic cell; MFI, median fluorescence intensity; poly(I:C),
polyinosinic: polycytidylic acid; Pam3Cys, Pam3-Cys-Ser-(Lys)4; TIRAP, Toll/IL-1 receptor domain-containing adaptor protein;
TRAM, TRIF-related adaptor molecule; Treg, regulatory T cell; TRIF, TIR-domain-containing adaptor protein inducing IFN-β; MST,
median survival time.
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(University of Massachusetts Medical School) and the B6.IFNARI−/− mice from Dr. J. Sprent
(The Scripps Research Institute, La Jolla, CA). B6.MyD88−/− IFNAR1−/− mice were produced
by crossing B6.IFNAR1−/− and B6.MyD88−/− mice and then performing an F1 intercross and
selecting double knockout mice by PCR typing. All mice were housed in microisolator cages,
given ad libitum access to autoclaved food, and maintained in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the University of Massachusetts
Medical School.

Abs and flow cytometry
Purified hamster anti-mouse CD154 mAb (clone MR1) was produced at The National Cell
Culture Center (Minneapolis, MN) (24). FITC-conjugated anti-H2-Kd (clone SF1-1.1), anti-
mouse H2-Kb-PE (clone AF6-88.5), anti-mouse CD8α-PerCP (clone 53-6.7), anti-mouse
CD8α-Pacific Blue (clone 53-6.7), anti-mouse CD8β-PE (clone H35-17.2), anti-mouse CD4-
PerCP (clone RM4-5), anti-mouse CD4-PE (clone RM4-4), anti-mouse CD3-biotin (clone
145-2C11), anti-mouse IFN-γ-allophycocyanin (clone XMG1.2), anti-mouse IFN-γ-PE (clone
XMG1.2), anti-mouse CD11a- FITC (clone 2D7), anti-mouse CD11a-PE-Cy7 (clone 2D7),
allophycocyanin-conjugated streptavidin, purified anti-mouse CD16/32 (clone 2.4G2), and
corresponding isotype control Abs were purchased from BD Pharmingen. Labeled cells were
analyzed with a FACSCalibur or LSRII instrument (BD Biosciences) and FlowJo software
(Tree Star).

DST and mAb treatment
Mice 5–10 wk of age were treated with a DST consisting of 10 × 106 BALB/c spleen cells
injected i.v. DST was given on day −7 and 0.5 mg of anti-CD154 mAb was injected i.p. on
days −7, −4, 0, and +4 relative to bone marrow and/or skin transplantation on day 0. Anti-CD4
mAb (clone GK1.5, 0.5 mg) or anti-CD8α (clone 2.43, 0.5 mg) was injected i.p. on day −10,
−9, and −8 relative to transplantation on day 0. We confirmed >95% CD4 and CD8 T cell
depletion by flow cytometry using Abs against a noncompeting CD4 (clone RM4-4) epitope
and the CD8β chain. Anti-NK1.1 Ab (clone PK136, 0.025 mg) was injected i.p. on day −10
relative to transplantation. We confirmed >95% NK cell depletion by flow cytometry using
Abs against CD49b and Ly-49D.

Bone marrow transplantation
Single-cell suspensions of bone marrow were prepared from femurs and tibiae, filtered through
sterile 70-µm nylon mesh (BD Biosciences), washed, and counted. Recipient mice received a
single i.v. injection of 50 × 106 bone marrow cells in a volume of 0.5 ml, as described previously
(1).

Skin transplantation
Full-thickness skin grafts 1–2 cm in diameter were obtained from the trunks of donor mice and
transplanted onto the dorsal flanks of recipients as previously described (1). Skin graft survival
was evaluated three times a week, and graft rejection was defined as the first day on which the
entire graft was necrotic.

Determination of chimerism
Blood samples were obtained from mice for determination of chimerism. The percentage of
donor and host cells expressing MHC class I in chimeric mice was determined by dual-labeling
with Abs to H2-Kb and H2-Kd as described previously (1). We defined recipients as chimeric
if the percentage of donor-origin PBMCs was >0.10% at 8 wk.
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IFN-α/β bioassay
IFN-α/β was measured using a standard virus-inhibition bioassay (25). Briefly, whole blood
was isolated from mice 8 or 24 h after treatment with DST and anti-CD154 mAb and was then
centrifuged to obtain serum. The serum was then diluted 2-fold across a 96-well plate. Wells
were seeded with 3 × 104 mouse L-929 cells (NCTC clone 929; American Type Culture
Collection) and incubated overnight. The following day each well was infected with 2 × 105

PFUs of vesicular stomatitis virus strain Indiana and incubated for 2 days. The cytopathic
effects were evaluated using microscopy. The IFN-α/β titer was determined as the reciprocal
of the dilution that provided 50% protection from cytopathic effects (25), and this value was
expressed as arbitrary units per ml (U/ml).

Preparation and injection of TLR agonists and recombinant IFN-β
LPS from Escherichia coli 0111:B4 (Sigma-Aldrich) was purified as previously described
(26), except that phenol-PBS phase separation was conducted at 2000 × g for 30 min to
accommodate larger volumes. Purified LPS was suspended in Dulbecco’s PBS (D-PBS) and
stored at 4°C until used, with an assumed 10% loss during purification (26). Poly(I:C) (Sigma-
Aldrich) was dissolved in D-PBS at a concentration of 1 mg/ml. Stock was filtered through
0.45-µm sterile nylon mesh (BD Biosciences) and stored at −20°C until used. Pam3Cys (EMC
Microcollections) was reconstituted in PBS and was stored at −20°C. Mice were injected i.p.
with the indicated ligand and dose in a volume of 0.5 ml of D-PBS. Recombinant mouse IFN-
β was obtained from PBL IFN Source and injected i.p. at the indicted dose on the day of DST
and the first injection of anti-CD154 mAb.

Alloantibody assay
The generation of donor-specific Abs was determined by flow cytometry. Dilutions (undiluted,
1/10, 1/100) of mouse serum were incubated with BALB/c thymocytes for 20 min at 4°C. Cells
were washed and incubated with FITC-conjugated polyclonal anti-mouse Ig (BD Pharmingen)
for 20 min. The median fluorescence intensity (MFI) of the samples was determined by flow
cytometry.

Intracellular IFN-γ assay
IFN-γ production was assayed in spleen cells and circulating leukocytes as described elsewhere
(4). Briefly, RBC from heparinized whole blood or single-cell spleen suspensions were lysed
using 0.84% ammonium chloride. Cells were then incubated for 5 h in GolgiPlug (BD
Pharmingen) with 10 U/ml rIL-2 (R&D Systems) and 1 µg of purified anti-CD28 mAb (BD
Pharmingen) at 37°C in the presence of single-cell suspensions of irradiated, LPS-treated
syngeneic (C57BL/6, H2b) or allogeneic (BALB/c, H2d) splenocytes (1 × 106 cells/
stimulation). Samples were stained with anti-H2-Kb-PE, anti-CD8α-Pacific Blue, anti-CD4-
PerCP, and anti-CD11a-FITC, followed by fixation with BD Biosciences Cytofix/Cytoperm
and staining with anti-IFN-γ-allophycocyanin.

In vivo tracking of DST
BALB/c spleens were harvested, prepared into single-cell suspension by mechanical
disruption, washed two times in PBS, and counted. Splenocytes were incubated at 37°C in 5
µM CFSE (Molecular Probes). After 15 min, the cells were washed three times in PBS and
counted using trypan blue (Sigma-Aldrich). The viability after CFSE labeling was >80%. The
cells were then suspended in PBS at a concentration of 2 × 107 viable cells/ml 0.5 ml was
injected into the tail veins of recipients. Sixteen, 24, or 48 h later, recipients were euthanized,
the splenocytes were recovered, and flow cytometry analysis was performed for detection of
CFSE-labeled cells. Data shown are at 16 h after CFSE-labeled cell transfer as CFSE-labeled
cells were only detectable above background levels at this time point. Single-cell suspensions
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were prepared by mechanical disruption and the cells were washed with PBS two times at room
temperature. Samples were stained with LIVE/DEAD blue (Molecular Probes) for 20 min to
visualize and exclude dead cells. Cells were then washed with PBS containing 1.0% fetal clone
serum and 0.1% sodium azide before incubating with anti-CD16/CD32 and fluorescent Abs
as described above.

Statistical methods
Statistical analyses were made using GraphPad Prism Software (version 4.0). Comparisons of
three or more means used one-way ANOVA and Bonferroni-adjusted unpaired t tests.
Comparisons of two means used unpaired t tests without assuming equal variance. Skin
allograft survival curves were generated by the Kaplan-Meier method and compared by the
log-rank test. Duration of allograft survival is presented as the median. Values of p < 0.05 were
considered statistically significant.

Results
TLR agonists administered at the time of DST and anti-CD154 mAb prevent the establishment
of allogeneic hematopoietic chimerism and shorten skin allograft survival

We first investigated the hypothesis that TLR agonists given during tolerance induction with
DST and anti-CD154 mAb would prevent the establishment of allogeneic hematopoietic
chimerism. To test this, C57BL/6 mice were injected with our standard costimulation blockade
protocol consisting of injection of BALB/c DST on day −7 and four injections of anti-CD154
mAb on days −7, −4, 0, and +4 relative to injection with 50 × 106 BALB/c bone marrow cells
and transplantation with BALB/c skin on day 0. In group 1, no additional treatment was given,
and the majority of these mice (64%) established stable allogeneic hematopoietic chimerism
(Table I, group 1). Chimeric mice also exhibited prolonged skin allograft survival, whereas
nonchimeric mice exhibited shorter skin allograft survival (Table I). We have previously shown
that the skin graft tolerance produced by this protocol is specific to the DST and bone marrow
donor, with third-party skin grafts being rapidly rejected (27). Group 2 was given an i.p.
injection of the TLR4 agonist LPS on day −7 relative to bone marrow injection and skin
transplantation. None of the mice in group 2 became chimeric and skin graft survival was short
(Table I, group 2). Similarly, i.p. injection of the TLR3 agonist poly(I:C) or the TLR1/2 agonist
Pam3Cys on day −7 prevented the establishment of chimerism and skin graft survival again
was short (Table II, groups 1 and 2). Importantly, transplantation of skin allografts was not
required for TLR agonists to prevent bone marrow engraftment, as mice conditioned with DST,
anti-CD154 mAb, and given BALB/c bone marrow became chimeric at 8 wk (six of seven),
while those given DST, anti-CD154 mAb, LPS, and BALB/c bone marrow did not (zero of
seven; p < 0.001). These data indicate that TLR agonists prevent the establishment of allogeneic
hematopoietic chimerism and shorten skin allograft survival in mice treated with DST and anti-
CD154 mAb.

Alloantibodies are not generated following the administration of LPS during costimulation
blockade

A mechanism to prevent the establishment of allogeneic chimerism by LPS could be the
production of alloreactive Abs. B lymphocytes express the LPS receptor TLR4 and can be
activated directly by LPS to produce Abs (6). Given that alloantibodies are known to induce
allograft rejection (28), we investigated whether alloantibodies were produced in mice treated
with costimulation blockade and given LPS. C57BL/6 mice were left untreated, primed with
BALB/c DST, or given BALB/c DST, anti-CD154 mAb, and grafted with BALB/c bone
marrow without or with LPS treatment. As shown in Fig. 1A, completely untreated (naive)
mice had background levels of circulating alloantibodies, whereas mice primed with BALB/c
DST developed high levels of alloantibodies. In contrast, mice treated with anti-CD154 mAb
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at the time of DST injection developed only low levels of alloantibodies, even in LPS-treated
mice that had rejected BALB/c bone marrow grafts. These data show that the ability of LPS
to prevent the establishment of hematopoietic chimerism is not due to alloantibody production.

Cell populations required for LPS-mediated effects in mice treated with DST and anti-CD154
mAb

Based on the absence of alloantibodies in mice treated with DST, anti-CD154 mAb, and LPS,
we next investigated the cell populations that are responsible for LPS-mediated effects on the
establishment of hematopoietic chimerism and skin allograft survival. NK cells. NK cells are
known to be a barrier to the establishment of hematopoietic chimerism (29–31). To test the
role of NK cells, we depleted C57BL/6 mice of NK cells and treated them with our standard
costimulation blockade protocol without or with coin-jection of LPS at the time of DST. In the
absence of LPS, the majority of NK-cell depleted mice became chimeric (11 of 13) and
chimeric mice exhibited permanent skin allograft survival (Table I, group 3). In contrast, mice
depleted of NK cells and treated with LPS on day −7 failed to become chimeric and skin
allograft survival was short (Table I, group 4). These data indicate that host NK cells, although
a barrier to hematopoietic chimerism, are not solely responsible for the detrimental effects of
LPS on the establishment of chimerism.

CD8+ cells—We have observed that TLR agonists impair the deletion of alloreactive CD8+

T cells in mice treated with DST and anti-CD154 mAb and that host CD8+ T cells are required
for LPS to shorten skin allograft survival in these mice (4). To determine whether CD8 T cells
are also required for LPS to prevent the establishment of chimerism, C57BL/6.CD8α−/− mice
were treated with our standard costimulation blockade protocol without or with injection of
LPS at the time of DST. As expected, hematopoietic chimerism and prolonged skin allograft
survival was observed in the majority of C57BL/6.CD8α−/− mice treated with DST and anti-
CD154 mAb (Table I, group 13). Surprisingly, LPS was able to prevent chimerism in C57BL/
6.CD8α−/− mice, and skin survival was short (Table I, group 14).

Given this surprising result, we further tested the role of CD8+ T cells using wild-type C57BL/
6 mice depleted of CD8+ T cells using an anti-CD8α mAb. C57BL/6 mice were depleted of
CD8+ cells and treated with our standard costimulation blockade protocol without or with LPS
at the time of DST injection. C57BL/6 mice depleted of CD8+ cells became chimeric and
exhibited prolonged skin allograft survival (Table I, group 5). Again, mice depleted of CD8+

T cells and treated with LPS on day −7 failed to become chimeric and skin allograft survival
was short (Table I, group 6). These data indicate that host CD8+ T cells are not required for
LPS to prevent the establishment of hematopoietic chimerism in mice treated with
costimulation blockade.

CD8+ plus NK cells—Although the detrimental effect of LPS was not dependent on host
NK cells or CD8+ cells, it was possible that either population on its own could prevent the
establishment of hematopoietic chimerism and shorten skin allograft survival. To test this, mice
were depleted of both NK and CD8+ cells and treated with DST and anti-CD154 mAb without
or with LPS at the time of DST injection. In the absence of LPS treatment, mice developed
chimerism and exhibited prolonged skin allograft survival (Table I, group 7). In contrast,
coinjection of LPS at the time of DST in mice depleted of both CD8 and NK cells completely
prevented chimerism and shortened skin allograft survival (Table I, group 8).

CD4 plus CD8 cells—We next tested the possibility that host CD4+ T cells were capable of
mediating the rejection of BALB/c allografts. However, we have previously shown and
confirmed here (Table I, group 9) that CD4+ T cells are required for the establishment of
hematopoietic chimerism in mice treated with DST and anti-CD154 mAb, presumably as a
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requirement for tolerization of alloreactive CD8+ cells (27). As expected, CD4-depleted mice
treated with costimulation blockade and treated with LPS failed to become chimeric and
exhibited short skin allograft survival (Table I, group 10). Therefore, we depleted both
CD4+ and CD8+ cells and then treated the mice with our standard costimulation blockade
protocol. Mice treated with both anti-CD4 and anti-CD8 mAb developed chimerism and
exhibited permanent skin graft survival (Table I, group 11). Chimerism and prolonged skin
graft survival were also observed in CD4 and CD8-depleted mice given LPS at the time of
DST (Table I, group 12). These data suggest that LPS can mediate its detrimental effects
through either alloreactive CD4+ or CD8+ T cells.

LPS administration leads to the generation of effector/memory alloreactive CD8+ T cells
Given that the removal of host CD8+ T cells is required for the establishment of chimerism,
we next investigated whether effector/memory CD8+ T cells were generated in mice treated
with LPS, costimulation blockade, and transplanted with allogeneic bone marrow. C57BL/6
mice treated with costimulation blockade and transplanted with BALB/c bone marrow
exhibited very low levels of BALB/c-reactive IFN-γ-producing CD8+CD11ahigh T cells 2 wk
after bone marrow transplantation. In contrast, mice given LPS injection at the time of DST
developed high levels of IFN-γ-producing CD8+CD11ahigh T cells (Fig. 1, B and C).

LPS up-regulates costimulatory molecules on cells in the DST in mice treated with anti-
CD154 mAb

We have previously shown that anti-CD154 mAb prevents up-regulation of CD80 on APCs in
the DST (32). To investigate the activation status of cells in the DST following administration
of LPS treatment, spleen cells from C57BL/6 mice were analyzed by flow cytometry 15 h after
treatment with BALB/c DST, anti-CD154 mAb, without or with LPS injected at the time of
DST. Gating on donor (H2-Kb −2-Kd+) cells (Fig. 2A), the DST of mice treated with anti-
CD154 mAb and LPS had a modest, but statistically significant increase in the expression of
CD80 (MFI = 9.6 ± 0.8, n = 4) compared with mice treated only with anti-CD154 (MFI = 8.3
± 0.4; n = 4; p = 0.025; Fig. 2B). Expression of CD86 was enhanced 2-fold on the DST of mice
treated with anti-CD154 mAb and LPS (MFI = 36.0 ± 1.1, n = 4) compared with mice treated
only with anti-CD154 mAb (MFI = 17.6 ± 3.4; n = 4; p < 0.0001; Fig. 2C). These data suggest
that LPS increases the expression of costimulatory molecules on cells in the DST.

LPS up-regulates expression of costimulatory molecules on host alloantigen-presenting
dendritic cells (DCs)

Although LPS treatment appears to increase expression of CD80/86 on cells in the DST, we
have observed that CD80/86 expression on the DST is not required to rescue alloreactive
CD8+ T cells from costimulation blockade-induced deletion in the presence of LPS (18).
Therefore, we next examined the effect of LPS on host APC maturation. C57BL/6 mice were
injected with CFSE-labeled BALB/c DST and treated with anti-CD154 mAb without or with
injection of LPS at the time of DST. Host DCs that have phagocytosed the cells in the DST
can be detected by gating on H2-Kb+CFSE+ DCs. Fig. 3 represents the gating strategy used to
identify alloantigen-presenting host DCs.

Fifteen hours after injection of DST, spleen cells were recovered and analyzed by flow
cytometry for the expression of CFSE, MHC class I, CD80 and CD86. Similar to the findings
of Iyoda et al. (33), we observed that essentially all of the alloantigen-containing host DCs
were CD8α+. These APCs have been shown to be presenting alloantigen by the indirect Ag
presentation pathway (33). Gating on H2-Kb+CD11c+CD8α+CFSE+ cells, we observed that
LPS leads to marked up-regulation of MHC class I (MFI = 92,104 ± 6,419; n = 4) and both
CD80 (MFI = 2,461 ± 371; n = 3) and CD86 (MFI = 5,032 ± 1,210; n = 3) compared with non-
LPS-treated controls (H-2Kb MFI = 54,565 ± 8,207; n = 4, p < 0.001, Fig. 4A; CD80 MFI =
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966 ± 61; n = 3; p < 0.01, Fig. 4B; CD86 MFI = 1,547 ± 76; n = 3; p < 0.01, Fig. 4C). These
data demonstrate that LPS increases the maturation state of host DCs that have phagocytosed
alloantigen.

TLR4 expression is required on host cells for the effects of LPS on the establishment of
hematopoietic chimerism in mice treated with costimulation blockade

Previously, we have shown that LPS administration mediates its effects on skin allograft
survival in mice treated with costimulation by engaging TLR4 on cells of the host (4).
Therefore, to test whether engagement of TLR4 on host cells was also required for LPS to
prevent the induction of hematopoietic chimerism, C57BL/10 and C56BL/10.TLR4−/− mice
were treated with BALB/c DST, anti-CD154 mAb, and transplanted with BALB/c bone
marrow and skin allografts without or with injection of LPS at the time of costimulation
blockade.

Treatment of wild-type C57BL/10 mice with costimulation blockade led to chimerism (three
of seven) and prolonged skin graft survival (median survival time (MST) = 125 days; Table
II, group 3), which were both prevented by administration of LPS (0 of 12 became chimeric;
skin graft survival MST = 11 days; p < 0.05; Table II, group 4). In contrast, C57BL/
10.TLR4−/− mice treated with DST and anti-CD154 mAb in the absence (10 of 13) or presence
(9 of 10) of LPS also became chimeric (p = NS; Table II, groups 5 and 6) and exhibited
prolonged skin graft survival (MST >195 days for LPS-treated mice vs MST = 176 days for
control mice; p = NS; Table II, groups 5 and 6). These data suggest that TLR4 expression on
host cells is required for the effects of LPS on the establishment of hematopoietic chimerism
in mice treated with costimulation blockade.

The effect of LPS on the establishment of hematopoietic chimerism in mice treated with
costimulation blockade is not dependent through the MyD88-dependent pathway

LPS can signal through two distinct pathways following ligation of TLR4, the MyD88-Toll/
IL-1 receptor domain-containing adaptor protein (TIRAP) pathway, and the TRIF-related
adaptor molecule (TRAM)-Toll/IL-1 receptor domain-containing adaptor protein inducing
IFN-β (TRIF) pathway (7,9). Therefore, we next examined whether the MyD88-TIRAP
pathway was required for LPS to prevent the establishment of hematopoietic chimerism.

To test this, B6.MyD88−/− mice were treated with our standard costimulation blockade protocol
without or with an injection of LPS at the time of DST and transplanted with BALB/c bone
marrow. B6.MyD88−/− mice treated with DST and anti-CD154 mAb became chimeric (four
of five); however, mice treated with LPS did not (zero of nine, p = 0.0015; Table II, groups 7
and 8). These data indicate that signaling through the MyD88 adaptor molecule is not required
for the effects of LPS on the establishment of hematopoietic chimerism in mice treated with
costimulation blockade.

LPS treatment induces the production of type I IFN, which is sufficient to prevent the
establishment of hematopoietic chimerism in mice treated with costimulation blockade

Because the MyD88-TIRAP pathway was not required for LPS to prevent chimerism, we
hypothesized that the MyD88-independent TRAM-TRIF pathway may be important. TLR4
signaling through the TRAM-TRIF pathway leads to the up-regulation of type I IFNs and it
has been hypothesized that TLR4-dependent induction of type I IFN is entirely mediated
through a MyD88-independent pathway (9). We first quantified the levels of IFN-α/β in the
serum of wild-type C57BL/6 mice treated with costimulation blockade at various times after
LPS administration using a standard IFN-α/β bioassay (25). IFN-α/β was not detected in
untreated mice and only low levels were detected in mice treated with DST and anti-CD154
mAb at 8 h (5.0 ± 3.9 U/ml; Fig. 5). These low levels dropped to nearly undetectable levels 24
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h after treatment (0.8 ± 2.1 U/ml). In contrast, mice treated with LPS had 3-fold higher levels
of IFN-α/β 8 h after treatment with DST, anti-CD154 mAb, and LPS (15.4 ± 6.0 U/ml, p <
0.05; Fig. 5). We also observed that levels of IFN-α/β at 24 h in mice treated with costimulation
blockade and LPS were comparable to those in mice treated with DST and anti-CD154 mAb
at 8 h (p = NS; Fig. 5). IFN-α/β was also detected at 24 h in the serum of B6.MyD88−/− mice
treated with DST, anti-CD154 mAb, and LPS but not in B6.MyD88−/− mice treated with only
DST and anti-CD154 mAb (22.5 ± 12 and 2.5 ± 2.9 U/ml, respectively, p < 0.05, n = 4),
suggesting that LPS will induce IFN-α/β production independently of MyD88 signaling.

We next investigated whether administration of recombinant mouse IFN-β would recapitulate
the effects of LPS administration. To test this, we transplanted C57BL/6 mice with BALB/c
bone marrow and skin grafts using our standard costimulation blockade protocol without
(group 1) or with 5.0 × 104 U (group 2) or 7.5 × 104 U (group 3) of IFN-β on day −7, the day
of DST. Only one of three mice treated with 5.0 × 104 U of IFN-β became chimeric, but two
of three mice did exhibit prolonged skin graft survival (MST = >252 days; Table III). Mice
treated with 7.5 × 104 U of IFN-β on day −7 uniformly failed to become chimeric (zero of four;
p < 0.05 vs group 1) and skin survival was short (MST = 36 days, p < 0.05 vs group 1; Table
III). These data suggest that IFN-β by itself is sufficient to recapitulate the effects of LPS on
the establishment of chimerism and prolongation of skin allograft survival when given at the
time of tolerance induction.

The TLR4→type I IFN pathways are important for LPS-mediated up-regulation of
costimulatory molecules on host alloantigen-presenting DCs and for priming of host
alloreactive CD8+ T cells

Type I IFN has been reported to enhance DC maturation (34) and is important in the priming
of naive T cells (35). We next hypothesized that induction of type I IFN by TLR4 activation
may be critical for the up-regulation of costimulatory molecules on host alloantigen-presenting
cells. To test this, wild-type C57BL/6 and B6.IFNARI−/− mice were injected with CFSE-
labeled BALB/c splenocytes and treated with anti-CD154 mAb without or with LPS injection.
Fifteen hours later, spleen cells were recovered and analyzed for the expression of MHC class
I and CD86. Alloantigen-presenting DCs from mice lacking the type I IFN receptor exhibited
a significantly lower expression of MHC class I (H2-Kb MFI = 69,793 ± 7,852, p < 0.01; Fig.
6A) and the costimulatory molecule CD86 (CD86 MFI = 4,650 ± 1,066, p < 0.01; Fig. 6B) after
injection of LPS compared with alloantigen-presenting DCs from wild-type mice (92,104 ±
6,419 and 6,487 ± 829, respectively). The expression of both molecules, however, was higher
in B6.IFNAR1−/− mice treated with LPS when compared with their non-LPS-treated controls
(p < 0.05), indicating that other factors may be involved in the maturation of host alloantigen-
presenting DCs.

We next hypothesized that decreased DC activation in the mice lacking the type I IFN receptor
may prevent the generation of alloreactive CD8+ effector/memory T cells. To test this, we
performed intracellular flow cytometry for IFN-γ on CD8+ splenocytes isolated from C57BL/
6 and B6.IFNARI−/− mice 1 wk after treatment with our standard costimulation blockade
protocol and transplantation of BALB/c bone marrow without or with LPS. Interestingly, we
observed that mice lacking the type I IFN receptor did not develop effector/memory CD8+ T
cells when exposed to LPS, whereas wild-type C57BL/6 mice did (Fig. 6C). These data suggest
that type I IFNs are required for DC induction of alloreactive CD8+ effector/memory T cells.

Type I IFN signaling is important for the effects of LPS on the establishment of hematopoietic
chimerism in mice treated with costimulation blockade

The observation that type I IFN was critical for the full maturation of host alloantigen-
presenting DCs and for the priming of alloreactive CD8+ T cells prompted us to hypothesize
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that signaling through the type I IFN receptor would be required for the effects of LPS on
chimerism in mice treated with costimulation blockade. To test this, B6.IFNARI−/− mice were
treated with DST and anti-CD154 mAb and transplanted with BALB/c bone marrow and skin
without or with injection of LPS at the time of DST administration. As expected,
B6.IFNARI−/− not treated with LPS became chimeric (13 of 15) and chimeric mice exhibited
permanent skin graft survival (MST = >218 days; Table II, group 9). Interestingly, some
B6.IFNARI−/− mice treated with LPS became chimeric (6 of 17; p = 0.0005 vs wild-type
animals treated with LPS), and chimeric mice again exhibited permanent skin graft survival
(MST = >218 days; Table II, group 10). However, the percentage of B6.IFNARI−/− mice treated
with LPS that became chimeric was lower than that achieved in B6.IFNARI−/− not treated with
LPS (p = 0.008; Table II, groups 9 and 10). These data suggest that although signaling through
the type I IFN receptor is important, other factors may be involved.

In support of this interpretation, B6.IFNARI−/− mice were also partially protected from the
effects of poly(I:C), as some of the mice conditioned with costimulation blockade and
transplanted with BALB/c bone marrow and skin became chimeric (5 of 12; p < 0.01 vs
B6.IFNARI−/− not treated with poly(I:C)) and chimeric mice also exhibited permanent skin
graft survival (MST = >218 days; Table II, group 11). Interestingly, mice deficient in signaling
through the type I IFN receptor were not protected from the effects of Pam3Cys (zero of four
chimeric, MST = 10; Table II, group 12). These data indicate that signaling through the type
I IFN receptor is important for the ability of some, but not all, TLR agonists to prevent the
establishment of hematopoietic chimerism in mice treated with costimulation blockade.

Type I IFN signaling and MyD88 act synergistically to mediate the effects of LPS on the
establishment of hematopoietic chimerism in mice treated with costimulation blockade

The observation that B6.IFNARI−/− mice treated with LPS became chimeric at a frequency that
was significantly lower than B6.IFNARI−/− mice not treated with LPS (Table II) led us to
conclude that other molecules in the TLR4 pathway were important. We hypothesized that in
the absence of IFN-α/β signaling downstream mediators of the TLR4→MyD88 axis might be
sufficient to prevent the establishment of hematopoietic chimerism. To test this, we treated
B6.MyD88−/− IFNAR1−/− mice with our standard costimulation blockade protocol without or
with coinjection of LPS and transplanted them with BALB/c bone marrow and skin. The
majority of the B6.MyD88−/− IFNAR1−/− mice transplanted in the absence of LPS developed
hematopoietic chimerism (five of seven) and exhibited prolonged skin graft survival (MST =
>140 days; Table II, group 13). Similar to TLR4−/− mice, B6.MyD88−/−IFNAR1−/− mice treated
with LPS also developed hematopoietic chimerism (five of eight; p < 0.001 vs Table I, group
2; p = NS vs Table II, group 13) and displayed prolonged skin allograft survival (MST = >140
days; Table II, group 14). Importantly, in the absence of both MyD88 and IFNAR1, mice not
conditioned with costimulation blockade did not become chimeric (zero of three) and they
exhibited short skin allografts survival (MST = 11 days). These data suggest that signaling
through the type I IFN receptor and mediators downstream of MyD88 are important for LPS-
mediated effects in mice treated with costimulation blockade.

Timing of LPS administration influences its ability to prevent the establishment of
hematopoietic chimerism in mice treated with costimulation

To determine the kinetic relationship between administration of TLR agonists and bone marrow
transplantation, four cohorts of C57BL/6 mice were treated with DST, anti-CD154 mAb, and
given BALB/c bone marrow. One cohort was not treated further (group 1), one cohort was
given LPS on day −8 (group 2, 24 h before DST and anti-CD154 mAb), another cohort was
given LPS on day −7 (group 3), and the last cohort was given LPS on day +1 relative to bone
marrow transplantation on day 0 (group 4). As expected, mice not treated with LPS became
chimeric (six of seven), while those given LPS on day −7 did not (zero of seven; Table IV,
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groups 1 and 3, respectively). Mice treated with LPS on day −8 (group 2) became chimeric at
the same frequency (six of seven) as mice not treated with LPS (group 1). Mice treated the day
after bone marrow transplantation did not become chimeric (zero of seven; Table IV, group
4). These data indicate that the effect of TLR activation on the establishment of hematopoietic
chimerism in mice treated with costimulation blockade is dependent on the timing of
administration of the TLR agonist.

Discussion
In this report, we have shown that TLR activation at the time of costimulation blockade prevents
the establishment of mixed allogeneic hematopoietic chimerism and shortens skin allograft
survival. Investigation of the cellular mechanisms responsible for this effect revealed that both
CD4 and CD8 T cells, but not NK cells, were involved and that LPS administration matured
host alloantigen presenting DCs, leading to the generation of alloreactive effector/memory
CD8 T cells. Investigation of the molecular mechanisms revealed that LPS effects could be
mediated through either the MyD88 pathway or the type I IFN receptor pathway.

Our working hypothesis for costimulation blockade-induced graft tolerance is that conditioning
with a transfusion of donor cells in the presence of anti-CD154 mAb leads to a state of
hyporesponsiveness in the donor-specific host alloreactive T cell pool before the
transplantation of the allograft. This state of donor-specific hyporesponsiveness is thought to
be due to an early abortive expansion that leads to apoptosis and deletion of the majority of
the alloreactive T cell pool while rendering the remaining host alloreactive T cells
nonresponsive (36–39). This process could be initiated by the presentation of allopeptides via
the direct or indirect Ag presentation pathways (40). The direct presentation hypothesis
postulates that in the presence of anti-CD154 mAb, recognition of immature APCs in the DST
leads to host T cell hyporesponsiveness. Work from our laboratory supports this hypothesis,
as we have shown that failure to up-regulate the costimulatory molecule CD80 on cells in the
DST was associated with costimulation blockade-induced tolerance to islet allografts (32). In
other studies using a transgenic model in which B cells of the DST expressed CD80 under the
control of the IgM promoter, it was shown that recipients of allogeneic islets could not be
tolerized when cells of the DST expressed high levels of CD80. In contrast, others have
provided evidence for a role of indirect alloantigen presentation in tolerance induction (40,
41). This hypothesis is based on the observation that cells of the DST are quickly rendered
apoptotic and phagocytosed by immature host DCs. Coadministration of anti-CD154 mAb
prevents the maturation of the host alloantigen-presenting DCs and, consequently, alloreactive
T cells are tolerized by a mechanism that closely mimics those used to maintain peripheral
self-tolerance (42). TLR activation at the time of DST transfer could be interfering with either,
or both, of these mechanisms.

We observed that APCs in the DST up-regulated the costimulatory molecules CD80 and CD86
in mice treated with costimulation blockade plus LPS. Therefore, it is possible that TLR
activation increases the immunogenicity of the DST, leading to alloreactive T cell priming and
rescue from costimulation blockade-induced apoptosis. TLR-mediated maturation of APCs
within the DST could result from direct engagement of TLRs expressed on the donor cells or
through the secretion of cytokines by TLR-stimulated host cells. Our results show that
hematopoietic chimerism and long-term skin allograft survival were achieved in the presence
of costimulation blockade and LPS only when the host was deficient in TLR4. This would
suggest that activation of APCs within the DST by direct ligand-receptor interaction is not
sufficient to prevent tolerance induction. Moreover, maturation of APCs in the DST is likely
not required for the effects of LPS on naive allospecific T cells, as we have shown that LPS
still prevented the deletion of alloreactive CD8+ T cells in mice treated with costimulation
blockade even when the DST was obtained from CD80/86 knockout donors (18). Our results,
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however, do not exclude the possibility that the production of cytokines by LPS-stimulated
host cells could activate APCs in the skin allograft, which may contribute to the rejection
process. Taken together, our data suggest that 1) there are alternative costimulatory molecules
expressed by APCs in the DST that prime donor-specific alloreactive CD8 T cells or 2) Ag
presentation by host APCs matured by direct TLR stimulation is playing an important role in
preventing the deletion of alloreactive CD8 T cells.

To address the effects of TLR activation on host APCs presenting donor alloantigen, we used
a CFSE-labeling system that allowed us to examine the phenotype of host DCs that had
engulfed the transferred cells in the DST. We found that activation of TLR4 on the day of DST
administration led to a marked up-regulation of MHC class I and costimulatory molecules
within 24 h on host DCs that had phagocytosed CFSE-labeled DST. Therefore, we speculate
that TLR activation on the day of tolerance induction significantly alters the context in which
allopeptides are presented to the alloreactive T cell compartment. Instead of mimicking the
mechanism of cross-tolerance to self-Ags and inducing transplantation tolerance, TLR-
licensed APCs deliver an immunogenic signal that leads to the generation of cytotoxic effector/
memory alloreactive CD8 T cells and graft rejection.

Data from experiments investigating the molecular mechanism by which LPS prevents the
establishment of chimerism in mice treated with costimulation blockade also supports a role
for host APCs. We observed that signaling through TLR4 and induction of IFNα/β were more
important than signaling through MyD88. These data support the in vitro experiments by Hoebe
et al. (34) showing that LPS-induced expression of costimulatory molecules on APCs was
independent of MyD88 signaling and solely dependent on TLR4 signaling and the induction
of type I IFN. Supporting this interpretation, we observed that host alloantigen-presenting DCs
isolated from LPS-treated animals lacking the type I IFN receptor expressed lower levels of
costimulatory molecules compared with similarly treated wild-type controls. Based on these
data, we hypothesize that mice deficient in the type I IFN receptor are more resistant to the
effects of LPS due to the incomplete maturation of their alloantigen-presenting DCs. Decreased
DC maturation also correlates with the impaired ability of these mice to generate alloreactive
CD8+ T cells.

Interestingly, we observed that although mice deficient in the type I IFN receptor became
chimeric when exposed to LPS, the frequency of chimerism was lower than that achieved in
type I IFN receptor knockout mice not given LPS. This suggested that an additional as yet
unidentified mediator(s) might exist. We further confirmed that these factors were MyD88
dependent. One potential MyD88-dependent candidate is IL-6. We have previously shown that
Tregs are critical for the induction of hematopoietic chimerism (27). IL-6 has been shown to
prevent the induction of Tregs, generate proinflammatory TH17 cells (43), and render effector
T cells refractory to Treg suppression (44). Therefore, induction of both IL-6 and type I IFN
by LPS may contribute synergistically to prevent hematopoietic chimerism through the
generation of effector T cells and the disruption of Tregs, a possibility our laboratory is
currently investigating.

We also observed that Pam3Cys but not poly(I:C) prevented the establishment of hematopoietic
chimerism in type I IFN receptor knockout mice. This observation is perhaps not surprising,
since TLR1/2 signaling by Pam3Cys does not induce type I IFN production; however, it
highlights the fact that overlapping, but distinct, immune responses are triggered during an
infection, and these may act synergistically to affect tolerance induction in a clinical setting.
For example, direct triggering of TLR2, but not TLR4, on Tregs has been shown to decrease
the ability of regulatory cells to suppress the activity of effector T cells (45,46). Differential
effects on regulatory cells could explain why TLR agonists like LPS and poly(I:C) depend on
type I IFN for their full effects on chimerism induction, whereas Pam3Cys does not.
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It has long been appreciated that different tissues vary in their susceptibility to tolerance
induction by costimulation blockade. For example, survival of cardiac and islet allografts can
be significantly prolonged with anti-CD154 mAb monotherapy, whereas skin allografts cannot
(47–49). Data also suggest that the mechanisms by which TLR agonists shorten allograft
survival in mice treated with costimulation blockade may differ between tissues as well (4,5).
For example, LPS-shortened skin allograft survival in mice treated with costimulation blockade
was solely dependent on host CD8+ cells (4), while CpG-mediated rejection of cardiac
allografts was solely dependent on host CD4+ T cells (5). In this study, we show that neither
population is the sole mediator of the effects of LPS, as either subset is sufficient to prevent
the establishment of hematopoietic chimerism. Furthermore, we have previously shown that
skin allograft survival could be prolonged with costimulation blockade when LPS was
coadministered on the day of DST and anti-CD154 mAb if the host was deficient in either
MyD88 or the type I IFN receptor (18). This indicates that a synergy between the MyD88-
dependent and the MyD88-independent pathways are required to shorten skin allograft
survival. In contrast, activation of either signaling pathway impairs the establishment of
hematopoietic chimerism.

Reasons for these differences are not known, but could include differential susceptibility of
the graft to effectors such as NK cells, which are potent killers of allogeneic hematopoietic
cells but are not effectively cytolytic to solid organ allografts (15). It could also reflect the fact
that hematopoietic grafts, unlike solid organ grafts, must not only evade the host’s immune
system, but also home to specific niches in the recipient’s bone marrow in order for long-term
hematopoietic chimerism to develop. Recent work has shown that migration of hematopoietic
stem cells is affected by fluctuations in soluble mediators such as CXCL12, which can be
modulated by stressors such as LPS (50).

Finally, we observed that the effects of LPS on the establishment of chimerism are temporally
dependent. Administration of LPS on the day of DST and anti-CD154 mAb administration
uniformly prevented the establishment of chimerism. In contrast, LPS injected 1 day before
the initiation of tolerance induction did not. We speculate that treatment with LPS on the day
before DST and anti-CD154 mAb administration does not prevent chimerism because the
levels of proinflammatory cytokines such as type I IFN subside by the time that alloantigen
(DST) is injected. Therefore, host DCs, or APCs in the DST, are not triggered to mature and
present alloantigen in an immunogenic context and, consequently, naive alloreactive T cells
are tolerized. Interestingly, injection of LPS the day after bone marrow transplantation prevents
the establishment of chimerism. Given that alloreactive CD8+ T cells are largely deleted within
the first several days of tolerance induction (38), it is likely that TLR4 activation 1 day after
transplantation prevents chimerism independent of its effects on the deletion of alloreactive T
cells. This is supported by preliminary observations in mice treated with costimulation
blockade and transplanted simultaneously with allogeneic bone marrow and skin and injected
1 day later with LPS. In these mice, hematopoietic chimerism is prevented, but skin allografts
are not acutely rejected (data not shown). This suggests that mechanisms that control the
establishment of hematopoietic chimerism are not the same as those that control solid organ
graft survival when LPS is administrated after transplantation. One possible difference is that
NK cells express various TLRs and can be stimulated directly by TLR agonists (51,52). Thus,
it is possible that NK cells may be acting as a barrier to hematopoietic engraftment when LPS
is administered at this later time point.

In summary, we have demonstrated that the establishment of hematopoietic chimerism in mice
treated with costimulation blockade can be prevented by the administration of TLR agonists.
We recognize that the use of individual TLR agonists, such as LPS, poly(I:C), or Pam3Cys,
does not mimic all aspects of an actual infection. However, this approach does permit the
identification of mechanisms involved in a specific aspect (i.e., TLR engagement or dsRNA
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pathway activation) of a more complex infection (i.e., viral, bacterial). By dissecting the
individual components of the innate immune response, we can more clearly identify the
mechanisms by which an infection impairs transplantation tolerance. In this investigation, we
found that the ability of LPS to prevent chimerism is dependent on the time of administration
and is mediated by CD4+ and CD8+ lymphocytes when injected on the first day of tolerance
induction. LPS appears to mediate this effect by enhancing the maturation of alloantigen-
presenting DCs, a process dependent on the production of type I IFNs and MyD88-dependent
factors. These findings highlight the complex interactions between host immunity and
environmental perturbations during the establishment of hematopoietic chimerism and
tolerance. This is particularly relevant because data from preclinical (1–3,53) and clinical
studies (54,55) have demonstrated the ability of concurrent bone marrow transplantation to
induce prolonged survival of allogeneic solid organs in the absence of maintenance
immunosuppressive therapy. Therefore, understanding the mechanisms that underlie
disruption of hematopoietic chimerism may yield novel strategies that circumvent this barrier,
and lead to more effective transplantation regimens.
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FIGURE 1.
LPS administration at the time of costimulation blockade permits the generation of alloreactive
CD8+ T cells but does not induce alloantibody production. A, C57BL/6 mice were treated with
BALB/c DST and anti-CD154 mAb according to our standard protocol without or with
injection of 100 µg of LPS on day −7 relative to transplantation of BALB/c bone marrow on
day 0. All mice were bled 2 wk after transplantation. Serum was analyzed for alloantibody
content by flow cytometry. Serum was also taken from untreated mice and mice primed with
a single injection of BALB/c splenocytes to serve as negative and positive controls,
respectively, for the alloantibody assay. Data are presented as MFI + 1 SD. Data are pooled
from two independent experiments with at least four mice per group. *, p < 0.001 vs splenocyte
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(DST)-injected-only group; p = NS vs untreated group. p = NS for DST + anti-CD154 mAb
vs DST + anti-CD154 mAb + LPS. B and C, C57BL/6 mice were treated with BALB/c DST
and anti-CD154 mAb according to our standard protocol without or with coinjection of 100
µg of LPS on day −7 relative to transplantation of BALB/c bone marrow and skin on day 0.
All mice were bled 2 wk after transplantation. Peripheral blood cells were recovered 2 wk after
transplantation and stimulated in vitro for 5 h with either irradiated syngeneic (H2b) or
allogeneic (H2d) splenocytes and their production of IFN-γ was quantified by flow cytometry.
B, Representative flow cytometry dot plots showing CD11a and IFN-γ expression in gated
CD8+ lymphocytes. As a positive control, C57BL/6 mice were injected with BALB/c
splenocytes (DST) 7 days before blood cell recovery. C, The mean + 1 SD of the percentage
of CD8+ lymphocytes producing IFN-γ. Data are representative of two independent
experiments with at least three mice per group. *, p = 0.012.
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FIGURE 2.
LPS administration induces up-regulation of costimulatory molecules on cells in the DST in
mice treated with costimulation blockade. C57BL/6 mice were injected with 10 × 106 BALB/
c DST and 0.5 mg of anti-CD154 mAb without or with an i.p. injection of LPS. Fifteen hours
later, splenocytes were recovered and stained with Abs to H2-Kb (host), H2-Kd (donor), and
CD80 or CD86 and analyzed by flow cytometry. A, Representative flow cytometry dot plots
showing host H2-Kb and donor H2-Kd staining. A group of nontransplanted mice were used
as negative controls for H2-Kd staining. B and C, Left panels show a representative histogram
of the MFI of CD80 (B) and CD86 (C) expression on the H2-Kb −2-Kd+ cells that are seen in
A. These cells represent cells in the BALB/c DST. The right panels are histograms that
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summarize the MFI + 1 SD of CD80 (B) and CD86 (C) expression. Data contain four mice per
group. #, p = 0.025; *, p < 0.0001.
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FIGURE 3.
Gating scheme for in vivo tracking of phagocytosed DST. C57BL/6 mice were injected with
10 × 106 CFSE-labeled BALB/c DST and 0.5 mg of anti-CD154 mAb without or with an i.p.
injection of LPS. Sixteen hours later, splenocytes were harvested, stained with Live/Dead blue,
Abs to H2-Kb (host), CD8α, CD11c, and CD86, and analyzed by flow cytometry. For each
panel, the dot plot on the left shows the cells that were considered “viable” based on Live/Dead
blue staining. The dot plot second from the left shows the cells that were considered of host
origin based on staining with H-2Kb. The dot plot second from the right shows the cells that
were considered DCs based on staining with CD11c. The dot plot on the right shows DCs that
have engulfed CFSE+ DST (the alloantigen-presenting DCs or “apDCs”). A, Representative
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flow cytometry dot plots of the input cell, i.e., CFSE-labeled BALB/c splenocytes, before
injection. B, Representative flow cytometry dot plots of splenocytes from an uninjected
C57BL/6 mouse. These splenocytes do not contain a CFSE+ population. C, Representative
flow cytometry dot plots of splenocytes from a C57BL/6 mouse injected with CFSE-labeled
BALB/c DST. This panel demonstrates that the spleen of animals injected with CFSE-labeled
DST contain a population of host DCs that have phagocytosed CFSE-labeled DST. D, A “back
gate” of the CFSE+CD11c+H2-Kb+ cells from C (i.e., host DCs that have phagocytosed DST).
This panel indicates that the host alloantigen-presenting DCs are found in the mid-to-upper
right of the Host Cell Gate (second panel from the left). That population is only present in the
spleen of animals transfused with DST.
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FIGURE 4.
TLR activation leads to up-regulation of costimulatory molecules on alloantigen-presenting
DCs in mice treated with costimulation blockade. C57BL/6 mice were injected with 10 ×
106 CFSE-labeled BALB/c DST and 0.5 mg of anti-CD154 mAb without or with an i.p.
injection of 100 µg of LPS. Sixteen hours later, splenocytes were harvested, stained with Live/
Dead blue, and Abs to H2-Kb (host), CD8α, CD11c, and CD80 or CD86 and analyzed by flow
cytometry. Data are representative of at least two independent experiments with at least three
mice per group. A, Histogram of the MFI of the class I molecule H2-Kb. *, p < 0.01 vs DST +
anti-CD154. B, Histogram of the MFI of CD80. *, p < 0.01 vs DST + anti-CD154. C, Histogram
of the MFI of the class I molecule CD86. *, p < 0.01 vs DST + anti-CD154.
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FIGURE 5.
LPS administration leads to a transient production of type I IFN. Sera were collected from
C57BL/6 mice 8 and 24 h after indicated treatment. The IFN-α/β titer was determined as the
reciprocal of the dilution that protected L-929 cells from cytopathic effect by vesicular
stomatitis virus infection. Sera from untreated mice did not exhibit any protection. Data are
presented as mean + SD and each group contains at least three mice. *, p < 0.05 vs DST and
anti-CD154 mAb at 8 h; **, p < 0.01 vs DST and anti-CD154 mAb at 24 h.
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FIGURE 6.
Signaling through the type I IFN receptor is important for the maturation of host alloantigen-
presenting DCs and the priming of alloreactive CD8+ T cells. A and B, C57BL/6 and C57BL/
6.IFNARI−/− mice were injected with 10 × 106 CFSE-labeled BALB/c DST and 0.5 mg of anti-
CD154 mAb without or with an i.p. injection of LPS. Fifteen hours later, splenocytes were
harvested, stained with Abs to H2-Kb (host), CD8α, CD11c, and CD86 and analyzed by flow
cytometry. Data are representative of two independent experiments with at least three mice per
group. A, MFI of the MHC class I molecule H2-Kb. *, p < 0.01 vs all other groups. #, p = NS
vs wild-type mice treated with DST and anti-CD154 mAb; p < 0.01 vs wild-type mice treated
with DST, anti-CD154 mAb, and LPS; p < 0.05 vs IFNAR1−/− mice treated with DST and
anti-CD154 mAb. B, MFI of CD86. *, p < 0.05 vs IFNAR1−/− mice treated with DST, anti-
CD154 mAb, and LPS; p < 0.001 vs both IFNAR1−/− and wild-type mice treated with DST
and anti-CD154 mAb. #, p < 0.01 vs both IFNAR1−/− and wild-type mice treated with DST
and anti-CD154 mAb. C, All mice were treated with a BALB/c DST, bone marrow, and anti-
CD154 mAb according to our standard protocol without or with an i.p. injection of 100 µg of
LPS. Splenocytes were harvested 1 wk after bone marrow transplantation, stimulated in vitro
with either irradiated syngeneic (H2b) or allogeneic (H2d) splenocytes, and analyzed by flow
cytometry for intracellular IFN-γ production. The percentage of CD8+ lymphocytes producing
IFN-γ is shown (bar represents the mean). Data are pooled from two independent experiments.
#, p < 0.05 vs wild-type C57BL/6 mice treated with DST, anti-CD154 mAb, and LPS. p = NS
vs IFNARI−/− treated with DST and anti-CD154 mAb.
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Table IV
Effects of LPS on the establishment of hematopoietic chimerism are dependent on the time of administrationa

Group TLR Agonist
Chimerism Frequency (%) Donor Origin PBMCs at 8

wk (%)

1 None 6/7 (85.7%) 3.20 ± 1.84

2 LPS (given on day −8) 6/7 (85.7%) 4.93 ± 2.04

3 LPS (given on day −7) 0/7 (0)b <0.10

4 LPS (given on day +1) 0/7 (0%)b <0.10

a
C57BL/6 mice were treated with BALB/c DST, anti-CD154 mAb, and transplanted with BALB/c bone marrow according to our standard protocol

without (group 1) or with an i.p. injection of 100 µg of LPS 24 h before DST and anti-CD154 mAb (group 2), on the day of DST and anti-CD154mAb
(group 3) or 24 h after bone marrow transplantation (group 4). Hematopoietic chimerism was defined as >0.10% donor origin PBMCs 8 wk after bone
marrow injection. Percent donor origin bone marrow cells is the mean ± SD chimerism levels in chimeric mice. For groups with no chimeric mice, we
used the limit of detection (<0.10) to indicate a lack of chimerism. Data are pooled from two independent experiments.

b
p = 0.0012 vs groups 1 and 2.
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