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Abstract
Modification of allogeneic dendritic cells (DCs) through drug treatment results in DCs with in-
vitro hallmarks of tolerogenicity. Despite these observations, using murine MHC-mismatched skin
and heart transplant models, donor-derived drug-modified DCs not only failed to induce tolerance
but accelerated graft rejection. The latter was inhibited by recipient injection with anti-CD8
antibody, which removed both CD8+ T cells and CD8+ DCs. The discrepancy between in vitro
and in vivo data could be explained, partly, by the presentation of drug-modified donor DC MHC-
alloantigens by recipient antigen presenting cells (APCs) and activation of recipient T cells with
indirect allospecificity, leading to the induction of alloantibodies. Furthermore, allogeneic MHC
molecules expressed by drug treated DCs were rapidly processed and presented in peptide form by
recipient APCs in vivo within hours of DC injection. Using T cell receptor-transgenic T cells,
antigen presentation of injected OVA-pulsed DCs was detectable for ≤3 days whilst indirect
presentation of MHC alloantigen by recipient APCs led to activation of T cells within 14 hours
and was partially inhibited by reducing the numbers of CD8+ DCs in vivo. In support of this
observation when mice lacking CD8+ DCs were pretreated with drug-modified DCs prior to
transplantation, skin graft rejection kinetics were similar to non-DC treated controls. Interestingly,
when the same mice were treated with anti-CD40L blockade plus drug-modified-DCs skin graft
survival was prolonged, suggesting endogenous DCs were responsible for T cell priming.
Altogether, these findings highlight the risks and limitations of negative vaccination using
alloantigen bearing “tolerogenic” DCs.
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Introduction
In transplantation immunosuppressive drugs have reduced the incidence of acute rejection,
but the average half life of a cadaveric kidney transplant remains approximately 10 years
due to chronic organ rejection [reviewed in (1)]. Transplantation research therefore aims to
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define which strategy can be employed to induce immunosuppressant free, indefinite
allograft survival, including the injection of ex-vivo expanded regulatory T cells (Tregs)
[reviewed in (2, 3)] and the use of in vitro modified tolerogenic dendritic cells (DCs)
[reviewed in (4)].

Several lines of evidence suggest that immature DCs or in vitro modified DCs may be useful
tools in promoting tolerance. Different agents have been used to interfere with DC
differentiation, migration, antigen uptake and processing, and DC activation [reviewed in (5,
6)]. For example, in vitro treatment of murine derived DCs with either dexamethasone (Dex)
or 1,25-dihydroxy vitamin D3 (D3), has been shown to impair DC phenotype and function
(7). D3-treatment of DCs also inhibits IL-12 production by down-regulation of NF-κB
signalling (8). In vitro treatment of bone-marrow-derived DCs (BM-DCs) with Dex has been
shown to inhibit the proliferation of alloreactive T cells, preventing Th1 type skewing of
responses (9, 10) and promoting the generation of IL-10-producing regulatory cells (11, 12).
Furthermore, Dex and D3 have been demonstrated to have synergistic effects (13).

In man, the same drugs have shown a similar effect in vitro, with Dex-DCs secreting higher
levels of IL-10 and having a reduced allo-stimulatory capacity for both naïve and memory T
cells (9, 14-18). Additionally, down-regulation of NF-kB activation after treatment with D3
has been shown (19, 20). Human monocyte-derived DCs treated with a combination of Dex
and D3 produce IL-10, upregulate ILT-4 and become more resistant to LPS maturation than
either drug treatment alone (21). Furthermore they elicit lower proliferative responses from
CD4+CD25− T cells and can induce Tregs (21).

In vivo adoptive transfer of murine Dex treated BM-DCs results in prolonged allograft
survival in some strain combinations (10, 22). Recently, prolongation of heart allografts
survival has been shown using D3-modified DCs (23). Furthermore the combination of Dex
and D3-treatment of DCs ameliorate the development of colitis in an adoptive transfer
model (24). Other studies using tolerogenic DCs have demonstrated a range of outcomes, for
example prolongations of allograft survival from just a few days to greater than 100 days
depending on the animal model used (25-31). Most importantly, additional therapy such as
CTLA4-Ig or anti-CD40 ligand antibody (MR1) combined with tolerogenic DCs treatment,
greatly improves graft survival outcomes (32, 33).

In a rat kidney allograft model we have been successful in achieving tolerance through the
adoptive transfer of Dex-treated DCs derived from F1-rats (allowing concurrent presentation
of allogeneic MHC molecules both via the direct and indirect pathways) combined with low
dose CTLA4-Ig and short-term cyclosporine. This treatment induced indefinite allograft
survival mediated through Treg expansion by Dex-DCs dependent IL-2 production (34). In
contrast with our data, in the study of De Paz et al, also in the rat system, the injection of
immature DCs with anti-lymphocyte serum (ALS) did not increase the effect observed with
ALS alone (26), further demonstrating the variability of the effect of tolerogenic DCs
treatment.

From the aforementioned in vivo data it appears that the success of negative vaccination
with DCs, in achieving transplantation tolerance, may depend on many factors such as the
species used, the strain combination, the time of injection, the capacity of DCs to migrate to
specific sites, and the additional therapies applied. Another relevant parameter for the in
vivo effect of DCs is the way that DCs are generated in vitro. Yamano et al demonstrated
that while DCs generated from BM in the presence of Flt3L induced prolonged acceptance
of skin allograft in the presence of MR1, CTLA-4Ig and anti-NK1.1 antibody, DCs
generated in vitro with GM-CSF did not affect the time of skin rejection (35). In contrast,
Divito et al have demonstrated that donor BM-derived D3-DCs or immature DCs
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internalised as apoptotic cells and presented by host APC can delay heart transplant rejection
(23). Evidence for MHC molecules, expressed by intact apoptotic cells, being rapidly
processed and presented as peptides in vivo following DC transfer has been previously
shown (36). However the consequences for the immune response of the recipient was either
tolerance (37) or priming (38, 39). In support of the latter statement, recently in a rat model
of islet transplantation, de Kort et al have shown that injection of dexamethasone treated
DCs induced antibody-mediated accelerated graft rejection (40).

We demonstrate in this study that alloantigen expressing tolerogenic BM-derived DCs,
shown to induce T cell hypo-responsiveness and the expansion of FoxP3+ T cells in vitro,
once injected in vivo die rapidly resulting in alloantigen presentation by recipient APC
including recipient CD8+DCs. This leads to sensitisation and activation of recipient T cells
through the indirect pathway leading to graft rejection. However prolongation of graft
survival was achieved when tolerogenic DCs were injected in the presence of anti-CD40L
antibody in the absence of CD8+ DCs.

Taken together it appears that donor-derived tolerogenic DCs are linked to an increased risk
of priming the recipient immune system to the donor graft by processing and presentation of
donor antigens by recipient DCs (CD8+ DCs). In addition the data presented here underline
the caution that should be taken in extrapolating in vitro data that do not necessarily reflect
the in vivo situation when planning future clinical interventions.

Materials and Methods
Mice

CBA/Ca (H-2k), C57BL/6 ((B6) H-2b), BALB/c (H-2d), C57BL/6 x BALB/c (B6xB/c) F1
(H-2bxd), C57BL/6 x DBA-2 (B6D2F1) F1 (H-2bxd) mice were purchased from Harlan Olac
Ltd (Bicester, UK). DO11.10 Rag−/−, TCR75 Rag−/− and B6Kd (kind gifts from Pat Bucy),
Baft3−/− mice, (kind gift from Kenneth Murphy, Washington University School of
Medicine) (41). H-2Kbm1 (Kbm1) (kind gift from Dr Sandra Diebold, King’s College
London). All experimental procedures were performed on sex-matched mice between 6-12
weeks of age, in accordance with the Home Office Animals Scientific Procedures Act
(1986).

Cell culture Medium
Cell cultures were performed in RPMI 1640 medium (Sigma, Poole, UK) supplemented
with 100IU/ml penicillin, 100μg/ml streptomycin, 2mM L-glutamine, 0.01M Hepes, 50μM
2β-mercaptoethanol (Invitrogen, Paisley, UK), and 10% heat-inactivated foetal calf serum
(FCS) (SERAQ, Sussex, UK). Cells were maintained at 37°C in a humidified atmosphere
with 5% CO2.

Purification of CD4+ T cells
A single-cell suspension was obtained by passing spleens or pooled lymph nodes through a
70μm cell strainer (BD Pharmingen, California, USA). Erythrocytes were lysed using ACK
buffer (0.15M NH4Cl/ 1mM KHCO3/ 0.1mM Na2-EDTA) and CD4+ cells were isolated by
negative selection using a CD4 Dynabeads isolation kit (Dynal, Wirral, UK). The purity of
the selected CD4+ population was >90% as assessed by flow cytometry.

Generation of dendritic cells from BM
DCs were generated as previously described (42) with some modifications. BM cells were
passed through a 70μm cell strainer to obtain a single-cell suspension. Erythrocytes were
lysed as above. BM cells were incubated for 30 mins, at 4°C, with supernatants from the
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following hybridoma cultures: YTS 191 (anti-CD4; American Type Culture Collection
(ATCC), Manassas, Virginia, USA), M5/114 (anti-Class II, ATCC), RA3-3A1 (anti-B220,
ATCC) and YTS 169 (anti-CD8, ATCC). The cells were washed twice in RPMI then
incubated with pan-anti rat-Ig Dynabeads® for 30 min (4°C) followed by magnetic
separation. After washing, the BM cells were seeded in a 24-well plate at 1×106 cells/well in
1.5ml of Complete Medium supplemented with 20ng/ml of murine recombinant
granulocyte/macrophage colony-stimulating factor (GM-CSF) (kind gift from
GlaxoSmithKline R&D, UK). On days 3 and 5 of culture, plates were swirled gently, the
medium containing small non-adherent cells removed and fresh GM-CSF-containing
Complete Medium added. To some wells Dex (10−6M) and D3 (10−7M) (Sigma) were
added. Three different stimuli were used independently to induce DC maturation, either
100ng/ml LPS (E. coli 026:B6, Sigma), or 20ng/mL TNFα (FirstLink, UK), or 50μg/mL α-
CD40 antibody (FGK45 hybridoma, kindly provided by A. Rolink). Maturation stimuli were
added to cell cultures on day 6 for the final 24hrs. Purity of DCs was greater than 90% as
measured by CD11c surface expression on flow cytometry analysis (data not shown).

Flow Cytometry
Fluorochrome-conjugated (fluorescein isothiocyanate, FITC; phycoerythrin, PE; Cy-
Chrome, Cy; allophycocyanin, APC) mAbs against the following mouse cell-surface
antigens, CD80 and CD86, MHC class I and II, CD40, CD11c, CD8, CD4, Thy1.1, KJ126,
CD90.1, CD25 and CD69 were purchased from eBioscience (San Diego, California, USA)
with their relevant isotype controls. For flow cytometry analysis, 1×105 cells were labelled
with Fluorochrome-conjugated mAbs for 20 min (4°C), washed twice in FACS Buffer
(PBS/ 2% FCS/ 0.1% EDTA), and analyzed on a FACSCalibur™, using Cell Quest™
software (Becton Dickinson, Mountain View, CA). FoxP3 staining was performed using a
murine FoxP3 kit according to the manufacturer’s protocol (eBioscience). Subsequent
analysis was performed with FlowJo software (TreeStar Inc. Ashland, Oregan, USA)

Cytokine Production
Day 6 immature and DexD3-BALB/c DCs were co-cultured with a CD40L expressing
murine L-cell line for 18 hours and supernatants harvested. Control supernatants were from
non-stimulated cells (20). Cytokine production was assayed on 50μl of culture supernatant
using a double antibody sandwich enzyme-linked immunosorbant assay (ELISA) using
purified mAbs paired with a biotinylated mAb. Murine IL-12p40/p70 and IL-10 capture and
biotinlyated antibodies were obtained from BD Pharmingen.

Proliferation assays and FoxP3 expression
Sequential dilutions of irradiated DCs (either drug treated or not) were added to CD4+ T
cells (2.5×104) in complete media. The assay was carried out in 96-well round-bottomed
plates, with a total volume/well of 250 μl. CD4+ T cells alone were used as controls. On day
two of culture, cells were pulsed with 1μCi/well 3H thymidine (Amersham Pharmacia, UK).
Proliferation was measured by 3H thymidine incorporation after twenty hours by liquid
scintillation counting using a Beta plate counter. DCs treated with or without DexD3 in the
presence or absence of LPS were co-cultured with CFSE labelled (1μM per 107 cell,
Invitrogen) CD4+ T cells or CD4+ T cells depleted of CD25+ cells (CD4+CD25−) derived
from B6 mice, at a ratio of 1:10 for 5 days. IL-2 (200U/ml) was added at the beginning of
the co-culture. On day 5, T cells were harvested and analysed for expression of CD4, CD25
and FoxP3 by flow cytometry, and also analysed for CFSE dilution by flow cytometry.
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In vitro and in vivo rechallenge experiments
In vitro—MLRs, comprising BALB/c DCs (± drug treatment) and CD4+ T cells isolated
from CBA/Ca mice, were performed in 48-well plates. On day five the T cells were
recovered, and were rested for two days. These cells were then re-cultured with irradiated
allogeneic BALB/c DC stimulators. Proliferation was measured after three days by 3H
thymidine incorporation.

In vivo—B6 mice were challenged with 2×106 DexD3+LPS-BALB/c DCs by intravenous
tail vein injection (iv). 10 days later, CD4+ T cells were isolated from the spleen of recipient
mice and re-challenged in vitro with DCs derived from BALB/c, CBA/Ca or B6Kd mice.
Proliferation was measured on day 3, 5 and 7 of culture using 3H thymidine incorporation.

Skin and heart transplantation
Skin grafting was performed according to the technique described by Billingham and
Medawar (43) with some modifications. Full-thickness donor tail skin (0.5-1 × 0.5-1 cm)
was grafted on the right lateral flank of recipients. The graft site was covered by a
Elastoplast plaster that was removed on day 7. The grafts were observed daily and
considered rejected when no viable skin remained. Intra-abdominal heterotopic heart
transplantation (either B6D2F1 or BALB/c grafts) was performed in B6 mice as previously
described (44, 45). Heart allograft survival was assessed by direct abdominal palpation,
where rejection was defined by complete cessation of cardiac impulses. To test the effect of
DCs on graft survival, recipient B6 mice were injected intravenously (iv) with different
types of donor-derived (B6Kd) DCs or Kd pulsed recipient DC 6 days prior to the graft.
Mice were treated with or without 250μg of anti-CD8 antibody (YTS169, ATCC) on day -1
and day 1 of the transplant via intraperitonial (ip) injection.

In some experiments recipient animals were treated with 20μg of CTLA4-Ig (Abatacept,
kind gift from Dr. Wendy Rowan, GSK, Stevenage, UK) at day -5 pre-transplant via ip
injection, or received 500μgs of MR1 (BioXCell, NH, USA) on days -7, -4 and days 0.

Analysis of DCs processing in vivo
B6, Batf3−/− or (B6 x B/c) F1 mice were injected with 2×106 BALB/c DCs either drug
treated or not (Day 0). Some DCs were pulsed with 5μgs/ml of OVA peptide for 2 hours
prior to injection. At various time points mice received 2×106 CFSE labelled CD4+ T cells
purified from TCR75 Rag−/− or DO11.10 Rag−/− mice via i.v injection. Some mice received
anti-CD8 treatment or Polyinosinic-polycytidylic acid (dsRNA) [poly I:C] to decrease the
number of recipient DCs or inhibit their function. Spleen and LNs cells were harvested and
in some experiments CD4+ T cells were isolated (as above). Thy1.1, KJ126 antibodies were
used to distinguish CD4+ T cells from TCR75 Rag−/− and D011.10 Rag−/− mice
respectively. CD69 expression was measured by flow cytometry using a specific antibody.

In some experiments, animals were treated with 20μg CTLA4-Ig via ip injection one day
after DC injection.

Alloantibody detection
B6Kd DCs (2×106) were injected i.v into naïve mice and sera collected to measure
alloantibody production after 7, 14, 21 and 28 days. B6 splenocytes (used as negative
control) and BALB/c (Kd) splenocytes (as target cells) were incubated with PBS/2% BSA/
5% goat serum containing rat Abs against CD16/32 (0.5 μg/106 cells; BD Biosciences) for
20 min on ice. Hamster anti-mouse CD3-PE (BD Biosciences) was then added directly to
the cells to enable subsequent gating on CD3+ T cells. After further incubation for 20 min on
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ice, cells were washed twice in staining buffer. Serum was added (final dilution 1/10) to
appropriate wells and incubated as before. Cells were washed twice before the addition of
goat anti-mouse IgG FITC (1/200; Sigma-Aldrich, Dorset, U.K.) for 20 min on ice. Cells
were washed twice, and analyzed on a BD Biosciences FACSCalibur running CellQuest
software (BD Biosciences).

MTT cell survival assays
DCs (1×105) were added to each well of a 96 well plate in 250 ls of complete media. Each
DC type was tested in triplicate. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay was performed following manufactures instructions
(Invitrogen, UK) after 24 and 48 hours at 37°C/5% CO2. Statistical comparisons for MTT
experiments were performed using paired Student’s t-tests.

Statistical analysis
Statistical comparisons for experiments assessing, in vitro proliferation were performed
using unpaired two-tailed Student’s t-tests. Mean survival time of skin and heart allografts
was assessed by logrank test. Data shown is mean ± standard deviation (SD) or standard
error (SEM) as indicated. Statistical significance was expressed as follows; p<0.001***,
p<0.01**, p<0.05*.

Results
DexD3-DCs have an immature phenotype, are resistant to maturation and have an
impaired capacity to stimulate antigen-specific T cells in vitro

The doses of 10−6M Dex and 10−7M D3 were used in combination to generate tolerogenic
DCs, from BM, as previously published (21). As shown in Figure 1A, DexD3-DCs had an
immature phenotype, expressed lower levels of CD40, CD80 and CD86 compared to
untreated immature DCs and were resistant to maturation as no significant increase in
maturation markers was observed after LPS, TNFα or anti-CD40 antibody treatments for
most of the markers.

Immature and DexD3-DCs were stimulated with CD40L-expressing murine L-cells for 18
hours after which supernatants were collected and tested for the presence of IL-12 (p40/p70)
and IL-10. As shown in Figure 1B, IL-12 (left panel) production by DexD3-DCs in response
to CD40 ligation was decreased compared to untreated DCs (mean±SD IL-12 production by
unstimulated DCs 199.6±159.3 vs CD40L activation 1716±1298; and unstimulated DexD3-
DCs 43.7±75.8 vs CD40L activation 625.6±759.6 pg/mL), while IL-10 levels (middle panel)
were very similar in the two groups of DCs (mean±SD IL-10 production by unstimulated
DCs 0.0±0.0 vs CD40L activation 211.7±102.4; and unstimulated DexD3-DCs 12.1±40.1 vs
CD40L activation 214.9±108.9 pg/mL). Expressing the production of both IL-12 and IL-10
as a ratio showed that drug-treated DCs had an IL-10 skewed cytokine response compared to
untreated DCs (right panel).

The ‘tolerogenic’ nature of drug-modified DCs was further analysed in a mixed lymphocyte
reaction. Allogeneic CD4+ T cells from B6 mice proliferated following co-culture with both
immature and LPS-matured BALB/c DCs, the latter being the most potent stimulus. In
comparison, co-culture with DexD3-DCs or LPS-treated Dex D3-DCs (DexD3+LPS-DCs)
resulted in reduced T cell proliferation (Figure 1C). Indeed, DexD3+LPS-DCs induced the
same level of proliferation as immature non-drug treated DCs, confirming their attenuated
stimulatory function in vitro. The reduced ability to stimulate T cells was further confirmed
using T cells derived from TCR transgenic mice, TCR75 Rag−/−, specific for Kd and
restricted by H2b (Figure 1D).
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To rule out the possibility that the lower T cell proliferation induced by drug-treated DCs
compared to mature DCs was not due to the reduced viability of DCs, an MTT cell death
assay was performed. As shown in Supplementary Figure 1, over 48 hours of culture,
immature, DexD3-DCs and DexD3+LPS-DCs had an equivalent or improved cell viability
compared to mature-DCs. Taken together these data confirm that the reduced stimulatory
capacity of drug-modified DCs in vitro was not due to loss of cell viability.

CD4+ T cells co-cultured with allogeneic DexD3-DCs in vitro are hypo-responsive to
alloantigen re-challenge and FoxP3+ T cells are expanded

Previously it has been shown by us, and others, that drug-treated DCs induce
hyporesponsiveness in vitro (14, 18, 20, 21, 46, 47). To test whether DexD3-DCs can induce
T cell anergy, immature, LPS-matured, DexD3-DCs and DexD3+LPS-BALB/c DCs were
co-cultured for 6 days with allogeneic CD4+ T cells. These T cells were then purified from
the primary cultures and re-stimulated with untreated BALB/c-DCs. As shown in Figure 2A,
CD4+ T cells isolated from a primary co-culture with allogeneic immature and mature
DexD3-DCs, were hypo-responsive to re-challenge with BALB/c DCs. A similar response
was obtained with T cells co-cultured with immature DCs. In contrast, CD4+ T cells isolated
following co-culture with LPS-matured BALB/c DCs were able to respond to a second
challenge with allogeneic DCs.

To address whether the hypo-responsive state of T cells cultured with DexD3-DCs was
accompanied by an increase in FoxP3+ T cells as compared to T-cells co-cultured with
mature DCs the percentage of FoxP3+ T cells was analysed after 6 days of co-culture. As
shown in Figure 2B immature, DexD3-DCs and DexD3+LPS-DCs were all able to generate
a significantly higher percentage of FoxP3+ T cells compared to mature DCs following co-
culture in vitro. The highest percentage of FoxP3+ T cells was observed when T cells were
co-cultured with DexD3-DCs. To investigate whether the increase in FoxP3+ T cells was
due to an expansion of CD4+CD25+ Tregs or de novo generation of Tregs, CD4+CD25− T
cells were co-cultured with each preparation of DC. As shown in Figure 2C the major
contribution to FoxP3+ T cell generation was due to an expansion of naturally occurring
Tregs and not due to the de novo induction of these cells. Altogether, these data demonstrate
that DexD3-DCs induce T cell unresponsiveness in vitro that is accompanied by the
expansion of FoxP3-expressing putative regulatory T cells.

Pretreatment of recipient mice with tolerogenic allogeneic donor DCs accelerates skin
allograft rejection; this effect is abolished by anti-CD8 antibody treatment

Having demonstrated the “tolerogenic” potential of DexD3-DCs in vitro, the capacity of
these cells to prolong skin allograft survival in vivo was investigated. B6 recipient mice
received 2×106 donor DCs (from B6Kd mice) 6 days prior to the transplant. The i.v. route of
injection was selected because it has been shown to be more effective at delivering DCs to
the spleen than ip inoculation and has previously been used to induce tolerance in vivo (48).
Donor derived DexD3-DCs and DexD3+LPS-DCs were used in these experiments, the latter
condition was used because TLR activation in combination with drug-treatment has been
shown to induce IL-10 production and migratory capacity to draining LNs (9, 49). Control
mice received PBS. In addition, control and DC treated animals were also treated with a
CD8-depleting (anti-CD8) monoclonal antibody (d-1 and d+1 of transplant), to prevent the
direct response to Kd molecules by CD8+ T cells (50). As shown in Figure 3A, skin
allografts from mice that had received DexD3-DCs or DexD3+LPS-DCs were rejected
significantly earlier (MST±SE, 8.2±0.2) than the skin grafts transplanted onto recipient mice
that received PBS only (MST 12.0±1.6). Similar results were obtained following
transplantation of Kbm1 skin allografts onto B6 recipient mice that had received DexD3-
DCs, derived from donor Kbm1 mice (MST+/−SE 11.2+/−0.66 vs 13.3+/−0.48 for PBS)
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(Figure 3B). These results suggest that the injection of drug-treated donor DCs expressing
intact donor MHC molecules primed the recipient immune system to the alloantigens, even
when there are only 3 differences in the MHC molecules expressed between recipient and
donor cells.

Next we addressed whether pulsing DexD3-DCs with an allogeneic peptide derived from the
Kd molecule was enough to prime the immune system to donor alloantigens. As shown in
Figure 3A the time of graft rejection between mice injected with PBS or DexD3-DCs pulsed
with Kd peptide was not statistically different (MST 10.5±0.6) further supporting the idea
that donor DCs expressing intact alloantigens need to be processed and presented by
endogenous APC to enhance graft rejection.

Interestingly, when the mice that received Kd-skins were treated with anti-CD8, to delete
CD8+ T cells, all the skin transplants were rejected within a similar time frame, irrespective
of whether recipient mice were injected with PBS (MST 11.6±0.3), donor derived DexD3-
DCs (MST 12.4±0.8), DexD3+LPS-DCs (MST 11.9±0.6) or DexD3-DCs pulsed with Kd

peptide (MST 12.8±0.9).

To understand the difference in skin graft outcomes between recipient animals injected with
anti-CD8 antibody or left untreated, splenocytes from animals treated with anti-CD8
antibody were analysed two days after antibody treatment. As shown in Figure 3C, not only
CD8+ T cells but also CD8+ DCs were effectively depleted by anti-CD8 antibody treatment.
This result explains, the difference in graft survival time between mice treated with anti-
CD8 antibody and those left untreated, since the relative contribution of the direct pathway
alone in skin graft rejections may be indicated by the difference (non-significant P=0.58)
between the PBS control groups. It has been previously shown that additional therapies,
such as treatment with CTLA4-Ig or anti-CD40 ligand antibody, in conjunction with murine
tolerogenic DCs greatly improved graft survival (27, 51). We have previously shown in a rat
kidney transplant model that treatment with CTLA4-Ig was necessary to induce the
indefinite survival of kidney allografts (34). We hypothesised that CTLA4-Ig inhibited
presentation of alloantigens derived from “tolerogenic” DCs (24). However when we tested
the effect of CTLA4-Ig treatment of recipient mice on skin allograft rejection, at an
equivalent dose applied in the rat model (34), the skin graft survival times did not
significantly change compared to untreated mice, although the effect of anti-CD8 antibody
treatment described earlier was maintained (Supplementary Figure 2). This result suggests
that CTLA4-Ig in this strain combination and at the dose used, was insufficient to prevent
the activation of alloreactive T cells.

Adoptive transfer of tolerogenic allogeneic donor DCs accelerates heart allograft rejection
in both semi and completely mismatched strain combination

The data obtained with mice that received skin transplants were further extended to heart
allograft models. First B6D2F1 hearts were transplanted into B6 mice. As shown in Figure
4A, compared to treatment with PBS alone (PBS 12.6.0±1.4), mice that received 2×106

donor derived DexD3-DCs or DexD3+LPS-DCs (day -6), rapidly rejected the allografts
(MST 6.0 ±0.0 and 4.1±0.4, respectively) with mice receiving DexD3+LPS-DCs rejecting
even earlier than mice injected with DexD3-DCs. This rapid rejection is perhaps a result of
the amplification of the indirect response due to constitutive indirect presentation by donor
APC contained within the heart. However, when donor DC treatment of mice was combined
with anti-CD8 antibody treatment, as previously observed for the skin transplants,
prolongation of allograft survival was observed (MST; anti-CD8 treatment with PBS
15.3±1.0; DexD3-DCs 11.8±1.5, with DexD3+LPS-DCs 12.9±1.6). Differences in graft
survival were now observed between animals treated with PBS alone or PBS in the presence
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of anti-CD8 antibody, suggesting that CD8+ T cells with direct allospecificity may
contribute to heart allograft rejection.

Most of the published work with tolerogenic DCs and their effect on heart transplant
rejection have been performed in completely mismatched strain combination (23, 28, 52).
To test whether by using such a strain combination a delay in graft rejection was observed,
B6 mice were transplanted with heterotopic BALB/c hearts (Figure 4B). As previously
shown in Figure 4A, DexD3-DCs accelerated graft rejection in the absence of anti-CD8
antibody treatment Figure 4A (MST 4 +1.3). This maybe due to indirect presentation, which
is entirely dependent on recipient APCs presenting alloantigens in this combination. No
differences in graft survival were observed between mice that received PBS or DexD3-DCs
when CD8 cells were depleted (MST 11+0.9 and 8+0.75).

Taken together it appears that donor-derived drug-treated DCs despite their tolerogenic in
vitro effects, when used in vivo not only fail to promote tolerance, but can sensitise recipient
mice.

T cells with indirect allospecificty are primed in vivo by injected alloantigen bearing DCs
To directly prove that alloantigens derived from “tolerogenic” DCs can be processed and
presented by endogenous APC and can activate recipient T cells with indirect allospecificity,
the following experiments were performed. B6 mice were injected with PBS or DexD3-DCs
from BALB/c mice. Ten days later CD4+ T cells were isolated from these mice and
challenged in vitro with DCs derived from BALB/c (direct response), B6Kd (indirect
response) or CBA/Ca (third party response) mice for 3, 5 and 7 days (Figure 5A). This time
course allowed the primary (peaking on days 5 and 7) and secondary (peaking on day 3) T
cell responses to be visualised. We observed that CD4+ T cells isolated from mice
previously challenged with DexD3-DCs respond to an in vitro re-challenge to BALB/c-DCs
optimally at day 7, at the same time as mice injected with PBS only, suggesting a primary
direct response to alloantigens presented by BALB/c-DCs. The response to CBA/Ca-DCs
(3rd party alloantigens) was again at day 7 and identical to the response of mice injected
with PBS. However, we did observe a secondary response, that started at day 3 and was
maintained up to day 7, to B6Kd-DCs by T cells isolated from recipients mice injected with
Dex-DCs which was, although low, significantly greater than the PBS treated controls.

To further support the idea that injection of DCs leads to priming of T cells with indirect
alloresponse, antibody production specific for Kd was measured in B6 mice that were
injected with DexD3 B6Kd DCs (the same treatment as in Figure 5A). As shown in Figure
5B antibodies specific for H2d were found at significant level in the sera of three mice that
received B6Kd DCs with the peak of production between 14 and 21 days. Early production
(between day 7 and 14) of IgM was observed in two out of three mice (data not shown).

These observations further confirm the observation that treating mice with donor
“tolerogenic” DCs can prime the T cell response to the alloantigen indirectly presented by
self-restricted MHC.

DCs injected intravenously are rapidly processed and alloantigen presented by recipient
APCs

To visualise the extent and the kinetics of processing and presentation of DCs expressing
alloantigens, CFSE labelled CD4+ T cells isolated from TCR transgenic mice (TCR75
Rag−/− mice, Thy1.1+) were adoptively transferred into B6 (H-2b) recipient mice. Twenty
fours hours later BALB/c (H-2Kd) immature or DexD3+LPS-DCs were injected. Control
mice received either PBS or lysed BALB/c-DCs. Proliferation of Thy1.1+ TCR75 cells was
observed 3 days later in B6 mice given DexD3+LPS-DCs. As shown in Figure 6A,
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proliferation of Thy1.1+ TCR75 cells was also observed in B6 recipient mice that had
received lysed BALB/c-DCs and no proliferation was seen in mice treated with PBS. As the
TCR of the adoptively transferred CD4+ T cells only recognises Kd-antigen when presented
by H-2Ab we can conclude that the injected BALB/c-DCs were ‘processed’ in vivo and the
alloantigen (Kd) presented by the recipients APCs.

To confirm directly that anti-CD8 antibody removed a fraction of the CD8+ DCs and by
doing so decreased the presentation of alloantigens, mice were injected with anti-CD8
antibody the day before receiving allogeneic DC and at the same time as TCR75 injection.
The results presented in Figure 6B in which treatment of the mice with anti-CD8 antibody
led to a decreased proliferation of TCR75 cells further support the contribution of CD8+DCs
in processing and presenting alloantigens released by injected DCs. The partial inhibition of
TCR75 proliferation was further confirmed by treating recipient mice with
Polyinosinic:polycytidylic acid (dsRNA) [poly I:C]. dsRNA not only inhibits the capture
and processing of antigens by DCs but also reduces the CD8α+ DC population (53-56).

To further prove that CD8+ DCs are the major endogenous DC subset involved in the
processing and presentation of the injected donor derived DCs, Baft3−/− mice were used.
These mice lack CD8+ DCs, the subpopulation of DCs with the capacity to cross-present
exogenous antigen (41). Baft3−/− mice were injected with DexD3-DCs prior to
transplantation, as shown in Figure 6C Kd-skin grafts were rejected at the same time as mice
that received PBS only and in a similar manner to B6 mice treated with anti-CD8 antibody
(Figure 3A). This data suggests that in the absence of CD8+ DCs impaired processing/
presentation of donor antigens expressed by injected DCs occurs. This hypothesis was
confirmed by adoptively transferring CFSE labelled TCR75 T cells into Baft3−/− mice
followed by BALB/c-DCs injection. Decreased proliferation of the TCR75 cells was
observed in these animals as compared to wild type controls (from 32% to 1% cell division,
data not shown), further supporting the data presented in Figure 6B.

Lastly, treatment of wild type animals with CTLA4-Ig did not alter the response of TCR75
T cells to ‘processed’ alloantigens (Supplementary Figure 3). This result is in line with the
absence of a tolerogenic effect of CTLA4-Ig observed in the skin allograft experiments
described above (Supplementary Figure 2).

To investigate how long processed alloantigen remained available for indirect
allorecognition in vivo, as well as the longevity of intact drug-treated donor DCs, the
following three experiments were performed. First, DexD3+LPS-BALB/c DCs were
injected into B6 recipient mice and CFSE labelled CD4+ T cells from TCR75 Rag−/− mice
were adoptively transferred 1 or 4 days later. Proliferation was measured 3 days later.
Second, OVA peptide pulsed drug-treated DCs were injected into (B6 x B/c) F1 recipient
mice and CFSE labelled CD4+ T cells from DO11.10 Rag−/− mice were injected 1 and 4
days later. As shown in Figure 7A (left panel) good proliferation of TCR75 cells was
observed when T cells were adoptively transferred 1 day after DCs(proliferation measured at
day 4), but T cell responses were lost when TCR75 cells were adoptively transferred 4 days
following DC challenge (proliferation measured at day 7). Similarly, lack of proliferation
was observed when CD4+ T cells derived from DO11.10 Rag−/− mice were adoptively
transferred 4 days after DC injection into (B6 x B/c) F1 recipient mice, despite a good
response being observed if the T cells were given day 1 after the DCs injection (Figure 7A,
right panel). To further define how long drug-treated DCs survive in vivo, the above
experiment using OVA-pulsed drug treated DCs was repeated. However this time CD4+ T
cells derived from DO11.10 Rag−/− mice were adoptively transferred 1, 2 or 3 days after the
drug-treated DCs (Figure 7B). Although OVA-specific CD4+ T cell proliferation was
evident when T cells were transferred 1 or 2 days after the peptide pulsed DCs this response
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was greatly reduced after 3 days confirming that by day 4 no donor DCs were left in vivo.
No differences between drug-treated and untreated DCs were observed in these experiments,
further demonstrating the similarity in viability of drug-treated and untreated DCs in vivo at
least for 3 days (data not shown). Lastly, to determine how rapidly ‘processed’ alloantigen is
available for presentation by endogenous APC, CD4+ T cells from TCR75 Rag−/− mice were
adoptively transferred 1 day before DC challenge and T cell activation was analysed 14
hours after DC challenge by measuring CD69 up-regulation. We observed that CD69 up-
regulation occurred within 14 hours on Thy1.1+ TCR75 cells in mice receiving
DexD3+LPS-BALB/c DCs suggesting that the allogeneic DCs were rapidly processed after
adoptively transfer (Figure 7C).

Donor-derived DexD3-DCs induce skin transplant survival in recipient mice lacking CD8+

DCs in combination with anti-CD40L antibody therapy
From all the experiments presented in this manuscript, we concluded that drug-treated
allogenic DCs were rapidly processed and presented by recipient APCs, primarily CD8+

DCs. Removal of this DC subset inhibited the rapid priming caused by injection of drug
treated donor cells. Therefore, whether drug treated tolerogenic DCs could prolong
transplant survival in the presence of additional therapies in the absence of CD8+ DCs was
addressed. Baft3−/− and B6 recipient mice were injected with donor derived DexD3-DCs in
combination with 3 doses of anti-CD40L antibody (MR1) treatment (days -7, day -4, and
day 0 at 500 μgs per injection) prior to Kd-skin transplantation. Using this protocol,
prolongation of skin graft survival was observed in Baft3−/− recipients using DexD3-DCs
(MST= 22.1+2.64) as compared to PBS (MST=15.1+0.46) (Figure 8A). However, when
DCs are injected into B6 mice in the presence of MR1 antibody a non-significant
prolongation of skin allograft survival was observed, PBS (MST= 18.0 + 3.8) vs DexD3-
DCs (22.9 + 3.8) (Figure 8B).

Altogether the results presented in this study further support the idea that transplant survival
mediated by donor-derived tolerogenic DCs can only be achieved in the absence of
endogenous DCs with cross-presenting function and when recipient mice are treated with
additional therapies, such as MR1.

Discussion
One strategy to promote T cell regulation in transplantation is via the in vivo induction/
expansion of Tregs with modified DCs. The combination of Dex and D3 has previously
been shown to be synergistic, and we adopted this drug combination as the preferred
approach for exploring the therapeutic potential of tolerogenic DCs (14, 57). Our in vitro
findings are in keeping with other publications that demonstrate that drug modification can
maintain DCs in an immature state, resistant to LPS, CD40L or TNFα induced maturation,
with reduced expression of co-stimulatory molecules and an impaired capacity to produce
IL-12 (12, 20, 57, 58). We also demonstrated that the phenotype of DexD3-DCs was
“tolerogenic” due to their capacity to induce T cell hyporesponsiveness and expansion of
FoxP3+ T cells in vitro (12, 20, 57, 59).

However, the key and most interesting observation made in this study was that despite
demonstrating ‘tolerogenic’ potential in vitro, DexD3-treated DCs did not prolong skin or
heart allograft survival instead they accelerated graft rejection. We have also demonstrated
that although in vivo treatment with anti-CD8 antibodies abolished this early rejection no
‘tolerance’ was established. This was further confirmed using as recipients a strain of mice
that lacks DCs with the capacity to cross-present exogenous antigen (CD8+ DCs).
Furthermore we observed that the injection of allogeneic DCs primed the recipient CD4+ T
cells to alloantigens. Using T cells from TCR transgenic mice as a tool to measure the
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response to alloantigens presented indirectly we demonstrated that the life span of the
injected drug-treated DCs expressing alloantigens is short lived in vivo due to efficient
processing in vivo. The T cell activation by ‘processed’ alloantigens was partially inhibited
by using either anti-CD8 antibody or dsRNA pre-treatment suggesting a role of recipient
DCs in amplifying the immune responses to the allograft. At present we believe that CD8α+

DCs contribute to the amplification of the indirect alloresponse as the aforementioned
treatments lead to a reduction in the number of these cells (Figure 3C) (53, 55). Taken
together, the data presented in our study suggest that negative vaccination using drug treated
donor DCs, confers a major risk of sensitisation due to processing and presentation of
alloantigens by endogenous DCs leading to priming of CD4+ T cells with indirect
allospecificity.

Two papers were recently published in which the effect of murine DCs on allograft survival
was investigated and the results obtained were conflicting. In the first manuscript Divito et
al. presented data whereby donor derived immature DCs injected in vivo, in a completely
mismatched strain combination, induced indefinite survival of heart allografts. These
authors suggest that this is due to anergy induction in alloantigen-specific recipient T cells
following processing and presentation of apoptotic donor DCs by endogenous APC (23). By
contrast, Yamano et al. observed that skin allografts, in mice injected with donor derived
DCs (obtained using similar protocol to the Divito study) were rejected at the same time, if
not slightly earlier, than PBS treated mice (35). More recently, in a rat model of islet
transplantation the treatment of the recipient mice with donor derived Dex-DCs led to
antibody-mediated allograft rejection (40). Both the aforementioned paper, as well as the
observations of Yamano et al, support our data that donor-derived ‘tolerogenic’ DCs can
prime rather than induce tolerance in vivo.

For a long time apoptosis was thought to be tolerogenic whilst necrosis was immunogenic.
However, now it is clear that processing and presentation of antigen from apoptotic cells can
lead to immunogenicity, in particular in the presence of pro-inflammatory signals. Although
early evidence of immune responses to minor histocompatibility (mH) antigens
demonstrated strict MHC restriction in vitro (58, 60) a responder mouse expressing H-2b

and H-2d alleles, primed in vivo with cells homozygous for H-2b and differing in mH
antigens, demonstrated a strong in vitro secondary response against the minor antigens
restricted not only by H-2b but also H-2d (61). Bevan hypothesised and subsequently
demonstrated that this was the result of cross-primed cytotoxic T cells (62). Cross-
presentation and cross-priming of anti-tumour CTL responses occurs by the processing of
apoptotic cells by DCs, resulting in augmented tumour immunogenicity, highlighting the
significance of this immunological pathway (63). Although cross-presentation is generally
regarded as a pathway by which exogenous antigen becomes available to CD8+ T cells it has
also been observed for antigen presentation on MHC class II antigens. In a corneal
transplant model it was observed that recipient APCs transported antigen from the donor
cornea and cross-presented this to host antigen-specific CD4+ T cells leading to activation
and expansion of these cells (64).

In our study the occurrence of cross-presentation of donor alloantigens and therefore cross-
priming to CD4+ T cells with indirect allospecificity is suggested and at least in part
demonstrated by the reduction of TCR75 proliferation when anti-CD8 antibody and dsRNA
were used, and in CD8α− DC animals. Our results are different from the data recently
published by DiVito et al. and similar to the results published by Yamano et al (23, 35).
Others have also published in transplant models, that injected cells that died of apoptosis
prime the recipient immune system and factors such as the inflammatory state of the
recipient may contribute to the balance between activation of the immune response and
tolerance (39, 65). In our study due to the nature of antigen presentation and the observation
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that the processed alloantigen is available to responder T cells within 14 hours and for up to
4 days, there is equal likelihood that an effector response will be generated, particularly in
the context of an inflammatory response induced by the transplant itself (66). As
demonstrated by DiVito et al (23, 67) the processing and presentation of injected DCs may
be the result of NK-mediated killing (67).

The involvement of endogenous DCs in the accelerated graft rejection observed in our study
was supported by the data obtained when recipient mice were treated with anti-CD8
antibody and when the Baft3−/− mice were used. Our data suggest that the CD8+ DC subset
plays the major role in the priming and activation of recipient T cells with indirect
allospecificity that contribute to graft rejection. The observation that treatment with anti-
CD8 antibody causes CD8+DC deletion has major implications for the large number of
publications in which anti-CD8 antibody was used and thought to delete CD8+ T cells only.

Although it is clear that the removal of recipient CD8+ DCs is not enough to induce
transplant tolerance when mice are treated with donor-derived tolerogenic DCs, the
additional therapy with anti-CD40L antibody led to graft survival. In Yamano et al study,
the injection of MR1 (together with CTLA4-Ig and anti-NK1.1 antibody) with immature
DCs into wild type mice is not enough to induce tolerance (35). The difference between the
two studies further support our idea that the increased survival of an allograft is a very
delicate equilibrium in which many factors play an important role. It is clear from our data
that only when endogenous DCs are absent together with interfering with CD40-CD40L
interaction, this combination can induce graft survival. This result differs from the
experiment in which CTLA4-Ig rather than MR1 was used. While this additional therapy
was enough in the rat kidney allograft model (40) no improvement in transplant survival was
seen using our strain combination. One possible explanation for the difference observed is
the amount of CTLA-4 used (equivalent amount used in the rat model but lower than the
amount used in other murine studies). However when a combination of MR1 and CTLA4-Ig
[at the dose normally used in murine models, (27)] was injected during donor-derived DCs-
treatment lack of skin transplant survival was also observed in wild type animals (data not
shown), further confirming the need for recipient DCs removal to achieve graft survival.

An alternative to the use of donor derived-DCs to achieve tolerance in the context of
autoimmunity or transplantation, is the adoptive transfer of recipient DCs rendered
tolerogenic and expressing either auto or alloantigens. This approach has already entered the
clinical arena. There is a safety study currently recruiting utilising autologous dendritic cell
therapy for type 1 diabetes suppression, in this study autologous monocyte-derived dendritic
cells are treated ex-vivo with antisense phosphorothioate-modified oligonucleotides
targeting the primary transcripts of the CD40, CD80 and CD86 co-stimulatory molecules
(immunoregulatory DC; iDC). The hypothesis to be tested in this study is that iDC are safe
and without toxicity in established type 1 diabetic patients. (68). The closest studies in terms
of modification of recipient DCs to those described here, are in locally injected DCs with
DexD3-DCs injected into the knees of patients with rheumatoid arthritis (69), this is one of
the first efficacy trials to see if recipient drug modified DCs can alter the course of disease
locally in a systemic disorder.

Finally, another way to achieve tolerance is by targeting recipient DCs with antigen directly
in vivo; e.g. in a quiescent state (70). Delivering antigen specifically to conventional DCs
via DEC-205 or 33D1 lead to effective presentation by MHC class I and II molecules
respectively that is followed by induction/ expansion of Tregs and/or T cell deletion (71-74).
The usefulness of this concept was shown in mouse models of Type 1 diabetes where
targeting of autoantigens to CD205 could prevent the onset and progression of disease (72,
75). More recently, we have demonstrated for the first time in a skin transplant model that
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delivering alloantigens to cDCs via 33D1 leads to indefinite transplant survival but only in
the presence of anti-CD8 depleting antibody (76).

Altogether the results presented in this study suggest that cellular negative vaccination with
donor-derived DCs is linked to the risk of sensitisation to donor antigens. The results have
major implications in clinical strategies where donor tolerogenic DCs are to be used to
induce tolerance to a graft.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DexD3-DCs are refractory to maturation and are inefficient APCs
BALB/c-DCs were grown in the presence or absence of Dex and D3 (DexD3-DCs) for 7
days. LPS, TNFα or anti-CD40 antibody were added for the last 24 hours of culture. Control
drug treated DCs received no maturation stimuli.
(A) DCs were stained for the expression of MHC class I, class II, CD40, CD80 and CD86
molecules using specific antibodies and analysed by flow cytometry. Isotype controls are
shown as grey histograms. Untreated DexD3 treated DCs are shown as grey dashed lines
whilst DexD3-DCs are shown as solid black lines. The MFI of both untreated (grey) and
treated (black) is shown in the top right hand side of each panel. One representative
experiment of 13 (LPS) and 3 (TNFα and anti-CD40 antibody) is shown.
(B) Immature and DexD3-DCs were co-cultured for 18 hours, alone or with a CD40L-
expressing cell line, supernatants from these co-cultures were used to detect production of
IL-10 and IL-12p40/p70 by ELISA (*p<0.05).
(C) DCs derived from BALB/c, treated or not with DexD3 and LPS [(LPS-matured DCs
(closed circles), immature DCs (open diamonds), DexD3+LPS-DCs (closed triangles) and
DexD3-DCs (closed squares)] were co-cultured with 1×104 CD4+ T cells isolated from B6
mice at different ratios. T cell proliferation was measured after 72 hours following addition
of 3H thymidine for the last 16 hours of culture. Proliferation is expressed as counts per
minute (cpm) ± SD. One representative experiment is shown out of 3 performed.
(D) DCs derived from B6Kd mice, treated or not with DexD3 and LPS [(LPS-matured DCs
(closed circles), immature DCs (open diamonds), DexD3+LPS-DCs (closed triangles) and
DexD3-DCs (closed squares)] were co-cultured with 1×104 CD4+ T cells isolated from
TCR75 Rag−/− mice at different ratios. T cell proliferation was measured after 72 hours

Smyth et al. Page 19

J Immunol. Author manuscript; available in PMC 2013 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



following addition of 3H thymidine for the last 16 hours of culture. Proliferation is
expressed as counts per minute (cpm) ± SD. One representative experiment is shown out of
3 performed.
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Figure 2. CD4+ T cells co-cultured with allogeneic DexD3-DCs are hypo-responsive to
alloantigen re-challenge in vitro and preferentially expand CD4+25+ T cells
(A) CD4+ T cells (2 × 105) from CBA mice were co-cultured with BALB/c derived DCs
treated or not with DexD3 in the presence or absence of LPS [(LPS-matured DCs (closed
circles), immature DCs (open diamonds), DexD3+LPS-DCs (closed triangles) and DexD3-
DCs (closed squares)]. On day 6 of culture the CD4+ T cells were purified and re-stimulated
with immature BALB/c DCs at different ratios. T cell proliferation was measured after 72
hours by addition of 3H thymidine for the last 16 hours. Proliferation is expressed as counts
per minute (cpm) +/− SD. One representative experiment is shown out of 5 performed.
(B) BALB/c DCs treated with or without DexD3 in the presence or absence of LPS were co-
cultured with total CD4+ T cells (1×106), derived from B6 mice, at a ratio of 1:10 in the
presence of rIL-2 (200U/ml). On day 5, T cells were harvested and analysed for expression
of CD4, CD25 and FoxP3 by flow cytometry. Data plotted is the mean percentage of
FoxP3+ T cells detected after co-culture with DCs in 4 independent experiments. ***
denotes p<0.001.
(C) CFSE labelled total CD4+ T cells, or CD4+ T cells depleted of CD25+ cells
(CD4+CD25−) derived from B6 mice, were cultured with BALB/c DCs preparations as
described in (B). On day 5, T cells were stained for expression of CD25 and FoxP3, and also
analysed for CFSE dilution by flow cytometry. Data shown is representative of 3
independent experiments and shows the expansion (CD4+ T cells, top panels) and induction
(CD4+CD25− T cells, bottom panels) of Foxp3+ Tregs after 5 days of co-culture with DCs.

Smyth et al. Page 21

J Immunol. Author manuscript; available in PMC 2013 November 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 3. DexD3-DCs pre-treatment enhances skin allograft rejection
(A) B6 mice were given 2×106 B6Kd DCs treated or not with DexD3 in the presence or
absence of LPS, or Kd-pulsed B6 DCs [DexD3-DCs Kd pulsed), via i.v. injection. Control
mice received PBS. Seven days later these mice received a B6Kd skin transplant. In
addition, some mice were treated with 250μgs of YTS169, an anti-CD8 depleting antibody,
one day before and one day after the transplant (filled symbols). Mice were monitored daily
and rejection was deemed to have occurred when no viable skin remained. The mean
survival time (MST) + SEM is shown (*p<0.05 **p<0.01** p<0.001) and the number of
animals per condition (n=). Data shown is representative of 2 independent experiments.
(B) B6 mice were given 2×106 DCs Kbm1 treated with DexD3 via i.v. injection. Control
mice received PBS. Seven days later these mice received a Kbm1 skin transplant. Mice were
monitored daily and rejection was deemed to have occurred when no viable skin remained.
The mean survival time (MST) + SEM is shown and the number of animals per condition
(n=5).
(C) Mice treated with two doses of 250μgs of anti-CD8 antibody are depleted of both CD8+

T cells and also CD8+ DC subsets. Data shows analysis of total splenocytes, using flow
cytometry after CD8 and CD11c staining, 2 days after the last anti-CD8 treatment and is
representative of 2 independent experiments.
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Figure 4. DexD3-DCs pre-treatment enhances heart allograft rejection
(A) B6 mice were given 2×106 B6D2F1 DCs treated with DexD3 in the presence or absence
of LPS or PBS via i.v. injection, followed by a B6D2F1 heart transplant 7 days later. Some
mice received 250μg anti-CD8 antibody one day before and after the transplant. Results
plotted show the mean survival time of allografts ±SEM, and are pooled data from 2
independent experiments. (B) B6 mice were injected with DexD3-BALB/c DCs or PBS
before receiving a heart BALB/c transplant 7 days later. Some mice received 250μg anti-
CD8 antibody one day before and after the transplant. Results plotted show the mean
survival time of allografts ±SEM and n= number of mice.
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Figure 5. Demonstration of in vivo priming of T cell responses with indirect allospecificity
induced by DexD3-DC
(A) B6 mice received DexD3-BALB/c DCs or PBS (2×106). Ten days later, 2×104 CD4+ T
cells isolated from recipient mice were stimulated with 1× 104 DCs from BALB/c, B6Kd or
CBA/Ca mice. Proliferation was measured on days 3, 5 and 7 of culture by addition of 3H
thymidine for the last 16 hours. Proliferation is expressed as counts per minute (cpm) ± SD
(* and + denote p < 0.05 c.f PBS and mature DCs respectively). One representative
experiment is shown out of 3 performed. (B) B6 mice were injected with B6Kd DCs (2×106)
treated with DexD3 and sera collected after 7, 14, 21 and 30 days. Antibody production was
evaluated by flow cytometric analysis using BALB/c splenocytes as target cells (black line)
and B6 splenocytes as control ones (shaded histograms). The MFI of Ab response to BALB/
c splenocytes (black) is shown in the top right hand side of each panel. Experiment
represents one of two experiments.
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Figure 6. Allogeneic “tolerogenic” DCs injected in vivo provide alloantigens for T cells with
indirect allospecificity
(A) B6 mice received 2×106 CFSE labelled CD4+ T cells isolated from TCR75 Rag−/− mice.
24 hours later these mice received 2×106 of immature, DexD3+LPS-BALB/c DCs, lysed
BALB/c DCs or PBS. 3 days later CD4+ T cells were isolated from spleen and LNs and
stained with anti-Thy1.1 antibody to identify the adoptively transferred T cells. Cells were
analysed by flow cytometry. Data represents the expression of Thy1.1 and CFSE on CD4+ T
cells. One representative experiment is shown out of 4 performed.
(B) The same protocol as above with the additional treatment of B6 mice either with 500μgs
of anti-CD8 antibody or 100ngs of dsRNA the day prior to DC injection.
(C) Baft3−/− mice were given 2×106 B6Kd DCs treated with DexD3 via i.v. injection.
Control mice received PBS. Seven days later mice were transplanted with skins derived
from B6Kd mice. Mice were monitored daily and rejection was deemed to have occurred
when no viable skin remained. The mean survival time (MST) + SEM is shown and the
number of animals per condition (n). Data shown is representative of 2 independent
experiments.
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Figure 7. Tolerogenic donor DCs have a short life in vivo and are processed by recipient APC
(A) Recipient B6 and (B6xB/c) F1 mice were injected with DexD3+LPS-BALB/c DCs
(2×106) pulsed with 5μg/ml of OVA peptide. Control mice received PBS only. CD4+ T cell
isolated from TCR75 Rag−/− or D011.10 Rag−/− mice were CFSE labelled and adoptively
transferred (1.5×106) on day 1 or day 4 following DC challenge into B6 or F1 mice,
respectively. T cell proliferation was measured 3 days after T cells injection by flow
cytometry. Histograms represent proliferation of CD4+ T cells identified using Thy1.1
(TCR75 Rag−/−) or KJ126 (D011.10 Rag−/−) specific antibodies (left and right panels
respectively). One representative experiment is shown out of 3 performed.
(B) Recipient F1 mice were injected with DexD3+LPS-BALB/c DCs (2×106) pulsed with
2μgs/ml of OVA peptide. Controls received just PBS. CD4+ T cell isolated from D011.10
Rag−/− mice were CFSE labelled and adoptively transferred (4×106) on day 1, 2 and 3
following DC challenge. T cell proliferation was measured 3 days later by flow cytometry.
Histograms represent proliferation of CD4+ T cells identified using KJ126 specific
antibodies. One representative experiment is shown out of 2 performed.
(C) B6 mice received 2×106 CD4+ T cells isolated from TCR75 Rag−/− mice. 24 hours later
these mice received 2×106 DexD3+LPS-DCs. Controls received PBS only. 14 hours later
CD4+ T cells were isolated from spleen and LNs and stained with Thy1.1, to identify the
adoptively transferred T cells, and CD69. Cells were analysed by flow cytometry. Data
represents the expression of Thy1.1 and CD69 on CD4+ T cells. One representative
experiment out of 3 performed.
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Figure 8. Tolerogenic donor DCs induce skin transplant survival when recipient mice that lack
CD8+ DCs are treated with anti-CD40L antibody therapy
Baft3−/− (A) and B6 (B) mice received 2×106 B6Kd DCs treated with DexD3. Control mice
received PBS. Seven days later mice received a B6Kd skin transplant. In addition, some
mice were treated with 500μgs of MR1 4 and 7 days prior to, and on the day of
transplantation (filled symbols). Mice were monitored daily and rejection was deemed to
have occurred when no viable skin remained. The mean survival time (MST) + SEM is
shown (*p<0.05 **p<0.01** p<0.001) and the number of animals per condition (n). Data
shown represents 3 and 2 independent experiments, respectively.
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