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Aim: To date, there is no human dendritic cell (DC) based therapy to prevent allograft 
rejection in transplanted patients. Here, we evaluate a potential protocol using a 
murine in vivo transplant model. Materials & methods: We generated murine bone 
marrow-derived DCs (BM-DCs), modulated with rapamycin (Rapa) and activated with 
monophosphoryl lipid A (Rapamycin-treated and monophosphoryl lipid A-matured 
DCs [Rapa-mDCs]). DCs phenotype was evaluated by flow cytometry, cytokine 
production by ELISA and their T-cell stimulatory ability was tested in co-cultures 
with CD4+ T cells. Using an in vivo skin graft model, we evaluated DCs tolerogenicity. 
Results: In vitro, Rapa-mDCs exhibit a semi-mature phenotype given by intermediate 
levels of co-stimulatory molecules and cytokines, and inhibit CD4+ T-cell proliferation. 
In  vivo, skin-grafted mice treated with Rapa-mDCs show high allograft survival, 
accumulation of Foxp3+Tregs and cytokine pattern modification. Conclusion: Rapa-
mDCs re-educate the inflammatory microenvironment, promoting skin-allograft 
survival.
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The development of cellular therapy to 
control autoimmune diseases and pre-
vent allograft rejection is still the quest of 
many immunologists, being the manipu-
lation of dendritic cells (DCs) one of the 
main strategies. DCs are professional APC 
with the capacity to: trigger an inflamma-
tory response, a task performed by mature 
DCs which are characterized by the elevated 
expression of MHC and co-stimulatory 
molecules, in addition to high secretion of 
proinflammatory cytokines such as IL-6, 
IL-12, TNF, among others [1–3]; and miti-
gate self-directed immune responses as a 
protective mechanism [4]. In other words, 
DCs are also the main players in induc-
ing and maintaining tolerance. In this 
case, tolerogenic DCs are characterized by 
the low expression of MHC and co-stim-
ulatory molecules, reduced production of 
proinflammatory cytokines, but elevated 
amounts of anti-inflammatory ones, such as 
IL-10 and TGFβ [5–7].

With respect to clinical applications of 
mature DCs, several efforts involving DC 
vaccines have been applied for cancer ther-
apy, and some of them are currently in clini-
cal trials [8,9]. On the other hand, only one 
study, done in autoimmune diabetes, has been 
reported regarding therapies using tolerogenic 
DCs [10]; therefore, the need for protocols 
applicable to other conditions and the knowl-
edge of how these DCs would behave in vivo 
is indispensable. Thus, many approaches have 
been developed to endow DCs with tolero-
genic properties, including treatment with 
anti-inflammatory cytokines, the modulation 
of DCs biology by genetic engineering or the 
use of immunosuppressive compounds [11–19]. 
For instance, the conditioning of murine DCs 
using rapamycin, a macrolide widely used in 
transplantation, induce them to display: resis-
tance to phenotypic maturation induced by 
proinflammatory stimuli; the ability to prop-
agate Tregs able to produce IL-10; and the 
capability to migrate to the lymph nodes [20].
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Very recently, our laboratory developed a protocol 
to generate modulated human DCs that display tolero-
genic properties, since these DCs produce low levels 
of proinflammatory cytokines such as IL-12, IL-6 and 
TNF, suppress CD4+ T-cell proliferation and IFN-γ 
production and, importantly, maintain the expression 
of migratory molecules that confer trafficking proper-
ties to lymphoid tissues in vivo [21]. Because DC-based 
cellular therapy is proposed to be used in patholo-
gies with inflammatory environments, such as auto
immune diseases or allograft rejection, the utilization 
of an activating stimulus such as monophosphoryl lipid 
A (MPLA), a nontoxic analog of lipopolysaccharide, is 
relevant to confer stability to tolerogenic DCs.

In this study, we demonstrate that rapamycin-
conditioned DCs and activated with MPLA (Rapamy-
cin-treated and monophosphoryl lipid A-matured DCs 
[Rapa-mDCs]) show a tolerogenic profile in which low 
expression of co-stimulatory molecules such as CD40 and 
CD86, but high levels of the migration molecule CCR7 
are displayed. Rapa-mDCs produce markedly dimin-
ished levels of both IL-6 and IL-12 with no differences 
in IL-10 secretion among all groups. In addition, Rapa-
mDCs exhibited reduced capabilities to stimulate effec-
tor CD4+ T-cell proliferation in vitro. Finally, in in vivo 
transplantation experiments, Rapa-mDCs-treated RAG-
/- mice show high survival of skin allografts, mainly by 
accumulating Foxp3+ T cells in the graft draining lymph 
nodes (dLN) and diminishing IFN-γ and IL-17 secre-
tion, together with an up-regulation on IL-10 produc-
tion in the spleen, possibly indicating a re-education via 
suppressive DCs to allow the induction and/or prolif-
eration, or both, of Tregs. Our results demonstrate that 
Rapa-mDCs show essential features, allowing them to be 
used as therapeutic agents for inflammatory responses, 
autoimmunity and the prevention of graft rejection.

Materials & methods
Media & reagents
RPMI-1640 (Gibco BRL, CA, USA) supplemented 
with 10 mM HEPES, 100 IU/ml penicillin/strepto-
mycin, 10% heat-inactivated fetal bovine serum (FBS, 
Gibco BRL, CA, USA) and 2000 U/ml rmGM-CSF 
(eBiosciences, CA, USA) is referred to as lympho-
cyte media. Iscove’s Modified Dulbecco’s Medium 
(IMDM; Gibco BRL) supplemented with 100 IU/ml 
penicillin/streptomycin, 10% heat-inactivated fetal 
bovine serum (FBS), 50 μM 2β-mercaptoethanol and 
2000 U/ml rmGM-CSF was used as complete medium 
and is referred to as DC media.

Mice
Six to 8 week old wild-type C57BL/6, C57BL/6 
Foxp3-GFP reporter mice, C57BL/6 × BALB/c F1 and 

RAG-/- were used in this study. C57BL/6 Foxp3-GFP 
reporter mice were a generous gift from Dr Rodrigo 
Mora. Mice were maintained in accordance with the 
Bioethical Committee guidelines from the Facultad de 
Medicina, Universidad de Chile.

Generation, purification & stimulation of bone 
marrow derived DC
Bone marrow (BM) was prepared from femurs and tib-
ias of C57BL/6 or F1 mice, and red blood cells were 
eliminated using Tris-buffered ammonium chloride 
(ACT) lysis buffer. On day 0, BM cells were seeded at 
3 × 106 per well in 6-well culture plates (Corning Plas-
tic, Amsterdam, The Netherlands) in a total of 3 ml 
of DC media. On days 3 and 5, half of the culture 
supernatant was collected, centrifuged and the cells 
pellet were resuspended in fresh DC media and added 
back to the wells. On day 7, the cells were washed 
thoroughly and CD11c+ DCs were purified to more 
than 90% of purity using anti-CD11c immunomag-
netic beads (STEMCELL Technologies, Canada). The 
CD11c+ cells were used in four different conditions: 
control-DCs (Ctrl-DCs), rapamycin-DCs (Rapa-
DCs), MPLA-DCs (mDCs) and rapamycin-MPLA-
DCs (Rapa-mDCs). Rapamycin was added at 10 ng/
ml (Sigma-Aldrich, MO, USA) for 48 h and the current 
Good Manufacturing Practices grade MPLA (Avanti 
Polar Lipids, Inc., AL, USA) was used at 1 μg/ml to 
activate DCs for the last 24 h.

Proliferation assay in vitro
This assay mimics, although not identical, a mixed 
leukocyte reaction, which is known for cultivating 
cells from allo-mismatched donors. Bone marrow-
derived DCs (BM-DCs) from C57Bl/6 × Balb/c F1 
mice were generated and differentially modulated as 
explained above. Splenic CD4+ T cells were isolated 
from C57Bl/6 mouse using magnetic beads (STEM-
CELL Technologies) and labeled with carboxyfluo-
rescein succinimidyl ester (CFSE; 5 μM; Molecular 
Probes, NY, USA). Co-cultures between DCs (ratio 
2:1 [DC:T], 1  ×  105 and 5  ×  104, respectively) or 
T cells alone (5 × 104 cells, parental peak control) were 
performed in U-bottom 96-well plates, with no addi-
tional stimulation, and maintained for 72 h at 37°C 
and 5% CO

2
. After this time, cells were harvested and 

stained with anti-CD11c and anti-CD4 antibodies 
(BioLegend, CA, USA) to analyze CFSE dilution (on 
CD4+ T cells) by flow cytometry.

Flow cytometry analysis
The following antibodies were used for cell surface mol-
ecule expression analysis: CD11c APC, CD40 FITC, 
CD86 PerCP, MHC-II PE, MHC-I FITC, PD-L1 
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PE/Cy7, CCR7 PE, CD4 APC, CD25 FITC, FoxP3 
PE, all from BioLegend. Cells were re-suspended in 
PBS + 10% FBS and incubated with antibodies (1:400) 
for 15 min, then washed twice with  phosphate buf-
fer saline (PBS)  +  5% FBS and fixed with IC Fixa-
tion Buffer (eBioscience, CA, USA). Foxp3 intracel-
lular staining was performed following the provider’s 
instructions (eBioscience). Data were collected on a 
FACSCalibur (Beckton Dickinson, CA, USA), and 
analyzed using the Flowjo software (version 10.0.5).

ELISA test
BM-DCs were harvested on day 7, washed and seeded 
in 96-well U-bottom plates (BD Biosciences, CA, 
USA) at a concentration of 1 × 105 cells/100 μl/well in 
DC media under different conditions: Ctr-DCs, Rapa-
DCs, mDCs and Rapa-mDCs, for 2 days. Superna-
tants were collected and stored at -80°C and later ana-
lyzed for cytokine quantification by ELISA (sandwich) 
test using anti-IL-6, anti-IL-10, anti-IL-12 and anti-
IL-4 antibodies (eBioscience).

Skin transplantation
Full thickness tail skin was collected from C57BL/6 
× BALB/c F1 mice. Skin grafts (1 × 1 cm in size) 
were transplanted onto the dorsal area of age-matched 
RAG-/- mice as described before [22]. Skin graft sur-
vival was monitored two-times per week and rejection 
was defined as complete necrosis and loss of the skin 
grafts. At day 25 post transplantation, spleen and dLN 
were removed and cell suspensions prepared to first 
analyze cellular phenotype (by flow cytometry), and 
secondly to culture them at 1 × 106 cells/ml in lym-
phocyte media for 3 days under polyclonal re-stimula-
tion with anti-CD3 (5 μg/ml, clone 2c11, BioLegend). 
Secreted IFN-γ, IL-17 and IL-10 levels were measured 
via ELISA (all antibodies from eBiosciences).

Statistical analysis
All data are presented as the mean ± SD. One-way 
ANOVA for repeated measures and Tukey post-tests 
analyses were done using Prism 5.01 GraphPad Soft-
ware (CA, USA). A value of p < 0.05 was considered to 
be statistically significant.

Results
Rapamycin imprints a semi-activated 
phenotype on mDCs
Recently, our laboratory reported that human mono-
cytes can be differentiated into tolerogenic DCs in the 
presence of GM-CSF, IL-4 and the corticosteroid dexa-
methasone (Dex-DCs), and that activation with MPLA 
generates Dex-DCs with a semi-activated phenotype 
(MHC-IIhigh, CD40low, CD80low, CD83low, CD86low), 

able to produce reduced levels of proinflammatory 
cytokines and inhibit CD4+ T-cell proliferation [23]. 
In this study, we generated murine BM-DCs, which 
were incubated with rapamycin and activated with 
MPLA (Rapa-mDCs) for the last 48 h of culture, and 
their phenotype was studied evaluating the expression 
of canonical surface markers. The control conditions 
corresponded to untreated DCs, DCs modulated with 
rapamycin alone (Rapa-DCs) and DCs activated with 
MPLA alone (mDCs). In all conditions ≥60% of DCs 
express MHC-I and MHC-II, but only for MHC-I we 
observed an inhibitory effect, at frequency (%) and not 
mean fluorescence intensity, due to rapamycin treat-
ment (Supplementary Figure  1; see online at: www.
futuremedicine.com/doi/suppl/10.2217/imt.14.116). 
In the case of MHC-II, we did not obtain significant dif-
ferences between conditions (Supplementary Figure 1). 
Regarding co-stimulatory molecules, upon MPLA 
activation, mDCs upregulate CD40 (∼70% in mDCs 
vs ∼15% in Ctrl-DCs) and CD86 (∼40% in mDCs vs 
∼15% in Ctrl-DCs), but the pretreatment with rapamy-
cin prevents this maturation resulting in a semi-mature 
phenotype (∼40% for CD40 and ∼20% for CD86). 
Interestingly, the modulation of DCs with rapamycin 
slightly induces the expression of the migratory mol-
ecule CCR7 (∼5% of CD11c+ cells), effect that is not 
altered after MPLA stimulation (Figure 1).

Regarding cytokine production, mDCs produce 
high levels of the proinflammatory cytokines IL-6 
(∼40  ng/ml vs ≤5  ng/ml in Ctrl-DCs) and IL-12 
(∼50 ng/ml vs ≤5 ng/ml in Ctrl-DCs), but the treat-
ment with rapamycin downregulates their production 
in both Rapa-DCs (similar amounts as Ctrl-DCs) and 
Rapa-mDCs (∼15 ng/ml and 30 ng/ml for IL-6 and 
IL-12, respectively; Figure  2), implying that MPLA 
activation does not revert completely the rapamycin 
tolerogenic effect. For the case of the anti-inflamma-
tory cytokine IL-10, we did not observe any differences 
in its production regardless the conditioning and/or 
activation treatment (Supplementary Figure  2). IL-4 
was not detectable in any condition.

Taken together, our data suggest that rapamycin 
induces a semi-mature phenotype on MPLA-activated 
DCs based on the intermediate expression levels of 
CD40 and CD86 and secretion of IL-6 and IL-12.

Rapamycin-modulated DCs suppress CD4+ T-cell 
proliferation in vitro
Since Rapa-mDCs display a semi-mature phenotype, 
we wanted to address the potential effect of these cells 
on CD4+ T-cell proliferation in vitro. For this purpose, 
we performed proliferation assays in vitro, in which all 
different DCs populations were first generated from 
C57Bl/6 × Balb/c F1 mice and differentially activated 
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Figure 1. Rapamycin-treated and monophosphoryl lipid A-matured DCs display a semi-mature phenotype. Bone marrow-derived 
dendritic cells (DCs) were generated from 6–8 weeks old C57Bl/6 mice. Bone marrow progenitors were cultured for 7 days in the 
presence of granulocyte-macrophage-colony stimulating factor. At day 7, the cells were harvested and CD11c+ DCs were magnetically 
isolated using anti-CD11c beads, and 106 DCs were seeded in 24-well plates, and treated with rapamycin (10 ng/ml) and/or activated 
with MPLA (1 μg/ml). After the mentioned treatment, cells were recovered to study their phenotype by flow cytometry. Bars 
correspond to the standard deviation, and the statistical significance was assessed by analysis of variance. 
*p < 0.05; **p < 0.01; ***p < 0.001; n = 8 independent experiments. 
Ctrl-DC: Control dendritic cell; mDC: Mature dendritic cell; Rapa-DC: Rapamycin dendritic cell; Rapa-mDC: Rapamycin-treated and 
monophosphoryl lipid A-matured dendritic cell.
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to further be co-cultivated with splenic CFSE-labeled 
CD4+ T cells isolated from C57BL/6 mice, mimicking 
a mixed leukocyte reaction assay, Figure 3. As expected, 
our results show that mDCs induce the highest prolif-
eration rate, followed by Ctrl-DCs (∼80% and ∼65% 
of CD4+ T cells, respectively). On the other hand, Rapa 
reduces the capacity of DCs to promote CD4+ T-cell 
proliferation, on both Rapa-DCs and Rapa-mDCs 
(∼%40), suggesting that the modulatory effect of Rapa 
can be maintained or fixed regarding the activating 
effect of MPLA on DCs.

Rapamycin-modulated mDCs prevent skin 
allograft rejection, promote the accumulation 
of Foxp3+ T cells, & modulate the production of 
CD4+ T cell-derived IFN-γ, IL-17 & IL-10
To evaluate the potential suppressive function of the 
Rapa-mDCs in vivo, we tested their effectiveness in a 
murine skin transplant model in which RAG-/- recipi-

ent mice received C57Bl/6 × Balb/c F1 skin grafts 
after the transfer of CD4+ T cells. In Figure 4A, it is 
depicted a scheme of the in vivo experiment, with the 
corresponding timing for CD4+ T cell transfer, surgery 
and Eα-pulsed DCs treatment injection (Eα peptide 
corresponds to the positions 52 to 68 from the α-chain 
of I-E class II molecules and is expressed in all APCs 
from H-2b/I-E+ strains (in the present work, in APCs 
from C57Bl/6 × Balb/c or F1 mice). As observed in 
Figure 4B, the administration of Rapa-mDCs prevents 
allograft rejection (∼90% survival), in comparison 
with the groups treated with mDCs (all rejected), and 
Rapa-DCs (∼50% survival).

In order to analyze skin graft dLNs, we stopped the 
experiment at day 25, removed dLNs and spleen and 
studied cells phenotype and cytokine production. As 
shown in Figure 5, we did not observe differences in the 
frequencies of CD4+Foxp3+ T cells from mice treated 
with the different DCs groups (Figure  5A, top graph) 
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Figure 2. Rapamycin-treated mature dendritic cells secrete low amounts of the proinflammatory cytokines IL-12 
and IL-6. Bone marrow-derived dendritic cells were generated, rapamycin-treated and activated as described 
earlier. After 24 h postactivation, the supernatants were collected and tested for IL-6 (A) and IL-12 (B) using ELISA. 
Bars correspond to the standard deviation, and the statistical significance was assessed by analysis of variance.  
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n = 5 independent experiments. 
Ctrl-DC: Control dendritic cell; mDC: Mature dendritic cell; Rapa-DC: Rapamycin dendritic cell; Rapa-
mDC: Rapamycin-treated monophosphoryl lipid A-matured dendritic cell.
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but when CD4+Foxp3+ T cell absolute number was 
evaluated, we found that mice treated with Rapa-mDCs 
have slightly more CD4+Foxp3+ T cells in the skin 
graft dLNs (∼40,000 cells vs ∼30,000 cells in mDCs-
treated group, and ≤1000 cells in Rapa-DCs-treated 
group (Figure 5A, bottom graph). On the other side, 
when we polyclonally re-stimulated spleen cells from all 
groups and measure cytokine production, we detected 
comparable levels of IFN-γ, IL-17 and IL-10 (Figure 5B, 
top, middle and bottom graphs, respectively). Interest-
ingly, and according with the CD4+Foxp3+ T cell data, 
splenic cells from Rapa-mDCs treated mice produced 
less IFN-γ and IL-17 than mDCs-treated group (∼7000 
pg/ml vs ∼11,000 pg/ml for IFN-γ and 1000 pg/ml 
vs ∼4000 pg/ml for IL-17), but similar to Rapa-DCs. 
Interestingly, Rapa-mDCs-treated mice produce slightly 
more IL-10 than Rapa-DCs (∼600 pg/ml vs 100 pg/
ml), Figure 5B, bottom graph, but with no statistical sig-
nificance. Regarding this, our data suggest that Rapa-
mDCs promotes either the differentiation or expansion, 
or both, of CD4+Foxp3+ T cells, reducing the produc-
tion of inflammatory cytokines such as IFN-γ and IL-17, 
and maintaining comparable levels of IL-10 with effec-
tor CD4+ T cells- or mDCs-treated mice. Focusing on 
the impact of Rapa-mDCs treatment and considering 
the same or reduced production of proinflammatory 
cytokines (vs CD4+ T cells alone or mDCs) and same or 
augmented levels of IL-10 (vs CD4+ T cells and mDCs, 
compared with Rapa-DCs), our data suggest the impor-
tance of the balance on the inflammatory milieu plus 
the potential interaction of the administrated DCs with 
dLNs-resident or -infiltrating cells, which may influ-
ence the proliferation, viability and/or migration of the 
present cells. All these variables, as a whole, have a net 
impact on the immune response against the allograft.

Discussion
Recently, our group demonstrated that human 
monocyte-derived DCs treated with dexametha-
sone maintained their tolerogenic properties after an 
inflammatory stimulus such as MPLA, the nontoxic 
lipopolysaccharide derivative developed to activate 
human cells (under current Good Manufacturing 
Practices conditions) for clinical purposes [21]. In the 
mentioned study, these alternatively-activated DCs 
show intermediate levels of MHC-II, CD40, CD83, 
CD80/86 and PD-L1, low production of proinflam-
matory cytokines such as IL-12, TNF and IL-23, 
upregulation of anti-inflammatory cytokines like 
IL-10 and TGFβ, in addition to a low T-cell allo-
stimulatory capacity and reduced stimulation of IFN-γ 
expression by CD4+ T cells. Importantly, the alterna-
tively-activated DCs keep their migratory properties 
to inflamed environments; altogether the data suggest 
that the protocol described to generate human DCs 
could be suitable for therapeutic purposes. Regardless 
of these findings, we still do not know the mechanisms 
by which DCs modulated with an immunosuppressive 
drug, and subsequently activated with MPLA, could 
induce tolerance in an in vivo setting.

In the present report, we described that murine BM-
DCs modulated with rapamycin and activated with 
MPLA express intermediate levels of CD40, CD86 and 
MHC-I, similar to our previously published work on 
human DCs [21]. The expression levels of MHC-II, at 
the frequency and mean fluorescence intensity levels, 
were not affected (Supplementary Figure  1). In addi-
tion, our Rapa-mDCs produce intermediate amounts 
of IL-6 and IL-12, with no significant differences in 
the amount of IL-10 secreted (Supplementary Figure 2). 
The modulation of DCs phenotype by rapamycin has 
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Figure 3. Rapamycin-treated dendritic cells suppress effector CD4+ T-cell proliferation in vitro. Bone marrow-derived DCs were 
generated from Balb/c × C57Bl/6 F1 mice, rapamycin-treated and activated as described earlier. Total CD4+ T cells were isolated from 
the spleen of C57Bl/6 mice, stained with carboxyfluorescein succinimidyl ester and added to the wells with DCs (ratio 2:1 [DC:T], 1 × 
105 and 5 × 104, respectively) or left alone (5 × 104 cells, parental peak control). Co-cultures were maintained for 3 days. CD4+ T-cell 
proliferation was assayed by gating on live leukocytes (FSC/SSC) and on CD4+ T cells. CFSE dilution on CD4+ T cells was analyzed by 
flow cytometry. Bars correspond to the standard deviation, and the statistical significance was assessed by analysis of variance. 
**p < 0.01; ****p < 0.0001; n = 1 experiment performed in triplicate. 
Ctrl-DC: Control dendritic cell; CFSE: Carboxyfluorescein succinimidyl ester; DC: Dendritic cell; mDC: Mature dendritic cell; Rapa-
DC: Rapamycin dendritic cell; ns: Nonsignificant; Rapa-mDC: Rapamycin-treated and monophosphoryl lipid A-matured dendritic cell.
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been extensively studied, indicating that this drug 
inhibits DCs differentiation and induces cell apoptosis 
when added during the full length of the DCs genera-
tion protocol [23,24]. Alternatively, if rapamycin is used 
to treat differentiated DCs, it targets DCs phenotype 
by inducing the expression of CD80, CD86 and CCR7 
[24], promoting IL-12 and inhibiting IL-10 production 
[24–27], all these changes depending on the subset of 

DCs studied. Therefore, our data are partially in agree-
ment with what has been published, and more studies 
are needed to conclude the direct effect of rapamycin 
on murine DCs.

In vivo data indicate that rapamycin affects the biol-
ogy of CD4+ T cells as well, including regulatory and 
effector functions. For example, it is now known that 
rapamycin promotes tolerance not by inducing Tregs 

104

104

103

103

102

102

101

101

100

104

103

102

101

100

100

104103102101100

104

103

102

101

100

104103102101100

104

103

102

101

100

104103102101100

104

103

102

101

100

104103102101100

Rapa-mDCmDCRapa-DC

61%

Ctrl-DC

No DC

1%

C
D

4

CFSE

0 20 40 60 80 100

% Proliferating CD4+ T cell

No DC

Ctrl-DC

Rapa-DC

mDC

Rapa-mDC

ns

****

**

31% 36%75%

****

Author P
ro

of 



www.futuremedicine.com 107

Figure 4. Rapamycin-treated mature dendritic cells promote allograft survival. (A) Bone marrow-derived DCs were 
generated, rapamycin treated and activated as described earlier. A total of 24 h postactivation (corresponding 
to day -3 of the experiment), mDCs, Rapa-DCs and Rapa-mDCs were incubated with Eα peptide, recovered and 
injected into RAG-/- recipient mice. At day -1 these mice received total CD4+ T cells (as eff) from C57Bl/6 mice, and 
at day 0 mice were transplanted with allogeneic (C57Bl/6 × Balb/c, F1) skin grafts (Tx). DCs treatment was repeated 
on day +3 and +10, as shown in the scheme. (B) Skin graft survival was monitored two-times per week up to day 
25 postsurgery. Pooled data of two independent experiments, with four to eight mice per group, are shown. 
DC: Dendritic cell; Eff: Effectors; mDC: Mature dendritic cell; Rapa-DC: Rapamycin dendritic cell; Rapa-mDC: 
Rapamycin-treated and monophosphoryl lipid A-matured dendritic cell; Tx: Transplant.

future science group

Rapamycin-modulated dendritic cells in allograft survival    Research Article

de  novo, but by promoting the apoptosis of CD4+ 
T  effector cells, resulting in an enrichment of Tregs 
populations [28–30]. We can presume that these in vivo 
observations are partially mediated by the direct 
effect of rapamycin on DCs, since our in  vitro pro-
liferation assays data indicate that Rapa-mDCs block 
CD4+ T-cell proliferation (Figure  3). Furthermore, 
the results obtained from our skin graft transplanta-
tion model support previous studies [31,32], supporting 
that rapamycin could mediate allograft acceptance by 
enriching functional Tregs in skin graft-dLNs and by 
skewing CD4+ T-cell responses, modulating pro- and 
anti-inflammatory cytokines secretion.

It is interesting to point out that the accumulation 
of Tregs only occurred in skin graft dLNs compared 
with the spleen, supporting the idea that the residence 
of Tregs in close proximity to the skin graft mediates 
acceptance [33]. Supporting this notion, we are able to 
find Rapa-mDCs at much higher frequencies that the 
other groups, in the skin graft-dLNs after 15 days post 
last DCs treatment (Supplementary Figure 3).

Furthermore, and since we did not directly deter-
mine if the accumulation of Tregs observed in the skin 
graft-dLNs correspond to natural or induced Tregs, 
one could suggest that Tr1 cells could be generated 
because we did not detect differences in the produc-
tion of BM-DCs-derived IL-10 (regardless the treat-
ments, Supplementary Figure  2), but an upregulation 
in the secretion of IL-10 was found after stimulation 
of skin graft-dLNs cells from mice treated with Rapa-
mDCs. On the other hand, the moderate production 
of IFN-γ and IL-17 found after stimulation of skin 
graft dLNs cells, compared with the control treatment 
with mDCs, suggests an impaired CD4+ T-cell stimu-
lation to drive inflammatory Th1 and Th17 lympho-
cyte subset differentiation. Taking in consideration 
the enhanced production of IL-10 by graft dLNs cells 
in Rapa-mDCs-treated mice, together with the other 
results generated, we can suggest that Rapa-mDCs are 
able to modulate the immunological balance inducing a 
tolerogenic response by re-educating T-cell populations 
in an inflammatory environment.
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Figure 5. Rapamycin-treated mature dendritic cells allow the accumulation of Tregs and modulate CD4+ T cell-derived cytokine 
pattern. (A) Dendritic cells were generated, and mice treated, as described above. At day 25 postsurgery, draining lymph nodes and 
spleens were removed and cell suspensions prepared to analyze T-cell phenotype and cytokine secretion. Graphs show pooled data 
depicting the frequencies (top) and cell number (bottom) of Tregs (CD4+CD25+Foxp3+ T cells) in each experimental group, where NT 
group corresponds to RAG-/- mice grafted with F1 skin, with no transfer of CD4+ T cells or dendritic cells. (B) To quantify cytokine 
production, cell suspensions from spleens were plated and polyclonally activated in vitro for 72 h, to further collect the supernatants 
and measure cytokine release by ELISA. Bars correspond to the standard deviation, and the statistical significance was assessed by 
analysis of variance. 
*p < 0.05; n = 2 independent experiments, with four to eight mice per group. 
mDC: Mature dendritic cell; ND: Not detected; ns: Nonsignificant; Rapa-DC: Rapamycin dendritic cell; Rapa-mDC: Rapamycin and 
activated with monophosphoryl lipid A dendritic cell.

future science group

Research Article    Campos-Acuña, Pérez, Narváez et al.

To our knowledge, this is the first report in which 
MPLA, a reagent to stimulate human cells, is used in 
murine DCs with the purpose to evaluate its effect 
in vivo. Taken together, this report contributes to unveil 
the possible mechanisms by which DCs treated with 
rapamycin and activated with MPLA could modulate 
the immune response during inflammation-driven 
process.

Conclusion
Similar to the protocol to produce human DCs, we 
are able to mimic the generation of tolerogenic murine 

DCs after the modulation with rapamycin and acti-
vation with MPLA. Our results show that the use of 
Rapa-mDCs as a potential cellular therapy is able to 
induce transplant acceptance, mainly by maintaining 
Tregs and promoting an anti-inflammatory environ-
ment, as demonstrated in an in vivo skin graft murine 
model.

Future perspective
The field of clinical transplantology has had enormous 
advances in the last decades. However, there are still 
some problems regarding tissue availability and graft 
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rejection that need to be addressed in order to fulfill 
patient’s expectation and correct treatment. The results 
of this work show a promissory therapy that could be 
applied complementing current procedures for the 
treatment of organ rejection if it proves to be safe and 
efficient in clinical trials. However, more studies are 
necessary to completely elucidate the mechanism of 
Rapa-mDCs during an inflammatory reaction in both 
mice and human patients.
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Executive summary

•	 Dendritic cells (DCs) treated with rapamycin acquire a low level of co-stimulatory molecules expression and 
proinflammatory cytokines production. Upon maturation with monophosphoryl lipid A, they upregulate these 
features, resulting with an intermediate maturation/activation phenotype.

•	 Rapamycin increases the expression of CCR7, suggesting the ability to migrate to lymph nodes.
•	 Rapa-mDCs inhibits the proliferation of CD4+ T cells.
•	 Administration of Rapa-mDCs promotes skin allograft acceptance in vivo, and the accumulation of CD4+Foxp3+ 

T cells in the skin graft draining lymph nodes.
•	 Polyclonal restimulation of spleen cells show that cells from Rapa-mDCs-treated mice produce less 

proinflammatory cytokines, such as IFN-γ and IL-17, and more of the anti-inflammatory cytokine IL-10.

References
Papers of special note have been highlighted as:
• of interest; •• of considerable interest

1	 Ueno H, Klechevsky E, Morita R et al. Dendritic cell subsets in 
health and disease. Immunol. Rev. 219, 118–142 (2007).

2	 Heufler C, Koch F, Stanzl U et al. Interleukin-12 is produced 
by dendritic cells and mediates T helper 1 development as 
well as interferon-gamma production by T helper 1 cells. Eur. 
J. Immunol. 26, 659–668 (1996).

3	 Kalinski P, Hilkens CM, Wierenga EA, Kapsenberg ML. T-cell 
priming by type-1 and type-2 polarized dendritic cells: the 
concept of a third signal. Immunol. Today 20, 561–567 (1999).

4	 Steinman RM, Nussenzweig MC. Avoiding horror autotoxicus: 
the importance of dendritic cells in peripheral T cell tolerance. 
Proc. Natl Acad. Sci. USA 99, 351–358 (2002).

5	 de Jong EC, Vieira PL, Kalinski P, Kapsenberg ML. 
Corticosteroids inhibit the production of inflammatory 
mediators in immature monocyte-derived DC and induce the 
development of tolerogenic DC3. J. Leukoc. Biol. 66, 201–204 
(1999).

6	 Lan YY, Wang Z, Raimondi G et al. “Alternatively activated” 
dendritic cells preferentially secrete IL-10, expand Foxp3+CD4+ 

T cells, and induce long-term organ allograft survival in 
combination with CTLA4-Ig. J. Immunol. 177, 5868–5877 
(2006).

•	 Shows that alternative activation is important to generate 
stable and functional tolerogenic dendritic cells.

7	 Sato K, Yamashita N, Baba M, Matsuyama T. Regulatory 
dendritic cells protect mice from murine acute graft-versus-
host disease and leukemia relapse. Immunity 18, 367–379 
(2003).

•	 An interesting study of a cellular therapy using dendritic 
cells in a graft versus host disease model.

8	 Rosenberg SA, Yang JC, Restifo NP. Cancer 
immunotherapy: moving beyond current vaccines. Nat. 
Med. 10, 909–915 (2004).

9	 Radford KJ, Tullett KM, Lahoud MH. Dendritic cells and 
cancer immunotherapy. Curr. Opin. Immunol. 27, 26–32 
(2014).

10	 Giannoukakis N, Phillips B, Finegold D, Harnaha J, 
Trucco M. Phase I (safety) study of autologous tolerogenic 
dendritic cells in type 1 diabetic patients. Diabetes Care 34, 
2026–2032 (2011).

Author P
ro

of 



110 Immunotherapy (2015) 7(2) future science group

Research Article    Campos-Acuña, Pérez, Narváez et al.

•	 First Phase I clinical trial of a dendritic cell based cellular 
therapy to treat autoimmunity in humans.

11	 Stoop JN, Harry RA, von Delwig A et al. Therapeutic effect 
of tolerogenic dendritic cells in established collagen-induced 
arthritis is associated with a reduction in Th17 responses. 
Arthritis Rheum. 62, 3656–3665 (2010).

12	 Matasic R, Dietz AB, Vuk-Pavlovic S. Dexamethasone 
inhibits dendritic cell maturation by redirecting 
differentiation of a subset of cells. J. Leukoc. Biol. 66, 
909–914 (1999).

13	 Giannoukakis N, Bonham CA, Qian S et al. Prolongation 
of cardiac allograft survival using dendritic cells treated 
with NF-κB decoy oligodeoxyribonucleotides. Mol. Ther. 1, 
430–437 (2000).

••	 Tolerogenic dendritic cells proved to be effective in the 
treatment of allograft rejection in an in vivo murine model.

14	 Penna G, Adorini L. 1 Alpha,25-dihydroxyvitamin D3 
inhibits differentiation, maturation, activation, and survival 
of dendritic cells leading to impaired alloreactive T cell 
activation. J. Immunol. 164, 2405–2411 (2000).

15	 Martin E, Capini C, Duggan E et al. Antigen-specific 
suppression of established arthritis in mice by dendritic cells 
deficient in NF-kappaB. Arthritis Rheum. 56, 2255–2266 
(2007).

16	 Anderson AE, Sayers BL, Haniffa MA et al. Differential 
regulation of naive and memory CD4+ T cells by 
alternatively activated dendritic cells. J. Leukoc. Biol. 84, 
124–133 (2008).

17	 Lu L, Gambotto A, Lee WC et al. Adenoviral delivery of 
CTLA4Ig into myeloid dendritic cells promotes their in vitro 
tolerogenicity and survival in allogeneic recipients. Gene 
Ther. 6, 554–563 (1999).

18	 Kim SH, Kim S, Evans CH et al. Effective treatment of 
established murine collagen-induced arthritis by systemic 
administration of dendritic cells genetically modified to 
express IL-4. J. Immunol. 166, 3499–3505 (2001).

19	 Coates PT, Krishnan R, Kireta S, Johnston J, Russ GR. 
Human myeloid dendritic cells transduced with an 
adenoviral interleukin-10 gene construct inhibit human skin 
graft rejection in humanized NOD-scid chimeric mice. Gene 
Ther. 8, 1224–1233 (2001).

20	 Macedo C, Turquist H, Metes D, Thomson AW. 
Immunoregulatory properties of rapamycin-conditioned 
monocyte-derived dendritic cells and their role in 
transplantation. Transplant Res. 1, 16 (2012).

••	 Interesting review regarding rapamycin-treated dendritic 
cells and their role as a cellular therapy in transplantation.

21	 Garcia-Gonzalez P, Morales R, Hoyos L et al. A short 
protocol using dexamethasone and monophosphoryl lipid 
A generates tolerogenic dendritic cells that display a potent 
migratory capacity to lymphoid chemokines. J. Transl. 
Med. 11, 128 (2013).

22	 Quezada SA, Bennett K, Blazar BR et al. Analysis of the 
underlying cellular mechanisms of anti-CD154-induced 

graft tolerance: the interplay of clonal anergy and immune 
regulation. J. Immunol. 175, 771–779 (2005).

23	 Hackstein H, Taner T, Zahorchak AF et al. Rapamycin 
inhibits IL-4 – induced dendritic cell maturation in vitro and 
dendritic cell mobilization and function in vivo. Blood 101, 
4457–4463 (2003).

24	 Wang GY, Chen GH, Li H et al. Rapamycin-treated mature 
dendritic cells have a unique cytokine secretion profile 
and impaired allostimulatory capacity. Transpl. Int. 22, 
1005–1016 (2009).

25	 Macedo C, Turnquist HR, Castillo-Rama M et al. 
Rapamycin augments human DC IL-12p70 and IL-27 
secretion to promote allogeneic Type 1 polarization 
modulated by NK cells. Am. J. Transplant. 13, 2322–2333 
(2013).

•	 Data on the effects of rapamycin on dendritic cells.

26	 Weichhart T, Costantino G, Poglitsch M et al. The 
TSC-mTOR signaling pathway regulates the innate 
inflammatory response. Immunity 29, 565–577 (2008).

27	 Ohtani M, Nagai S, Kondo S et al. Mammalian target of 
rapamycin and glycogen synthase kinase 3 differentially 
regulate lipopolysaccharide-induced interleukin-12 
production in dendritic cells. Blood 112, 635–643 (2008).

28	 Turnquist HR, Raimondi G, Zahorchak AF et al. 
Rapamycin-conditioned dendritic cells are poor stimulators 
of allogeneic CD4+ T cells, but enrich for antigen-specific 
Foxp3+ T regulatory cells and promote organ transplant 
tolerance. J. Immunol. 178, 7018–7031 (2007).

••	 Rapamycin-treated dendritic cells enrich for FoxP3+ T cells 
by promoting the apoptosis of proinflammatory T-cell 
subtypes.

29	 Stenger EO, Rosborough BR, Mathews LR et al. IL-12hi 
rapamycin-conditioned dendritic cells mediate IFN-gamma-
dependent apoptosis of alloreactive CD4+ T cells in vitro and 
reduce lethal graft-versus-host disease. Biol. Blood Marrow 
Transplant. 20, 192–201 (2014).

30	 Fischer RT, Turnquist HR, Wang Z, Beer-Stolz D, Thomson 
AW. Rapamycin-conditioned, alloantigen-pulsed myeloid 
dendritic cells present donor MHC class I/peptide via the 
semi-direct pathway and inhibit survival of antigen-specific 
CD8(+) T cells in vitro and in vivo. Transpl. Immunol. 25, 
20–26 (2011).

31	 Horibe EK, Sacks J, Unadkat J et al. Rapamycin-
conditioned, alloantigen-pulsed dendritic cells promote 
indefinite survival of vascularized skin allografts in 
association with T regulatory cell expansion. Transpl. 
Immunol. 18, 307–318 (2008).

32	 Pothoven KL, Kheradmand T, Yang Q et al. Rapamycin-
conditioned donor dendritic cells differentiate 
CD4CD25Foxp3 T cells in vitro with TGF-beta1 for islet 
transplantation. Am. J. Transplant. 10, 1774–1784 (2010).

33	 Zhang N, Schroppel B, Lal G et al. Regulatory T cells 
sequentially migrate from inflamed tissues to draining lymph 
nodes to suppress the alloimmune response. Immunity 30, 
458–469 (2009).

Author P
ro

of 


