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Cytokines and metabolic pathway–controlling enzymes regulate immune responses and
have potential as powerful tools to mediate immune tolerance. Blockade of the interaction
between CD40 and CD40L induces long-term cardiac allograft survival in rats through a
CD8+CD45RClo Treg potentiation. Here, we have shown that the cytokine IL-34, the
immunoregulatory properties of which have not been previously studied in transplantation or
T cell biology, is expressed by rodent CD8+CD45RClo Tregs and human
FOXP3+CD45RCloCD8+ and CD4+ Tregs. IL-34 was involved in the suppressive function
of both CD8+ and CD4+ Tregs and markedly inhibited alloreactive immune responses.
Additionally, in a rat cardiac allograft model, IL-34 potently induced transplant tolerance that
was associated with a total inhibition of alloantibody production. Treatment of rats with IL-34
promoted allograft tolerance that was mediated by induction of CD8+ and CD4+ Tregs.
Moreover, these Tregs were capable of serial tolerance induction through modulation of
macrophages that migrate early to the graft. Finally, we demonstrated that human
macrophages cultured in the presence of IL-34 greatly expanded CD8+ and CD4+ FOXP3+

Tregs, with a superior suppressive potential of antidonor immune responses compared with
non–IL-34–expanded Tregs. In conclusion, we reveal that IL-34 serves as a suppressive
Treg–specific cytokine and as a tolerogenic cytokine that efficiently inhibits alloreactive
immune responses and mediates transplant tolerance.
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Introduction
Organ transplantation has undergone substantial improvements 
in both the prevention and treatment of acute rejection, but sub-
clinical episodes and chronic graft dysfunction still heavily impact 
medium- and long-term graft survival (1). Emerging therapeutic 
strategies, among them induction of tolerance to donor antigens, 
are moving to the clinical stage after years of experimental model 
work (2, 3). Among natural mechanisms and tolerance-inductive 
strategies, the use of different types of regulatory cells are among 
the most promising ones (4). The uses of CD8+ Tregs have been 
highlighted in recent years by our group and others in the trans-
plantation field, but also in other pathological situations (5–8). 
Cytokines, enzymes controlling metabolic pathways, and cell 
surface molecules capable of inducing tolerance have also been 
described as new mediators of immune tolerance.

IL-34 was identified in 2008 (9). Studies showed that IL-34 
shares homology with M-CSF and that they act through a com-
mon receptor, CD115, also called CSF-1R (9), expressed on the cell 
surface of monocytes, and in the brain through a newly described 
receptor, receptor-type protein-tyrosine phosphatase ζ (PTP-ζ) 

(10). However, studies have demonstrated that IL-34 and M-CSF 
display distinct biological activity and signal activation (11), in part 
due to their differing spatial and temporal expression (12). Up to 
now, IL-34 function has been mainly linked with the survival and 
function of monocytes and macrophages (osteoclasts, microglia), 
as well as with DCs (12). IL-34 protein expression in resting cells 
has been observed in keratinocytes, hair follicles, neurons, prox-
imal renal tubule cells, and seminiferous tubule germ cells (12) 
and also in heart, brain, lung, liver, kidney, spleen, thymus, testi-
cles, ovaries, prostate, colon, small intestine, spleen red pulp, and 
osteoclasts (9). Upon inflammation, other cells, such as fibroblasts 
and articular synovial cells, upregulate IL-34 expression (13, 14). 
So far, expression of IL-34 by other lymphoid cells, and particu-
larly by T cells, has not been described or demonstrated. Simi-
larly, IL-34 has not been linked to the effects of DCs or T cells on 
immune function (12). Finally, there is no description to date of a 
role for IL-34 in transplant tolerance.

CD45RC has been shown in rats, mice, and humans to be a 
marker of both CD4+ and CD8+ Tregs (15–20). In a rat cardiac 
allograft model, we have previously shown that blockade of 
CD40-CD40L interaction by CD40Ig treatment induces long-
term allograft survival through the generation of CD8+CD45RClo 
Tregs (termed CD8+CD40Ig Tregs). This is in contrast to natural 
CD8+CD45RClo Tregs, which do not inhibit cardiac allograft rejec-
tion (18). We have shown that these CD8+CD40Ig Tregs impose 
allogeneic tolerance partially through production of IFN-γ and 
fibrinogen-like protein 2 (FGL2) (18, 21, 22) and recognition of a 
dominant MHC II–derived donor peptide presented by recipient 
MHC I (23). A potential role for FGL2 as an immune tolerogenic 
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and spleen suggests its early involvement in the inhibition of acute 
graft rejection and the possible establishment of allograft tolerance.

IL-34 expressed by CD8+CD40Ig Tregs, but not M-CSF, is involved 
in suppression of alloreactive CD4+ T cell proliferation. We have pre-
viously demonstrated that CD8+CD40Ig Tregs suppress the anti-
donor proliferation of CD4+ effector T cells in response to alloge-
neic plasmacytoid DCs (pDCs) ex vivo (21). In addition, we have 
demonstrated the involvement of IFN-γ and FGL2 in this process; 
however, some suppression remains after blockade of the IFN-γ 
and FGL2 inhibitory effect (18, 21, 22). To address whether IL-34 
is involved in CD8+CD40Ig Treg suppression, we tested a neutral-
izing anti–IL-34 Ab in the suppressive mixed lymphocyte reaction 
(MLR) assay (Figure 1C and Supplemental Figure 2A). The addi-
tion of increasing concentrations of neutralizing anti–IL-34 Ab 
resulted in a dose-dependent increase in CD4+CD25– T cell prolif-
eration, reversing the CD8+CD40Ig Treg–mediated inhibition by 
up to 59% compared with isotype control Abs used at the highest 
concentration. Given that IL-34 has homologies with M-CSF, that 
we observed a significant expression of M-CSF by CD8+CD40Ig 
Tregs compared with natural CD8+CD45RClo Tregs (Supplemen-
tal Figure 3A), and that IL-34 and M-CSF use the same receptor 
in the macrophage lineage cells and DCs (24, 25), we investigated 
the possibility that M-CSF could play a role in the suppression of 
effector CD4+CD25– T cell proliferation. First, we tested the sup-
pressive potential of M-CSF in the MLR assay described above. 
Interestingly, we observed that M-CSF efficiently suppressed, 
in a dose-dependent manner, up to 93.5% of CD4+CD25– T cell 
proliferation (Supplemental Figure 3B), suggesting that M-CSF–
mediated suppression, like that for IL-34, acts through pDCs 
expressing the CD115 receptor (26, 27). However, the addition of 
a blocking anti–M-CSF Ab or of an isotype control Ab in coculture 
suppressive assays in the presence of CD8+ Tregs did not restore 
CD4+CD25– T cell proliferation, demonstrating that M-CSF is not 
involved in CD8+CD40Ig Treg–mediated suppression (Figure 1D).

We next tested the involvement of CD115, until now the only 
receptor for IL-34 described outside the CNS (24, 25), which is only 
expressed by monocytes and macrophages, conventional DCs 
(cDCs), and pDCs, and not by CD4+ T cells (26, 27). We used an 
anti-CD115–blocking Ab that has been previously shown to inhibit 
M-CSF action in both rats and mice (28). We demonstrated that 
blocking CD115 significantly, although not completely, abrogated, 
in a dose-dependent manner, CD8+ Treg–mediated suppression of 
CD4+ T cell proliferation in the presence of pDCs, in contrast to 
isotype control Ab (Figure 1E).

In conclusion, we have demonstrated the involvement of 
IL-34–CD115 interaction, but not M-CSF–CD115 interaction, in 
the suppressive effect of CD8+CD40Ig Tregs on effector CD4+ 
T cell proliferation.

IL-34 is expressed by human FOXP3+ T cells and possesses a strong 
suppressive potential. Since IL-34 has never been demonstrated to 
be expressed by Tregs, to inhibit antidonor immune responses 
in humans, or to be involved in Treg-mediated suppression, we 
sought to assess the potential and applicability of our findings in 
humans. It has been suggested that human CD45RClo T cells are 
associated with Tregs, while CD45RChi T cells are associated with 
naive and effector T cells (20, 29). We first analyzed IL-34 protein 
expression on CD8+ and CD4+ CD45RClo cells versus CD45RChi  

mechanism was first suspected when pan-genomic transcriptomic 
comparison of CD8+CD40Ig Tregs versus CD8+CD45RClo Tregs 
from naive animals showed increased Fgl2 mRNA expression 
(ArrayExpress database accession number E-MTAB-3535) (21). 
Results from the same transcriptomic analysis revealed that the 
cytokine IL-34 is overexpressed in CD8+CD40Ig Tregs from long-
term recipients compared with that seen in CD8+CD45RClo Tregs 
from naive animals.

In this study, we investigate the expression and functional role 
of IL-34 produced by CD45RClo Tregs in rats and humans, eval-
uate the immunoregulatory potential of IL-34 ex vivo in humans 
and in vivo in an organ transplant model in rats, and elucidate the 
mechanisms involved. We provide here the first demonstration to 
our knowledge that IL-34 has immunosuppressive properties. We 
found that IL-34 was expressed in tolerated cardiac allografts and 
by CD8+CD40Ig Tregs. We also show the involvement of IL-34 
in CD8+ Treg–suppressive function ex vivo and demonstrate that 
IL-34 has a significant suppressive function in allogeneic immune 
responses both ex vivo and in vivo and induces transplant toler-
ance. We believe we have unraveled the mechanism of this tol-
erance induction and demonstrate that IL-34–modified macro-
phages that migrate early to the graft induce highly suppressive 
and dominant Tregs. Significantly, we demonstrate the specific 
expression of IL-34 by natural human CD45RCloFOXP3+ CD4+ and 
CD8+ Tregs, not effector T cells, as well as the potential of IL-34 
to suppress alloreactive responses and its involvement in CD4+ 

CD25hiCD127lo and CD8+CD45RClo Treg–mediated suppression, 
providing the first evidence to our knowledge of a role for IL-34 in 
immune tolerance in humans. Finally, we provide proof of concept 
that human IL-34–differentiated macrophages expand and poten-
tiate human FOXP3+ Tregs. Altogether, we have identified IL-34 as 
a tolerogenic cytokine that efficiently inhibits antidonor immune 
responses, thus providing a new mediator of transplant tolerance.

Results
IL-34 expressed by splenic CD8+CD40Ig Tregs and tolerated allo graft. 
RNA microarray analysis of CD8+CD40Ig Tregs versus naive 
CD8+CD45RClo Tregs from spleen showed that Il34 is among the 
most upregulated genes by CD8+CD40Ig Tregs, with a 4.05-fold 
change. This upregulation was confirmed by qPCR, with a greater 
than 11-fold increase in expression of Il34 mRNA in splenic CD8+ 

CD40Ig Tregs from long-term surviving recipients compared with 
that in natural CD8+CD45RClo Tregs (P < 0.05, Figure 1A).

Analysis of mRNA from whole organs showed that Il34 mRNA 
was expressed constitutively in spleen and heart of naive animals, 
as observed by Lin et al. (ref. 24, Figure 1B, and Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI81227DS1) and was significantly decreased during 
acute allograft rejection on day 5 in the grafts of nontreated recip-
ients (NT D5, Figure 1B). In correlation with our previous obser-
vations that CD8+CD40Ig Tregs accumulate in the graft during 
the first week (21), Il34 mRNA expression levels were significantly 
greater on day 5 in AdCD40Ig-treated grafts compared with levels 
in naive and nontreated recipients (Figure 1B) and had returned to 
normal by day 120 after transplantation.

Altogether, these results demonstrate that IL-34 is expressed by 
CD8+CD40Ig Tregs. Moreover, the early expression of IL-34 in graft 
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CD8+CD45RCloFOXP3–, CD4+CD45RChi, or CD8+CD45RChi T 
cell subsets (Figure 2B), indicating that IL-34 is a Treg-specific 
cytokine. More precisely, we observed that approximately half of 
the FOXP3+ Tregs (CD4+ or CD8+) expressed IL-34 (Figure 2C).

Since we suspected a suppressive potential of IL-34 in 
humans, we added different doses of soluble human IL-34 to an 
MLR, whereby CD4+CD25– CFSE–labeled effector T cells were 
cultured in the presence of T cell–depleted allogeneic peripheral 
blood mononuclear cells (PBMCs) as antigen-presenting cells 
(APCs) (Figure 2D and Supplemental Figure 2B). We observed 

T cells by multicolor flow cytometry (Figure 2A). Interestingly, we 
observed that both human CD4+CD45RClo and CD8+CD45RClo T 
cells expressed significant amounts of IL-34 protein in contrast to 
CD45RChi T cells. Moreover, we observed that CD8+CD45RClo T 
cells expressed significantly more IL-34 than did CD4+CD45RClo 
T cells. To further discriminate IL-34 expression by Tregs inside 
the CD45RClo cells, we analyzed IL-34 expression within FOXP3+ 
Tregs (Figure 2, B and C and Supplemental Figure 4). We observed 
that IL-34 expression was specific to CD4+CD45RCloFOXP3+ and 
CD8+CD45RCloFOXP3+ Tregs, but not in CD4+CD45RCloFOXP3–, 

Figure 1. IL-34 and CD115, but not M-CSF, are involved in CD8+CD45RClo Treg–mediated suppression. (A). FACSAria-sorted CD8+CD45RClo Tregs from 
spleen of naive or 120-day-old AdCD40Ig-treated recipients (n = 6) were analyzed for Il34 mRNA expression by qPCR. Mann-Whitney U test, **P < 0.01. 
(B) Il34 mRNA expression levels in cardiac grafts from AdCD40Ig-treated recipients on days 5 (n = 3) and 120 (n = 7) after transplantation were com-
pared with those in grafts from nontreated (NT) recipients on days 5 (n = 8), 7 (n = 8) and 120 (n = 6) and with levels in native hearts from naive animals 
(n = 7). Mann-Whitney U test, *P < 0.05, **P < 0.01, ***P < 0.001. (C–E) The relative proportion of CFSE-labeled LEW.1A dividing CD4+CD25– T cells 
stimulated with donor LEW.1W pDCs was analyzed after 6 days of culture in the presence of LEW.1A CD8+CD40Ig Tregs at a 1:1 effector/suppressor ratio. 
Proliferation after the addition of anti–IL-34–blocking Ab (C), anti–M-CSF–blocking Ab (D), or anti-CD115–blocking Ab (E) was evaluated and compared 
with that of the appropriate isotypic control (n = 4 experiments performed in triplicate). The proportion of dividing CD4+CD25– T cells in the control 
proliferation condition with pDCs only representing approximately 80% of the cells on day 5 was given a value of 100 in each experiment. Results are 
expressed as the mean ± SEM of the relative proportion of dividing CD4+CD25– T cells. A representative raw CFSE profile is shown in C (right panel). 
Kruskal-Wallis and Dunn’s post tests, *P < 0.05 (C–E).
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mediated suppression for both CD4+ and CD8+ Tregs compared 
with isotype control Ab, demonstrating the key role of IL-34 in the 
suppressive activity of Tregs.

Altogether, these data prove the relevance of our findings 
and provide proof of concept that IL-34 is a Treg-specific protein 
and a potential therapeutic target for manipulating the antidonor 
immune response.

Generation of an adeno-associated viral vector for sustained 
expression of IL-34. We sought to demonstrate the in vivo suppres-
sive activity of IL-34 and further understand IL-34 mechanisms. 

significant, dose-dependent inhibition of effector T cell prolifer-
ation in the presence of IL-34, thus confirming the suppressive 
potential of IL-34 on antidonor immune responses. Finally, to 
demonstrate the involvement of IL-34 in CD4+CD25hiCD127lo and 
CD8+CD45RClo Treg–mediated suppressive activity of antidonor 
immune responses, we added either anti-human IL-34–blocking 
Ab or a control isotype Ab to an MLR, in which CFSE-labeled 
CD4+CD25– effector T cell proliferation in the presence of allo-
geneic T cell–depleted PBMCs was inhibited by Tregs (Figure 
2E). We observed that blocking IL-34 significantly reverted Treg-

Figure 2. IL-34 is a human FOXP3+ Treg–specific cytokine involved in the suppressive activity of antidonor immune responses. The percentage of 
IL-34+ cells in healthy individuals was evaluated in CD4+ or CD8+ CD45RClo or CD45RChi T cells (A) or in FOXP3+ versus FOXP3– CD45RClo CD8+ or CD4+ T 
cells (B and C). (A) The mean ± SEM of 27 healthy individuals is represented. Mann-Whitney U test, *P < 0.05, ***P < 0.001. Representative histogram 
and plot of healthy individuals (B) showing the mean of expression ± SEM of 10 healthy individuals (C). (D) Soluble IL-34 was tested for suppression of 
CD4+CD25– T cell proliferation in response to allogeneic T cell–depleted PBMCs and analyzed by flow cytometry for CFSE dilution after 5 days of culture  
(n = 2–5 experiments performed in duplicate). Results are expressed as the mean ± SEM of the relative proportion of dividing CD4+CD25– T cells. Repre-
sentative histogram of 1 experiment: Proliferation of CFSE-labeled CD4+CD25– T cells cocultured with T cell–depleted PBMCs with increased concentra-
tions of IL-34. Two-way ANOVA with Bonferroni’s post test versus M-CSF, ***P < 0.001. (E) The relative proportion of CFSE-labeled dividing CD4+CD25– T 
cells stimulated with allogeneic T cell–depleted PBMCs was analyzed after 5 days of culture, in the presence of CD8+CD45RClo or CD4+CD25hiCD127– Tregs 
at 1:1 effector/suppressor ratios. The proliferation after addition of anti–IL-34–blocking Ab was evaluated and compared with isotypic control (n = 5–6 
experiments performed in triplicate). The proportion of dividing CD4+CD25– T cells in the control proliferation condition with allogeneic T cell–depleted 
PBMCs only represented approximately 60% of the cells on day 5 and was given a value of 100 in each experiment. Results are expressed as the mean ± 
SEM of the relative proportion of dividing CD4+CD25– T cells. A representative raw CFSE profile is shown in the right panel. Wilcoxon test (versus prolifer-
ation without Tregs = 100), **P < 0.01.
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on day 15 after injection. We observed 
an increase in IL-34 protein in the sera 
of AAV–IL-34–treated rats compared 
with that in AAV-GFP–treated rats on 
day 15 (Figure 3B), demonstrating the 
efficient expression of IL-34 in vivo, 
in accordance with the expression 
of genes vectorized by AAVs that we 
have previously analyzed (30).

We then tested the suppressive 
potential of AAV–IL-34–transduced 
HEK293 T cell culture supernatants 
(Figure 3C) and sera from AAV–IL-34–
treated rats (Figure 3D), both of which 
contain high amounts of IL-34 protein 
(Figure 3B and data not shown). We 
observed that both supernatants from 
AAV–IL-34–transduced cells and sera 
from AAV–IL-34–treated rats signifi-
cantly inhibited, in a dose-dependent 
manner, the proliferative response 
of CD4+ effector T cells stimulated 
by allogeneic pDCs, whereas super-
natants from AAV-GFP–transduced 
cells and sera from AAV-GFP–treated 
rats did not (Figure 3, C and D and 
data not shown).

Altogether, these results demon-
strate the functionality of the vector 
and the suppressive ex vivo efficacy 
of IL-34 in inhibiting rat effector T 
cell proliferation, as we have shown 
in humans (Figure 2D).

Therapeutic effect of IL-34 on allog-
raft tolerance induction. To further 
determine the suppressive potential 
of IL-34 in vivo as a therapeutic strat-
egy, we treated recipients with either 
AAV–IL-34 (1 × 1012 vg/rat) or a con-

trol noncoding AAV, delivered i.v. 1 month before transplantation 
to obtain optimal transgene expression through the kinetics of 
AAV vector expression (22, 31). Such treatment with IL-34 alone 
resulted in a significant prolongation of allograft survival (mean 
survival time 32.6 ± 7.8 days) compared with controls injected with 
noncoding AAV (10.4 ± 1.4 days) or untreated recipients (7.8 ± 0.6 
days) (Figure 4A). To improve allograft survival, recipients were 
then treated with a suboptimal dose of rapamycin (0.4 mg/kg/day 
for 10 days) in addition to the AAV vector. Ten days of rapamycin 
treatment alone did not significantly extend allograft survival (Fig-
ure 4A). In contrast, we observed an indefinite allograft survival in 
64% of the recipients given the combined therapy of AAV–IL-34 
and rapamycin (n = 13, Figure 4A). Analysis of grafts from long-
surviving recipients for signs of chronic rejection revealed a com-
plete absence of vascular lesions, i.e., normal vessel structure and 
absence of leukocyte infiltration into the myocardium in all recip-
ients analyzed (Figure 4B). In addition, analysis of the antidonor 
Ab presence in the sera from long-surviving recipients revealed a 

Since recombinant IL-34 rat cytokine is not commercially avail-
able and difficult to produce for in vivo experiments, we generated 
a recombinant adeno-associated viral (AAV) vector encoding rat 
IL-34, as we have done for other molecules in primates (30) and 
rats (22, 31). In this vector, the rat Il34 cDNA was fused with a 
C-terminal Myc tag, and both the plasmid (pIL-34) and AAV were 
used to respectively transfect or transduce cells of the HEK293 T 
cell line (Figure 3A and Supplemental Figure 5). IL-34 expression 
was analyzed by flow cytometry for the Myc tag. Myc staining 
was not detectable on pGFP-transfected or AAV-GFP–transduced 
HEK293 T cells, nor on pIL-34–transfected or AAV–IL-34–trans-
duced HEK293 T cells stained with isotypic control Ab (Figure 3A 
and Supplemental Figure 5). However, HEK293 T cells transfected 
with pIL-34 or transduced with AAV–IL-34 displayed strong, 
dose-dependent expression levels of IL-34 (Figure 3A and Supple-
mental Figure 5), demonstrating the functionality of the vector.

We next assessed IL-34 production in vivo by ELISA. First, rats 
were injected i.v. with 1 × 1012 vg/rat of AAV, and sera were collected 

Figure 3. AAV-mediated expression of rat IL-34 inhibits antidonor cellular responses. (A) Cells were trans-
duced with AAV–IL-34 or control AAV-GFP at the indicated MOI and analyzed for IL-34 expression 24 hours 
later (solid thick black line: AAV–IL-34 MOI 102 labeled with anti-Myc; solid thin gray line: AAV–IL-34 MOI 10; 
dotted black line: AAV-GFP MOI 102 labeled with anti-Myc Ab; and filled gray area: AAV–IL-34 MOI 102 with 
isotypic control Ab; 1 representative experiment of 4). (B) IL-34 protein was quantified by ELISA in AAV–IL-34 
versus AAV-GFP–treated rats 15 days after infection. Serum of nontreated naive animals was used as a 
control for IL-34 endogenous expression (n = 3). (C) Supernatants of AAV–IL-34 or AAV-GFP–transduced cells 
were tested for suppression of CD4+CD25– T cell proliferation in response to allogeneic pDCs and analyzed 
for CFSE dilution after 5 days. CD8+ Tregs were used as a positive control for suppression (n = 3 experiments 
performed in duplicate). Results are expressed as the mean ± SEM of the normalized percentage of prolifer-
ation versus proliferation in the absence of CD8+ Tregs (100%). Representative histogram is shown. Two-way 
repeated-measures ANOVA with Bonferroni’s post test versus AAV-GFP–transduced cell supernatant 
dilution, *P < 0.05. (D) Serial dilution of sera from AAV–IL-34 or AAV-GFP–treated (not shown) rats or naive 
animals (dotted line) were tested for suppression of CD4+CD25– T cell proliferation in response to allogeneic 
pDCs and analyzed for CFSE dilution after 5 days. The proportion of dividing CD4+CD25– T cells with pDCs 
only represented 80% of the cells on day 5 and was given a value of 100 in each experiment. Results are 
expressed as the mean ± SEM of the relative proportion of dividing CD4+CD25– T cells. CD8+ Tregs were used 
as positive control of suppression (n = 3 experiments performed in duplicate). Two-way repeated-measures 
ANOVA with Bonferroni’s post test versus serum from naive rats, *P < 0.05, ***P < 0.001.
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complete inhibition of total IgG, IgG1, IgG2a, and IgG2b antido-
nor Ab production in contrast to the sera from recipients treated 
with the noncoding AAV (Figure 4C).

Altogether, we were able to demonstrate that treatment with 
IL-34, in combination with a suboptimal dose of rapamycin, is a 
valuable therapeutic strategy for tolerance induction and results 
in abrogation of all allogeneic immune responses.

Induction of Tregs capable of infectious tolerance following IL-34 
treatment. As demonstrated above, IL-34 is produced specifically 
by CD8+CD40Ig Tregs, but we also wanted to assess whether reg-
ulatory cells were induced in the context of IL-34 treatment and 
involved in the long-term allograft survival generated by the AAV–
IL-34 and rapamycin combination. To do so, we performed adop-
tive cell–transfer experiments, putting splenocytes of long-surviving 
recipients into naive grafted, sublethally irradiated recipients, as we 
have done previously (18). First, adoptive transfer of 1.5 × 108 sple-
nocytes into secondary naive grafted, irradiated recipients resulted 
in significant prolongation of allograft survival in 60% of the recip-
ients (Figure 5A), demonstrating that IL-34 efficiently induces reg-
ulatory cells. We investigated the anatomopathological status of the 
graft of first adoptively transferred long-term splenocyte recipients 
and observed a complete absence of vascular lesions and obstruc-
tions (i.e., no signs of chronic rejection) (data not shown). We then 
determined that this prolongation of allograft survival can be seri-
ally transferred at least 3 times into naive grafted, irradiated recipi-
ents (Figure 5A, second and third transfers).

We investigated the regulatory cell population allowing serial 
adoptive tolerance transfer, including that of macrophages (32). 
To do so, we purified subpopulations of the different main cell 

subsets (B cells, T cells, and macrophages) from tolerant recipi-
ents treated with IL-34 (Supplemental Figure 2C) and performed 
adoptive cell transfer into naive grafted, irradiated recipients 
(Figure 5B). Surprisingly, we observed that tolerance transfer 
was achieved only with T cell transfer, demonstrating for the first 
time to our knowledge that Tregs are induced following IL-34 
treatment. Although macrophages did not transfer tolerance, 
IL-34 may induce Tregs through macrophages (see below). To 
further determine which Treg population (i.e. CD4+CD25hi or 
CD8+CD45RClo T cells) could confer tolerance to newly grafted 
recipients, we sorted CD4+CD25hi and CD8+CD45RClo Tregs and 
performed adoptive cell transfer (Figure 5B). We observed that 
adoptive transfers of both CD4+CD25hi and CD8+CD45RClo Tregs 
resulted in long-term allograft survival in 50% of recipients, sug-
gesting that both populations of Tregs had been equally potenti-
ated by the IL-34–modified macrophages.

Altogether, these in vivo results demonstrate that efficient 
Tregs are generated following IL-34 treatment in the context of 
reduced inflammation and transplantation and that those Tregs 
can induce serial tolerance in a dominant fashion.

Treg induction is mediated by IL-34–modified macrophages infil-
trating the graft. We further characterized the effect of IL-34 on 
macrophages in the context of induction of tolerance to an allo-
graft. We first sorted macrophages from spleen, blood, and graft of 
AAV–IL-34–treated recipients on day 15 following transplantation 
(i.e., day 45 after AAV injection) and macrophages from naive rats 
and analyzed by qPCR a number of genes described in the litera-
ture (refs. 33, 34, and Figure 6). Interestingly, we observed that, 
compared with naive macrophages, macrophages in the graft from 

Figure 4. Il34 gene transfer prolongs allograft survival alone and in combination with a suboptimal dose of rapamycin. (A) Recipients given i.v. 1012 vg/
rat AAV–IL-34 or noncoding AAV or no treatment were grafted 30 days later with no additional treatment or in combination with a suboptimal dose of 
rapamycin (10 days, starting on day 0). Graft survival was evaluated by palpation through the abdominal wall. Log-rank test, *P < 0.05, **P < 0.01,  
***P < 0.001, ****P < 0.0001. (B) Representative image of the anatomopathological analysis of graft from AAV–IL-34 plus rapamycin–treated, day-120 
long-term surviving recipients. Original magnification, ×100. (C) IgG alloantibody production was evaluated in naive and treated long-term recipients more 
than 120 days after transplantation. Graph represents MFI ± SEM. Two-way ANOVA with Bonferroni’s post test, *P < 0.05, ***P < 0.001, ****P < 0.0001 
for noncoding AAV–IL-34 versus noncoding AAV.
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AAV–IL-34–treated recipients strongly upregulated arginase 1 and 
inducible NO synthase (Inos), both of which are implicated in the 
metabolism of essential amino acids and described as common 
mechanisms of immunoregulation of suppressive macrophages 
by limiting the proliferation of T lymphocytes (35, 36). We also 
observed increased expression of Cd14 and decreased expres-
sion of Cd23, Cd86, and Il10, mostly in the graft but also in the 
spleen and the blood of AAV–IL-34–treated macrophages, com-
pared with naive macrophages. Finally, we observed no significant 
differences in Cd16, Cd32, Il1, Tgfb, or Tnfa expression. It is also 
interesting to note that there were significant differences between 
macrophages located in the blood versus those in the graft (Arg1, 
P = 0.0243; Cd14, P = 0.0357; Cd23, P = 0.0303; Il10, P = 0.0470), 
suggesting that IL-34–modified regulatory macrophages migrate 
and locate in the graft quickly after transplantation.

To prove that IL-34–modified macrophages play a role in 
tolerance induction, macrophages were depleted using clo-
dronate-loaded liposomes, from day –25 before transplantation 
to day 3 after transplantation, and treated simultaneously with 
IL-34 or noncoding AAV plus a suboptimal dose of rapamy-
cin over a period of 10 days. As a result, AAV–IL-34 injected 30 
days before transplantation could not act through macrophages 
that were depleted at that same time. Significantly, by the time 
the liposome depletion started, most of the AAV serotype 8 had 
been integrated into the hepatocytes. We observed that recipients 
treated with clodronate-loaded liposomes rejected their graft 
more quickly after transplantation than did the control group ani-
mals, demonstrating that macrophages are essential in tolerance 
induction by IL-34 (Figure 7).

IL-34–differentiated macrophages efficiently induce and poten-
tiate human CD4+ and CD8+ FOXP3+ Tregs. Given that we have 
demonstrated a modified macrophage phenotype following IL-34 
administration to rats and induction of potentiated Tregs able to 
adoptively transfer tolerance to grafted recipients, we wondered 
whether these results could be reproduced ex vivo in humans. To 
investigate this, CD14+ monocytes from healthy volunteers were 
cell sorted and differentiated in the presence of IL-34 for 6 days, 
and the phenotype was analyzed (Supplemental Figure 6). We 

observed that IL-34–differentiated macrophages expressed higher 
levels of CD163, CD14, HLA-DR, CD86, and CD80 than did fresh 
monocytes. The differentiated macrophages were then added to 
allogeneic PBMCs for 15 days, then the proportion, number, and 
suppressive capacity of Tregs were analyzed (Figure 8). Interest-
ingly, we observed that, following culture with IL-34–differentiated 
macrophages, FOXP3+CD45RCloCD4+ and FOXP3+CD45RClo 

CD8+ T cells increased as a percentage of CD4+ or CD8+ T cells by 
5- and 8.2-fold, respectively (Figure 8, A and B). This increase in 
percentage was also accompanied by an increase in the number 
of FOXP3+CD45RCloCD4+ and FOXP3+CD45RCloCD8+ T cells of 
83.4- and 100.6-fold, respectively (Figure 8C). Most important, 
we observed that the IL-34–expanded CD4+CD25hiCD127lo Tregs 
and CD8+CD45RClo Tregs displayed a highly potent suppressive 
capacity up to a 16:1 effector/suppressor ratio, where we observed 
approximately 50% of the suppression compared with unstimu-
lated and polyclonally stimulated CD4+CD25hiCD127lo Tregs and 
CD8+CD45RClo Tregs (Figure 8D and Supplemental Figure 2D).

Altogether, these results demonstrate that IL-34–differentiated 
monocytes have the capacity to selectively expand and to not only 
maintain, but potentiate, the suppressive capacity of FOXP3+ Tregs.

Discussion
The biological importance of IL-34 remains, to date, largely 
unknown and debatable. The current understanding of the role of 
IL-34 was mostly driven by the study of pathological situations in 
which IL-34 was found to exert inflammatory effects, as M-CSF 
does. Studies have shown that M-CSF administration increases 
inflammation in a model of collagen-induced rheumatoid arthri-
tis (37) and that IL-34 correlates with the severity of synovitis (13) 
and can be induced by TNF-α, as M-CSF can (38). Furthermore, 
both IL-34 and M-CSF induce proinflammatory cytokines such as 
IL-6, IP-10/CXCL10, IL-8/CXCL8, and MCP1/CCL2 (39). In con-
trast, it has also been shown that M-CSF and, more recently, IL-34, 
alone or in combination with other cytokines, can induce regula-
tory macrophages (32, 40–43). In transplantation, it has been 
demonstrated that pretreatment of mice with M-CSF expands 
macrophages and inhibits graft-versus-host disease (GVHD) (44). 

Figure 5. Serial tolerance mediated by Tregs following 
IL-34 induction. (A) LEW.1A recipients were sublethally 
irradiated (4.5 Gy) on day –1 and received heart allografts 
and i.v. injections of 1.5 × 108 splenocytes from long-surviv-
ing recipient or naive animals on day 0. Graft survival was 
monitored by abdominal palpation. (B) LEW.1A recipients 
were sublethally irradiated (4.5 Gy) on day –1 and received 
heart allografts and i.v. injections of total splenocytes or 
purified cell subpopulations (T cells: 4 × 107; B cells: 6 × 107;  
CD11b/c+ cells: 1.5 × 107; CD8+CD45RClo Tregs: 4 × 106; 
CD4+CD25hi Tregs: 4 × 106) from long-surviving recipients 
on day 0. Graft survival was monitored by abdominal 
palpation. Log-rank test, *P < 0.05, **P < 0.01.
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sion can be partially abrogated by blockade of IL-34. Thus, IL-34 
possesses immunosuppressive properties that have never, to our 
knowledge, been studied and acts in complement with FGL2, 
IDO, and IFN-γ in the CD40Ig model of suppression mediated by 
CD8+CD45RClo Tregs (21, 22).

While we observed that M-CSF was also significantly upregu-
lated by CD8+CD40Ig Tregs and that M-CSF significantly inhib-
ited antidonor immune responses ex vivo (P = 0.0159 and P < 0.05, 
respectively), there was no involvement of M-CSF in this model, 
demonstrating that this property is specific to IL-34. This might be 
due to a lesser amount of M-CSF being secreted compared with 
IL-34 and to a lower suppressive capacity of M-CSF (250 ng/ml 
of rat M-CSF required for 75% suppression versus 24 pg/ml of 
rat IL-34). Accumulating evidence suggest that IL-34 and M-CSF 
exhibit specific and nonredundant properties. This is supported 
by structural analysis comparisons showing that IL-34 and M-CSF 
bind differently to CD115 (11, 25). The recent identification of a 
second distinct receptor for IL-34 reinforces this interpretation 
(10). Very recently, IL-34–deficient mice have been generated that 
exhibit an absence of certain cell subsets such as Langerhans cells 
and microglia (12), effects that have not been observed in M-CSF–
KO mice. This demonstrates not only a different temporal and 
spatial expression role, but also different functional effects with 
IL-34 compared with M-CSF.

In order to emphasize the significance of our findings, we 
analyzed IL-34 expression by human FOXP3+CD45RClo CD4+ 

In addition, a combination of M-CSF and IFN-γ differentiates 
monocytes into regulatory macrophages capable of prolonging 
heart allograft survival in an iNOS-dependent manner (36). These 
studies highlight the paradoxical role of both M-CSF and IL-34. 
In our study, in an attempt to unravel the complex mechanisms of 
tolerance induction in transplantation, we provide evidence, for 
the first time to our knowledge, of the unexpected properties of 
IL-34 as a master regulator of immune responses and tolerance. 
We also provide what we believe to be the first proof that IL-34 
can be expressed by rat CD8+CD45RClo Tregs and human FOXP3+ 
Tregs and, most important, that potent Tregs are induced by IL-34 
treatment. This induction of Tregs is due to the generation of reg-
ulatory macrophages and is associated in vivo with a reduction of 
both inflammation and antigen presentation.

We have previously demonstrated that treatment of car-
diac graft recipients with an adenovirus encoding CD40Ig leads 
to indefinite allograft survival in 93% of recipients and that this 
acceptance is mediated by CD8+CD45RClo Tregs in an IFN-γ–, 
IDO-, and FGL2-dependent manner. We more recently demon-
strated that CD8+CD45RClo Tregs recombined a biased restricted 
Vβ11 repertoire to recognize a dominant MCH class II–derived 
peptide and that this peptide induces Tregs and induces tolerance 
(23). In the present study, we show that IL-34 is expressed at high 
levels by tolerated grafts from AdCD40Ig-treated recipients, and 
importantly, also by splenic CD8+CD45RClo Tregs from the same 
recipients. Furthermore, CD8+CD45RClo Treg–mediated suppres-

Figure 6. Transcript accumulation in macrophages following IL-34 treatment. mRNA expression was assessed by qPCR on sorted macrophages from 
untreated spleen or AAV–IL-34–treated spleen, blood, and graft of recipients on day 15 after transplantation. Results are normalized to Hprt and expressed 
as 2–ΔΔCt ± SEM. Kruskal-Wallis and Dunn’s post tests, *P < 0.05.
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population in mice treated with soluble IL-34 protein (47). Other 
studies revealed a decrease in pDCs and cDCs in CD115-defi-
cient osteopetrotic mice (27) and an M-CSF–induced increase 
in DC numbers (26). Surprisingly, in our study, in contrast with 
other studies, an in vivo IL-34 tolerogenic effect following admin-
istration was mainly transferred by Tregs (either CD4+CD25hi 
or CD8+CD45RClo Tregs). We demonstrated that the tolerance 
achieved in AAV–IL-34–treated recipients can be transferred to 
newly grafted, irradiated recipients for at least 3 generations and 
that this effect is mediated by Tregs but, despite an increase in the 
CD11b+ cell population (data not shown), not by splenic macro-
phages. However, since T cells do not express the CD115 receptor, 
we hypothesized and demonstrated that IL-34 mediated its effect 
on Tregs through macrophages. Regulatory macrophages can 
anergize CD4 effector T cells (48), convert T cells into Tregs (49), 
and inhibit other APCs (50). We demonstrate that IL-34–induced 
regulatory macrophages migrate early to the graft and express 
high levels of arginase 1 and iNOS, suggesting that immunoreg-
ulatory mechanisms limit the proliferation and survival of effec-
tor T lymphocytes (35, 36). These results highlight the functional 
differences between IL-34 and M-CSF and add to the debate on 
this topic, as several studies have shown a proinflammatory role 
of M-CSF, which increases macrophage proliferation and accu-
mulation in rejected renal allografts (51).

To provide the proof of concept that a similar mechanism 
exists in humans, we differentiated monocytes in the presence 
of IL-34. We were able to demonstrate that IL-34–differentiated 
macrophages that are added to total allogeneic PBMCs efficiently 
expand and potentiate the ability of FOXP3+ Tregs to inhibit anti-
donor immune responses. It should be noted that both IL-34 and 
FOXP3 coexpression in Tregs remained stable. Altogether, these 
data suggest a retroactive loop of IL-34–secreting Tregs that are 
able to induce regulatory macrophages that in turn induce new 
IL-34–secreting Tregs.

In conclusion, we describe here the role of a new cytokine, 
IL-34, in transplant tolerance, and we reveal its potential as a 
therapy in transplantation and, by extension, in other diseases. 
We also demonstrate for the first time to our knowledge that this 
cytokine can be produced by Tregs and that, in turn, administra-
tion of IL-34 results in the potent induction of Tregs capable of 
tolerance induction in a dominant manner, opening new possi-
bilities for the generation of Tregs that could be transferable to 
the human setting.

and CD8+ Tregs. Strikingly, we observed a specific and uniquely 
high level of expression of IL-34 by FOXP3+CD45RClo CD4+ 
and CD8+ Tregs that did not occur for CD45RChi and FOXP3– 

CD45RClo CD4+ and CD8+ T cells, demonstrating that among 
T cells, Tregs specifically express IL-34. In addition, we also 
demonstrated the ex vivo–suppressive potential of IL-34 alone on 
the antidonor immune response, suggesting its potential as a tar-
get therapeutic in transplantation and, by extension, in autoim-
mune diseases. However, we observed that 5 μg/ml human IL-34 
was needed to significantly suppress in vitro human antidonor 
immune responses, while it is known that IL-10 and TGF-β act in 
the ng/ml range to suppress effector T cell responses, suggesting 
that either the conditions we used to test the suppressive capacity 
of IL-34 were not optimal or that IL-34 is less potent at inhibiting 
antidonor immune responses than IL-10 or TGF-β. Interestingly, 
we managed to demonstrate that blocking IL-34 in a suppressive 
assay with CD4+CD25hiCD127lo or CD8+CD45RClo Tregs restored 
effector T cell proliferation, confirming the important contribu-
tion of IL-34 to human Treg–mediated activity. The concentration 
of the anti–IL-34 Ab was in a relatively high range, but we cannot 
exclude that the affinity of this Ab is not optimal, and the ade-
quate isotype- and species-negative control validates this obser-
vation. The generation of IL-34–deficient rats using engineered 
nucleases as previously done in our laboratory (45, 46) is under 
way and will help to further address the key role of IL-34 in Treg 
function. Similarly, the generation of FOXP3-GFP rats will help 
to define whether FOXP3+ Tregs are the only Tregs that express 
IL-34 and to further explore the role of IL-34 in Treg biology. The 
therapeutic value of this molecule is evidenced by the generation 
of an AAV encoding IL-34. With this vector, we were able to show 
the potent immunosuppressive properties of IL-34 in vitro and, 
more important, in vivo, where we obtained tolerance in 64% of 
the recipients when IL-34 was combined with a suboptimal dose 
of rapamycin. We also demonstrated that such therapy results in 
abrogation of all allogeneic immune responses and of tolerance 
induction. Previous studies have demonstrated that both M-CSF 
and IL-34 can differentiate monocytes into regulatory macro-
phages (32, 36) and that the regulatory macrophages induced in 
vitro by M-CSF and IFN-γ can be used in vivo to prolong heart 
allograft survival in mice (36). Another study has demonstrated 
that administration of M-CSF before transplantation into mice 
can expand macrophages and limit donor T cell expansion and 
GVHD (44). Chen et al. showed an increase in the CD11b+ cell 

Figure 7. Macrophage depletion results in allograft rejection following IL-34 treatment. On day –30, allograft recipient animals received i.v. 1012 vg/
rat AAV–IL-34 or noncoding AAV or were untreated, with or without weekly i.p. administration of clodronate liposomes from day –25 to day 3, and were 
grafted on day 0 in combination with a suboptimal dose of rapamycin (10 days, starting on day 0). Graft survival was evaluated by palpation through the 
abdominal wall. Log-rank test, **P < 0.01.
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Rat splenocyte purification. Spleens were digested by collage-
nase D for 15 minutes at 37°C, stopped with 0.01 mM EDTA, and 
red cells were lysed.

Cell sorting. Macrophages were sorted on TCRαβ– (R7/3) and 
TCRγδ– (V65) cells and CD45RA-FITC– (OX33) and CD11b/c-APC+ 
(OX42) cells. Naive LEW.1A CD4+CD25– T cells and LEW.1W pDC 
and LEW.1A CD8+CD45RClo Treg subsets were sorted as previously 
described (21). The Abs used for the sorting of T cells (TCRαβ, clone 
R7/3), CD4+CD25– T cells (clones OX35 and OX39), CD8+CD45RClo T 
cells (clones OX8 and OX22), and TCR–CD45RA–CD4+CD45R+ pDCs 
(clones His24 and OX35) were obtained from the European Collection 

Methods
Animals and cardiac transplantation models. Heart allotransplantation 
was performed between whole MHC-incompatible male LEW.1W 
(donors) and LEW.1A (recipients) rats as previously described (18). 
Heart survival was evaluated by palpation through the abdominal 
wall, and heart beat was graded from +++ to –.

Healthy volunteer blood collection and PBMC separation. Blood was 
diluted 2-fold with PBS before PBMCs were isolated by Ficoll-Paque 
density gradient centrifugation (Eurobio) at 770 g for 20 minutes at 
room temperature without braking. Collected PBMCs were washed in 
50 ml PBS at 620 g for 10 minutes.

Figure 8. Efficient human FOXP3+ Treg expansion and potentiation following IL-34–induced macrophage differentiation. CD14+ monocytes were differ-
entiated for 6 days with IL-34 or not and added to total allogeneic PBMCs for 21 days. The percentage of FOXP3+ cells was evaluated in PBMCs among CD4+ 
or CD8+ CD45RClo or CD45RChi T cells. A representative plot (A) and graph (B) are shown before and after culture for 3 healthy individuals. Mϕ, macrophages. 
(C) Fold expansion was evaluated for FOXP3+ CD4+ or CD8+ Tregs. (D) Unstimulated, stimulated, or IL-34–expanded CD4+CD25hiCD127lo and CD8+CD45RClo 
Tregs were tested for suppression of CFSE-labeled CD4+CD25– T cell proliferation in response to allogeneic T cell–depleted PBMCs and analyzed by flow 
cytometry for CFSE dilution after 5 days of culture (n = 3). The proportion of dividing CD4+CD25– T cells in the control proliferation condition with allogeneic 
T cell–depleted PBMCs only represented approximately 60% of the cells on day 5 and was given a value of 100 in each experiment. Results are expressed 
as the mean ± SEM of the relative proportion of dividing CD4+CD25– T cells. A representative raw CFSE profile is shown. Two-way repeated-measures 
ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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cells. Recipients of splenocytes from IL-34–treated rats were defined 
as first transfers, and then iterative transfers were defined as second to 
third transfers. Total splenocytes (1.5 × 108 cells) and FACSAria-sorted 
CD45RA+ B cells (6 × 107); T cells (4 × 107); CD11b/c+ cells (1.5 × 107); 
CD4+CD25hi Tregs (4 × 106); or CD8+CD45RClo Tregs (4 × 106) were 
adoptively transferred i.v. the day before heart transplantation into 
naive LEW.1A recipients that had received 4.5 Gy whole-body irradi-
ation the same day.

MLR. Sorted rat or human CD4+CD25– T cells were plated in trip-
licate with allogeneic rat pDCs or allogeneic human T cell–depleted 
PBMCs, respectively, in 200 μl complete RPMI-1640 medium in 
round- or conic-bottomed 96-well plates, respectively, at 37°C and 5% 
CO2. Proliferation of CFSE-labeled CD4+CD25– T cells was analyzed 
by flow cytometry 6 days later by gating on TCR+CD4+ cells among 
living cells (DAPI–) (Supplemental Figure 2A). Sera from AAV–IL-34–
treated recipients, AAV-GFP–treated recipients, and naive rats were 
added in coculture to reach final concentrations of 3.12%, 6.25%, 
and 12.5%. Supernatent of transduced cells was added to CD4+T cells 
and pDCs at a final concentration of 20% for the suppressive activ-
ity test. Rat IL-34–, CD115-, or M-CSF–blocking Abs were tested for 
blocking action at 1.25 to 30 μg/ml in the presence or absence of CD8+ 

CD40Ig Tregs. Human IL-34 Ab was used at 50 μg/ml, and variable 
numbers of Tregs were added. Isotype control Abs were used at the 
highest concentration displayed in the respective graphs. M-CSF pro-
tein (ab56288; Abcam) was tested from 0.1 to 2 μg/ml. Soluble human 
IL-34 (eBioscience) was added at a concentration of 1, 2, or 5 μg/ml for 
the suppressive activity test.

qPCR. Total RNA was isolated from cells using TRIzol reagent 
(Invitrogen) or an RNeasy Mini Kit (QIAGEN). RNA from macro-
phages was amplified with a MessageAmp II aRNA Amplification Kit 
according to the manufacturer’s instructions (Life Technologies) and 
reverse transcribed with random primers and M-MLV reverse tran-
scriptase (Life Technologies). qPCR was performed using the Fast 
SYBR Green technology in a 20-μl final reaction volume containing 
10 μl Master Mix 2X (Life Technologies), 0.6 μl primers (10 μM), 1 μl 
cDNA, and 8.4 μl water. The reaction was performed on the Applied 
Biosystems StepOne system (Life Technologies). Thermal conditions 
were as follows: 3 seconds at 95°C, 30 seconds at 60°C, and 15 seconds 
at –5°C of the melting temperature with a final melting curve stage. 
The oligonucleotides used in this study are listed in Table 1.

AAV generation and use in vitro and in vivo. Complete cDNA 
sequences of rat IL-34 (9), or GFP as a control, were positioned down-
stream of an RSV promoter. Plasmids were first tested in HEK293T 
cells transfected with lipofectamine reagent (Life Technologies). Cells 
were analyzed for IL-34–Myc expression 48 hours later by FACS with 
anti-Myc Ab. Then, plasmids were used to produce AAV vectors of 
serotype 8 (Viral Vector Core, INSERM UMR 1089, Nantes, France). 
HEK293T cells were transduced with 10 or 100 MOI vector genome 
copies/cell of AAV–IL-34 or AAV-GFP and 5 MOI AdLacZ. Twenty- 
four hours later, the cells were harvested and analyzed for IL-34–Myc 
expression by FACS, and supernatant was tested for suppression activ-
ity on CD4+ T cells responding to allogeneic pDCs, at 1:10 and 1:5 
dilutions. Recombinant AAV–IL-34, AAV-GFP, and noncoding AAV  
(1 × 1012 vector genomes/rat) vectors were injected i.v. into 4-week-old 
rats 1 month before transplantation to allow optimal expression from 
AAV vectors (30). Recipients were orally administered 0.4 mg/kg/
day rapamycin from the day of transplantation (day 0) until 10 days 

of Cell Culture. Biotin-labeled mAbs were visualized using streptavidin- 
phycoerythrin-Cy7 or streptavidin-Alexa Fluor 405 (BD Biosci-
ences). Human CD4+CD25–T cells were sorted by gating on CD3+ 

CD4+CD25– cells (clones SKY7, L-200, and MA251; BD Biosciences), 
CD4+ Tregs by gating on CD25hi and CD127lo cells (clone HIL7-R M21; 
BD Biosciences), and CD8+ Tregs by gating on CD3+CD4–CD45RClo 
cells (clone MT2; IQ Products). A FACSAria I cell sorter (BD Biosci-
ences) was used to sort cells.

mAbs and flow cytometry. Rat IL-34–Myc was detected using an anti-
Myc Ab (9E10; Sigma-Aldrich). Blocking Abs against IL-34 (PAB16574; 
Abnova and clone 578416; R&D Systems); CD115 (MCA1898; Serotec); 
and M-CSF (AB-416-NA; R&D Systems) were used in MLR assays.

Abs against MHC II (OX6); CD11b/c (OX42); and CD45RA+  
B cells (OX33) were analyzed to characterize rat cell phenotypes.

Abs against CD3-PeCy7 (SKY7; BD Biosciences); CD4-PercPCy5.5 
(L200; BD Biosciences); CD25-APCCy7 (M-A251; BD Biosciences); 
CD127-PE (HIL7-R M21; BD Biosciences); CD45RC-FITC (MT2; IQ 
Product); FOXP3-APC (236A/E7; eBioscience); and IL-34–PE (578416; 
R&D Systems) were used to characterize human cell phenotypes.

Fluorescence was measured with a FACSCanto II flow cytometer 
(BD Biosciences), and FlowJo software was used to analyze data. Cells 
were first gated by their morphology, excluding dead cells by selecting 
DAPI-viable cells (Supplemental Figure 2).

Adoptive cell transfer. Rat cells were sorted as previously described 
(ref. 5, 8, and Supplemental Figure 2C) using a FACSAria cell sorter 
(BD Biosciences) by gating on TCRαβ-APC (R7/3), CD45RA-FITC 
(OX33), and CD11b/c-biotin-streptavidin PECy7–positive (OX42) 

Table 1. Summary of the primers used

Gene Primer Sequence
Il34 Forward CTGGCTGTCCTCTACCCTGA

Reverse TGTCGTGGCAAGATATGGCAA
Arg1 Forward CCAACTCTTGGGAAGACACCA

Reverse GTGATGCCCCAGATGACTTT
Il10 Forward TGCTATGTTGCCTGCTCTTACTG

Reverse TCAAATGCTCCTTGATTTCTGG
Inos Forward GACCAAACTGTGTGCCTGGA

Reverse TACTCTGAGGGCTGACACAAGG
Cd14 Forward CAACAGGCTGGATAGGAAACCT

Reverse TGACTACGCCAGAGTTATACGC
Cd16 Forward GTGAACCTAGACCCTGAATGGG

Reverse CACTGTCCTTAACTCTGGCACT
Cd86 Forward ACAGCAAAAGACACCCACGG

Reverse CTTGTTTCATTCTGAGCCTCCTC
Cd23 Forward TCCTTCTATGGCACTGGGAAAC

Reverse TTGTGACATCTGAAGAGCCTGG
Cd32 Forward TGCTCTCACGGACTTTGTACC

Reverse GGAGTAGCAGCCAGTCAGAAAT
Tnfa Forward CTTATCTACTCCCAGGTTCTCTTCAA

Reverse GAGACTCCTCCCAGGTACATGG
Il1 Forward GTCAGCAACATCAAACAAAGG

Reverse CACAGGATATTTAGAGTCGTC
Tgfb Forward CTCAACACCTGCACAGCTCC

Reverse ACGATCATGTTGGACAACTGCT
Csf1 Forward CGAGGTGTCGGAGCACTGTA

Reverse CGATCAACTGCTGCAAAATCTG
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gating on CD3+CD4+ cells after exclusion of DAPI-labeled dead cells 
and CPD405-labeled CD4+ Tregs.

Statistics. Mann-Whitney U and Kruskal-Wallis tests were used for 
PCR analyses. ANOVA tests were used for coculture experiments, a 2-way 
ANOVA test and Bonferroni’s post tests were applied for donor-directed 
Ab detection, and a log-rank (Mantel-Cox) test was used to analyze  
survival curves. A P value of less than 0.05 was considered significant.

Study approval. Animal experiments were approved by the eth-
ics committee of the Ministère de l’Enseignement Supérieur et de la 
Recherche (Paris, France; CEEA.2013.52). Blood was collected from 
healthy donors, after informed consent was given, at the Etablisse-
ment Français du Sang (Nantes, France).

Acknowledgments
We thank Emmanuel Merieau and Bernard Martinet for technical 
assistance with animal models. We thank the Viral Vector Core of 
the CHU de Nantes, INSERM UMR 1089, which is supported by 
the Association Française Contre les Myopathies, for producing 
the viral vectors. We thank the Fondation Progreffe and the Société 
Francophone de Transplantation for financial support and the 
Crédit Agricole for the donation of the FACSAria. This work was 
performed as part of the LabEX ImmunoGraft Oncology (IGO) 
program supported by the National Research Agency via the invest-
ment of the future program ANR-11-LABX-0016-01. This work was 
also supported by funding from the Institut Hospitalo-Universi-
taire-Centre Européen des Sciences de la Transplantation et Immu-
nothérapie project, which received French Government financial 
support and was managed by the National Research Agency via the 
investment of the future program ANR-10-IBHU-005. The IHU-
Cesti project is also supported by Nantes Metropole and the Pays 
de la Loire region. C. Guillonneau was supported for this work by a 
Junior Basic Science grant from European Society for Organ Trans-
plantation (ESOT). I. Anegon was supported by a Roche Organ 
Transplantation Research Foundation (ROTRF) grant. S. Bézie was 
supported by Progreffe and the Société Francophone de Trans-
plantation. E. Picarda was supported by an INSERM–Region Pays 
de la Loire Fellowship. J. Ossart was supported by Progreffe and the 
Fondation pour la Recherche Médicale.

Address correspondence to: Carole Guillonneau or Ignacio Ane-
gon, INSERM UMR 1064 – Center for Research in Transplan-
tation and Immunology – ITUN, 30 Bd. Jean Monnet, 44093, 
Nantes Cedex 01, France. Phone: 33.2.40087410; E-mail: carole.
guillonneau@univ-nantes.fr (C. Guillonneau), ignacio.anegon@ 
univ-nantes.fr (I. Anegon).

after transplantation. Blood samples were taken on day 120 for donor- 
allospecific Ab quantification and IL-34 protein quantification in 
serum by ELISA (EL011657RA; Cusabio).

Clodronate liposome in vivo treatment. Clodronate liposomes for 
macrophage depletion were purchased from Vrije University (Neth-
erlands) (www.clodronateliposomes.org) and prepared as recom-
mended (52). Briefly, 2.5 ml suspended solution was administered i.p. 
weekly from day –25 to day 3.

Donor-specific alloantibody quantification. Donor spleens were 
digested by collagenase D, stopped with 0.01 mM EDTA, and red cells 
were lysed. Serum from recipients was added to donor splenocytes at 
a 1:8 dilution and incubated with either anti-rat IgG-FITC (Jackson 
ImmunoResearch Laboratories); anti-rat IgG1 (MCA 194; Serotec); 
anti-rat IgG2a (MCA 278; Serotec); or anti-rat IgG2b (STAR114F; Sero-
tec) and anti-Ms Ig-FITC (115-095-164; Jackson ImmunoResearch Lab-
oratories). A FACSCanto (BD Biosciences) was used to measure fluores-
cence, and data were analyzed using FlowJo software. The geometric 
mean of fluorescence (mean fluorescence intensity [MFI]) of tested sera 
was divided by the mean MFI of 5 naive LEW.1A sera as a control.

Anatomopathologic analysis of cardiac grafts. Graft samples were 
fixed in paraformaldehyde and embedded in paraffin. Five-microm-
eter coronal sections were stained with H&E-saffron. Tissues were 
analyzed by a pathologist (K. Renaudin) blinded to the groups, and 
chronic rejection was evaluated as previously described (53).

Treg and monocyte differentiation protocol. PBMCs from healthy 
volunteer (HV) blood were isolated by Ficoll gradient, and monocytes 
were elutriated according to forward scatter (FSC) and side scatter 
(SSC) morphologic parameters. CD14+ monocytes were then sorted 
by FACSAria, washed, and seeded at 1 × 106/ml in medium (RPMI 
1640, 2 mM glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomy-
cin, 10% FCS supplemented with 50 ng/ml hIL-34 (eBioscience). On 
day 6, cells were harvested, stimulated with 100 ng/ml LPS for 24 
hours for phenotype analysis, or seeded at 4 × 105/ml with 1 to 5 allo-
geneic PBMCs in Iscove’s modified Dulbecco’s medium (IMDM) (2 
mM glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 5% AB 
serum). IL-2 (25 U/ml) and IL-15 (10 ng/ml) were freshly added on 
days 10, 13, and 16. Macrophages were removed by successive trans-
fers of floating cells to a new plate on days 19 and 21 for 48 hours 
and 2 hours, respectively. On day 21, cells were stimulated with PMA 
and ionomycin in the presence of brefeldin A for phenotype analysis, 
or T cells, CD8+CD45RClo T cells, and CD4+CD25hiCD127lo T cells 
were sorted by FACSAria for suppression assays. Fresh syngeneic 
CD4+CD25– T cells were used as responder T cells stimulated with 
allogeneic APCs isolated from the same donor as that of the CD14+ 
cells. Proliferation was assessed 5 days later by CFSE dilution, by 
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