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Summary

T regulatory type 1 (Tr1) cells are a class of regulatory T cells (Tregs) 
participating in peripheral tolerance, hence the rationale behind their test-
ing in clinical trials in different disease settings. One of their applications 
is tolerance induction to allogeneic islets for long-term diabetes-free sur-
vival. Currently the cellular and molecular mechanisms that promote Tr1-
cell induction in vivo remain poorly understood. We employed a mouse 
model of transplant tolerance where treatment with granulocyte colony-
stimulating factor (G-CSF)/rapamycin induces permanent engraftment of 
allogeneic pancreatic islets in C57BL/6 mice via Tr1 cells. The innate com-
position of graft and spleen cells in tolerant mice was analyzed by flow 
cytometry. Graft phagocytic cells were co-cultured with CD4+ T cells in 
vitro to test their ability to induce Tr1-cell induction. Graft phagocytic 
cells were depleted in vivo at different time-points during G-CSF/rapamycin 
treatment, to identify their role in Tr1-cell induction and consequently in 
graft survival. In the spleen, the site of Tr1-cell induction, no differences 
in the frequencies of macrophages or dendritic cells (DC) were observed. 
In the graft, the site of antigen uptake, a high proportion of macrophages 
and not DC was detected in tolerant but not in rejecting mice. Graft-
infiltrating macrophages of G-CSF/rapamycin-treated mice had an M2 
phenotype, characterized by higher CD206 expression and interleukin (IL)-
10 production, whereas splenic macrophages only had an increased CD206 
expression. Graft-infiltrating cells from G-CSF/rapamycin-treated mice-
induced Tr1-cell expansion in vitro. Furthermore, Tr1-cell induction was 
perturbed upon in-vivo depletion of phagocytic cells, early and not late 
during treatment, leading to graft loss suggesting that macrophages play 
a key role in tolerance induction mediated by Tr1 cells. Taken together, 
in this mouse model of Tr1-cell induced tolerance to allogeneic islets, M2 
macrophages infiltrating the graft upon G-CSF/rapamycin treatment are 
key for Tr1-cell induction. This work provides mechanistic insight into 
pharmacologically induced Tr1-cell expansion in vivo in this stringent 
model of allogeneic transplantation.
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Introduction

T regulatory type 1 (Tr1) cells are a subset of CD4+ T 
cells that induce immune tolerance. They were first dis-
covered in two severe combined immunodeficiency (SCID) 
patients  exhibiting mixed chimerism after successful 

treatment with human leukocyte antigen (HLA)-
mismatched fetal liver hematopoietic progenitor cell trans-
plantation [1,2]. Tr1 cells were detected in the peripheral 
blood of healthy donors and were correlated with better 
glucose control in type 1 diabetic (T1D) patients, if detected 

Clinical and Experimental Immunology OrIgInal artIClE doi: 10.1111/cei.13440

https://orcid.org/0000-0002-8361-5240
https://orcid.org/0000-0002-3962-3673
https://orcid.org/0000-0001-7745-7517
https://orcid.org/0000-0003-4535-3152
mailto:
mailto:battaglia.manuela@icloud.com


Key role of macrophages in tolerance induction via Treg Tr1 cells

© 2020 British Society for Immunology, Clinical and Experimental Immunology, 201: 222–230 223

at disease onset [3]. Additionally, the absence or lack of 
induction of Tr1 cells has been associated with disease 
progression in autoimmune conditions (T1D, psoriasis, 
multiple sclerosis and celiac disease) and allergic diseases, 
while their presence in HIV/HCV infections or different 
tumor conditions has been associated with disease pro-
gression (reviewed in [4]).

Upon activation of their T cell receptor (TCR) by the 
cognate antigen, Tr1 cells mediate direct suppression of 
effector T cells and bystander suppression of professional 
antigen-presenting cells (APC), mainly by secretion of 
interleukin (IL)-10, granzyme B and transforming growth 
factor (TGF)-β [5]. Their ability to confer immune toler-
ance lies behind the rationale for their ex-vivo expansion 
and administration in clinical trials of different disease 
settings: control of autoimmunity, control of graft-versus-
host disease (GVHD) or prevention of graft rejection in 
solid organ transplantation [6,7].

Tr1 cells can be generated in vitro from naive CD4+  
T cells by repetitive TCR stimulation in the presence of 
high doses of IL-10 [8,9]. Early studies have shown that 
IL-10-producing dendritic cells (DC) promote Tr1 cell 
development in vivo [10]. Later, IL-10 was shown not to 
play a crucial role in vivo, while DC-derived IL-27 induced 
Tr1-cell generation, with TGF-β amplifying this process 
[11,12]. IL-27 produced by conventional dendritic cells 
(DC) [13,14] and T-bet and donor-macrophage-derived 
IL-27 [15] have also been reported in different mouse 
models of inflammation. Hence, mechanisms of Tr1-cell 
induction in vivo (cells and cytokine environment) remain 
heterogeneous and not well understood. Although IL-10 
and/or IL-27 can induce Tr1 cells in vivo, the same sup-
pressive properties of these cytokines prevent Tr1 cells 
from proliferating. This may suggest that other factors and 
cells might be required for the differentiation and expan-
sion of Tr1 cells.

We have previously established a murine model of 
streptozotocin (STZ)-induced diabetes whereby alloge-
neic islet transplantation was tolerated upon treatment 
with granulocyte colony-stimulating factor (G-CSF)/
rapamycin. Long-term tolerance was associated with 
increased Tr1 cell generation, detected at the time using 
their cytokine secretion profile CD4+IL-10+IL4− T cells 
[16,17].

With surface marker LAG-3 identifying putative Tr1 
cells [18,19], we confirmed our previous findings and 
reported on their ability to transfer and maintain toler-
ance in an antigen-specific manner [20]. While we reported 
splenic Tr1 cells mediating peripheral tolerance, Yu et al. 
described Tr1-cell migration from the gut to the site of 
inflammation, the pancreatic islets of diabetic mice, to 
manifest tolerance [21]. Therefore, the site of conferring 
tolerance (site of inflammation or lymphoid tissue) adds 
another layer of complexity.

In this study, we investigate using our stringent mouse 
model of islet transplantation: which phagocytic cells are 
mobilized during Tr1-promoting G-CSF/rapamycin treat-
ment, their phenotype and the mechanisms by which they 
induce Tr1 cells responsible for graft survival.

Methods

Mice

BALB/c and C57BL/6 mice were purchased from Charles 
River (Calco, Italy). Blood glucose levels were monitored 
twice per week with a monitoring system (OneTouch 
Ultra; LifeScan, Milpitas, CA, USA). Diabetes onset and 
graft rejection were defined as blood glucose values above 
250  mg/dL on 2  consecutive days. All animals were 
housed under specific pathogen-free conditions in com-
pliance with the guidelines of the San Raffaele Institutional 
Animal Care and Use Committee (Protocol no. 860).

Islet transplant and in-vivo treatments

Pancreatic islets from BALB/c donors were transplanted 
under the kidney capsule of STZ-induced diabetic recipi-
ent mice (C57BL/6), as previously described [16]. G-CSF 
[Myelostim, recombinant human (rHu)G-CSF; 
Italfarmaco, Milan, Italy] was diluted in phosphate-
buffered saline (PBS) and injected subcutaneously (s.c.) 
for 30  consecutive days at 200  mg/kg from the day of 
transplant. Rapamycin (Rapamune; Wyeth Europe, 
Taplow, UK) was diluted in water and administered by 
gavage for 30  consecutive days once a day at 1  mg/kg. 
Clodronate liposomes were purchased from clodronateli-
posomes.org (Vrije Universiteit, Amsterdam, the 
Netherlands), reconstituted in PBS at the concentration 
of 1 mg/ml and injected intraperitoneally (i.p.) at 10 mg/
kg three times at 3-day intervals.

Flow cytometry for surface staining

Antibodies to CD45 (clone 30F11, dilution 1/100), IA(b) 
(clone AF6-120.1, 1/100), CD11b (clone M1/70, 1/100) 
and CD223/LAG3 (clone c9b7w, 1/50) were obtained from 
BD Pharmingen (San Diego, CA, USA), antibody to F4/80 
(clone CI:A3-1, 1/200) from Bio-Rad Laboratories 
(Hercules, CA, USA), antibody to CD11c (clone N418, 
1/100) from eBiosciences (San Diego, CA, USA) and anti-
body to CD4 (clone RM4-5, 1/1000) from Miltenyi Biotec 
(Bergisch-Gladbach, Germany). All antibodies were titrated 
before use. A 2.4G2 (Fc) blocking step preceded surface 
staining. Cell acquisition was performed on a fluorescence-
activated cell sorter (FACS) Canto II cytometer (Beckman 
Coulter, Brea, CA, USA) and analysis was performed using 
FCS Express version 4.0 (De Novo Software, Glendale, 
CA, USA).
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Fig. 1. Early surge in phagocytic cells in the grafts of granulocyte colony-stimulating factor (G-CSF)/rapamycin-treated and transplanted mice. 
Diabetic C57BL/6 mice were transplanted with Balb/c-derived pancreatic islets and treated for 30 days with G-CSF/rapamycin. Grafts and spleens 
were harvested and cells were collected and detected by flow cytometry. One representative dot-plot (out of four per group) of flow cytometry staining 
of graft-infiltrating F4/80+CD11b+ macrophages gated on CD11c− cells [untreated mice: upper left panel (a), treated mice: upper right panel (a)] and 
dendritic cells (DC) gated on live cells [untreated mice: lower left panel (a), treated mice: lower right panel (a)] infiltrating the spleens (b) and the 
grafts (c) of G-CSF/rapamycin-treated (closed circles) and untreated (open circles) diabetic C57BL/6 mice over time. Data are presented as 
mean ± standard error of the mean (s.e.m.), n = 4–6/group, **P < 0·01, n.s. = non-significant, Mann–Whitney test.
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Intracellular cytokine staining

Graft-infiltrating cells and splenocytes were harvested and 
cultured unstimulated with 3  μg/ml brefeldin and 2  μM 
monensin A for 4  h, after which surface staining for 
macrophages was performed (preceded by FcBlock) with 
antibody to CD206 (clone C068C2, 1/100) from Biolegend. 
Permeabilization (BD Biosciences) was followed by intra-
cellular staining for IL-10 (clone JES5-16E3, 1/50 from 
Biolegend) with fluorescence minus one (FMO) and acqui-
sition performed on a FACS Canto II cytometer.

Co-culture

Graft-infiltrating cells were harvested and pooled by 
group of mice (G-CSF/rapamycin treatment or untreated). 
In parallel, splenocytes of naive CD45.1 C57BL/6 mice 
were harvested and the red blood cells (RBC) were 
lysed. This was followed by a CD4+ T cell enrichment 
step using the EasySep Mouse immunomagnetic selec-
tion kit (StemCell Technologies, Vancouver, Canada), 
which employs a negative selection cocktail of antibodies 
against CD11b, CD19, CD45R, CD49b and TER119. 
Co-culture was performed at a 1  :  1 ratio in 96-well 
round-bottomed wells for 7  days, with flow cytometry 
performed at days 5 and 7 for Tr1 cells, gating on 
CD45.1+ cells.

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism version 5 software (GraphPad Software, La Jolla, 

CA, USA). Graft survival curves were plotted using the 
Kaplan–Meier method. Comparisons between groups were 
performed using the Mann–Whitney test.

Results

Macrophages infiltrate the grafts of tolerant mice

Tr1 cells accumulate in the spleens of tolerant mice in 
a model of allogeneic islet transplantation to treat diabetes 
[16] and in a mouse model of inflammatory bowel disease 
[19]. To dissect the cells key in the in-vivo Tr1-cell induc-
tion, we looked at APC change after transplantation and 
during a Tr1-cell-inducing treatment. Macrophages and 
DC are the two major known phagocytic APC subsets 
in inflammatory environments that dynamically interact 
to establish the balance between immune activation and 
tolerance [22-24]. Furthermore, they mature into tolero-
genic cells in response to rapamycin and/or granulocyte–
macrophage colony-stimulating factor (GM-CSF) [25,26]. 
Splenocytes of transplanted treated and untreated mice 
were analyzed by flow cytometry to determine APC con-
tent. The frequency of macrophages and DC was not 
different between treated and untreated mice immediately 
following the transplant and during the 30 days of G-CSF/
rapamycin treatment (Fig. 1a,b). Islets are transplanted 
under the kidney capsule, the tissue where APC are likely 
to uptake antigens and transport them to secondary lym-
phoid tissues [27,28]. Islet allografts were therefore also 
analyzed. Macrophages infiltrated the graft as early as 

Fig. 2. Depletion of early and not late phagocytic cells leads to graft loss. Phagocytic cell-depleting clodronate liposomes were administered to 
transplanted mice at several time-points during the course of granulocyte colony-stimulating factor (G-CSF)/rapamycin treatment. Graph shows graft 
survival curves without ( ) or with clodronate liposome treatment at day 0 ( ), day 14 ( ), day 21 ( ) and day 30 ( ); n = 4–6/group.
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Fig. 3. Alternatively activated and interleukin (IL)-10-producing macrophages predominate in the grafts of granulocyte colony-stimulating factor 
(G-CSF)/rapamycin-treated mice. Diabetic C57BL/6 mice were transplanted with Balb/c-derived pancreatic islets and treated for 3 or 7 days with 
G-CSF/rapamycin before euthanizing on days 3 or 7. Grafts and spleens were harvested and cells were collected and detected by flow cytometry. One 
representative dot-plot (out of three to five per group) of flow cytometry staining of CD206+ graft-infiltrating macrophages F4/80+CD11b+CD11c− 
cells (untreated mice: upper left panel, treated mice: upper right panel) and IL-10+ graft-infiltrating macrophages F4/80+CD11b+CD11c− cells 
[untreated mice: lower left panel (b), treated mice: lower right panel (a)]. Data on percentages of CD206+ macrophages and IL-10+ macrophages 
infiltrating the islet allografts (b) and the spleens (c) of G-CSF/rapamycin-treated (closed circles) and untreated (open circles) diabetic C57BL/6 mice 
is presented as mean ± standard error of the mean (s.e.m.), n = 3–5/group, *P < 0·05,**P < 0·01, n.s. = non-significant, Mann-Whitney test.
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5  days after transplant and were significantly more fre-
quent (P  =  0·0021) in the graft of G-CSF/rapamycin-
treated animals compared to that of control rejecting 
mice (Fig. 1c). This graft infiltration gradually decreased 
to reach the same levels as control mice at day  30. 
Conversely, DC infiltrating the grafts were not different 
in G-CSF/rapamycin-treated compared to untreated mice 
(Fig. 1c).

These data demonstrate that macrophage frequencies 
increase upon a Tr1-cell inducing treatment in vivo and 
localize during the first days after treatment in the graft, 
thus suggesting their important role for in-vivo Tr1-cell 
induction.

Early in-vivo removal of phagocytic cells prevents 
transplant tolerance

We next tested whether the early surge of macrophages 
in the grafts of G-CSF/rapamycin-treated mice contributes 
to graft survival. Consequently, clodronate liposomes, that 
are known to deplete circulating and tissue-infiltrating 
phagocytic cells [29], were administered in vivo starting 
at different time-points after islet transplantation in G-CSF/
rapamycin-treated mice. We first confirmed that three 
i.p. injections of clodronate liposomes at 3-day intervals 
deplete graft- and spleen-residing macrophages and DC 
(Supporting information, Fig. S1a,b). Of interest, liposome-
mediated phagocytic cell depletion from the day of islet 
transplant until 14  days after leads to graft loss and lack 
of tolerance induction (Fig. 2). No such effect was observed 
upon depleting phagocytic cells at 21 or 30  days after 
allogeneic transplant and G-CSF/rapamycin treatment 
initiation. These data show that phagocytic cells are indis-
pensable for tolerance induction upon G-CSF/rapamycin 
treatment during the first 2  weeks after transplant.

An anti-inflammatory phenotype characterizes 
graft-infiltrating macrophages of G-CSF/rapamycin-
treated mice

To investigate the phenotype of macrophages infiltrating 
grafts early during G-CSF/rapamycin treatment, we moni-
tored the expression of CD206 (anti-inflammatory M2 
macrophage phenotype [30]) and production of IL-10 [31] 
by these cells upon their isolation at days 3 and 7 during 
treatment. F4/80+CD11b+CD11c− macrophages in both 
allograft and spleen showed an increased expression of 
CD206 in G-CSF/rapamycin-treated mice (Fig. 3a–c). A 
threefold increased expression of IL-10 by graft mac-
rophages was observed in treated versus untreated mice, 
while this was not seen in the spleens.

Together these data show that the macrophages are 
necessary for graft survival during G-CSF/rapamycin treat-
ment, and are prevalent early during the treatment in 
the graft, have an M2 phenotype and produce more IL-10.

Early graft-infiltrating macrophages induce Tr1-cell 
expansion in vitro

To understand whether these M2 phenotype IL-10-
producing macrophages are capable of inducing Tr1 cells 
from CD4+ T cells, in-vitro co-culture experiments were 
performed. A pronounced expansion of Tr1 cells from 
naive splenic CD4+ cells (0·1–3% CD4+CD25−LAG3+ Tr1 
cells) was observed as a result of a 7-day co-culture 
with graft-infiltrating cells derived from G-CSF/rapam-
ycin-treated mice versus untreated mice in vitro (Fig. 4).

Early graft phagocytic cells are crucial for a continued 
Tr1-cell expansion in vivo

To investigate their role and the time-line of Tr1-cell induc-
tion in vivo, graft-infiltrating macrophages were depleted 
at days  14 and 21 after transplantation. The reason for 
this is to give time for Tr1-cell induction to take place, 
hence clodronate liposomes were administered at 14 and 
21  days during the course of G-CSF/rapamycin treatment 
and mice were euthanized 1  week later to detect splenic 
Tr1-cell frequency. A gradual increase over time (days 7–28) 
in Tr1-cell frequency was observed in the absence of clo-
dronate liposome administration (Fig. 5a,b). A discontinu-
ation in Tr1-cell induction was observed upon phagocytic 
cell depletion starting at 14  days after transplantation, 
consistent with graft loss upon clodronate liposome treat-
ment at this time-point. Conversely, Tr1-cell induction 

Fig. 4. Macrophages infiltrating the grafts early during granulocyte 
colony-stimulating factor (G-CSF)/rapamycin treatment induce T 
regulatory type 1 (Tr1)-cell expansion in vitro. Graft-infiltrating cells 
harvested earlier were pooled by group [G-CSF/rapamycin-treated 
(closed circles) and untreated (open circles) mice] and used for 
co-culture experiments. A total of 100 000 cells were cultured with 
CD4+ cells, isolated by negative immunomagnetic selection from naive 
splenocytes of CD45.1 C57BL/6 mice, at a 1 : 1 ratio in 96-well 
round-bottomed plates in complete medium for 5 or 7 days. Upon 
collection, Tr1 cells were detected by flow cytometry: 
LAG3+CD4+CD25−CD45.1+ and represented over time.
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continued unaffected by phagocytic cell depletion at 21 days 
post-transplant. A statistically significant difference 
(P  =  0·0299) in Tr1-cell frequencies was observed between 
mice treated with clodronate liposomes at 14  days and 
untreated mice. Together, these data strongly suggest that 
the phagocytic cells present early during G-CSF/rapamycin 
treatment are necessary for a continued Tr1-cell induction, 
which in turn mediate transplant tolerance.

Discussion

Building upon our previous observations, that Tr1 cells are 
the key players in maintaining tolerance in a STZ-induced 
diabetes mouse model of transplantation of allogeneic islets 

[16,32,33], we report on macrophages constituting the early 
phagocytic cells infiltrating the grafts of tolerant mice. The 
early infiltration of grafts plays a crucial role in Tr1-cell 
generation and maintaining tolerance.

Our mouse model was used to dissect the events build-
ing up to tolerance induction by Tr1 cells upon short-term 
treatment with G-CSF/rapamycin. This model allows not 
only identification of the role of early graft-infiltrating 
macrophages, but also suggests the requirement for a 
continuing generation of Tr1 cells and possibly macrophage-
mediated control of tissue inflammation to establish toler-
ance. This could be inferred from in-vivo data showing 
that graft loss occurs when Tr1-cell induction discontinues, 
and in-vitro data showing an increased expansion of Tr1 

Fig. 5. Early phagocytic cell depletion in vivo leads to a halt in T regulatory type 1 (Tr1)-cell induction. Clodronate liposomes were administered at 14 
or 21 days during the course of granulocyte colony-stimulating factor (G-CSF)/rapamycin treatment of transplanted mice. Mice were euthanized 
1 week after clodronate treatment, their spleens were harvested and the frequency of Tr1 cells was detected by flow cytometry. One representative 
dot-plot (out of six) of flow cytometry staining of Tr1 cells gated on CD4+ cells in mice treated [left panel (a)] or untreated [right panel (a)] with 
clodronate liposomes (CLO) at days 14 or 28 post-transplant (open forms) or no treatment (closed forms) (b). Data are presented as mean ± standard 
error of the mean (s.e.m.), n = 3–6/group, *P < 0·05, Mann–Whitney test.
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cells from naive CD4 cells in the presence of IL-10-
producing macrophages.

One limitation of our study is that the data for IL-10 
production by these macrophages need to be cautiously 
interpreted. Intracellular cytokine staining was performed 
on graft-infiltrating cells, using appropriate controls. 
Quantification of IL-10 mRNA transcripts of these cells 
or quantification of IL-10 released into a culture super-
natant would provide more assurance of this finding.

Our data on temporary reprogramming of graft-infiltrating 
macrophage function early during G-CSF/rapamycin treat-
ment is similar to the findings reported by Nemeth et al. 
on the effect of bone marrow stromal cells on monocytes 
and macrophages in a mouse model of sepsis [31]. Our 
results implicating macrophages in Tr1-cell induction are 
partly in agreement with the observations reported by Zhang 
et al., where donor-derived macrophages produced IL-27, 
stimulating Tr1-cell development in a mouse model of GVHD 
[15]. Conversely, the requirement for recipient DC for initial 
stimulation, observed by Zhang et al., was contradicted by 
our data where a role for DC was limited. Differences in 
the modes of action of the administered compounds could 
explain this conclusion: therapeutic induction of Tr1 cells 
via nasal anti-CD3 leads to the production of IL-10, TGF-β 
and IL-27 by CD11c+ DC and not by CD11b+ macrophages, 
while G-CSF/rapamycin stimulates CD11b+F4/80+CD11c− 
macrophages. The cytokine profile of these macrophages as 
IL-10-producing and their phenotype as alternatively activated 
macrophages was demonstrated. These macrophages cor-
respond to the IL-10-producing M2 macrophage phenotype 
proposed by Mantovani et al. implicated in immunoregula-
tion and tissue remodeling [34], with M-CSF being an 
established stimulus for M2 polarization [26,35]. Considering 
both the immunoregulatory nature of this setting and the 
M2-polarizing stimulus used in this model would strongly 
support an IL-10-producing M2 macrophage profile. 
Nevertheless, molecular confirmation of IL-10 synthesis by 
these macrophages would give more certainty.

Our data show an M2 macrophage profile slightly different 
between the graft, the site of inflammation and the spleen, 
the site of Tr1-cell expansion, hence favoring an indirect 
role for macrophage-produced IL-10 over a migration of 
these macrophages from the graft to the spleen. Furthermore, 
one cannot exclude the possibility that tolerance can be 
mediated (at least early during G-CSF/rapamycin treatment) 
by two independent events: directly by IL-10-producing graft-
infiltrating M2 macrophages and indirectly via Tr1-cell induc-
tion. Another hypothesis would be that IL-10-producing M2 
macrophages induce forkhead box protein 3 (FoxP3+) Tregs 
cells in the graft early post-transplantation. Although requir-
ing investigation, this would be in agreement with previous 
work from our group implicating FoxP3+ Tregs in initiating 
tolerance in the graft and Tr1 cells maintaining tolerance 
from the spleen [36].

Our group and others have identified DC as potent 
inducers of Tr1 cells in vitro, Tr1-cell expansion in healthy 
humans or mouse models of autoimmunity [8,21,37]. 
Data from our current stringent islet transplant model 
in diabetes contrasts such findings and points to a key 
role for M2 macrophages with tolerogenic properties 
and ability to induce Tr1 cells in vivo and in vitro.

These data offer insight into one mechanism of in-vivo 
induction of Tr1 cells in diabetes. Macrophage modulation 
could be explored therapeutically, as an alternative to 
adoptive transfer of ex-vivo expanded Tr1 cells, currently 
under active clinical investigation to control autoimmune 
diseases [5].
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Fig. S1. Macrophages and DC are the phagocytic cells sensi-
tive to depleting treatment by clodronate liposomes.
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