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Mouse monocytes exposed to macrophage colony-
stimulating factor (M-CSF) and interferon-γ (IFN-γ) were 
driven to a novel suppressor phenotype. These regulatory 
macrophages (M regs) expressed markers distinguishing 
them from M0-, M1-, and M2-polarized macrophages 
and monocyte-derived dendritic cells (DCs). M regs com-
pletely suppressed polyclonal T cell proliferation through 
an inducible nitric oxide synthase (iNOS)-dependent 
mechanism. Additionally, M regs eliminated cocultured 
T cells in an allospecific fashion. In a heterotopic heart 
transplant model, a single intravenous administration of 
5 × 106 donor-strain M regs before transplantation signif-
icantly prolonged allograft survival in fully immunocom-
petent recipients using both the stringent C3H-to-BALB/c 
(32.6 ± 4.5 versus 8.7 ± 0.2 days) and B6-to-BALB/c (31.1 
± 12 versus 9.7 ± 0.4 days) strain combinations. Nos2-de-
ficient M regs did not prolong allograft survival, proving 
that M reg function in vivo is iNOS-dependent and medi-
ated by living cells. M regs were detectable for at least 
2 weeks postinfusion in allogeneic recipients. In their 
origin, development, phenotypic relationship with other 
in vitro-derived macrophages and functions, there are 
solid grounds to assert a near-equivalence of mouse and 
human M regs. It is concluded that mouse M regs rep-
resent a novel, phenotypically distinct subset of suppres-
sor macrophages. Clinical applications of M reg therapy 
as an adjunct immunosuppressive therapy are currently 
being investigated within The ONE Study.
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Introduction
Although very effective in preventing acute transplant rejec-
tion, conventional maintenance immunosuppression has many 
unwanted consequences, including renal toxicity, metabolic 
disturbances, cardiovascular disease, and increased susceptibil-
ity to infection and malignancy.1 For this reason, and because 

improvements in long-term transplant survival have not mir-
rored recent short-term improvements, the reliable induction of 
donor-specific immunological nonreactivity remains an active 
topic of transplantation research.2 Sadly, attempts to translate 
tolerance-promoting protocols from animal models into clinical 
practice have, so far, not resulted in a clinically acceptable, safe 
and reproducible treatment.3 Nevertheless, the identification and 
immunological characterization of spontaneously tolerant kidney 
and liver transplant recipients encourages the belief that clinical 
tolerance induction remains a tenable objective.4,5

Adoptive transfer of allograft tolerance with immunoregu-
latory cells is a common method in experimental immunology, 
but its translation to clinical transplantation has only recently 
received serious attention.6,7 At the present time, several alterna-
tive cell types are approaching the point of preclinical develop-
ment that might allow them to be properly investigated as adjunct 
immunosuppressive therapies in early stage clinical trials.8 One 
particularly promising candidate cell type, the regulatory mac-
rophage, has been a focus of research in our laboratory.9 From a 
technological perspective, regulatory macrophages (M reg) exhibit 
many properties which suit them for clinical application in toler-
ance-promoting protocols, most importantly, the cells are simply 
and reliably obtained, terminally differentiated and potently T 
cell-suppressive.10,11 Human M regs are a phenotypically homog-
enous population of suppressor macrophages, which are relatively 
refractory to activation by lipopolysaccharides (J.A. Hutchinson, 
unpublished results). A Good Manufacturing Practice (GMP)-
compliant procedure for generating human M regs from periph-
eral blood monocytes has been established. This process typically 
yields 2–8 × 108 M regs, which are sufficient to treat most recipi-
ents with 2.5–7.5 × 106 cells/ kg. To date, two living-donor renal 
transplant recipients have been treated with M regs in this dose 
range and, at three years post-transplant, both are maintained 
with only low-dose tacrolimus monotherapy and have stable renal 
function.9 Intriguingly, marker gene expression in the peripheral 
blood of both patients converged over time upon the tolerance-
associated profile defined by the IOT-RISET study.4 Therefore, 
although M reg therapy, and cell-based immunosuppressive 
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treatments in general, are still in their infancy, our first-in-man 
studies in solid organ transplantation point toward the potential 
clinical impact of this revolutionary approach.

Macrophages are extremely versatile effector cells which engage 
in diverse, often antagonistic activities: They participate in both 
tissue-destructive and reparative processes, and can alternatively 
heighten or diminish immunological reactions.12 This functional 
adaptability is reflected by a remarkable phenotypic plasticity, 
which itself reflects the potential of macrophages to inducibly 
express a very broad range of genes.13 Macrophages are exquisitely 
sensitive to stimuli from their environment and other immuno-
logical effector cells, responding in the most appropriate manner 
by coordinately varying their expression of soluble mediators and 
surface phenotype.14,15 Thus, activated macrophages are often clas-
sified within a spectrum of polarization states: At one extreme, 
interferon-γ (IFN-γ) and lipopolysaccharides direct macrophages 
toward the M1-polarized phenotype, when they preferentially 
drive Th1 responses; at the other extreme, interleukin (IL)-4 or 
IL-13 pushes macrophages toward M2-polarization, when they 
promote Th2 responses.16 Macrophages exposed to other stimuli 
can, in general, be categorized by their phenotypic similarity to 
either M1-polarized or M2-polarized macrophages.17

In this article, it is demonstrated that the mouse M reg repre-
sents a novel state of macrophage polarization, distinct from pre-
viously described M1- and M2-polarized macrophage subsets and 
monocyte-derived dendritic cells (DCs). Mouse M regs are pro-
found inhibitors of mitogen-driven T cell proliferation, primar-
ily through the action of inducible nitric oxide synthase (iNOS), 
and delete activated T cells in an alloantigen-specific manner. A 
single administration of donor-derived M regs before transplanta-
tion significantly prolongs heterotopic heart allograft survival in 
an iNOS-dependent manner. Mouse and human M regs are near-
equivalent cell types in their origin and development, morphol-
ogy, marker phenotype and in vitro functions. Therefore, insights 
drawn from studying the therapeutic benefits of mouse M regs in 
mice, such as the combinatorial action of rapamycin and M reg 
treatment, are of immediate relevance to our on-going clinical 
investigations with human M reg therapy.

Results
Phenotypic characterization of mouse M regs
M regs arose from isolated CD11b+ Ly6C+ bone marrow mono-
cytes over a 7-day culture period during which the cells were 
propagated in medium containing 10% fetal calf serum (FCS) and 
10% human AB serum supplemented with 5 ng/ml macrophage 
colony-stimulating factor (M-CSF); on the final day of culture, the 
cells were pulsed with 25 ng/ml IFN-γ. Plated at a density of 105 
monocytes/cm2, most of the resulting cells displayed a character-
istic morphology with a prominent central cell body surrounded 
by a thin skirt of cytoplasm (Figure 1a). M regs were predomi-
nantly mononuclear, although occasional binucleate forms could 
be observed, and their cytoplasm appeared densely granular. 
Transmission electron microscopy revealed M regs adhere tightly 
to underlying cell culture surfaces, extend numerous cell-surface 
processes and harbor lipid inclusions (Figure 1a).

M regs expressed a broad selection of typical macrophage 
markers, including CD11a, CD11b, CD68, F4/80, and CD14 

(Figure  1b). Intermediate levels of major histocompatibil-
ity complex (MHC) class II and CD80 expression, and low or 
absent expression of CD86 and CD40, were indicative of a par-
tially matured antigen-presenting cell.18 M regs expressed the 
Fc-receptors CD16/32 and CD64. Sialoadhesin (CD169), mac-
rophage scavenger receptor (CD204) and Dectin-1 were expressed 
by M regs, but other markers of notable tissue macrophage subsets 
were absent, including Dectin-2, MARCO, CD209, CD4, CD206, 
and Foxp3.19 M regs expressed neither Ly6C nor Ly6G (which 
together constitute the Gr1 antigen) that define populations of 
myeloid-derived suppressor cells.20 CD11c was homogeneously 
expressed by M regs, but they lacked expression of several other 
DC-defining markers, including 33D1 and OX40L (CD252), as 
well as CD205, CD207, and CD103.21 Importantly, M regs did not 
express TLR2 or TLR4. Consistent with having been exposed to 
IFN-γ, M regs expressed PD-L1 (B7-H1) whereas B7-H4 expres-
sion was not detected. M regs derived from C3H and BALB/c mice 
shared the same phenotypic profile as C57BL/6 (B6) M regs (data 
not shown). Considering their origin, mode of derivation, form 
and cell-surface phenotype, it seems most appropriate to classify 
mouse M regs as a type of macrophage; however, no correspon-
dence between M regs and previously described in vitro-derived 
or physiologically occurring macrophage types was immediately 
obvious (Supplementary Figure S1).

Mouse M regs represent a novel and unique state  
of macrophage activation
To better understand the interrelationship of mouse M regs and 
macrophages in previously defined states of polarization, a panel 
of macrophage types was generated for comparison to M regs in 
whole genome transcriptional profiling studies by microarray 
(Figure  2a). This approach enabled an unbiased assessment of 
the degree of overall phenotypic similarity between M regs and 
the comparator macrophages. Additionally, this approach iden-
tified differentially expressed genes which most accurately dis-
criminated M regs from the comparator macrophage types.

CD11b+ Ly6C+ monocytes were isolated by fluorescence-acti-
vated cell sorting (FACS)-sorting from pooled bone marrow of B6 
mice before being differentially stimulated in vitro to generate M 
regs and a panel of nine comparator cell types. In addition to mono-
cytes, classically activated (M1) macrophages and alternatively acti-
vated (M2a) macrophages, comparisons of M regs were made to 
resting (M0) macrophages, immune complex-stimulated (M2b) 
and dexamethasone-treated (M2c) macrophages, as well as IFN-γ-
stimulated macrophages (IFN-γ MΦ) and monocyte-derived DCs 
(mo-DC). To assess the relative contribution of IFN-γ stimulation to 
the M reg phenotype, M regs were generated omitting stimulation 
with IFN-γ. “Post-purified” M regs (generated from plastic-adher-
ent monocytes and FACS-sorted at the end of the culture period) 
were included in the comparison to evaluate the possible influence 
of leucocytes other than monocytes on M reg development.

Three separate series of M regs and comparator cell types 
were generated in fully independent experiments, giving rise to a 
microarray dataset comprising triplicate samples of ten cell types 
produced by single-colour RNA hybridizations to Agilent Whole 
Mouse Genome Oligo Microarrays. To gain an impression of 
inter-sample variability, samples were compared to one another 
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Figure 1  Morphology and cell-surface phenotype of B6 M regs. (a) M regs grow as semiconfluent cell layers (i: bar = 50 µm) with individual cells 
adopting a spreading morphology (ii: bar = 25 µm). Transmission electron microscopy shows M regs adhere tightly to the underlying tissue culture 
surface. M regs exhibit a single nucleus, numerous cell-surface projections and harbor lipid inclusions (iii: bar = 2 µm). (b) B6 M regs displayed a 
cell-surface phenotype consistent with their classification as partially matured macrophages. Open traces represent specific signals and shaded traces 
represent fluorescence-minus-one (FMO) isotype controls. Data are representative of three independent experiments.
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in an interexperiment correlation analysis based on the unfiltered, 
normalized, log2-transformed intensity data (Supplementary 
Figure S2). Triplicate samples of each cell type tightly co-clustered 
(with the exception of M regs and post-purified M regs, which are 
highly similar to one another) and five distinct clusters of cells 
types emerged. Unsurprisingly, monocytes proved to be the most 
distinct cell type. M0, M2a, and M2c macrophages constituted a 
distinct cluster, as did M2b and IFN-γ MΦ, and the M reg samples 
clustered separately (Supplementary Figure S2).

A one-way ANOVA returned a list of genes which were highly 
(at least 20-fold difference between any two cell types) and sig-
nificantly (P < 0.01) differentially regulated in any two of the cell 
types. (Monocytes were excluded from the analysis to avoid the 
list being dominated by genes they expressed.) The reporter-wise 
median-centered log2 intensity data were averaged for each cell 
type and subjected to hierarchical clustering (Figure  2b). The 
salient finding of this analysis is that M regs form a unique clus-
ter with post-purified M regs, IFN-γ MΦ, and M2b macrophages, 
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Figure 2 D efining the phenotypic proximity of M regs to macrophages in other states of activation. (a) M regs and a panel of nine comparator 
cell types were generated from fluorescence-activated cell sorting (FACS)-sorted CD11b+ Ly6C+ Ly6G– B6 bone marrow monocytes. Three series of 
comparator cell types were generated in fully independent experiments. (b) Hierarchical clustering (Manhattan; average linked) of the reporter sets 
returned by one-way ANOVA which were significantly and highly differentially regulated in any two of the comparator macrophage populations. Red 
shading indicates a higher expression of a certain reporter in the respective sample compared to the median of all samples, a green shading indicates 
downregulation. (c) Confirmation by flow cytometry of the relative upregulation of podoplanin, CD127, and CD301 (MGL1) cell-surface expression 
in B6 M regs, but not other macrophage types. Open traces represent specific signals and shaded traces represent fluorescence-minus-one (FMO) 
isotype controls. Data are representative of three independent experiments.
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which is entirely distinct from monocyte-derived DCs and M0-, 
M1-, M2a-, and M2c-polarized macrophages. In this analysis, the 
phenotypic similarity of M regs to either IFN-γ MΦ or M2b was 
less than the similarity between M0, M2a, and M2c macrophages. 
Therefore, it is concluded the mouse M reg represents a novel and 
unique state of macrophage polarization.

From the microarray dataset, differentially up- and down-
regulated genes which distinguish M regs from the comparator 
macrophages were identified and the discriminatory value of an 
arbitrary selection of these genes as markers of M regs was assessed 
by flow cytometry (Figure  2c). Higher cell-surface expression 
of podoplanin was detected in M regs than in M0-, M1-, M2a-, 
M2c-, or IFN-γ MФ. CD127 (IL-7R) and CD301 (MGL1) were 
also specifically expressed by M regs.

IFN-γ and factors present in human serum drive 
M reg development
Having established that M regs represent a novel state of mac-
rophage polarization, the question naturally arises, which factors 
drive monocytes to this unique fate? Insights into this problem 
can be drawn from reconsidering the microarray dataset: M regs 
show greatest similarity to IFN-γ MΦ and M2b-polarized mac-
rophages, indicating that IFN-γ exposure is a major determinant 
of the M reg phenotype. Accordingly, macrophages generated 
under the same conditions as M regs, but omitting IFN-γ treat-
ment, were found not to cluster with M regs (Figure 2b). Genes 
significantly differentially expressed between IFN-γ treated and 
untreated M regs were identified by significance analysis of 
microarrays (SAM) (Supplementary Figure S3). Among the 
large number of genes induced by IFN-γ stimulation were MHC 
class II, components of the IFN-γ signalling pathway, known 
IFN-γ-inducible genes22 and many others. In contrast, very few 
genes were found to be downregulated by IFN-γ in M regs.

Our work with human M regs has conclusively demonstrated 
the need for several specific components of human serum in driv-
ing their differentiation to a stably unactivated state (ref. 23 and 
J.A. Hutchinson, unpublished results). To simulate human M reg 
development as accurately as possible, mouse M regs were also 
cultivated in the presence of human serum; accordingly, any dif-
ferences between M regs and IFN-γ-stimulated macrophages 
(IFN-γ MΦ) can be attributed to the exposure of M regs to human 
serum. SAM returned 156 genes significantly upregulated in M 
regs compared to IFN-γ MΦ, including genes with known immu-
noregulatory functions, such as Cd200 and Arg1 (arginase 1). Sdc1 
(syndecan-1, CD138), Cav1 (caveolin 1), Cx3cl1, and Ccl22 were 
among the genes most highly upregulated in M regs with respect 
to IFN-γ MΦ (Figure 3a). To validate these results, expression of 
CD200, CD138, and CD38 was assessed by flow cytometry: CD200 
and CD138 were most highly expressed in M regs, whereas CD38 
was expressed by M regs and M1 macrophages (Figure 3b). Of 
the genes differentially regulated in M regs and IFN-γ MΦ, 94% 
were common to the list of genes returned by SAM as differen-
tially regulated in M reg versus M2b macrophages. Strikingly, 
most of the genes differentially expressed in M regs compared to 
IFN-γ-stimulated or M2b-polarized macrophages showed similar 
expression profiles in M regs not exposed to IFN-γ. From these 
observations, we conclude that exposure to unknown factors 

present in human serum (but not in FCS) is a second major deter-
minant of the mouse M reg phenotype.

M regs suppress mitogen-driven T cell proliferation 
in vitro
To assess the capacity of M regs to suppress T cell proliferation in 
vitro, M regs were set in direct 1:1 coculture with T cells for 3 days; 
subsequently, flow cytometry-based methods were used to quan-
tify CD4+ and CD8+ T cell division (Figure  4a). T cells from 
C3H mice treated with ConA and T-Stim proliferated strongly, 
but coculture with syngeneic M regs completely suppressed this 
proliferation (CD4+ P < 0.01; CD8+ P < 0.01; n = 3; Figure 4b). 
Likewise, M regs of BALB/c origin suppressed proliferation of syn-
geneic responder T cells (CD4+ P < 0.01; CD8+ P < 0.01). B6 M 
regs also suppressed mitogen-stimulated proliferation of syngeneic 
T cells, an effect that was evident at M reg: T cell ratios of up to 1:5 
(Figure 4c). In the allogeneic setting, neither C3H nor B6 M regs 
caused alloantigen-driven proliferation of unstimulated BALB/c 
T cells; on the contrary, C3H and B6 M regs were capable of com-
pletely suppressing mitogen-stimulated proliferation of BALB/c T 
cells (Supplementary Figure S4a,b). B6 M regs also suppressed 
proliferation of BALB/c T cells in response to B6 tumor necrosis 
factor-α (TNF-α)-matured bone marrow-derived DCs (data not 
shown). M regs suppressed ConA-stimulated T cell proliferation 
through a transwell partition, implying that M regs act, at least in 
part, through diffusible mediators (Supplementary Figure S4c). 
Taken together, these results demonstrate that M regs are pro-
foundly suppressive of T cell proliferation and that the mechanism 
of this suppression is not MHC-restricted. However, we qualify this 
statement by noting that, in our experimental system, T cells were 
nonspecifically activated with mitogen. Were T cell activation solely 
dependent on direct alloantigen presentation by M regs then only 
antigen-reactive T cells would be suppressed; hence, although M 
regs may suppress T cells through a nonspecific mechanism, their 
ultimate effect may be antigen-specific.

M regs preferentially eliminate allogeneic T cells  
in direct coculture
Using a flow cytometry-based method, absolute counts of via-
ble CD4+ and CD8+ T cells remaining after three days of direct 
coculture with M regs at a 1:1 ratio were made (Figure  4d). 
Coculture of freshly isolated, unstimulated B6 T cells with syn-
geneic M regs did not affect their survival. In contrast, markedly 
reduced numbers of CD4+ and CD8+ BALB/c T cells survived 
coculture with B6 M regs (CD4+ P = 0.04; CD8+ P = 0.02; n = 
6). This clear result is interpreted as evidence of an allospecific 
elimination of T cells by M regs. The fate of T cells eliminated by 
M regs was investigated by fluorescence microscopy of allogeneic 
M reg and CFSE-labeled T cells in coculture (Supplementary 
Figure S5a,b). T cells were seen attached to the surface of M 
regs and inclusions within M regs contained CFSE; therefore, it 
appears T cells are removed from direct coculture with M regs by 
phagocytosis. No change was observed in the cell-surface expres-
sion of CD169, CD204, CD206, CD301, Dectin-1, Dectin-2, or 
MARCO by M regs as a consequence of their interaction with 
either unstimulated or ConA-stimulated T cells (Supplementary 
Figure S5c).
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To characterize how M regs affect the properties of allogeneic 
T cells which survive coculture, BALB/c T cells were either cultured 
alone or reisolated from 3-day direct 1:1 cocultures with C3H M 
regs before polyclonal activation to quantify their capacity to secrete 
IL-2. Compared to T cells cultured alone, production of IL-2 by 
T cells in response to anti-CD3/CD28 stimulation after coculture 
with M regs was compromised (Figure 4e). The reduced ability to 
produce IL-2 and nonproliferative condition of T cells cocultured 
with M regs points to an anergization of allogeneic T cells by M 
regs.24 To investigate the effect of M reg coculture on the ability of 
T cells to respond to direct alloantigen stimulation, we assessed 
the  frequency of IFN-γ–producing BALB/c T cells responding to 
TNF-α–matured, irradiated DCs within populations of T  cells 

which had either been cultured alone or cocultured with B6 M 
regs for 3 days. A significant decrease in the proportion of IFN-γ+ 
alloreactive T cells was observed as a consequence of coculture with 
M regs (Figure 4f).

M regs suppress T cell proliferation through the 
action of iNOS
Diverse mechanisms might account for the T cell-suppressive 
capacity of M regs in vitro. Examining expression of key mediators 
of T cell suppression and deletion revealed relative upregulation 
of Arg1, Nos2, and Ido1 in M regs with respect to their median 
expression in comparator populations (Figure 5a). Inhibitors of 
IL-10 (anti-IL-10 mAb), cyclooxygenase (indomethacin), NOS 
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(l-NMMA), arginase (nor-NOHA), indoleamine 2,3-dioxyge-
nase (1-methyl-D/l-tryptophan), hemoxygenase (tin protopor-
phyrin), and granzyme-mediated killing (concanamycin A) were 
added to direct 1:1 cocultures of C3H T cells and syngeneic M 
regs (Figure 5b). Only l-NMMA at a concentration of 1 mmol/l 
or 100 μmol/l restored mitogen-stimulated T cell proliferation 
in the presence of M regs, suggesting that the T cell-suppressive 
effect of M regs is mediated by NOS. This finding was corrobo-
rated by demonstrating the inability of iNOS-deficient M regs 

from Nos2–/– mice to suppress proliferation of wild-type T cells 
(Figure  5c). To investigate the uniformity and inducibility of 
iNOS expression in M regs, an intracellular staining method for 
iNOS was established (Supplementary Figure S6). Using this 
method, it was shown that direct coculture with activated T cells 
led to an induction of iNOS in M regs (Figure 5d). Notably, T 
cell-induced iNOS expression in M regs was at a very much lower 
level than iNOS expression induced by lipopolysaccharides, 
IFN-γ, tumor necrosis factor-α, and IL-1β treatment.
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Donor-strain M regs prolong heterotopic heart graft 
survival
The capacity of M regs to prevent allograft rejection was eval-
uated in a heterotopic heart transplant model using uncondi-
tioned, fully allogeneic, nonimmunosuppressed recipients. A 
single intravenous administration of 5 × 106 donor-strain M 
regs given 8 days before transplantation significantly prolonged 
allograft survival in the stringent C3H-to-BALB/c strain combi-
nation (Figure 6a: 32.9 ± 4.5 versus 8.7 ± 0.2 days; P < 0.001). 

This graft-protective effect was specific to donor cells as recipi-
ent M regs did not prolong graft survival compared to untreated 
controls (Figure 6a: 9.6 ± 0.4 days; ns) and third party-derived 
M regs only very marginally prolonged graft survival (11.0 
± 0.6 days; P = 0.004). Being capable of indirect presentation 
of allograft antigens, it was hypothesized that M regs from F1 
hybrids of transplant donor and recipient strains would have 
a greater effect than donor-derived M regs; however, donor M 
regs were equally as effective in prolonging allograft survival 
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as C3CF1 M regs (Figure 6a: C3CF1 32.8 ± 4.5 days, P = 0.91). 
Donor strain-derived M regs were similarly effective whether 
applied 8 or 35 days before transplantation (Figure  6b: 29.3 ± 
4.1 days, P = 0.46). Using the alternative strain combination of 
B6-to-BALB/c, it was shown that prolongation of cardiac allograft 
survival by donor M regs (Figure 6c: 39.4 ± 15.8 versus 9.7 ± 0.4 
days; P < 0.001) and M regs of F1 origin (Figure 6c: CB6F1 31.3 
± 6.4 days, P = 0.68) is a general phenomenon in mice.

Administration of donor-strain M regs 8 days before trans-
plantation in conjunction with a 10-day postoperative course 
of 1 mg/kg/day rapamycin treatment significantly prolonged 
allograft survival with respect to recipients treated with M regs 
alone (Figure  6d: 66.3 ± 9.0 days, P = 0.005). Graft survival to 
100 days was seen in a proportion of recipients cotreated with M 
regs and rapamycin, whereas no grafts survived to 100 days in 
recipients treated with either M regs or rapamycin alone. M reg 
treatment in conjunction with a 10-day postoperative course of 
80 mg/kg/day mycophenolate mofetil (MMF) was not superior to 
M reg treatment alone (Figure 6e: 36.4 ± 3.9 days, P = 0.33). Taken 
together, these results show that M regs confer a striking alloanti-
gen-specific prolongation of allograft survival, which is enhanced 
by rapamycin cotreatment.

Only a marginal prolongation of allograft survival was 
observed using M regs generated from Nos2-deficient B6 mice in 
BALB/c recipients showing that iNOS is an essential mediator of 
the in vivo action of M regs (Figure 6f: 12.0 ± 1.8 days, P = 0.049). 
Very importantly, this experiment proves that the graft-protective 
effect of M regs cannot be simply attributed to exposure of the 
recipient to donor alloantigen, but must be mediated by living, 
metabolically competent cells.

Both syngeneic and allogeneic M regs are short-lived 
in recipient animals
The anatomical distribution of M regs after injection into CD45.1+ 
H2-Kb B6 recipients was assessed using M regs from congeneic 
CD45.2+ H2-Kb B6 mice or allogeneic CD45.2+ H2-Kd BALB/c 
M regs (Figure 7a). One day after administration, M regs were 
readily detected in the blood, spleen, liver, and lung of both con-
geneic and allogeneic recipients, but were not reliably detected in 
lymph nodes or bone marrow (Figure 7b). At weeks 1 and 2, rela-
tively fewer CD45.2+ H2-Kd M regs were detected in allogeneic 
recipients compared to day 1 and these cells were most evident 
in the lung (Figure 7c). However, a similar decrease in the pro-
portion of M regs detected in all tissues of congeneic recipients 
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was also observed (data not shown). By the fourth week, no M 
regs could be reliably detected. Although it cannot be strictly 
excluded that the apparent disappearance of M regs was due to 
a failure of detection (either because they changed phenotype 

or redistributed too widely) it seems most likely that M regs are 
short-lived after transfer, surviving only days to weeks. Trans-
presentation of H2-Kd by CD45.1+ H2-Kb-expressing recipient 
antigen-presenting cells was not observed (Figure 7c).
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Figure 7  Anatomical distribution of M regs after administration to syngeneic or allogeneic recipients. 5 × 106 CD45.2+ M regs were adminis-
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of CD45.2+ B6 M regs and CD45.2+ BALB/c M regs in CD45.1+ B6 recipients at 24 hours postinfusion. Both syngeneic and allogeneic M regs were 
found in the blood, spleen, liver, and lung. The “no cell” control group received an injection of 1 ml DPBS-containing 62 U/ml heparin. Data are 
representative of three independent experiments. (c) BALB/c M regs were readily detectable for up to 2 weeks in B6 recipients, albeit at a much lower 
frequency than at 24 hours postinfusion. Results representative of three independent experiments identifying M regs present in lung are shown.
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Does a naturally occurring counterpart of the M reg 
exist?
In developing M regs as a cell-based adjunct immunosuppressive 
treatment, the paramount considerations are whether adminis-
tration of M regs is safe and has a consistent, clinically relevant 
effect. From this strictly technological perspective, it is unimport-
ant whether or not mouse M regs correspond to a physiological 
macrophage population. Nevertheless, macrophages exhibiting 
an M reg-like phenotype could be identified in the spleen of B6 
mice. These CD11b+ CD11c+ F4/80+ MHC class II+ CD169+ 
Dectin-1+ cells represent 12.1 ± 3.7% of MHC class II+ CD11b+ 
splenocytes, so are a relatively minor macrophage subpopulation 
(Figure 8). Although it cannot be claimed that these M reg-like 
splenic macrophages are naturally occurring counterparts of in 
vitro-derived M reg, their presence does suggest that in vitro-de-
rived M regs are not of a wholly artificial phenotype.

Discussion
This work seeks to establish two principal conclusions, namely, 
that IFN-γ stimulation in the absence of other proinflammatory 
signals drives mouse macrophages to a suppressor phenotype 
and that treatment of transplant recipients with M regs extends 
allograft survival. The primary importance of these conclusions 
lies in the utility of the mouse M reg as an experimental and pre-
clinical model for studying the biology and potential clinical ben-
efits of human M reg therapy.10 Our group has recently reported 
the first application of human M regs as an adjunct immunosup-
pressive therapy in two living-donor renal transplant recipients.9 
This concept is now being carried forward within The ONE Study, 
a multinational clinical trial of cell therapy in renal transplantation 
supported by the European Union 7th Framework Programme 
(www.onestudy.org). Consequently, the detailed phenotypic and 
functional characterization of the mouse M reg provided here is of 
both scientific and immediate translational relevance.

Acting within grafts, as well as distant sites, macrophages pro-
foundly influence the development of various transplant patholo-
gies. Macrophages are involved both in acute and chronic allograft 
injuries, acting not only as simple effectors of innate responses, 
but also amplifying the adaptive responses.25,26 On the other 
hand, not all macrophage-mediated processes are detrimental to 

allografts. In particular, re-establishment of tissue homeostasis by 
anti-inflammatory macrophages appears to be a major determi-
nant of long-term transplant outcomes.27–29 Three general strate-
gies for therapeutically manipulating the behavior of macrophages 
can be envisaged: depletion or prevention of monocyte migra-
tion into inflamed sites; in situ induction of macrophages with 
an anti-inflammatory or tissue-repair phenotype; and the use of  
ex vivo-generated regulatory macrophages as a cell-based medici-
nal product.30 Although using cell preparations as therapeutic 
agents is a novel and technologically challenging approach, directly 
administering M regs to patients circumvents many of the difficul-
ties of pharmacologically targeting macrophages with monoclonal 
antibodies, recombinant proteins or conventional drugs.

Administration of a single intravenous dose of donor-strain M 
regs substantially prolonged allograft survival in fully mismatched, 
nonimmunosuppressed recipients without lymphodepletive pre-
conditioning or conventional immunosuppressive treatment. This 
therapeutic effect was alloantigen-specific and depended upon 
expression of iNOS by M regs, implying that allograft protection is 
conferred by living cells. Several mutually redundant mechanisms 
might be invoked to explain the in vivo effect of M regs and, in our 
view, it appears that more than one mechanism is in operation. It is 
firmly established that preoperative exposure to donor alloantigen 
predisposes recipients to allograft acceptance31 and that delivery of 
donor alloantigen as apoptotic cell debris enhances this effect.32,33 
Both CD8α+ DCs34 and F4/80+ PD-L1+ IL-10-producing mac-
rophages35 of the splenic marginal zone appear to be important for 
the tolerogenic effects of complement-opsonized apoptotic bod-
ies.36 Because M regs in syngeneic recipients disappear with similar 
kinetics to M regs in MHC-disparate recipients, it appears that M 
regs have an inherently limited lifespan; therefore, one pathway of 
M reg action may be systemic provision of apoptotic donor alloan-
tigen-expressing material in the absence of inflammation. Such a 
mechanism operates in tolerance induction protocols using donor-
specific transfusion and αCD154 treatment, in which indirect pre-
sentation of donor alloantigen results in a predominantly deletional 
tolerance.37 And yet, the graft-protective effect of donor alloantigen 
exposure in the absence of costimulatory blockade38 or lymphode-
pletive conditioning39 is rarely as profound as that achieved with 
M reg treatment, even in less stringent transplant models.40
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It is difficult to reconcile the requirement for iNOS expression 
by M regs with the suggestion that M regs act merely as a passive 
source of alloantigen, so the question arises as to how M regs exert 
an active immunosuppressive effect in vivo. Conceivably, M regs 
might act rapidly before dying or, as our tracking experiments do 
not entirely exclude the possibility, a small number of M regs might 
persist in recipients and exercise long-lived effects. In B6 mice toler-
ized to BALB/c cardiac allografts by donor-specific transfusion and 
αCD154 treatment, Ochando’s group recently demonstrated the 
need for CD11b+ CSF1R+ endogenous macrophages for the estab-
lishment of allograft acceptance; further, they showed that IFN-γ 
receptor expression was indispensible for the tolerogenic activity 
of these cells.41 Our gene expression profiling experiments revealed 
the central influence of IFN-γ in M reg development, its major 
effect being to drive M regs toward a state of incomplete activation, 
such that they expressed high levels of MHC class II, iNOS and 
PD-L1, but little CD40 or CD86. Since T cells encountering par-
tially matured antigen-presenting cells may become anergized, it is 
conceivable that directly alloreactive recipient T cells recognising 
M regs could undergo abortive activation in vivo.42 That allogeneic 
T cells cocultured with M regs were rendered nonproliferative and 
produced less IL-2 provides some support for this suggestion.

If donor M regs play an active immunosuppressive role in allo-
geneic recipients, is it possible to account for the antigenic specificity 
of their in vivo effect? The profound influence of M regs on cocul-
tured T cells cannot be explained by a single mechanism: M regs 
act by suppressing T cell proliferation through iNOS, inhibiting IL-2 
production and by directly eliminating alloantigen-reactive T cells. 
Presently, the relative contribution of each of these mechanisms to 
the in vivo effects of M regs is not clear. Preferential elimination of 
allogeneic T cells from coculture points to a truly allospecific sup-
pressive activity of M regs, which may be very important given 
reports that deletion of alloreactive T cells is essential for long-term 
transplant tolerance;43 however, evidence for direct M reg-mediated 
T cell deletion in vivo is not yet available. Although iNOS-mediated 
suppression of T cell proliferation in vitro was not MHC-restricted, 
T cell activation and suppression were artificially divorced by poly-
clonal T cell stimulation in our experimental system.44 By contrast, 
in our transplantation experiments, specific activation of recipient T 
cells and their suppression by donor M regs may have been the self-
same event. Induction of T cell anergy by costimulation-deficient M 
regs might also be expected to be an antigen-specific phenomenon. 
Therefore, it is plausible that M regs could induce donor-specific 
unresponsiveness in T cells reacting in the direct pathway, as well as 
the indirect pathway.

Expression of iNOS is readily induced in mouse macrophages 
upon activation, especially in response to IFN-γ.45 iNOS-mediated 
NO production was originally characterized as a protective cyto-
toxic response of activated macrophages to various pathogens, but it 
is now clear that iNOS also plays immunoregulatory roles in malig-
nancy and resolution of autoimmune disease.46 iNOS is responsible 
for the conversion of l-arginine to l-citrulline and NO, so iNOS-
expressing macrophages both deprive T cells of arginine and expose 
them to the direct toxic effects of NO. NO itself serves as an intercel-
lular signalling molecule, but its reaction products (including per-
oxynitrite formed through the reaction of NO with superoxide) also 
exert important biological effects.47 Which of these mechanisms of 

NO action predominates in the M reg-mediated suppression of T 
cell proliferation is as yet unknown; however, differences in NO 
downstream signalling pathways might help to explain why M regs 
are suppressive, but iNOS-expressing M1 macrophages are not. As 
well as affecting T cells, the same mechanisms of NO action can 
also alter the behavior of neighbouring macrophages and DCs.48,49 
In this context, it is important to recognise that iNOS-dependent 
suppression of T cells by M regs in vitro does not imply iNOS-de-
pendent allograft protection is primarily a direct effect of M regs 
on recipient T cells, as M regs expressing iNOS might equally act 
via recipient antigen-presenting cells. Accordingly, one potentially 
important fate for M regs may be to migrate into tissues and modu-
late resident antigen-presenting cell populations, before dying in a 
suitably self-conditioned local environment.

A number of classically proinflammatory factors can induce 
suppressive activities in macrophages, including repetitive TLR 
stimulation and PGE2 treatment.30 This may reflect the physiologi-
cal behavior of macrophages in strongly inflammatory environ-
ments, which act to limit the extent of inflammation by providing 
a crucial level of negative feedback. IFN-γ appears to be another 
example of a proinflammatory cytokine with paradoxical effects in 
macrophages: On one hand, IFN-γ can enhance the microbicidal 
activity and antigen-presenting capacity of macrophages; on the 
other, our data shows that IFN-γ is essential for the development 
of suppressive M regs. It is interesting to note that IFN-γ condi-
tioning promotes the expansion of regulatory T cells by inducing 
the conversion of non-T reg precursors into T regs, promoting 
activation-induced cell death in non-T regs and suppressing the 
development of Th2 and Th17 cells.50

In synopsis, this study identifies a mouse counterpart of the 
human M reg, which defies ready classification as an M1-polarized 
or M2-polarized macrophage. Administration of mouse M regs to 
fully allogeneic transplant recipients has a therapeutically relevant 
graft-protective effect, which was shown to depend on iNOS activ-
ity, proving that the beneficial action of M regs cannot be solely 
attributed to recipient exposure to alloantigen. We conclude that 
the reproducible therapeutic benefit of M reg therapy in mice is 
extremely encouraging and augers well for the human M reg treat-
ment group of The ONE Study.

Materials and Methods
Mice. Animal experiments were performed with the approval of the 
Regierung der Oberpfalz (54-2532.1-23/10) in accordance with the German 
Animal Welfare Act. C57BL/6 (H-2b), C3H (H-2k), BALB/c (H-2d), and 
CB6F1 mice were purchased from Charles River (Sulzfeld, Germany). 
B6.129P2-Nos2tm/Lau/J (iNOS-knockout mice) and B6.SJL-Ptprca Pepcb/BoyJ 
(CD45.1 congeneic mice) were purchased from The Jackson Laboratory 
(Bar Harbor, ME). C3CF1 mice were bred in-house. Mice in all experi-
ments were male and 8–12-weeks old.

Generation of mouse M reg and other macrophage populations. M reg 
were generated from mononuclear cells obtained from blood, spleen, and 
bone marrow in an process analogous to that used to  produce human M reg.51  
Cells were cultured for 7 days in 100 mm untreated petri dishes with 5 ml of 
RPMI 1640 containing 100 U/ml penicillin-streptomycin, 25 mmol/l HEPES, 
2 mmol/l glutamine, and 2 mmol/l GlutaMAX (Invitrogen, Karlsruhe, 
Germany), and supplemented with 10% FCS (Biochrom, Berlin, Germany), 
10% human AB serum (Lonza, Cologne, Germany) and 5 ng/ml M-CSF 
(Sigma, Munich, Germany). Every other day, medium was exchanged 
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without disrupting the adherent cell layer. On day 6, cultures were stimu-
lated with 25 ng/ml IFN-γ (Chemicon, Billerica, MA). On day 7, cells were 
washed in DPBS and harvested by pipetting and gentle scraping. For com-
parative analyses, all macrophage types (including M regs) were generated 
from CD11b+ magnetic bead-sorted monocytes from bone marrow, which 
were plated in 35-mm petri dishes at 2 × 105 cells/ml/cm2 in RPMI 1640-
based medium and stimulated as indicated in Figure 2a. For culture of M2b 
MΦ, petri dishes were coated overnight with 1 mg/ml human immuno-
globulin (Sandoglobulin; CSL Behring, Hattersheim am Main, Germany) in 
Na-Bicarbonate buffer at 4 °C, and washed three times with DPBS before use. 
For gene expression profiling experiments, the input cells were FACS-sorted 
CD11b+ Ly6C+ Ly6G- monocytes from bone marrow.

Flow cytometry. Samples were prepared for flow cytometry as described 
elsewhere.52 Dead cells were excluded using 7-AAD (BD Biosciences, 
Heidelberg, Germany) or LIVE/DEAD Aqua (Invitrogen). Antibodies are 
specified in Supplementary Table S1. Commercial reagents were used for 
fixation and permeabilization of M regs for detection of CD68 and iNOS 
(BD Biosciences). Flow cytometry was performed on a FACS Canto II 
(Becton Dickinson, Heidelberg, Germany) and analysed with FlowJo (Tree 
Star, Ashland, OR).

In vitro suppression assay. 5 × 105 M reg and 5 × 105 CFSE-labeled T 
cells were plated into 24-well plates in 1 ml complete RPMI 1640 supple-
mented with 10% FCS, 1 mmol/l sodium pyruvate, 100 µmol/l nonessen-
tial aminoacids and 100 µmol/l 2-ME (Invitrogen). T cells used in this 
assay were isolated from spleen, labeled with 2 µmol/l CFSE (Invitrogen) 
for 15 minutes and enriched with CD90 MicroBeads (Miltenyi, Bergisch-
Gladbach, Germany). Cultures were stimulated with 5 µg/ml concanavalin 
A (Sigma) and 5% T-STIM (BD). The following inhibitors were prepared 
as follows: anti-IL-10 or rat IgG2b isotype control in DPBS (BD); indo-
methacin in ethanol (Sigma); l-NMMA in water (NG-methyl-l-arginine 
acetate salt, Sigma); NG-Hydroxil-L-arginine acetate (l-NOHA) in water 
(Sigma); Nω-Hydroxy-nor-l-arginine diacetate (nor-NOHA) in water 
(Calbiochem, Darmstadt, Germany); 1-methyl-D/L-tryptophan (1-MT) in 
HCl before pH adjustment (Sigma); tin protoporphyrin (SnPP) in NaOH 
before pH adjustment (Tocris, Bristol, UK); Concanamycin A in DMSO 
(Sigma). CD4+ and CD8+ T cell proliferation and absolute cell counts 
were assessed by flow cytometry using Countbright beads (Invitrogen).

Cytokine secretion assay. 106 CD4+ spleen T cells were plated alone or 
with 106 C3H M reg in 6-well plates containing 3-ml complete RPMI 1640 
supplemented with 10% FCS, sodium pyruvate, nonessential aminoacids 
and 2-ME (Invitrogen). After 3 days, T cells were harvested, sorted with 
CD90 MicroBeads, and 0.2 × 106 cells in 200 μl medium were seeded into 
wells of a 96-well round bottom plate. T cells were then stimulated with 
plate-bound anti-CD3 and soluble anti-CD28 (BD). After 24 hours, super-
natants were collected and IL-2 concentration was determined by ELISA 
(R&D Systems, Wiesbaden Nordenstadt, Germany).

RNA isolation, amplification, and labeling for microarrays. RNA was 
isolated from three independent series of FACS-sorted comparator mac-
rophage types using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). 
RNA quality was determined using the Agilent 2100 Bioanalyzer platform 
and only RNAs with calculated RNA Integrity Numbers (RIN) higher than 
6 were accepted. Thirty six microarray datasets were obtained from single-
color hybridization of murine RNAs to Agilent Whole Mouse Genome 
Oligo Microarrays (4 × 44). Sample labeling was performed as detailed 
in the “One-Color Microarray-Based Gene Expression Analysis protocol 
(version 5.7, part number G4140-90040).” Briefly, 0.5 µg of each total RNA 
samples was used for the amplification and labeling step using the Agilent 
Quick Amp Labeling Kit (Agilent Technologies, Bobingen, Germany). 
Yields of cRNA and the dye-incorporation rate were measured with the 
ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE).

Hybridization of agilent whole mouse genome oligo microarrays. The 
hybridization procedure was performed according to the the “One-Color 
Microarray-Based Gene Expression Analysis protocol (version 5.7, part 
number G4140-90040) using the Agilent Gene Expression Hybridization 
Kit (Agilent Technologies). Briefly, 1.65 µg Cy3-labeled fragmented cRNA 
in hybridization buffer was hybridized overnight (17 hours, 65 °C) to 
Agilent Whole Mouse Genome Oligo Microarrays 4x44K using Agilent’s 
recommended hybridization chamber and oven. Following hybridization, 
the microarrays were washed once with the Agilent Gene Expression Wash 
Buffer 1 for 1 minute at room temperature followed by a second wash with 
preheated Agilent Gene Expression Wash Buffer 2 (37 °C) for 1 minute. 
The last washing step was performed with acetonitrile.

Scanning and data analysis. Fluorescence signals of the hybridized 
Agilent Microarrays were detected using Agilent’s Microarray Scanner 
System (Agilent Technologies). The Agilent Feature Extraction Software 
10.5.1.1 was used to read out and process the microarray image files. The 
data discussed in this publication have been deposited in NCBI’s Gene 
Expression Omnibus and are accessible through GEO Series accession 
number GSE32690. Background corrected intensity values were quantile 
normalized and log2 transformed. Only reporters with at least two valid 
signal intensity values in at least one cell type were considered. For visual-
ization in heat map format, the log2 intensity values were median-centered 
for each reporter. One-way ANOVA was conducted using GeneSpring GX 
(v.11.0.2) (Agilent Technologies). Differentially expressed genes were iden-
tified by SAM (estimated FDR = 0) as implemented in the MultiExperiment 
Viewer of the TM4 microarray software suite (v.4.6.1).

Heterotopic heart transplantation. Abdominal heterotopic heart trans-
plants were performed as previously described.53 Graft rejection was 
defined as cessation of palpable cardiac contractions with verification by 
direct inspection of the allograft via laparotomy. Recipient mice either 
received no additional treatment, or received 5 × 106 donor, recipient, or 
third-party M regs on day 8 before transplantation unless otherwise stated. 
M regs were resuspended in 1 ml DPBS-containing 62 U heparin and 
then administered by slow injection into the tail vein. Some experimen-
tal groups received 1 mg/kg/day i.p. rapamycin (Rapamune; Pfizer, Berlin, 
Germany) diluted in saline or 80mg/kg/day i.p. mycophenolate mofetil 
(Cellcept; Roche, Grenzach, Germany) diluted in 5% glucose from the day 
of transplantation until day 10.

Tracking of M regs in vivo. 5 × 106 B6 M reg, BALB/c M reg or a “no-
cell control” were injected in the tail vein of B6-CD45.1 congeneic mice. 
Blood, LN, spleen, BM, liver, and lung were harvested on day 1, week 1, 2, 
and 4 after cell injection. Single cell suspensions of blood, LN, spleen, and 
BM were made by mechanical disruption and erythrocyte lysis with ACK 
buffer. Liver and lung were homogenized using gentleMACS (Miltenyi) 
according to recommended protocols before enrichment of CD11b+ cells 
by AutoMACS Pro. Cells were subsequently stained for markers discrimi-
nating donor M regs from recipient cells and analysed by flow cytometry.

Statistics. Statistical analysis was performed with GraphPad and 
SigmaPlot software. Values given in histograms represent mean ± SEM 
unless otherwise stated. As appropriate, paired one-tailed or two-tailed 
t-tests, or Mann–Whitney U-tests, were used for all tests of significance. 
The LogRank test was applied to compare cardiac graft survival between 
groups. Statistical treatment of microarray data is described above.

SUPPLEMENTARY MATERIAL
Figure  S1.  Mouse M regs do not correspond to previously described 
macrophage populations.
Figure  S2.  Interexperiment correlation analysis of macrophage sam-
ples belonging to three independent experimental series.
Figure  S3.  Hierarchically clustered heatmaps (Pearson uncentered, 
average linked) depicting reporters returned by SAM as significantly 
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upregulated (a) and downregulated (b) in M regs compared to M regs 
without IFN-γ treatment (M reg no IFN-γ).
Figure  S4.  M regs suppress allogeneic T cell proliferation.
Figure  S5.  M regs interact with activated T cells in coculture.
Figure  S6.  Establishment of intracellular FACS-staining protocols for 
mouse iNOS.
Table  S1.  Antibodies used for flow cytometry.
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