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Abstract. Regulatory T cells (Tregs) play an essential role 
in the induction and maintenance of peripheral tolerance as 
well as prevention of autoimmunity by limiting the strength 
of the immune response of effector T cells. Macrophages, 
a heterogeneous population of phagocytes and professional 
antigen presenting cells (APCs), can also exert suppressive 
effects on effector T cells to keep the peripheral balance of 
immunity. The bi-directional interactions of dendritic cells 
(DCs) and Tregs have been cell studied. However, much 
less is known about the reciprocal interaction between mac-
rophages and Tregs. In this review, we will discuss recent 
observations regarding the interplay of these two regulators 
of immunity. 
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Abbreviations: AAM, alternatively activated macrophages; 
ACAID, anterior chamber–associated immune deviation; 
APC, antigen presenting cell; CpG-ODN, immune-stimula-
tory oligonucleotide with CpG sequences motifs; CTLA-4, 
cytotoxic T lymphocyte antigen; CNS, central nervous sys-
tem; DCs, dendritic cells; DTH, delayed-type hypersensi-
tivity; EAE, experimental autoimmune encephalomyelitis; 
ECL, entorhinal cortex lesion; FoxP3, forkhead box protein 
3; GITR, glucocorticoid-induced tumour necrosis factor 
receptor; HLA- II, leukocyte antigen class II; IBD, inflam-
matory bowel disease; IDO, indoleamine 2,3-dioxygenase; 
IFN-gamma, interferon-gamma; iNOS, inducible nitric ox-

ide synthase; KCs: Kupffer’s cells, LPS: lipopolysaccharide; 
MDC, macrophage-derived chemokine; MHC, major histo-
compatibility complex; MLR, mixed lymphocyte response; 
NO, nitric oxide; TARC, thymus and activation-regulated 
chemokine; TGF-beta, transforming growth factor-beta; 
TECs, thymic epithelial cells; TLR, toll like receptor; TNF-
alpha, tumor necrosis factor-alpha; Tregs, regulatory T cells 

Introduction 

Proper immune responses are largely shaped by the posi-
tive and negative regulating components including cells, cy-
tokines and genes in the immune system. We have learned 
a lot about the positive regulation in the past. However, the 
information on the negative regulation of immunity is rela-
tively sparse. Although suppressor T cells were already been 
noted in the early 1970s, the concept of regulatory T cells 
(Tregs) has been widely accepted since 1995 when Sak-
aguchi’s group observed that CD4+CD25+ T cells inhibited 
autoimmune diseases caused by effector T cells [1].

According to differential expression of specific mark-
ers, cytokine profile, origin and mechanisms of action, Tregs 
are divided into several subsets and the number of subsets 
is still expanding. According to their immunosuppressive 
function, surface markers or cytokine production, a variety 
of Treg subsets have been identified, including CD4+Tregs 
(naturally arising CD4+CD25+Tregs, IL-10-secreting Tr1 
cells, TGF-b-secreting Th3 cells), Qa-1-restricted CD8+ 
T cells, CD8+CD28– T cells, CD8+CD122+ T cells, g/dT 
cells, and NKT cells (NK1.1+CD4-CD8-), NK1.1-CD4-CD8-

cells[2,3]. It is, thus far, well accepted that three main types 
of Tregs exist in mice and humans, namely naturally occur-Correspondence to: Y. Zhao
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ring CD4+CD25+ Tregs that constitutively express cytotoxic 
T lymphocyte antigen (CTLA-4), glucocorticoid-induced 
tumour necrosis factor receptor (GITR) and forkhead box 
protein 3 (Foxp3), inducible Tregs including transforming 
growth factor-beta (TGF-beta) producing T helper 3 (Th3) 
cells and IL-10 secreting regulatory T1 (Tr1) cells. Recent 
evidence shows that CD4+CD25+ Tregs can also be induced 
in the periphery from naïve CD4+ T cells [4, 5].

Over the past ten years, accumulating data have revealed 
that besides autoimmune diseases [6–9], CD4+CD25+ Tregs 
exert regulatory functions in the control of transplantation 
tolerance [10], tumor immunity [11–15], and infection as 
well [16,17]. The extensive inhibitory effects of CD4+CD25+ 
Tregs involve multi-target cell communications including 
those with CD4+ and CD8+ T cells, B cells, dendritic cells 
(DCs), natural killer (NK) cells [18] and monocytes/macro-
phages. 

Macrophages differentiate from myeloid precursors and 
form a heterogeneous population of antigen presenting cells 
(APCs) that link the innate and adaptive immune systems. 
There are three types of activated macrophages with differ-
ent phenotypes and functions, i. e. classical activated mac-
rophages, alternatively activated macrophages (AAMs) and 
the third type macrophages [19]. The detailed information 
on these three macrophages is summarized in Table 1. Tissue 
specific resident macrophages such as Kupffer cells (KCs) 
exist in the liver, microglia cells in the brain, alveolar mac-
rophages in the lung, and osteoclasts in the bone. They all 
actively defend against microbial invasion and contribute ex-
tensively to the inflammatory process and tissue destruction 
via the elevated production of proinflammatory cytokines 
(tumor necrosis factor-alpha (TNF-alpha), IL-1, IL-6, IL-
8, and IL-12) and via their T cell–stimulatory capacity. On 
the other hand, evidence suggests that macrophages can also 
dampen the effector T cell response as negative regulators, 
which is partially due to induction of CD4+CD25+ Tregs. 

Up to now, much attention has been paid to the reciprocal 
interaction of CD4+CD25+ Tregs with effector T cells and 
CD4+CD25+ Tregs with DCs [20–22]. However, the cross-
talk between Tregs and macrophages has not been well ex-
plored so far. In the present manuscript, we will focus on 
the bi-directional regulation between CD4+CD25+ Tregs and 

macrophages so that we may better understand their delicate 
modulation of the integral immune system.

Modulation of macrophages by CD4+CD25+ Tregs

CD4+CD25+ Tregs were initially recognized as potent regula-
tors of adaptive immune responses. Recent growing evidence 
has demonstrated that the suppressive effects of CD4+CD25+ 
Tregs are not restricted to the adaptive immune system (T 
and B cells) but can also affect the activation and function 
of innate immune cells (monocytes /macrophages, DCs, and 
NK cells) [20–23]. 

Maloy et al found that CD4+CD25+ Tregs could inhibit 
innate immune pathology in a murine model of inflammatory 
bowel disease (IBD) induced by the pathogenic bacterium, 
Helicobacter hepaticus and the inhibition was dependent on 
T cell–derived IL-10 and TGF-beta [24]. This study first re-
vealed that CD4+CD25+ Tregs could negatively regulate in-
nate immune response. Additional findings [25–27] further 
indicated that CD4+CD25+ Tregs might regulate the innate 
immune response through GITR, which is constitutively ex-
pressed at high levels on CD4+CD25+ Tregs. Although these 
investigations did not all focus on the cellular communica-
tion of CD4+CD25+ Tregs with their specific target cells, es-
pecially the most active player (macrophages) in these dis-
eases, they did provide us a clue that CD4+CD25+ Tregs may 
affect the functions of innate immune cells. 

The inhibitory function of CD4+CD25+ Tregs on macro-
phages in mice was observed in vitro and in vivo [28]. Mouse 
CD4+CD25+ Tregs modulated macrophages by inhibiting the 
activation of the latter, leading to reduced proinflammatory 
cytokine production and a downregulated effector phenotype 
in vitro. Furthermore, in a SCID mouse model of chronic 
renal disease, the reconstituted CD4+CD25+Foxp3high Tregs 
strongly reduced glomerular and interstitial injury and re-
markably decreased the number of macrophages in both 
the glomeruli and interstitium compared with controls [28]. 
This protective effect of CD4+CD25+ Tregs was significantly 
impaired by blockade of TGF-beta [28], indicating that the 
inhibitory effect of CD4+CD25+ Tregs on macrophages is de-
pendent on the presence of TGF-beta.

Table 1. The characteristics of different subsets of macrophages

Classical Alternative Type II

Activation induction IFN-gamma, TNF-alpha IL-4, IL-13, IL-10, glucocorticoid IgG complexes  
TLR ligation

Cytokine production TNF, IL-12, IL-23, IL-1, IL-6 IL-10, IL-1R antagonist IL-10, TNF, IL-6

Chemokine production IP-10, MIP-1 CCL18 unknown

Killer molecules NO, O2- none NO, O2-

Antigen presentation efficient not efficient

Phagocytic capacity efficient

Immune receptors MHC-II, CD86 CD206, CD163, CD23 CD86, MHC-II, TLR
Biological functions Kill and degrade intracellular mi-

croorganisms, support specific Th1 
cell response

Suppress T cell proliferation in 
vitro, tissue repair and wound 
healing

Anti-inflammatory effect,  
Th2 humoral immune response

References [68–70] [68–70] [68–70]
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Taams et al [29] first showed that human CD4+CD25+ 

Tregs could directly suppress the functions of mono-
cytes/macrophages in vitro. Co-cultured with autologous 
CD4+CD25+ Tregs, monocytes appeared as a small and rest-
ing phenotype. In contrast to the co-culture of monocytes 
with CD4+CD25- T cells, monocytes with CD4+CD25+ Tregs 
produced a low level of TNF-alpha, interferon-gamma (IFN-
gamma) and IL-10 as detected in co-culture medium [29]. 
Furthermore, the response to lipopolysaccharide (LPS) of 
these monocytes, pretreated with CD4+CD25+ Tregs, was 
severely inhibited as indicated by low production of TNF-
alpha and IL-6 as well as the limited up-regulation of human 
leukocyte antigen class II (HLA-II), CD40 and CD80, and 
significant down-regulation of CD86 compared with con-
trols [29]. However, IL-10 did not appear to play an essential 
role in the modulation process [29]. 

Kryczek et al reported that human CD4+CD25+ Tregs 
could induce co-inhibitory molecule expression on mono-
cytes and render monocytes suppressive in exerting their 
regulatory function [30]. Compared with effector T cells, 
CD4+CD25+ Tregs could trigger significantly higher levels 
of IL-10 production by monocytes in vitro [30]. More inter-
estingly, high levels of IL-10 derived from monocytes stimu-
lated B7-H4 expression on their surfaces, which finally made 
them tolerogenic [30]. In contrast to the work we just re-
ferred above, this study showed that IL-10 plays an essential 
role in the interaction of CD4+CD25+ Tregs and monocytes 
[30]. The most obvious difference between these two studies 
is the time point of detection after coculture: the latter was 
at 72 hours, and the former was at 40 hours. Perhaps the 
additional 32-hours may account for a significant increase 
in IL-10 secretion. Time profiles of IL-10 secretion in the 
coculture of CD4+CD25+ Tregs and monocytes need to be 
determined to explain this distinction more clearly. Another 
group used similar conditions [31] but found that rather than 
Treg-treated monocytes, it was the non-conditioned freshly 
isolated monocytes that suppress T cell proliferation. Kryc-
zek attributed this difference to T cell apoptosis caused by a 
high density of T cells and over activation in the system that 
the group used. 

Recently, one group reported that human Tregs can in-
duce monocytes/macrophages to differentiate into AAMs 
[32]. They revealed a different view of Treg modulation of 
monocytes/macrophages. Consistent with previous work of 
other [29], they also found that after 40-hour coculture with 
Tregs, monocytes/macrophages produced much reduced 
proinflammatory cytokines (IL-6, TNF-alpha, IL-1-beta) in 
response to LPS stimulation. This suppression was associ-
ated with IL-10, IL-4 and IL-13 secreted by Tregs. However, 
instead of general inhibition of monocytes/macrophages by 
Tregs, the production of anti-inflammatory cytokines, such as 
IL-10 and IL-1Rα secreted by monocytes/macrophages, were 
significantly increased. Moreover, Treg-treated monocytes/
macrophages expressed more macrophage mannose receptor 
(CD206) and hemoglobin scavenger receptor (CD163) with 
greater phagocytic capacity, increased CCL18 production, 
as well as reduced expression of HLA-DR, which are typi-
cal features of AAMs. Treg-mediated induction of CD206 is 
entirely cytokine-independent, whereas the up-regulation of 
CD163, CCL18, and phagocytosis is (partly) dependent on 
IL-10 but not on IL-4/IL-13 [32].

In addition to induction of co-inhibitory molecules on 
monocytes, CD4+CD25+ Tregs can enhance indoleamine 
2,3-dioxygenase (IDO) expression and activity in mono-
cytes, which directly results in immunosuppression. It was 
reported that CTLA-4 expressed on CD4+CD25+ Tregs could 
up-regulate IDO expression on decidual and peripheral 
blood monocytes by the induction of IFN-gamma produc-
tion [33]. After treatment with CTLA-4/Fc fusion protein or 
IFN-gamma, IDO expression on decidual monocytes was 
up-regulated during normal pregnancy while decreased in 
spontaneous abortion cases [33]. The expression of CD86 
on peripheral blood and decidual monocytes in spontaneous 
abortion cases was lower compared with those in normal 
pregnancy subjects [33]. These data reveal an indirect action 
of CD4+CD25+ Tregs to mediate maternal tolerance to the fe-
tus through enhancing the suppressive ability of monocytes.

On the other hand, human CD4+CD25+ Tregs could 
inhibit monocyte survival through a proapoptotic mecha-
nism involving the Fas/FasL pathway in vitro [34]. CD14 
expression on monocytes was significantly up-regulated by 
LPS treatment, and this effect was completely blocked by 
CD4+CD25+ Tregs but not by CD4+CD25- T cells. Because 
loss of CD14 was considered a hallmark of monocyte apop-
tosis, this result suggested that CD4+CD25+ Tregs inhibited 
monocyte survival. Through transwell experiments and cy-
tokine analysis, they found that this effect was independ-
ent of direct cell-cell contact and mediated through some 
soluble factors, neither IL-10 nor IL-4 [34]. The effect was 
blocked by anti-FasL mAb and reproduced by Fas agonist 
and recombinant soluble FasL. Furthermore, expression of 
FasL was much higher on Tregs than on their CD25- coun-
terparts. Collectively, these results indicate that CD4+CD25+ 
Tregs could inhibit monocyte survival through Fas/FasL 
pathway. 

Overall, because monocytes/macrophages and their me-
diators are known to be major contributors to chronic inflam-
matory conditions, these findings provide support for the 
inhibiting function of CD4+CD25+ Tregs on monocytes/mac-
rophages which may be used as a potential immunotherapeu-
tic target in clinic in the future.

Suppression of effector T cells by subsets  
of macrophages

Recent studies have revealed that macrophages have the po-
tential to curb inflammation and lymphocyte activation as 
a negative regulator. As a type of APCs, but different from 
DCs, macrophages may mainly mediate anergy in alloge-
neic T cells in humans and mice, supporting the concept that 
resting macrophages maintain peripheral immune tolerance 
in vivo [19, 35]. Several studies show that macrophages are 
tolerogenic in tumors and inflammatory diseases [36, 37]. 
The mechanism involved has three major explanations, i. e. 
tryptophan and arginine catabolism, nitric oxide (NO) syn-
thesis and induction of Tregs. 

In 1999, Munn et al [38] first put forward a novel mecha-
nism that macrophages could down-regulate T cell activation 
via tryptophan catabolism. By combination of the T cell–de-
rived IFN-gamma and CD40-ligand the enzyme indoleam-
ine 2,3-dioxygenase (IDO) was induced in macrophages 
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and resulted in degradation of tryptophan. Seven years later, 
Matlack and his colleagues [35] confirmed and extended this 
mechanism in mice. They found that through tryptophan 
and arginine catabolism, peritoneal macrophages inhibited 
T lymphocyte activation in a cell dose-dependent and MHC-
independent fashion. Similar to tolerogenic DCs, these mac-
rophages were immature. They also found that IFN-gamma 
was essential in this process, while either TGF-beta or IL-10 
was dispensable.

Apart from amino acid catabolism, it has been reported 
that NO produced by the activated macrophages can inhibit 
lymphocyte responses and lead to immunosuppression [39]. 
In mice, either disruption of the inducible nitric oxide syn-
thase (iNOS) gene or inhibition of iNOS resulted in prolif-
eration of pathogenic T cells and autoreactive T cells, re-
spectively [40–42]. This mechanism was confirmed not only 
peripheral macrophages but also for residential macrophages 
in brain and liver [43–45]. Recently two reports [46, 47] fur-
ther provided a clue that the B7-H1 pathway in macrophages 
may contribute to IFN-gamma production by naive CD4+ T 
cells and, hence, NO production by macrophages. 

Induction of Tregs by macrophages

It is well known that Tregs have a low proliferation capacity 
but can expand in the presence of IL-2 and IL-15, and that 
Tr1 cells are induced by IL-10. Evidence shows that several 
kinds of cells can induce Tregs in vitro, including thymic epi-
thelial cells (TECs), vascular endothelial cells, immature and 
semi-mature DCs, and even neurons and cancer cells [22, 
48–51]. Moreover, CD4+CD25+ Tregs are capable of direct 
proliferation in response to microbes and parasites through 
toll-like receptors (TLRs) [52]. Recent evidence has demon-
strated that macrophages also can induce Tregs in vitro and 
in vivo. 

Several studies showed that TGF-beta-treated antigen-
presenting F4/80+ peritoneal macrophages could induce an-
tigen-specific Tregs in both naive and primed mice [53–55]. 
Pretreated with TGF-beta 2 and antigen in vitro, the mouse 
F4/80+ peritoneal macrophages were injected i.v. and led to 
the generation of Tregs in vivo. Furthermore, they found that 
in naive mice most of the Tregs induced by TGF-beta-treated 
macrophages were CD4+ Tregs and this involved the produc-
tion of TGF-beta, while in primed mice the Tregs induced 
were CD8+ Tregs and involved Fas-mediated deletion of ef-
fector T cells. Another study showed that Gr-1+CD115+F4/80+ 

myeloid suppressor cells from tumor-bearing mice and can-
cer patients could suppress T cell proliferation in vitro and 
induce the development of Foxp3+ Tregs in vivo. Upon IFN-
gamma stimulation, Gr-1+CD115+F4/80+ myeloid suppressor 
cells produced more IL-10 and TGF-beta. The development 
of Tregs depended on the presence of IFN-gamma and IL-
10, and was independent of the NO-mediated suppressive 
mechanism [56].

Using F4/80-/- mice and anterior chamber–associated im-
mune deviation (ACAID) model, Lin et al found that the 
mouse macrophage-restricted F4/80 protein was required for 
generation of antigen-specific CD8+ Tregs that could suppress 
antigen-specific immunity [57]. Either in the in-vivo or the 
in-vitro ACAID model, F4/80-/- mice or F4/80-/- macrophages 

could not effectively induce Tregs and suppress delayed-type 
hypersensitivity (DTH) responses. Peripheral tolerance was 
restored in F4/80-/- mice by adoptive transfer of F4/80+ APCs. 
Therefore, the F4/80 molecule seems indispensable in the 
generation of efferent CD8+ Tregs in this model.

Using entorhinal cortex lesion (ECL) to induce axonal 
degeneration in the hippocampus, Kwidzinski et al found 
that Myelin-phagocytosing microglia expressed MHC-II and 
the costimulatory molecule CD86, but lacked CD80, which 
is found only on activated APCs. The authors considered that 
immature macroglia may lead to T cell anergy and/or dif-
ferentiation of regulatory/Th3-like cells due to insufficient 
costimulation and presence of high levels of TGF-beta and 
IL-10 in the central nervous system under the pathological 
conditions [58].

In humans, macrophages derived from peripheral mono-
cytes and co-cultured with naive T cells, could induce IL-
10-producing CD4+CD25+ Tregs [19]. Using the model of 
allogeneic mixed lymphocyte response (MLR), Hoves et al 
found that naive T cells did not proliferate in co-culture with 
macrophages even in the presence of anti-CD28 mAb and 
IL-2. Meanwhile, a high level of IL-10 was detected in the 
co-culture medium. Furthermore, only minimal T cell prolif-
eration was observed in a secondary MLR when T cells were 
rescued from primary MLR with macrophages and re-stimu-
lated with DCs of the same donor, or DCs of an unrelated 
donor (the third party). Among the T cells that were rescued 
from co-culture with macrophages, IL-10-producing anergic 
CD4+CD25+ Tregs were found [19]. Interestingly, macro-
phages could not induce T cell anergy and Tregs when they 
were co-cultured with pre-activated T cells. This result indi-
cates that resting macrophages may play a role in the early 
events of inducing CD4+CD25+ Tregs and exert immune sur-
veillance in “peace time”. 

Regulation of CD4+CD25+ Tregs by macrophages

Up to now, there are few papers related to the direct effect of 
macrophages on CD4+CD25+ Tregs. Christiane Wiegard et al 
[59] first showed that mouse KCs, the resident macrophages 
in the liver, could stimulate CD4+CD25+ Treg proliferation 
in vitro. They found that when KCs and CD4+CD25+ Tregs 
were co-cultured in the presence of anti-CD3 antibody, a 
fraction of the CD4+CD25+ Treg population divided twice 
within 4 days. Moreover, the expanded CD4+CD25+ Tregs 
had suppressive characteristics, though their ability to sup-
press was lower than that of freshly isolated CD4+CD25+ 
Tregs[59]. From this point, KCs seemed able to enhance 
CD4+CD25+ Treg function by increasing the number of ef-
fective CD4+CD25+ Tregs. However, when KCs and 
CD4+CD25+ Tregs were co-cultured in the presence of LPS 
or immune-stimulatory oligonucleotide with CpG sequence 
motifs (CpG-ODN), the suppressive effect exerted by 
CD4+CD25+ Tregs on effector T cells was decreased[59]. 
These results indicate that KCs are active players in main-
taining tolerance in the liver under physiological conditions 
and contribute to inflammatory responses. Interestingly, IL-6 
produced by KCs did not play a central role in this process. 
Which molecules mediate the regulation of CD4+CD25+ 
Tregs by KCs is still unknown.
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Recruitment of Tregs via chemokines from macrophages

Attracted by chemokines secreted by APCs and effector  
T cells, CD4+CD25+ Tregs migrate to appropriate sites where 
regulation is required to exert their immunosuppressive func-
tion. In terms of their trafficking potential, it has recently 
been shown that CD4+CD25+ Tregs can be subdivided into (at 
least) two distinct populations [60,61]. One subset expresses 
L-selectin, CCR4, and CCR7 and preferentially homes to 
secondary lymphoid organs (naive-like CD4+CD25+ Tregs) 
and the other expresses E/P-selectin ligands, CCR2, CCR4, 
CCR5, and CCR6 that enable their migration to inflamma-
tory sites (effector/memory-like CD4+CD25+ Tregs).

Macrophage-derived chemokine (MDC/CCL22) and its 
receptor CCR4 have been implicated in chronic inflamma-
tory processes and in the homing of monocytes, Th2 cells 
and CD4+CD25+ Treg subsets. CCR4 and CCR8 are spe-
cifically expressed in CD4+CD25+ Tregs. One report showed 
that CCL22 secreted by mature DCs guided human blood-
borne CD4+CD25+ Tregs to secondary lymphoid tissues and 
inflamed areas. The authors only observed the chemokine 
profile of DCs in this process [62]; therefore, we can not 
exclude the possibility that as a producer of CCL22 mac-
rophages may also play a role as well. CCL22 produced by 
tumor cells and microenvironmental macrophages mediated 
trafficking of CD4+CD25+ Tregs to the tumor in human ovar-
ian carcinoma. CD4+CD25+ Tregs preferentially moved to 
and accumulated in tumors and ascites, but rarely entered 
draining lymph nodes in later cancer stages. This synergistic 
effect of specific recruitment of memory-like CD4+CD25+ 

Tregs by macrophages promotes the development of the tu-
mor [63].

In a mouse model of experimental autoimmune encepha-
lomyelitis (EAE), CCL22 was secreted by parenchymal 
microglia and central nervous system (CNS)-infiltrating 
leukocytes, whereas CCR4 was expressed on some invad-
ing leukocytes. Upon in-vitro activation, mouse microglia 
expressed CCL22 transcripts and secreted bioactive CCL22 
that induced chemotaxis of Th2, but not Th1 cells. Based on 
these observations, Columba-Cabezas et al speculated that 
CCL22 produced by microglia could regulate Th1-mediated 
CNS inflammation by facilitating the homing of Th2 and, 
possibly, CD4+CD25+ Tregs into the lesion site [64].

Bystry et al described another chemokine CCL4 attract-
ing CD4+CD25+ Tregs secreted by macrophages. By us-
ing gene expression profiling, they found that CCL4 was 
the most potent chemoattractant of a CD4+CD25+ Treg 
population, which is a characteristic phenotype of naive-
like CD4+CD25+ Tregs. CD4+CD25+ Tregs constituted of 
the majority of the trafficking population in response to 
CCL4 instead of any other kind of CD4+ T cells, which 
was different from the response to CCL22. Interestingly, 
they didn’t detect any CCL22 in macrophages stimulated 
by LPS in vitro and found that CCL22 was poor at attract-
ing CD4+CD25+ Tregs compared with CCL4. The differ-
ence between this study and the former two we have just 
referred is that the formers are investigated under different 
pathological conditions (tumor and EAE respectively) in 
vivo. Maybe some other factors exist that can exert effects 
on chemokine release in vivo. In any case, the recruitment 
of CD4+CD25+ Tregs by macrophages via CCL4 may be 

one of the important regulatory mechanisms for appropriate  
T cell responses, and failure to do this may lead to auto-
immune activation [65].

Summary 

Although a few investigations have revealed the interac-
tion of CD4+CD25+ Tregs and macrophages, a detailed 
mechanism, especially the role of cytokines produced, 
remains controversial. Much more effort should be given 
to the study of these areas. Immunity comprises the inte-
grated functions of numerous components which are more 
or less connected with each other. The tripartite interaction 
among CD4+CD25+ Tregs, effector T cells, and macrophag-
es may better account for immune responses occurring in 
vivo. Several advanced studies have explored observation 
of CD4+CD25+ Tregs in their native environment in vivo 
[66,67]. Real-time observation will help to elucidate the 
interaction of CD4+CD25+ Tregs and macrophages and the 
complex network in vivo. Understanding the interaction of 
CD4+CD25+ Tregs and macrophages may significantly im-
pact clinical therapy for autoimmune diseases, tumors and 
graft rejection.

Acknowledgements. We appreciate Ms. Min Cui for her kind review of 
our manuscript. This work was supported by grants from the National 
Natural Science Foundation for Key Programs (C30630060, Y.Z.), the 
National Natural Science Foundation for Distinguished Young Scholars 
(C03020504, Y.Z.), Knowledge Innovation Program of Chinese Acad-
emy of Sciences (KSCX2-SW-333, Y.Z.), and the Scientific Research 
Foundation for Returned Overseas Chinese Scholars, State Education 
Ministry (2005-546, Y.Z.). 

References 

 [1] Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M: Immuno-
logic self-tolerance maintained by activated T cells expressing IL-2 
receptor alpha-chains (CD25). Breakdown of a single mechanism 
of self-tolerance causes various autoimmune diseases. J Immunol 
1995; 155: 1151–1164.

 [2] Yi H, Zhen Y, Jiang L, Zheng J, Zhao Y: The phenotypic characteri-
zation of naturally occurring regulatory CD4+CD25+ T cells. Cell 
Mol Immunol 2006; 3: 189–195.

 [3] Zhang L, Zhao Y: The regulation of Foxp3 expression in regula-
tory CD4(+)CD25(+)T cells: multiple pathways on the road. J Cell 
Physiol 2007; 211: 590–597.

 [4] Walker MR, Carson BD, Nepom GT, Ziegler SF, Buckner JH: De 
novo generation of antigen-specific CD4+CD25+ regulatory T 
cells from human CD4+CD25- cells. Proc Natl Acad Sci U S A 
2005; 102: 4103–4108.

 [5] Walker MR, Kasprowicz DJ, Gersuk VH, Benard A, Van Land-
eghen M, Buckner JH, Ziegler SF: Induction of FoxP3 and acquisi-
tion of T regulatory activity by stimulated human CD4+CD25- T 
cells. J Clin Invest 2003; 112: 1437–1443.

 [6] Viglietta V, Baecher-Allan C, Weiner HL, Hafler DA: Loss of func-
tional suppression by CD4+CD25+ regulatory T cells in patients 
with multiple sclerosis. J Exp Med 2004; 199: 971–979.

 [7] van Amelsfort JM, Jacobs KM, Bijlsma JW, Lafeber FP, Taams LS: 
CD4(+)CD25(+) regulatory T cells in rheumatoid arthritis: differ-
ences in the presence, phenotype, and function between peripheral 
blood and synovial fluid. Arthritis Rheum 2004; 50: 2775–2785.

 [8] Cao L, Hudson CA, Lawrence DA: Immune changes during acute 
cold/restraint stress-induced inhibition of host resistance to Liste-
ria. Toxicol Sci 2003; 74: 325–334.



Vol. 57, 2008        Regulatory T cells and macrophages 569

 [9] Mudd PA, Teague BN, Farris AD: Regulatory T cells and systemic 
lupus erythematosus. Scand J Immunol 2006; 64: 211–218.

[10] Wood KJ, Sakaguchi S: Regulatory T cells in transplantation toler-
ance. Nat Rev Immunol 2003; 3: 199–210.

[11] Viehl CT, Moore TT, Liyanage UK, Frey DM, Ehlers JP, Eberlein 
TJ, Goedegebuure PS, Linehan DC: Depletion of CD4+CD25+ reg-
ulatory T cells promotes a tumor-specific immune response in pan-
creas cancer-bearing mice. Ann Surg Oncol 2006; 13: 1252–1258.

[12] Turk MJ, Guevara-Patino JA, Rizzuto GA, Engelhorn ME, Saka-
guchi S, Houghton AN: Concomitant tumor immunity to a poorly 
immunogenic melanoma is prevented by regulatory T cells. J Exp 
Med 2004; 200: 771–782.

[13] Gallimore A, Sakaguchi S: Regulation of tumour immunity by 
CD25+ T cells. Immunology 2002; 107: 5–9.

[14] Shimizu T, Ohkawara A, Mizue Y, Nishihira J: Alpha-thrombin 
stimulates expression of macrophage migration inhibitory factor in 
skin fibroblasts. Semin Thromb Hemost 1999; 25: 569–573.

[15] Woo EY, Yeh H, Chu CS, Schlienger K, Carroll RG, Riley JL, 
Kaiser LR, June CH: Cutting edge: Regulatory T cells from lung 
cancer patients directly inhibit autologous T cell proliferation. J 
Immunol 2002; 168: 4272–4276.

[16] Belkaid Y, Piccirillo CA, Mendez S, Shevach EM, Sacks DL: 
CD4+CD25+ regulatory T cells control Leishmania major persist-
ence and immunity. Nature 2002;420: 502–507.

[17] Lundgren A, Suri-Payer E, Enarsson K, Svennerholm AM, Lun-
din BS: Helicobacter pylori-specific CD4+ CD25high regulatory 
T cells suppress memory T-cell responses to H. pylori in infected 
individuals. Infect Immun 2003; 71: 1755–1762.

[18] Ralainirina N, Poli A, Michel T, Poos L, Andres E, Hentges F, Zim-
mer J: Control of natural killer (NK) cell functions by CD4+CD25+ 
regulatory T cells. J Leukoc Biol 2006.

[19] Hoves S, Krause SW, Schutz C, Halbritter D, Scholmerich J, Her-
farth H, Fleck M: Monocyte-derived human macrophages mediate 
anergy in allogeneic T cells and induce regulatory T cells. J Immu-
nol 2006; 177: 2691–2698.

[20] Kubo T, Hatton RD, Oliver J, Liu X, Elson CO, Weaver CT: Regu-
latory T cell suppression and anergy are differentially regulated by 
proinflammatory cytokines produced by TLR-activated dendritic 
cells. J Immunol 2004; 173: 7249–7258.

[21] Gong N, Zhao Y, Dong C, Chen ZK: Negative costimulatory mol-
ecules: the proximal of regulatory T cells? Med Hypotheses 2006; 
67: 841–847.

[22] Yamazaki S, Inaba K, Tarbell KV, Steinman RM: Dendritic cells 
expand antigen-specific Foxp3+ CD25+ CD4+ regulatory T cells 
including suppressors of alloreactivity. Immunol Rev 2006; 212: 
314–329.

[23] Ghiringhelli F, Menard C, Martin F, Zitvogel L: The role of regula-
tory T cells in the control of natural killer cells: relevance during 
tumor progression. Immunol Rev 2006; 214: 229–238.

[24] Maloy KJ, Salaun L, Cahill R, Dougan G, Saunders NJ, Powrie 
F: CD4+CD25+ T(R) cells suppress innate immune pathology 
through cytokine-dependent mechanisms. J Exp Med 2003; 197: 
111–119.

[25] Mottet C, Uhlig HH, Powrie F: Cutting edge: cure of colitis by 
CD4+CD25+ regulatory T cells. J Immunol 2003;170:3939–3943.

[26] Liu H, Hu B, Xu D, Liew FY: CD4+CD25+ regulatory T cells cure 
murine colitis: the role of IL-10, TGF-beta, and CTLA4. J Immu-
nol 2003; 171: 5012–5017.

[27] Santucci L, Agostini M, Bruscoli S, Mencarelli A, Ronchetti S, Ay-
roldi E, Morelli A, Baldoni M, Riccardi C: GITR modulates innate 
and adaptive mucosal immunity during the development of experi-
mental colitis in mice. Gut 2007; 56: 52–60.

[28] Mahajan D, Wang Y, Qin X, Wang Y, Zheng G, Wang YM, Alexan-
der SI, Harris DC: CD4+CD25+ regulatory T cells protect against 
injury in an innate murine model of chronic kidney disease. J Am 
Soc Nephrol 2006; 17: 2731–2741.

[29] Taams LS, van Amelsfort JM, Tiemessen MM, Jacobs KM, de Jong 
EC, Akbar AN, Bijlsma JW, Lafeber FP: Modulation of monocyte/
macrophage function by human CD4+CD25+ regulatory T cells. 
Hum Immunol 2005; 66: 222–230.

[30] Kryczek I, Wei S, Zou L, Zhu G, Mottram P, Xu H, Chen L, Zou W: 
Cutting edge: induction of B7-H4 on APCs through IL-10: novel 
suppressive mode for regulatory T cells. J Immunol 2006; 177: 
40–44.

[31] Mirza N, Gabrilovich D: Comment on “Cutting edge: induction of 
B7-H4 on APCs through IL-10: novel suppressive mode for regu-
latory T cells”. J Immunol 2007; 178: 4705–4706; author reply 
4706.

[32] Tiemessen MM, Jagger AL, Evans HG, van Herwijnen MJ, John S, 
Taams LS: CD4+CD25+Foxp3+ regulatory T cells induce alterna-
tive activation of human monocytes/macrophages. Proc Natl Acad 
Sci U S A 2007; 104: 19446–19451.

[33] Miwa N, Hayakawa S, Miyazaki S, Myojo S, Sasaki Y, Sakai M, 
Takikawa O, Saito S: IDO expression on decidual and peripheral 
blood dendritic cells and monocytes/macrophages after treatment 
with CTLA-4 or interferon-gamma increase in normal pregnancy 
but decrease in spontaneous abortion. Mol Hum Reprod 2005; 11: 
865–870.

[34] Venet F, Pachot A, Debard AL, Bohe J, Bienvenu J, Lepape A, 
Powell WS, Monneret G: Human CD4+CD25+ regulatory T lym-
phocytes inhibit lipopolysaccharide-induced monocyte survival 
through a Fas/Fas ligand-dependent mechanism. J Immunol 2006; 
177: 6540–6547.

[35] Matlack R, Yeh K, Rosini L, Gonzalez D, Taylor J, Silberman D, 
Pennello A, Riggs J: Peritoneal macrophages suppress T-cell activa-
tion by amino acid catabolism. Immunology 2006; 117: 386–395.

[36] Taylor MD, Harris A, Nair MG, Maizels RM, Allen JE: F4/80+ 
alternatively activated macrophages control CD4+ T cell hypore-
sponsiveness at sites peripheral to filarial infection. J Immunol 
2006; 176: 6918–6927.

[37] Spina CA, Dorey F, Vescera C, Brosman S, Fahey JL: Depression 
of the generation of cell-mediated cytotoxicity by macrophage-like 
suppressor cells in bladder carcinoma patients. Cancer Res 1981; 
41: 4324–4330.

[38] Munn DH, Shafizadeh E, Attwood JT, Bondarev I, Pashine A, Mel-
lor AL: Inhibition of T cell proliferation by macrophage tryptophan 
catabolism. J Exp Med 1999; 189: 1363–1372.

[39] Sternberg J, McGuigan F: Nitric oxide mediates suppression of T 
cell responses in murine Trypanosoma brucei infection. Eur J Im-
munol 1992; 22: 2741–2744.

[40] Gabbai FB, Boggiano C, Peter T, Khang S, Archer C, Gold DP, 
Kelly CJ: Inhibition of inducible nitric oxide synthase intensifies 
injury and functional deterioration in autoimmune interstitial ne-
phritis. J Immunol 1997; 159: 6266–6275.

[41] Fenyk-Melody JE, Garrison AE, Brunnert SR, Weidner JR, Shen 
F, Shelton BA, Mudgett JS: Experimental autoimmune encephalo-
myelitis is exacerbated in mice lacking the NOS2 gene. J Immunol 
1998; 160: 2940–2946.

[42] Kahl KG, Schmidt HH, Jung S, Sherman P, Toyka KV, Zielasek J: 
Experimental autoimmune encephalomyelitis in mice with a target-
ed deletion of the inducible nitric oxide synthase gene: increased 
T-helper 1 response. Neurosci Lett 2004; 358: 58–62.

[43] Juedes AE, Ruddle NH: Resident and infiltrating central nervous 
system APCs regulate the emergence and resolution of experimen-
tal autoimmune encephalomyelitis. J Immunol 2001; 166: 5168–
5175.

[44] Terabe M, Shimizu M, Mabuchi A, Matui S, Morikawa H, Kaneda 
K, Kakiuchi T, Yokomuro K: Unresponsiveness of intrahepatic 
lymphocytes to bacterial superantigen: rapid development of sup-
pressive Mac-1(high) cells in the mouse liver. Hepatology 2000; 
32: 507–513.

[45] Atochina O, Daly-Engel T, Piskorska D, McGuire E, Harn DA: 
A schistosome-expressed immunomodulatory glycoconjugate ex-
pands peritoneal Gr1(+) macrophages that suppress naive CD4(+) 
T cell proliferation via an IFN-gamma and nitric oxide-dependent 
mechanism. J Immunol 2001; 167: 4293–4302.

[46] Yamazaki T, Akiba H, Koyanagi A, Azuma M, Yagita H, Okumura 
K: Blockade of B7-H1 on macrophages suppresses CD4+ T cell 
proliferation by augmenting IFN-gamma-induced nitric oxide pro-
duction. J Immunol 2005; 175: 1586–1592.



570 Y. Zhen, J. Zheng and Y. Zhao      Inflamm. res.

[47] Magnus T, Schreiner B, Korn T, Jack C, Guo H, Antel J, Ifergan I, 
Chen L, Bischof F, Bar-Or A, Wiendl H: Microglial expression of 
the B7 family member B7 homolog 1 confers strong immune inhi-
bition: implications for immune responses and autoimmunity in the 
CNS. J Neurosci 2005; 25: 2537–2546.

[48] Ochando JC, Homma C, Yang Y, Hidalgo A, Garin A, Tacke F, An-
geli V, Li Y, Boros P, Ding Y, Jessberger R, Trinchieri G, Lira SA, 
Randolph GJ, Bromberg JS: Alloantigen-presenting plasmacytoid 
dendritic cells mediate tolerance to vascularized grafts. Nat Immu-
nol 2006; 7: 652–662.

[49] Sun Y, Ge BS, Kasai M, Diffendaffer C, Parks N, Li H, Peng J, 
Langnas AN, Zhao Y: Induction of regulatory T cells from mature T 
cells by allogeneic thymic epithelial cells in vitro. Transpl Int 2006; 
19: 404–414.

[50] Wang RF, Peng G, Wang HY: Regulatory T cells and Toll-like re-
ceptors in tumor immunity. Semin Immunol 2006;18:136–142.

[51] Liu Y, Teige I, Birnir B, Issazadeh-Navikas S: Neuron-mediated 
generation of regulatory T cells from encephalitogenic T cells sup-
presses EAE. Nat Med 2006; 12: 518–525.

[52] [The role of regulatory cells CD4+CD25+ in the development of 
chronic infective diseases]. Vestn Ross Akad Med Nauk 2006: 24–
29.

[53] Kosiewicz MM, Alard P: Tolerogenic antigen-presenting cells: 
regulation of the immune response by TGF-beta-treated antigen-
presenting cells. Immunol Res 2004; 30: 155–170.

[54] Kosiewicz MM, Alard P, Liang S, Clark SL: Mechanisms of toler-
ance induced by transforming growth factor-beta-treated antigen-
presenting cells: CD8 regulatory T cells inhibit the effector phase 
of the immune response in primed mice through a mechanism in-
volving Fas ligand. Int Immunol 2004; 16: 697–706.

[55] Alard P, Clark SL, Kosiewicz MM: Mechanisms of tolerance in-
duced by TGF beta-treated APC: CD4 regulatory T cells prevent 
the induction of the immune response possibly through a mecha-
nism involving TGF beta. Eur J Immunol 2004; 34: 1021–1030.

[56] Huang B, Pan PY, Li Q, Sato AI, Levy DE, Bromberg J, Divino 
CM, Chen SH: Gr-1+CD115+ immature myeloid suppressor cells 
mediate the development of tumor-induced T regulatory cells and 
T-cell anergy in tumor-bearing host. Cancer Res 2006; 66: 1123–
1131.

[57] Lin HH, Faunce DE, Stacey M, Terajewicz A, Nakamura T, Zhang-
Hoover J, Kerley M, Mucenski ML, Gordon S, Stein-Streilein J: 
The macrophage F4/80 receptor is required for the induction of an-
tigen-specific efferent regulatory T cells in peripheral tolerance. J 
Exp Med 2005; 201: 1615–1625.

[58] Kwidzinski E, Mutlu LK, Kovac AD, Bunse J, Goldmann J, Mahlo 
J, Aktas O, Zipp F, Kamradt T, Nitsch R, Bechmann I: Self-toler-
ance in the immune privileged CNS: lessons from the entorhinal 
cortex lesion model. J Neural Transm Suppl 2003: 29–49.

[59] Wiegard C, Frenzel C, Herkel J, Kallen KJ, Schmitt E, Lohse AW: 
Murine liver antigen presenting cells control suppressor activity of 
CD4+CD25+ regulatory T cells. Hepatology 2005; 42: 193–199.

[60] Huehn J, Hamann A: Homing to suppress: address codes for Treg 
migration. Trends Immunol 2005; 26: 632–636.

[61] Huehn J, Siegmund K, Hamann A: Migration rules: functional 
properties of naive and effector/memory-like regulatory T cell sub-
sets. Curr Top Microbiol Immunol 2005; 293: 89–114.

[62] Iellem A, Mariani M, Lang R, Recalde H, Panina-Bordignon P, 
Sinigaglia F, D’Ambrosio D: Unique chemotactic response profile 
and specific expression of chemokine receptors CCR4 and CCR8 
by CD4(+)CD25(+) regulatory T cells. J Exp Med 2001; 194: 847–
853.

[63] Curiel TJ, Coukos G, Zou L, Alvarez X, Cheng P, Mottram P, Evde-
mon-Hogan M, Conejo-Garcia JR, Zhang L, Burow M, Zhu Y, Wei 
S, Kryczek I, Daniel B, Gordon A, Myers L, Lackner A, Disis ML, 
Knutson KL, Chen L, Zou W: Specific recruitment of regulatory T 
cells in ovarian carcinoma fosters immune privilege and predicts 
reduced survival. Nat Med 2004; 10: 942–949.

[64] Columba-Cabezas S, Serafini B, Ambrosini E, Sanchez M, Penna 
G, Adorini L, Aloisi F: Induction of macrophage-derived chemok-
ine/CCL22 expression in experimental autoimmune encephalomy-
elitis and cultured microglia: implications for disease regulation. J 
Neuroimmunol 2002; 130: 10–21.

[65] Bystry RS, Aluvihare V, Welch KA, Kallikourdis M, Betz AG: B 
cells and professional APCs recruit regulatory T cells via CCL4. 
Nat Immunol 2001; 2: 1126–1132.

[6] Tadokoro CE, Shakhar G, Shen S, Ding Y, Lino AC, Maraver A, 
Lafaille JJ, Dustin ML: Regulatory T cells inhibit stable contacts 
between CD4+ T cells and dendritic cells in vivo. J Exp Med 2006; 
203: 505–511.

[67] Kawakami N, Nagerl UV, Odoardi F, Bonhoeffer T, Wekerle H, 
Flugel A: Live imaging of effector cell trafficking and autoantigen 
recognition within the unfolding autoimmune encephalomyelitis 
lesion. J Exp Med 2005; 201: 1805–1814.

[68] Mosser DM: The many faces of macrophage activation. J Leukoc 
Biol 2003; 73: 209–212.

[69] Goerdt S, Orfanos CE: Other functions, other genes: alternative ac-
tivation of antigen-presenting cells. Immunity 1999;10:137–142.

[70] Gordon S: Alternative activation of macrophages. Nat Rev Immu-
nol 2003; 3: 23–35.

To access this journal online:
http://www.birkhauser.ch/IR


