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Abstract

Inflammation is a complicated biological process in response to harmful stimuli, which involves
the cooperation of immune system and vascular system. Upon pathogen invasion or tissue injury,
resident innate immune cells such as macrophages and dendritic cells are activated and release
inflammatory mediators, which result in the vasodilation and recruitment of leukocytes, mainly
monocytes and neutrophils. As two of the most important inflammation-mediating immune cells,
macrophages and neutrophils have long been regarded to have a pro-inflammatory effect.
However, increasing evidences suggest the role of macrophage and neutrophil in inflammation is
more complicated and diversified than we thought. Differently activated macrophages and
neutrophils lead to diverse even opposite activities. Precise understanding of the role of different
subpopulations is critical to achieve the effective treatment for inflammatory diseases. In this
review, we discuss the two potentially distinct activation routes of macrophages and neutrophils in
obesity and diabetes.
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Introduction

Constantly, human beings are assaulted by foreign bodies while our bodies defend against
them through the immune system. One type of the immune responses is anti-inflammation,
in which cells primarily from the monocyte and neutrophil cell lineages participate.
Traditionally, inflammatory response is believed to start with neutrophils leaving
vasculature toward an injured location as the initial responders!!: 2. After neutrophils are
recruited to that area, these cells actively kill or phagocytose foreign bodies and release
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cytokines!2l. It is also believed that as the inflammatory response continues, monocytes
would then be recruited following neutrophils to the site of injury and differentiate into
macrophages[!]. After neutrophils and monocytes enter that area, various cytokines are
released to aid either pro-inflammatory or anti-inflammatory responsesl®: 3l. Thus,
neutrophils were originally thought to be intimately related with acute inflammation while
monocytes/macrophages to be with chronic inflammation. However, in 2003, monocytes
were found to travel independently of neutrophils toward injured sites[]. This finding has
been supported by several other studies, and now points toward neutrophils and monocytes
act freely during injury responsest®: 31, Nevertheless, there are still conflicting findings that
point one way or anotherl4-6]. Here, we summarize the two potentially distinct properties of
monocytes/macrophages and neutrophils in inflammatory responses.

Differentiation

Monocytes are known to originate in the bone marrow from myeloid progenitor cells and
then released into the peripheral blood (Figure 1)[7l. Monocytes have a relatively short
lifetime in the blood circulation. They only stay for an average of 10 to 20 hours in the blood
and then enter into the tissues so as to be activated and differentiated into macrophages [81.
As early as 1939, monocytes were reported to be able to emigrate from the blood and
differentiate into macrophages in the tissues[®l. The recruitment of monocytes to the
peripheral was found to be enhanced by inflammatory stimulil10l.

As one of the first lines in immune defense, macrophages are essential to antigen
recognition, initiation of inflammatory response and tissue repairl*}]. Macrophages reside in
almost every tissue and are responsible for monitoring signs of tissue injury and infection.
They also coordinate with adaptive immune responses to clear pathogens and participate in
tissue homeostasis*2l. By using a transgenic mouse model in which depletion of
macrophage can be induced by the administration of diphtheria toxin, Goren and coworkers
proved that depletion of macrophages severely impaired wound inflammation, angiogenesis
and tissue remodeling[3].

Human subpopulations of monocytes can be identified by the expression of various levels of
CD14, CD16 or CD64I8: 141, While murine monocytes do not have an exclusive marker, they
can be identified based on high Ly-6C expression and low CD31 expression[8l.

Monocytes vary in size and have different degrees of granularity and varied nuclear
morphology. They are capable of differentiating into dendritic cells or macrophages. Due to
the heterogeneity of the monocytes, macrophages are also highly heterogenous41.
Monocytes express distinct chemokine receptors and adhesion molecules. They are
preferentially recruited into different tissues and differentiated into distinct subtype of
macrophages. For instance, monocytes that emigrated into the liver differentiate into
Kupffer cells in the liver, microglia in the brain and spinal cord, and alveolar macrophages
in the lung.
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Monocyte/macrophages in tissue injury: promoting tissue repair or

enhancing tissue destruction?

During host defense, the infiltration of monocytes into inflammatory site usually helps the
clearance of foreign antigens and tissue repair. By releasing pro-inflammatory, angiogenic,
fibrogenic or mitogenic cytokines, macrophages cooperate with other immune and
progenitor cells to limit tissue injury and repair tissue damagel15l. When recruited to injured
tissue, macrophages remove debris by phagocytosis and release various cytokines to attract
fibroblasts, lymphocytes and endothelial cells to repair the tissue damage[6-20], The
infiltration of macrophages often precedes the formation of new vessel sprouts and alters the
microenvironment to facilitate vascularization[2%]. They release matrix metalloproteases
(MMPs) and plasmin to regulate angiogenesis by modifying the microenvironment of
extracellular matrix (ECM)[16l. Therefore, exposure to macrophages could enchance
vascularization in the injured tissue [*8: 201, |n addition, the depletion of macrophages and

circulating monocytes was reported to be able to reduce the recruitment of fibroblasts and
fibrosist17. 21-24],

Monocyte hyperresponsiveness, however, may also exacerbate tissue injury by uncontrolled
release of cytokines. Macrophages have long been documented as being capable of causing
tissue damage from severe inflammatory response, and depletion of macrophages during
these responses appears to reduce the tissue damagel3l. Tissue damage appears when the
tissue loss occurs at a faster rate than the proliferation of new tissuel3l. While apoptosis is
needed to create a balance between old cells and newly proliferated cells, the presence of
macrophages greatly increases the apoptosis rate of tissue resident cells, such as
parenchymal and stromal cells, and mesenchymal stem cellsl3]. Duffield reported in 2005
that distinct macrophages play different role in tissue injury, either injury-inducing or repair-
promoting[?l. Taking advantage of a murine model with conditional macrophage depletion,
they demonstrated that depletion of macrophages during tissue injury enhanced the loss of
myofibroblast-like hepatic stellate cells and matrix, while depletion of macrophages during
recovery phase attenuated matrix degradation[2].

Macrophage polarization: “M1” versus “M2”

Immediately after its discovery, macrophages are perceived to possess a strong
inflammation promoting ability[26]. However, increasing evidence suggests not all
macrophage subtypes promotes inflammatory response. Other than promoting inflammation,
certain macrophages are found to be able to attenuate inflammation. Based on this finding,
macrophages are roughly divided into 2 subgroups: “M1” (classically activated macrophage)
and “M2” (alternatively activated macrophage) (Table 1). In terms of “M1” versus “M2”
macrophage, in the late 20th century, CD4* T cells were divided into 2 major subgroups:
Th1 and Th2 [27]. Th1 cells are characterized by the secretion of IFN-y and are responsible
for the clearance of intracellular pathogens, whereas Th2 cells secrete 1L-4 and IL-13 and
mediate humoral immune response. IFN-y was found to be able to increase antigen
presenting capacity, pro-inflammatory cytokine synthesis, and phagocytosis in
macrophages(28l. Macrophages that are activated by microbial products and interferon
(IFN)-v, a Th1-derived cytokine, are called “M1” or classically activated macrophages
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While IL-4, a Th2-derived cytokine, was able to activate macrophages in a manner
characterized by induction of major histocompatibility complex (MHC) class Il antigens,
upregulation of mannose receptor (MRC1) and enhanced capacity to eliminate
pathogens!2%-311. Distinct from M1 (classically activated macrophages), IL-4 induced
macrophages displayed an entirely different phagocytic receptor and cytokine secretory
profile. The initial study regarding the effect of IL-4 on macrophage activation revealed that
IL-4 suppressed IL-1p and I1L-8 secretions as well as respiratory burst on macrophages.
Macrophages that are activated by Th2-derived cytokines IL-4 and/or IL-13 are called “M2”
or alternatively activated macrophages. “M1” cells are potent effector cells to clear foreign
pathogens and initiate adaptive immunity, while “M2” cells moderate inflammation and
adaptive immune responses, promote tissue repairing and angiogenesis. Therefore,
macrophages are regarded as having diverse biological functions. They may promote or
hinder inflammatory response, and may either enhance tissue repair or induce tissue
destruction.

Characteristics of Macrophage polarization: pro- and anti-inflammatory

Macrophages demonstrate the ability to either promote or suppress inflammation [3: 141 pro-
inflammatory stimuli-induced macrophages (“M1”) possess pro-inflammatory features,
while anti-inflammatory cytokines such as IL-4 or transforming growth factor (TGF)-f-
induced macrophages (“M2”) display a more healing phenotype, helping to develop
connective/scar tissue and reduce cellular apoptosis(3l.

In order to create a pro-inflammatory response, “M1” macrophages release a series of
cytokines and free radicals(3l. These cytokines can serve multiple functions, such as causing
apoptosis, or causing a further influx of macrophages. Tumor necrosis factor (TNF)-a, for
example, causes cell death in the tissues, such as kidney, lung or liver [332]. Soluble Fas
ligand, released by macrophages, cause neutrophil apoptosis [3]. Other cytokines, such as
monocyte chemotactic protein (MCP)-1, attract more macrophages to the injury sitel33l. In
in vitro studies, pro-inflammatory macrophages cultured together with myofibroblasts
produce collagenases, which reduce tissue integrity[3].

Inflammation mediated by “classically” activated macrophage is indispensable for the
protection against invasion. However, excessive inflammation might also be harmful to the
host. Several mechanisms have been employed to limit excessive inflammation. 1L-4-
mediated “alternative” activation of macrophages was reported to be one of the most
important mechanisms to attenuate excessive inflammation. While macrophages have the
ability to clear away cells at the injury sites, sometimes with too much vigor, they can also
aid in wound healing, help to ameliorate inflammation that macrophages are generally
associated with.

One function of these inflammation-resolving macrophages is to create new ECM[I. Inin
vitro studies, the co-culturing of anti-inflammatory macrophages and myofibroblasts
resulted in greater production of fibronectin, collagen I (if stimulated by 1L-4), and TGF-
BE3l. Additionally, anti-inflammatory macrophages significantly increase the expression of
tissue transglutaminase, which is vital toward the protection of matrix proteins from
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breaking down by proteases!34l. Rodent models have demonstrated that under injury to the
cardiovascular and dermal systems, macrophages can also produce certain matrix
protein[3]. One type of matrix protein, osteopontin, produced by macrophages during the
initial stage of tissue injury, helps recruit more macrophages while down-regulating
enzymes that break down the matrix[3]. In addition to mediating host defense against
infection by phagocytosis and inflammatory cytokine secretion, alveolar macrophages have
been reported to be able to attenuate polymorphonuclear cells (PMN)-mediated
inflammation and thus reduce mortality in murine pneumococcal pneumonia model[361.
Boven and coworkers reported that macrophages acquired anti-inflammatory function after
ingestion of myelin in multiple sclerosis patients [37]. Myelin-containing macrophages
expressed a series of anti-inflammatory molecules and were unable to respond to
inflammatory stimulil37]. It’s also reported that sphingosine-1-phosphate (S1P) confers anti-
inflammatory function on macrophages via S1P1 receptor. Treatment with S1P or S1P1
receptor-specific agonist suppressed inflammatory response of macrophages to LPS[38].

Other than their direct anti-inflammatory activity, “M2” macrophages were also reported to
be able to induce other anti-inflammatory cells. Savage reported that “M2” macrophages co-
cultured with T cells have regulatory properties3%l. “M2” macrophages also induced T
regulatory (Treg) cells expressing membrane bound TGF-$1 that regulates T cell
activation[39],

M1/M2 imbalance in Diabetes

Macrophage-mediated inflammation plays an important role in the development of insulin
resistance. A much higher level of macrophage infiltration in adipose tissue was found in
obese subjects compared with that of lean subjects and appears to be the major mediator of
inflammation[40l. Nevertheless, different activation of macrophages has distinct effect on
insulin resistance.

“M1” promotes adipose inflammation and results in insulin resistance. In obesity, adipocytes
release pro-inflammatory cytokines and fatty acids to induce classical activation of
macrophages. “M1” macrophages secrete more pro-inflammatory cytokines such as TNFa
and MCP-1 to induce a chronic low grade inflammation in tissues (such as liver, muscle, and
adipose tissue). In addition to pro-inflammatory cytokines that enhance adipose
inflammation and thus result in insulin resistance, “M1” macrophages also release resistin,
an adipokine that contributes to insulin resistancel4]l. The adipocyte-derived resistin, which
was initially discovered as an adipokine released by adipocytel4Z], was confirmed to be able
to cause insulin resistance in rodent models[42-441, Resistin was then reported to be secreted
by LPS-induced macrophages and macrophage-derived resistin that can exacerbate adipose
inflammation and insulin resistance in micel#1 451, We also found that “M1”/“M2”
imbalance was associated with air pollution-induced insulin resistancel46: 471, Air pollution
could increase the infiltration of macrophages with “M1” phenotype in adipose tissue and
promote insulin resistancel46: 471,

On the contrary, “M2” macrophages antagonize “M1” macrophages and tune adipose
inflammation to reduce insulin resistance. “M2” macrophages express very low
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concentrations of Nos2, MHC class and I1L-12[48]. Not only do “M2” macrophages express
lower levels of pro-inflammatory cytokines which are typically seen in “M1” macrophages,
but also they express higher level of IL-10[48]. Anti-inflammatory macrophages increase
migration when attracted by Th2 cytokines, such as I1L-4 and 1L-13[48]. Under normal
circumstances, adipocytes and hepatocytes produce IL-4 and IL-13 and induce alternative
activation of macrophages to limit inflammation and arrest insulin resistancel49],
Engagement of IL-4 to its receptor (IL-4R) induces a signaling cascade of Janus kinase
(JAK) family/signal transducer and activator of transcription 6 (STAT6), insulin receptor
substrate (IRS) family/phosphoinositide 3-kinase (P13K) pathway[%: 511, After binding to
IL-4, IL-4Ra formed a dimer with either common +yc chain or IL-13Ra, followed by
activation of JAK or IRS. Phosphorylated JAK activates STAT6 and initiates the
transcription of target genes, whereas phosphorylated IRS activates PI3K[52-54], |n addition
to JAK/STAT and PI3K pathways, nuclear receptors peroxisome proliferator-activated
receptors (PPARs) are also involved in the “alternative” activation of macrophages. PPARy
controls the metabolic processes in macrophages induced by IL-4. PPARYy deficiency shifted
macrophages from “M2” to “M1” and thus promoted insulin resistance and glucose
intolerance in micel>-571, Alternative activation of macrophages also can be promoted by
PPARS and thus modulate obesity-induced insulin resistancel4% 581, PPARS regulates the
expression of arginase 1, costimulatory molecules, and pattern recognition receptors such as
Mrc1 and Clec7al®8l. 1L-4/STATS6 activation could also inhibits PPARa and attenuates
adipose inflammation[59], Disruption of STAT6 enhanced PPARa-driven program of
oxidative metabolism and decreased insulin action[®]. Cintra et al. reported that suppression
of M2 cytokine IL-10 by either neutralizing Ab or antisense oligonucleotide increased
hepatic inflammation and reduced insulin signal transduction[8%], suggesting M2 plays a role
in modulating inflammation and insulin resistance.

Taken together, M1 and M2 play distinct roles in the pathogenesis of diabetes. The
imbalance of M1/M2 results in the dysregulation of adipose inflammation and metabolic
dysfunction, which subsequently promote insulin resistance.

Neutrophil differentiation

Neutrophils are short-lived leukocytes that share the same bone marrow myeloid progenitor/
precursor with monocytes. Precursor cells can be stimulated to differentiate into mature
neutrophils through signals from granulocyte macrophage colony stimulating factor (GM-
CSF)[811. Neutrophils are thought to be very important to early immune response. As the
first leukocyte population to be recruited to the sites of inflammation upon inflammatory
stimuli, neutrophils constitute the first line of defense against foreign antigens and insults.
Other functions of neutrophils include the release of cytokines to attract other immune
cellsf?],

Recently, Fridlender and co-workers reported that neutrophils can differentiate into two
distinct subsets of “N1” and “N2” under different environments(62]. This classification has
been proposed for only a short time period and only a few studies have focused on the anti-
inflammatory “N2” neutrophils (Table 2). Pro-inflammatory neutrophil phenotyped as “N1”
seems to occur only in areas close to the stimulus. Isolation of the spleen indicated no
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statistical difference between the SM-16 (N1) fed mice and control (not N1) fed mice, which
signifies that “N1” neutrophils are produced triggered by the stimulus, rather than
systemically[®2]. Conversely, when the K-ras mutation was activated in adenocarcinoma in
the lung of mice, neutrophil count was raised to 43%, confirming that neutrophil “N1”
activation is a localized event(62],

In the presence of TGF-j, however, neutrophils adopt a different role in chronic
inflammation and tumors. TGF-f stimulation is largely responsible for the neutrophils to
differentiation into the “N2”, a pro-tumor phenotype. This phenotype not only has a
different function but also physiologically different in response to other cytokines. First,
upon differentiation these neutrophils have a circular polynuclear chain. Second, “N2”
phenotype neutrophils seem to respond to arginase, MCP-1 and RANTES (regulated upon
activation, normal T cell expressed and secreted)[%2]. A recent study by Cuartero suggested
that PPARYy activation by rosiglitazone could also lead to the differentiation of “N2” with
expression of M2 marker such as Ym1 and CD206[63]. While the cellular physiology and
cytokine response has been elucidated, it is currently impossible to determine whether these
“N2” phenotype cells originate from the spleen and then attracted to the area, or whether
local differentiation occurred due to the lack of obvious markers(®2l. So while some
information is known about the characterization of pro-tumor neutrophils, little is known
about their origins.

Neutrophil “N1” versus “N2”

Recently, the multifunctional abilities of neutrophils have drawn attention. It has become
apparent that neutrophils also have the ability to aid or hinder the progression of
inflammation. Other than its classical function of anti-tumor, neutrophils acquired
protumorigenic phenotype after treated by TGF-B. Mirroring the nomenclature of
“M1”/"M2” macrophages, Fridlender classified neutrophils into 2 subtype: “N1” (similar to
“M1”) and “N2” (similar to “M2”) [62],

Fridlender reported that “N2” driven by TGF-p acquired pro-tumor phenotypel62].
Functionally, “N2” neutrophils promote the growth of tumors and chronic inflammation.
These neutrophils produce high levels of arginase, which inhibits T cell activity and thus
prevents binding to the FAS ligand[62]. Shen and coworkers reported that as low as 1 pg/ml
TGF-p pretreatment can inhibit neutrophil degranulation, but does not affect their
chemotaxis in response to IL-8. They postulated that was the reason why increased
infiltrating neutrophils in the endometrium during menses do not initiate inflammatory
response or release degradative enzymes[®4l. CD4*CD25* regulatory T cell, a major TGF-p-
producing cell, suppresses ROS and cytokine production by neutrophils. Treg also abolishes
LPS-induced neutrophil survival and promotes their death. Those anti-inflammatory effects
on neutrophils are confirmed at least partially mediated by TGF-p and 1L-10[65]. Depletion
of “N2” neutrophils by blockade of TGF-f increased activated CD8* T cells[62]. This
suggests that pro-tumor neutrophils are also immunosuppressivel82]. With “N2” strongly
promoting tumors, neutrophils demonstrate their ability to carry out two opposing roles in
immunity, much like macrophages.
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Therefore, neutrophils may also have the ability to be differentiated into two distinct
subsets: N1 and N2, and exert distinct functions in inflammation.

Neutrophil responses: pro- and anti-inflammatory

Neutrophils provide a key initial immune response to infection, including releasing various
inflammatory cytokines and eicosanoids, and generating of reactive oxygen species (ROS)
via a respiratory burst[5¢]. They can also induce endothelial damage and regulate vascular
permeability at the site of infection[87]. The primary role of the neutrophil in the immune
response is to inhibit bacterial growth until adaptive immune responses can be initiated.
However, in some case, such as immune complex tissue deposition, can promote abnormal
neutrophil activation, leading to enhanced inflammation and result in tissue damage[®8l.

Prior menses, neutrophils infiltrated into the endometrium of uterus significantly increased.
However, increased neutrophils in endometrium do not initiate inflammatory responses.
TGF-B that is produced by endometrial stromal and epithelial cells was reported to be able to
induce a low degranulation phenotype on neutrophils, demonstrating not all neutrophils
possess a high pro-inflammatory capability[84]. It has been suggested that blocking TGF-f
pathway increases the proportion of neutrophils in serum of chronic diseases, such as
inflammation[®9]. With this in mind, Fridlender administered type | TGF-f receptor (Alk-5/
Ak-4) kinase inhibitor (SM16) to mice to investigate changes in myeloid cells[62],
Administration of SM16 increased the percentage of CD11b* Ly6G™ cells (neutrophils) in
the tumors. Furthermore, neutrophil depletion (80-90%) by 1A8 antibody in SM-16 mice
lead to dramatically increased tumor growth[®2]. However, after systemic neutrophils
reloaded, the SM-16 mice, once again, saw stunted tumor growth. This treatment was then
tested on local tumor growth. Again, the same result occurred: tumor growth increased!(62].
Consistent with this study, another group also found that TGF-B blockage, which was
proposed to be able to induce “N1” neutrophils, suppressed tumor metastases[’%. In vitro
experiment demonstrated that CD11b* cells (neutrophils) from mice treated with SM16 are
capable of releasing cytotoxins to cancer cells at higher concentrations control neutrophils
isolated from untreated mice [%2]. The mechanism by which these neutrophils adopt to
destroy cells appears to be through ROS. When the cells are subject to superoxide blocking,
the percentage of cell death in the tumor significantly dropped below that of the control
groupl®2l. Moreover, mice fed with SM16 were found to have increased levels of iNOS and
decreased levels of arginase. In total, the mRNA expressions of 5 neutrophil
chemoattractants were upregulated (MIP-2a/CXCL2, LIX/CXCL5, MIP1a/CCL3, KC/
CXCL1 and GM-CSF). Physiologically, these neutrophils are characterized by being more
lobulated and hypersegmented![62]. In addition, these neutrophils have lost the circular nuclei
shape, unlike the majority of other types of leukocytes.

N1/N2 imbalance in type 2 Diabetes

It has been considered that the primary cell type responsible for inflammation in type 2
diabetes is the inflammatory macrophage in adipose tissues%l. However, early during the
course of diet-induced obesity in mice, neutrophils have also been shown to be recruited to
adipose tissuesl’1] (Elgazar-Carmon et al., 2008). Recent studies reported that
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neutrophilsl’2-74] and elastasel”>] secreted by neutrophils dramatically increased in adipose
tissue of high-fat diet induced obese mice (Talukdar et al., 2012). Furthermore, the
pharmacological inhibition or genetic deletion of elastase led to improved insulin sensitivity
and inflammationl[”®: 78](Talukdar et al., 2012). Based on these studies, neutrophils also play
an important role in diabetes. Given the fact that high levels of TGF-B-producing Tregs were
found in adipose tissue of lean subjects and obesity significantly reduced Treg numbers in
adipose tissuel’”] it is possible that TGF-B-induced N2 is dominant in adipose tissue of lean
individuals while obesity may skew the polarization of neutrophils towards N1 (Figure 1).
However, does N1/N2 imbalance indeed occur in obesity/diabetes? What’s the role of N1
and N2 neutrophil in diabetes? Further studies are required to address these questions.

Conclusions

As the major innate immune cells, monocytes and neutrophils are not only essential to
inflammatory responses against invading pathogens and tumor cells but also responsible for
tuning excessive inflammation, tissue remodeling and tissue repair. Those diverse effects are
mediated by distinct subpopulations of monocytes and neutrophils. “Classically” activated
macrophages “M1” and neutrophils “N1” are capable of mediating inflammation and tissue
destruction, while “alternatively” activated macrophages “M2” and neutrophils “N2”
function to tune inflammatory response and initiate tissue repair. Understanding the diverse
subpopulations and activities of those cells is required to reveal the nature of various
inflammatory diseases and develop more efficacious therapeutic approaches for human
diseases.
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Figure 1. Heterogeneity of monocyte/macrophage and neutrophil
Monocyte and neutrophil are originated from the same progenitor cell (GMP) that is

differentiated from hematopoietic stem cell (HSC). GMP is able to differentiate into
monocyte or myelocyte. When enter into tissues, monocytes become macrophages.
Macrophages acquire distinct features when activated through different ways. “Classically”
activated macrophages (M1) express CD11c, HLA-DR, and iNOS, secret TNF-a and
MCP-1, while “alternatively” activated macrophages (M2) express CD206, CD163, CD209,
IL-1r, arginase 1 and IL-10. In obesity/diabetes, polarization of macrophages skews towards
to “M1”, which contributes to the maintenance of chronic inflammation and insulin
resistance in various tissues. Similar to macrophages, neutrophils differentiated from
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myelocytes display different phenotype when activated in different environment. “N1”
possesses a pro-inflammatory or anti-tumor phenotype, whereas “N2” driven by TGF-
displays anti-inflammatory or pro-tumor phenotype. Increased levels of CD95, TNF and
ROS are responsible for the anti-tumor phenotype of “N1”, while higher levels of MMP-9
and arginase might contribute to the pro-tumor phenotype of “N2”. However, as the
classification of “N1” and “N2” was not proposed until recently, it requires further studies to
identify the “N1”- or “N2”-specific protein expression profile and their functional role in
obesity/diabetes. Abbreviations: HSC: hematopoietic stem cell; GMP: Granulocyte-
monocyte Progenitor; MPP: multiple potent progenitor; TNF: tumour necrosis factor; ROS:
Reactive oxygen species; MMP-9: Matrix metallopeptidase 9; HLD-DR: human leukocyte
antigens; iINOS: inducible nitric oxide synthase; MCP-1: monocyte chemoattractant
protein-1; IL-1r: interleukin-1 receptor; IL-10: interleukin-10.
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M1 or M2

Disease Model

Subjects

Key Findings

References

M1

M1

M1

not specified

not specified

not specified

NA

Pneumonia

Obesity, Type 2 diabetes

Liver ischaemia- reperfusion injury

Experimental cardiac injury

Obesity

Human macrophages

Mouse

Human

Rat

Rat

Mouse

IFN-y can activate macrophages
by increasing its antigen
presenting capacity, pro-
inflammatory cytokine
production and phagocytosis.

IKKp suppresses M1
macrophage activation in
response to LPS and infection.

Endotoxin induces resistin
production by macrophages,
which contributes to the insulin
resistance in type 2 diabetes.

Simvastatin provide protection
against the adverse effects of I/R
injury by suppressing TNF-a,
LDH, and serum
aminotransferase activity (This
phenotype is probably related to
“M1” cells).

A subset of macrophages
infiltrating necrotic myocardium
expresses osteopontin during
cardiac injury (This phenotype is
probably related to “M1” cells).

Resistin is mainly produced by
macrophages in human. It
exacerbates adipose
inflammation and insulin
resistance in mice (This
phenotype is probably related to
“M1” cells).

Nathan et al.,
1983 [28]

Fong et al., 2008 [48]

Lehrke et al.,
2004 41

Dibazar et al.,
2008 [321

Murry et al.,
1994 B3]

Qatanani et al.,
2009 [4°]

M2

M2

M2

M2

M2

M2

NA

Parasite infection

NA

Obesity, Leishmaniasis infection

Obesity

Atherosclerosis

Mouse

Mouse

Human

Mouse (Mac-PPARY
KO and PPARS ™~
mouse)

Mouse (PPARS™")

Human

IL-4 enhances macrophage
mannose receptor expression and
activity. L-4 induces alternative
activation of macrophages,
characterized by an elevated
endocytic capacity of
mannosylated ligands, increased
MHC-I1 expression, and reduced
proinflammatory cytokine
production.

IL-4 promotes the uptake and
parasite killing activity of
macrophages.

IL-4 suppresses the production of
superoxide by macrophages.

PPARYy is required for the
alternative activation of
macrophages and regulates
insulin resistance.

PPARS regulates the expression
of arginase 1, costimulatory
molecules, and pattern
recognition receptors during the
alternative activation of
macrophages.

The activation of PPARYy skews
monocytes toward an anti-
inflammatory M2 phenotype.
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Stein et al., 1992 [30]

Wirth et al., 1989 311

Abramson and
Gallin, 1990 [78]

Odegaard et al.,
2007 [59]

Odegaard et al.,
2008 58]

Bouhlel et al.,
2007 [57]
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M1 or M2

Disease Model

Subjects

Key Findings

References

M2

M2

not specified

not specified

not specified

not specified

not specified

not specified

not specified

not specified

NA

Obesity

Pneumococcal pneumonia

Multiple sclerosis

NA

Insulin resistance

Balloon injury

Hypoxia-induced pulmonary remodeling

Wound healing

Ischemic cardiomyopathy

Human

Mouse

Mouse

Human

Mouse

Mouse

Rat, Rabbit

Rat, Calve

Mouse (lysM-
Cre/DTR transgenic
mouse)

Mouse (MCP-1
transgenic mouse)

M2 enhances regulatory
properties of Treg cells by
inducing membrane bound TGF-
p1.

Adipoctyes and hepatocytes can
produce IL-4 and IL-13
cytokines to promote M2
activation and limit
inflammation. PPARS is required
for the alternative activation of
macrophages.

Alveolar macrophages reduce
mortality of pneumococcal
pneumonia by suppressing
polymorphonuclear cells
mediated inflammation (This
phenotype is probably related to
“M2” cells).

Macophages express a series of
anti-inflammatory molecules and
are unable to response to
inflammatory stimuli after
myelin-ingestion (This
phenotype is probably related to
“M2” cells).

Macrophages obtain an anti-
inflammatory phenotype after
S1P or S1P1 receptor-specific
agonist treatment (This
phenotype is probably related to
“M2” cells).

Deficiency of PPARY in
macrophages results in insulin
resistance and poor responses to
antidiabetic thiazolidinediones
(This phenotype is probably
associated with lack of “M2”).

Depletion of macrophages by
clodronate-containing liposomes
decreased neointimal formation
after mechanical arterial injury
(This phenotype is probably
related to “M2” cells).

Precursors of a monocyte/
macrophage lineage are essential
contributors to hypoxia-induced
pulmonary vascular remodeling
(This phenotype is probably
related to “M2” cells).

Depletion of macrophages
severely impaired wound
inflammation, angiogenesis and
tissue remodeling (This
phenotype is probably related to
“M2” cells).

Macrophage infiltration
facilitates vascularization by
proceding the formation of new
vessel sprouts and altering the
microenvironment (This
phenotype is probably related to
“M2” cells).

Savage et al.,
2008 139

Kang et al., 2008 [49]

Knapp et al.,
2003 [36]

Boven et al.,
2006 [37]

Hughes et al.,
2008 [381

Hevener et al.,
2007 [561

Danenberg et al.,
2002[17]

Frid et al., 2006 [24

Gorenetal.,
2009 [131

Moldovan et al.,
2000 [291

M1/M2

Obesity, Air pollution

Mouse

M1/M2 balance is associated
with air pollution induced insulin
resistance.
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Sun et al., 2009 [46]
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M1 or M2 Disease Model Subjects Key Findings References
M1/M2 Obesity, Air pollution Mouse When exposed to air pollution, Xu et al., 2010 [47]

M1/M2 balance is altered and
associated with insulin
resistance.
M1/M2 Hepatic fibrosis Mouse (CD11b-DTR Macrophages have distinct effect  Duffield, 2010 [2°]
transgenic mouse), on liver injury and repair.
Rat Depletion of macrophages when
liver fibrosis reduced scarring,
while depletion during recovery
led to a failure of matrix
degradation.
M1/M2 NA Mouse Both IFN-y and IL-4 can increase  Cao et al., 1989 [29]

MHC-I1 on macrophages.

NA, not available
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N1/N2 Disease Model Subjects Key Findings

References

N1 Tuberculous pleurisy  Guinea pigs  TGF- neutralization increases neutrophils in pleural exudate.
N1 Tumor Mouse TGF-p blockade reduces tumor metastasis.

N2 NA Human Regulatory T cells inhibit neutrophils survival and their ROS
and cytokine production, which is confirmed at least partially
mediated by and IL-10.

N2 NA Human TGF-B1 suppresses neutrophil degranulation to prevent them
from initiating an inflammatory response.
N2 Stroke Mouse PPAR-y activation with rosiglitazone induces “N2” neutrophils.
N/N2 Tumor Mouse Blockade of TGF- promotes tumor-associated neutrophils with

an anti-tumor phenotype, which is referred as N1. TGF-f in
tumor microenvironment induces a pro-tumor neutrophils, N2.

Allen et al., 2008 [6°]
Kazemfar et al., 2009 [70]
Lewkowicz et al.,

2006 651

Shen et al., 2007 [64

Cuartero et al. 2013 [63]
Fridlender et al., 2009 [62]

NA, not available
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