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Commentary
The purpose herein is to introduce the second part of the series on

macrophage ‘polarization’ by illuminating some basic properties of the
immune system’s most important and uniquely multi-talented
leukocyte.

Macrophages were the first separate leukocytes to appear in
evolution about 900 million years ago [1].

They are the most abundant leukocytes in all animals.

Macrophages are located in virtually all tissues: they are the tissue
‘sentinels’ [2,3].

Macrophages possess unique ‘plasticity’ [4,5] that endows them with
the ability to repair or to kill: exhibit polar-opposite functions [4,6-10].
Both types of function are necessary for the survival of animals.

Repair – constructive activity
Required to help repair and replace cells/tissues lost to senescence

or damage.

1) By elimination through engulfment and digestion

2) Through the production of growth and repair molecules

3) By helping in the production of extracellular matrices for
intercellular support

Kill – destructive activity
Provides primary host protection against pathogens in all animals

1) By direct killing activity through phagocytosis and the
production of reactive oxygen and nitrogen species [1,3,8]

2) By instructing other innate leukocytes (e.g., neutrophils) to aid in
pathogen elimination [11]

3) Through antigen presentation to T and B cells resulting in more
specific and effective defenses against pathogens and altered self
[12,13]

The constructive – repair – activity is commonly called M2 and the
destructive – kill – activity of macrophages is called M1 [10,14]. M2-
and M1-type activities occur throughout the animal kingdom and are
normally induced by macrophages sampling their environs for
Damage- or Pathogen- Associated Molecular Patterns (DAMPs and
PAMPs) [15]. By sensing whether to exhibit constructive or destructive

activities macrophages are uniquely able to protect hosts in ways best
suited to correcting varying non-infectious or infectious threats to
hosts.

Macrophages were renamed M2/Heal and M1/Inhibit [14] in part
because these repair or kill activities are associated with the production
of Ornithine or Nitric Oxide, respectively, and other growth-
promoting or growth –inhibiting molecules [4,10]. Also, importantly,
these very different innate protective activities do not require T cells/
adaptive immunity, though macrophages can undergo further
“activation” [16] or ‘alternative activation’ [17] by antigen-specific T
cells/adaptive immunity [10]. In this regard, M2/Heal and M1/Inhibit-
type activities precede the appearance of T cells/adaptive immunity in
evolution by about 500 million years [1,15]. In fact, the ability of cells
to polarize functions is an evolutionarily ancient property even
exhibited by single-celled animals such as amoeba [1,18]. As
mentioned, macrophages were the first leukocyte to evolve that
specializes in protecting other cells [1].

It is useful to think of macrophage polarization as ‘decision-making’
that results in distinct cellular functions that affect host health in very
different ways. Macrophage decision-making results from their
versatile Sample function that activates M2/Heal (Repair) or M1/
Inhibit (Kill)-type functions that in turn can result in their Present
function that is necessary to activate lymphocytes. Together these basic
macrophage activities can be summarized as SHIP functions (Sample,
Heal, Inhibit and Present [antigen]) [19,20].

Upon encounters with M1- or M2-type macrophage activities other
leukocytes are also caused to make decisions – to polarize. For
example, Th1- or Th2-type responses, which are characterized by the
preferential production of the cytokines IFN-γ or IL-4, respectively
[21-23]. These different cytokines in turn stimulate cytotoxic NK and
T cells, or B cells/antibody production, respectively. Finally, Th1- or
Th2-type polarized T cell responses can further amplify M1/Inhibit or
M2/Heal-type activities [19]. Macrophages also cause other immune-
related decisions to be made including complement activation and
coagulation, but are beyond the scope of this commentary [24].

Thus the necessary epicenter of immune systems is macrophages
that make decisions resulting in functions that directly or indirectly
affect host health in profoundly different ways – literally life or death
decisions [4]. This is the essence of macrophage polarization.

Some researchers have posited that there are different types of
macrophages (e.g., M2 a/b/c, Type II, regulatory, M4 and Mox
macrophages) [25-29]. Others have gone further envisioning
macrophages as of part of a continuum [30,31]. But such views arise
mainly from changing the rules for characterizing macrophages from
their functional activity (like the original definition of macrophage
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activation meaning killing pathogens) [16] to characterizing them by
‘phenotypes’. The unique ability of macrophages to respond to different
types of agonists (stimuli) and to exhibit very different functions (like
repair or kill) is accompanied by changes in thousands of different
genes, transcription factors, cell surface markers and cytokines, as
illustrated in Figure 1. Phenotype means traits or types. Recent
transcriptomic or genomic analyses of macrophages has further
expanded the list of molecules that change [31], and has importantly
illuminated how the uniquely changeable metabolic machinery of
macrophages operates. However, changes in molecules such as NF-κB,
GATA 3, or HIF are phenotypic ‘traits’ that alone are not sufficient to
characterize functional ‘types’ of macrophages. The clinically relevant
types of macrophages are those that influence health. In particular, as
illustrated in Figure 1, macrophages through their Sample functions,
are able to determine the nature of the Threat and make decisions that
result in Solutions through distinct and very different functions like
M2/Heal or M1/Inhibit. Without what have come to be called
polarized macrophage functions diseases are exacerbated or hosts
perish.

Figure 1: Macrophages encounter many different types of ‘Threats’
(i.e., Stimuli) that result in changes in thousands of molecules as
macrophages modulate their physiology to come up with a
‘Solution’ such as M2/Heal or M1/Inhibit.

Compounding the difficulty in properly assessing macrophage
populations is the fact that inflammation is constantly evolving as
diseases progress or are eliminated. Furthermore, macrophage
functions can vary enormously within different inflammatory
microenvironments [32]. For example, during Tuberculosis infections
sections of lungs where scarring is ongoing are populated by
macrophages with M2/Heal activities, while M1/Inhibit activity is
evident in areas where mycobacteria are being killed (33). Assaying
macrophages at different times or grinding up whole organs will
therefore necessarily reveal mixtures of different macrophages. It is
useful to add here that the use of the terms anti-inflammatory or pro-
inflammatory to describe M2/Heal or M1/Inhibit-type macrophage
activities has also created some confusion. Either type of response
causes inflammation, for example, as anyone who has had a healing
wound knows. Not unlike the inadequacy of phenotyping
macrophages mentioned above, it is therefore more clinically relevant

to describe what type of macrophage functions (like M2/Heal or M1/
Inhibit) are present than to use the broad term inflammation.

To try and address the types of confusion that has arisen from
assessing macrophages by phenotypes instead of biological functions,
and at different times, in different microenvironments and in different
species, there was a laudable recent attempt in Immunity to
standardize definitions of macrophage populations [34]. A new
nomenclature was suggested mainly based on what stimuli were added
to macrophages in vitro, such as M(IFN-γ) or M(IL-4). However, this
nomenclature does not reflect in vivo circumstances. The normal
primary initiating stimuli for macrophages are not T cell cytokines,
like IFN-γ or IL-4, but DAMPs or PAMPs as mentioned earlier. In
addition, host genetic factors strongly influence the propensity to
polarize to M1 or M2-type functions [10,14]. Following stimulation
macrophages direct other innate and adaptive leukocytes in varying
ways, and which then also can further amplify or inhibit M2- or M1-
type functions. Thus while trying to assign macrophages names based
on what T cell-derived (or other) agonist was used is technically useful
in vitro such a nomenclature incompletely describes how immune
responses occur in vivo; in fact it is backward. In addition, such a
nomenclature does not assess macrophages by their most important
characteristic mentioned earlier – their health-impacting functions.

In conclusion, macrophages are the most important leukocytes
because of their unique ability to make critical decisions about what
functions to manifest, whether insuring tissue integrity or combatting
pathogens or altered self. That macrophage populations are complex
mixtures of different cells performing varying functions at different
times and in different inflammatory microenvironments is not only
not surprising, it reflects why macrophages are the most important
leukocytes – the ‘Chicken and the Egg’ of immunity [19]. They are able
to make the decisions that initiate, prosecute, and conclude
inflammation to ensure host health. They are able to polarize.
Improper balances of different macrophage functions can of course
contribute to (or cause) important diseases, including infections,
cancer, autoimmunity and atherosclerosis [10,35,36]. The articles in
the first part of this series on ‘macrophage polarization’, and in this
second part, help us understand how imbalances in macrophage
functions can undermine health, and how one might go about
correcting the imbalances through immunomodulation, drugs or other
means.

Acknowledgement
Dr. Klaus Ley is funded by NIH R01HL115232.

References
1. Mills CD, Ley K, Buchmann K, Canton J (2015) Sequential Immune

Responses: The Weapons of Immunity. J Innate Immun 7: 443-449.
2. Cavaillon JM (2011) The historical milestones in the understanding of

leukocyte biology initiated by Elie Metchnikoff. J Leukoc Biol 90:
413-424.

3. Metchnikoff ME (1873) Untersuchungen über die intracelluläre
Verdauung bei wirbellosen Tieren. Arb Zool Inst Univ Wien 5: 141-168.

4. Mills CD (2001) Macrophage arginine metabolism to ornithine/urea or
nitric oxide/citrulline: a life or death issue. Crit Rev Immunol 21:
399-425.

5. Stout RD, Suttles J (2004) Functional plasticity of macrophages: reversible
adaptation to changing microenvironments. J Leukoc Biol 76: 509-513.

Citation: Mills CD, Harris RA, Ley K (2015) Macrophage Polarization: Decisions That Affect Health. J Clin Cell Immunol 6: 364. doi:
10.4172/2155-9899.1000364

Page 2 of 3

J Clin Cell Immunol Macrophage Polarization ISSN:2155-9899 JCCI, an open access journal

http://www.ncbi.nlm.nih.gov/pubmed/25871013
http://www.ncbi.nlm.nih.gov/pubmed/25871013
http://www.ncbi.nlm.nih.gov/pubmed/21628329
http://www.ncbi.nlm.nih.gov/pubmed/21628329
http://www.ncbi.nlm.nih.gov/pubmed/21628329
http://www.ncbi.nlm.nih.gov/pubmed/11942557
http://www.ncbi.nlm.nih.gov/pubmed/11942557
http://www.ncbi.nlm.nih.gov/pubmed/11942557
http://www.ncbi.nlm.nih.gov/pubmed/15218057
http://www.ncbi.nlm.nih.gov/pubmed/15218057


6. Albina JE, Mills CD, Henry WL Jr, Caldwell MD (1990) Temporal
expression of different pathways of 1-arginine metabolism in healing
wounds. J Immunol 144: 3877-3880.

7. Mills CD, Shearer J, Evans R, Caldwell MD (1992) Macrophage arginine
metabolism and the inhibition or stimulation of cancer. J Immunol 149:
2709-2714.

8. Hibbs JB Jr, Taintor RR, Vavrin Z, Rachlin EM (1988) Nitric oxide: a
cytotoxic activated macrophage effector molecule. Biochem Biophys Res
Commun 157: 87-94.

9. Morris SM Jr (2009) Recent advances in arginine metabolism: roles and
regulation of the arginases. Br J Pharmacol 157: 922-930.

10. Mills CD (2015) Anatomy of a discovery: m1 and m2 macrophages. Front
Immunol 6: 212.

11. Wynn TA, Ramalingam TR (2012) Mechanisms of fibrosis: therapeutic
translation for fibrotic disease. Nat Med 18: 1028-1040.

12. Shevach EM, Rosenthal AS (1973) Function of macrophages in antigen
recognition by guinea pig T lymphocytes. II. Role of the macrophage in
the regulation of genetic control of the immune response. J Exp Med 138:
1213-1229.

13. Unanue ER (1984) Antigen-presenting function of the macrophage. Annu
Rev Immunol 2: 395-428.

14. Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM (2000) M-1/M-2
macrophages and the Th1/Th2 paradigm. J Immunol 164: 6166-6173.

15. Dzik JM (2010) The ancestry and cumulative evolution of immune
reactions. Acta Biochim Pol 57: 443-466.

16. Mackaness GB (1964) The immunologic basis of acquired cellular
resistance. J Exp Med 120: 105-120.

17. Stein M, Keshav S, Harris N, Gordon S (1992) Interleukin 4 potently
enhances murine macrophage mannose receptor activity: a marker of
alternative immunologic macrophage activation. J Exp Med 176: 287-292.

18. Cosson P, Soldati T (2008) Eat, kill or die: when amoeba meets bacteria.
Curr Opin Microbiol 11: 271-276.

19. Mills CD, Ley K (2014) M1 and M2 macrophages: the chicken and the
egg of immunity. J Innate Immun 6: 716-726.

20. Mills CD, Thomas AC, Lenz LL, Munder M (2014) Macrophage: SHIP of
Immunity. Front Immunol 5: 620.

21. Mosmann TR, Coffman RL (1989) Heterogeneity of cytokine secretion
patterns and functions of helper T cells. Adv Immunol 46: 111-147.

22. Scott P, Pearce E, Cheever AW, Coffman RL, Sher A (1989) Role of
cytokines and CD4+ T-cell subsets in the regulation of parasite immunity
and disease. Immunol Rev 112: 161-182.

23. Finkelman FD, Holmes J, Katona IM, Urban JF Jr, Beckmann MP, et al.
(1990) Lymphokine control of in vivo immunoglobulin isotype selection.
Annu Rev Immunol 8: 303-333.

24. Boyce S, Eren E, Lwaleed BA, Kazmi RS (2015) The Activation of
Complement and Its Role in the Pathogenesis of Thromboembolism.
Semin Thromb Hemost 41: 665-672.

25. Fleming BD, Mosser DM (2011) Regulatory macrophages: setting the
threshold for therapy. Eur J Immunol 41: 2498-2502.

26. Gleissner CA, Shaked I, Little KM, Ley K (2010) CXC chemokine ligand 4
induces a unique transcriptome in monocyte-derived macrophages. J
Immunol 184: 4810-4818.

27. Kadl A, Meher AK, Sharma PR, Lee MY, Doran AC, et al. (2010)
Identification of a novel macrophage phenotype that develops in response
to atherogenic phospholipids via Nrf2. Circ Res 107: 737-746.

28. Edwards JP, Zhang X, Frauwirth KA, Mosser DM (2006) Biochemical and
functional characterization of three activated macrophage populations. J
Leukoc Biol 80: 1298-1307.

29. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, et al. (2004) The
chemokine system in diverse forms of macrophage activation and
polarization. Trends Immunol 25: 677-686.

30. Mosser DM, Edwards JP (2008) Exploring the full spectrum of
macrophage activation. Nat Rev Immunol 8: 958-969.

31. Schultze JL, Freeman T, Hume DA, Latz E (2015) A transcriptional
perspective on human macrophage biology. Semin Immunol 27: 44-50.

32. Harris RA (2014) Spatial, Temporal, and Functional Aspects of
Macrophages during "The Good, the Bad, and the Ugly" Phases of
Inflammation. Front Immunol 5: 612.

33. Mattila JT, Ojo OO, Kepka-Lenhart D, Marino S, Kim JH, et al. (2013)
Microenvironments in tuberculous granulomas are delineated by distinct
populations of macrophage subsets and expression of nitric oxide
synthase and arginase isoforms. J Immunol 191: 773-784.

34. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, et al. (2014)
Macrophage activation and polarization: nomenclature and experimental
guidelines. Immunity 41: 14-20.

35. Mills CD, Lenz LL, Ley K (2015) Macrophages at the fork in the road to
health or disease. Front Immunol 6: 59.

36. Mills CD (2012) M1 and M2 Macrophages: Oracles of Health and
Disease. Crit Rev Immunol 32: 463-488.

 

This article was originally published in a special issue, entitled: "Macrophage
Polarization", Edited by Dr. David J Vigerust, Vanderbilt University School of
Medicine, USA

Citation: Mills CD, Harris RA, Ley K (2015) Macrophage Polarization: Decisions That Affect Health. J Clin Cell Immunol 6: 364. doi:
10.4172/2155-9899.1000364

Page 3 of 3

J Clin Cell Immunol Macrophage Polarization ISSN:2155-9899 JCCI, an open access journal

http://www.ncbi.nlm.nih.gov/pubmed/2332635
http://www.ncbi.nlm.nih.gov/pubmed/2332635
http://www.ncbi.nlm.nih.gov/pubmed/2332635
http://www.ncbi.nlm.nih.gov/pubmed/1401910
http://www.ncbi.nlm.nih.gov/pubmed/1401910
http://www.ncbi.nlm.nih.gov/pubmed/1401910
http://www.ncbi.nlm.nih.gov/pubmed/3196352
http://www.ncbi.nlm.nih.gov/pubmed/3196352
http://www.ncbi.nlm.nih.gov/pubmed/3196352
http://www.ncbi.nlm.nih.gov/pubmed/19508396
http://www.ncbi.nlm.nih.gov/pubmed/19508396
http://www.ncbi.nlm.nih.gov/pubmed/25999950
http://www.ncbi.nlm.nih.gov/pubmed/25999950
http://www.ncbi.nlm.nih.gov/pubmed/22772564
http://www.ncbi.nlm.nih.gov/pubmed/22772564
http://www.ncbi.nlm.nih.gov/pubmed/4126770
http://www.ncbi.nlm.nih.gov/pubmed/4126770
http://www.ncbi.nlm.nih.gov/pubmed/4126770
http://www.ncbi.nlm.nih.gov/pubmed/4126770
http://www.ncbi.nlm.nih.gov/pubmed/6242349
http://www.ncbi.nlm.nih.gov/pubmed/6242349
http://www.ncbi.nlm.nih.gov/pubmed/10843666
http://www.ncbi.nlm.nih.gov/pubmed/10843666
http://www.ncbi.nlm.nih.gov/pubmed/21046016
http://www.ncbi.nlm.nih.gov/pubmed/21046016
http://www.ncbi.nlm.nih.gov/pubmed/14194388
http://www.ncbi.nlm.nih.gov/pubmed/14194388
http://www.ncbi.nlm.nih.gov/pubmed/1613462
http://www.ncbi.nlm.nih.gov/pubmed/1613462
http://www.ncbi.nlm.nih.gov/pubmed/1613462
http://www.ncbi.nlm.nih.gov/pubmed/18550419
http://www.ncbi.nlm.nih.gov/pubmed/18550419
http://www.ncbi.nlm.nih.gov/pubmed/25138714
http://www.ncbi.nlm.nih.gov/pubmed/25138714
http://www.ncbi.nlm.nih.gov/pubmed/25538705
http://www.ncbi.nlm.nih.gov/pubmed/25538705
http://www.ncbi.nlm.nih.gov/pubmed/2528896
http://www.ncbi.nlm.nih.gov/pubmed/2528896
http://www.ncbi.nlm.nih.gov/pubmed/2575073
http://www.ncbi.nlm.nih.gov/pubmed/2575073
http://www.ncbi.nlm.nih.gov/pubmed/2575073
http://www.ncbi.nlm.nih.gov/pubmed/1693082
http://www.ncbi.nlm.nih.gov/pubmed/1693082
http://www.ncbi.nlm.nih.gov/pubmed/1693082
http://www.ncbi.nlm.nih.gov/pubmed/26305235
http://www.ncbi.nlm.nih.gov/pubmed/26305235
http://www.ncbi.nlm.nih.gov/pubmed/26305235
http://www.ncbi.nlm.nih.gov/pubmed/21952805
http://www.ncbi.nlm.nih.gov/pubmed/21952805
http://www.ncbi.nlm.nih.gov/pubmed/20335529
http://www.ncbi.nlm.nih.gov/pubmed/20335529
http://www.ncbi.nlm.nih.gov/pubmed/20335529
http://www.ncbi.nlm.nih.gov/pubmed/20651288
http://www.ncbi.nlm.nih.gov/pubmed/20651288
http://www.ncbi.nlm.nih.gov/pubmed/20651288
http://www.ncbi.nlm.nih.gov/pubmed/16905575
http://www.ncbi.nlm.nih.gov/pubmed/16905575
http://www.ncbi.nlm.nih.gov/pubmed/16905575
http://www.ncbi.nlm.nih.gov/pubmed/15530839
http://www.ncbi.nlm.nih.gov/pubmed/15530839
http://www.ncbi.nlm.nih.gov/pubmed/15530839
http://www.ncbi.nlm.nih.gov/pubmed/19029990
http://www.ncbi.nlm.nih.gov/pubmed/19029990
http://www.ncbi.nlm.nih.gov/pubmed/25843246
http://www.ncbi.nlm.nih.gov/pubmed/25843246
http://www.ncbi.nlm.nih.gov/pubmed/25520719
http://www.ncbi.nlm.nih.gov/pubmed/25520719
http://www.ncbi.nlm.nih.gov/pubmed/25520719
http://www.ncbi.nlm.nih.gov/pubmed/23749634
http://www.ncbi.nlm.nih.gov/pubmed/23749634
http://www.ncbi.nlm.nih.gov/pubmed/23749634
http://www.ncbi.nlm.nih.gov/pubmed/23749634
http://www.ncbi.nlm.nih.gov/pubmed/25035950
http://www.ncbi.nlm.nih.gov/pubmed/25035950
http://www.ncbi.nlm.nih.gov/pubmed/25035950
http://www.ncbi.nlm.nih.gov/pubmed/25762997
http://www.ncbi.nlm.nih.gov/pubmed/25762997
http://www.ncbi.nlm.nih.gov/pubmed/23428224
http://www.ncbi.nlm.nih.gov/pubmed/23428224

	Contents
	Macrophage Polarization: Decisions That Affect Health
	Keywords:
	Commentary
	Repair – constructive activity
	Kill – destructive activity

	Acknowledgement
	References


