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Abstract 

 

Macrophages can be polarized into M1 and M2 macrophages based on the composition of 

the milieu. Human macrophages have been poorly characterized. In this study, various 

macrophage subsets were generated by treating monocyte-derived macrophages (MDMs) 

with IFNγ (M1), IL-4 (M2a), LPS and IL-1β (M2b) or IL-10 (M2c) which were 

characterized with respect to their cell surface marker profile and functional profile in the 

context of cytokine production, susceptibility to HIV infection and apoptosis. Each 

polarization state demonstrated a unique cell surface marker profile and cytokine profile. In 

addition M1 macrophages were shown to produce IFNγ post TLR stimulation. Moreover, 

M1 macrophages were highly sensitive to apoptosis following Smac mimetic treatment. 

Furthermore, M2a and M2c macrophages were resistant to apoptosis, induced by PI3K 

blockage and IAPs degradation respectively, and at the same time supported productive HIV 

infection unlike the other macrophage subsets. These findings might lead to better 

understanding of HIV reservoir formation and be used to develop therapies to eradicate it.  
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Introduction 

Plasticity of the immune response 

The host’s defense against invading pathogens relies on the efficient immune 

response comprising the innate immune response and the adaptive immune response. The 

adaptive immune response consists of clonal selection of lymphocytes that are specific for an 

antigen and that mediate long-lasting immunity
1
. In contrast, innate immunity is not specific 

in its target and does not generate a memory response
2
. The cells of the innate immune 

response, such as neutrophils and macrophages, serve to provide a rapid response to the 

invading pathogen. They recognize repeated molecular motifs that are conserved on 

pathogens by non-clonal receptors. This leads to the induction of pro-inflammatory 

cytokines, phagocytosis and the up-regulation of co-stimulatory molecules in antigen 

presenting cells. These cells serve as a bridge between the two arms of the host defense
3
.  

In innate or adaptive immunity, differentiated hematopoietic cells must have the 

capacity to coordinate their function in a manner that will mount an appropriate host defense 

response and clear the pathogen while limiting damage that might occur to surrounding 

tissues. A mechanism by which such functions can be undertaken is by micro-changes in the 

phenotype of the cell in response to the milieu hereby referred to as polarization. The 

principle that governs polarization is associated with a small number of signals that can lead 

to a pronounced change in cell phenotype and function promoting a differentiation of the 

distinct cell population. Polarized cells are able to mount the appropriate response with 

respect to the context of the environment
4
. The cells of the hematopoietic system have a 

considerable amount of plasticity as demonstrated by the ability of the hematopoietic 
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progenitor cells to develop into cells of any hematopoietic lineage
5
, but the ability of the 

differentiated cells to further undergo marked phenotypic changes is limited. 

Innate immunity  

The innate immune system serves at the first line of defense in the host and is 

responsible for mediating acute inflammation associated with tissue injury or infection with a 

pathogen
6
. Acute inflammatory response is designed to rapidly eliminate pathogens and is 

normally limiting
7
. During the inflammatory response the cells of the innate immune 

response, such as monocytes, neutrophils, macrophages, dendritic cells and natural killer 

cells are rapidly activated and mobilized to the site of injury or following pathogen invasion
8
. 

Tissue injury and infection causes epithelial cells to release chemokines that recruit 

neutrophils
9
. Neutrophil activation leads to the degranulation of proteolytic enzymes and 

antimicrobial proteins. This also leads to the production of reactive oxygen species (ROS) 

and an oxidative burst which further degrades nucleic acids and lipids present in the 

environment
10

. Innate immune cells express pattern recognition receptors (PRRs) that can 

recognize conserved repeated motifs on a variety of pathogens called pathogen-associated 

molecular patterns (PAMPs). Activation of PPRs by virtue of their agonists leads to the 

production of pro-inflammatory cytokines as well as destruction of the ligand via 

phagocytosis or release of cytotoxic agents
6
. Macrophages and dendritic cells represent an 

essential component of an immune response. 

Macrophages and dendritic cells are professional antigen presenting cells (APCs) and 

serve as the bridge between innate and adaptive immunity. Upon receptor engagement, 

pathogens undergo phagocytosis, are broken down and their associated antigens are 

presented to T cells  by virtue of HLA/MHC (Human Leukocyte Antigen/Major 
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Histocompatibility Complex) class II molecules expressed on the surface of APCs
11

. Some 

viruses, such as cytomegalovirus, evade the immune response by down-regulating the 

expression of MHC molecules. Natural killer cells are important components of the innate 

immune response as demonstrated by their ability to kill infected cells that do not express 

MHC 
12

. 

Macrophage origins 

Macrophages arise from circulating peripheral blood mononuclear cells (PMBCs) 

that infiltrate tissues in a steady state or during the course of inflammation
13

. Monocytes 

develop from common myeloid progenitor cells that develop into monoblasts. These 

monoblasts give rise to pro-monocytes which develop into monocytes.  Monocytes are 

known to replenish the tissue macrophage population
14

. In the murine model, monocytes that 

are circulating in the blood are not a homogenous population. There are studies suggesting 

that monocytes have distinct subpopulations with various maturation states and varied 

affinities for recruitment to inflammatory sites
15

. The maturation state of monocytes that 

leave the blood may define their function. Two distinct murine monocyte subsets have been 

identified on the basis of their maturation state as well as cell surface marker expression
16

. 

The monocytes that spend the least amount of time circulating in the blood are termed 

“inflammatory” and express CCR2 and GR1 and low levels of CX3CR1. Resident monocytes 

represent the other end of the maturation spectrum and spend the most time in circulation and 

are CCR2
-
GR1

- 
CX3CR1

high 16
. In mice, these two monocyte populations are equally 

represented but this is not the case in humans
17

. Human monocytes can also be divided into 

two categories based on their cell surface marker expression: classical monocytes are 
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CD14
high

CD16
-
 and non-classical monocytes are CD14

+
CD16

+17
.  In humans, classical 

monocytes represent 90% of the monocytes
17

. 

In mice, according to one theory, inflammatory monocytes are thought to give rise to 

tissue macrophages and dendritic cells
18

. Furthermore, monocytes that are not immediately 

recruited to tissues circulate in the blood and associate with the endothelial layers of blood 

vessels
19

. These monocytes are also responsible for replenishing tissue-resident macrophage 

populations in a steady state
19

. It has been shown that their human counterparts, CD16+ 

monocytes, are better suited to migrate across endothelial monolayers than CD16
-
 

monocytes
20

. This enhances their migration into non-inflamed tissues and allows them to 

serve as an immediate source of monocytes during inflammation.  

Monocytes released from the bone marrow circulate in the bloodstream for 3 days 

before infiltrating tissues to maintain tissue resident macrophage populations
13

. Tissue 

resident macrophages are named according to the tissue in which they are present such as 

osteoclasts in the bone or microglia in the brain but their functions are that of a 

macrophage
21

. Tissue macrophages can also proliferate to generate mature macrophage 

populations. This is evident with respect to microglial cells which can sustain themselves and 

their function
22

. Furthermore, macrophages have been shown to be present in the yolk sac 

prior to hematopoiesis
23

. Recent evidence has demonstrated the presence of a separate 

embryonic lineage of macrophages that have the ability to persist during adulthood
24

. For 

example, microglia are derived from yolk sac cells and Langerhans cells develop from fetal 

liver and yolk egg sac cells
25, 26

. This discovery of microglia and Langerhans cells having 

prenatal origins is in contrast to the model in which monocytes replenish macrophages. This 

was further confirmed with experiments in a mouse model where the mouse lacked the 
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development of hematopoietic stem cells due to the absence of the transcription factor Myb. 

Yolk sac macrophages from these Myb-deficient mice gave rise to F4/80
hi

 macrophages in 

the skin, liver, lung, spleen, brain and pancreas. In the control mice, these cells exist with 

F4/80
lo

 macrophages that are derived from a hematopoietic source
27

.  Other studies have also 

confirmed the presence of prenatal F4/80
hi

 macrophages that do not require blood monocytes 

for replenishment under steady state
28

. However, the gastro-intestinal tract is a region in the 

body that harbors tissue resident macrophages that are replenished by blood monocytes even 

in the steady state
29

. Indeed, many tissues harbor macrophages of both prenatal and 

hematopoietic origins
27, 28

. Thus, the current understanding of macrophage replenishment 

from blood derived monocytes needs to be expanded to include macrophages from prenatal 

origins. 

Macrophage polarization 

Macrophages are present in nearly all the tissues of the body. Tissue resident 

macrophages can undergo polarization into macrophage subtypes to fine-tune their response 

based on the signals present in the tissue (Figure 1). 

Macrophages are very plastic cells that respond rapidly to stimuli generated by tissue 

injury or infection. Stimuli produced by the innate immune cells exert a marked but transient 

effect on macrophage physiology. Signals from antigen-specific immune cells, such as Th 1 

cells, are more long-lived in their consistency and lead to maintenance of the polarization 

state
30

. Additionally, macrophages also respond to the cytokine-mediated signals in an 

autocrine manner. Changes induced by these stimuli induce enhanced microbicidal activity 

of macrophages. In other cases, these environmental cues can make the macrophage more 

permissive to infections and less able to make cytokines that can combat the infection
31

.  
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Figure 1. Development and Differentiation of macrophages. 

Circulating blood monocytes infiltrate tissues and differentiate into tissue resident 

macrophages. 
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Figure 1 ( Murray and Wynn, 2011) 
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Macrophages have been classified as being either M1 or M2 polarized in a linear 

representation where the two polarization states are at opposite ends of the scale. M1 

polarization is used to describe classically activated macrophages and M2 polarization is 

used for alternatively activated macrophages
32

. Alternatively activated macrophages denote a 

more heterogeneous polarization state that includes several subtypes: M2a, M2b and M2c. 

This classification has persisted despite evidence demonstrating biochemical and 

physiological differences between M2 polarized subtypes
33

. 

Macrophage polarization in vitro 

There is a lack of an experimental standard for macrophage polarization. The in vitro 

model used varies from study to study using the following as guidelines. M1 polarized 

macrophages can be derived in vitro by treating monocytes with either M-CSF or GM-CSF 

and IFNγ in the presence or absence of LPS
34

. M2a polarized macrophages are derived with 

treating monocytes with M-CSF and IL-4 or IL-13
34

. M2b and M2c macrophages can be 

induced by treatment of monocytes with M-CSF and a variety of factors, including IL-10, 

LPS, IL-1β, immune complexes, apoptotic cells, glucocorticoids and TGF-β
35

. There are 

studies that classify macrophages generated using GM-CSF as M1 polarized macrophages 

and those in M-CSF as M2 polarized macrophages
36

. While there are differences between 

macrophages generated using either GM-CSF or M-CSF as demonstrated in their 

transcriptome analysis, but these differences are not enough to classify the treatments as M1 

and M2 respectively
37,38

. In the system outlined in this study, M-CSF was used to treat 

monocytes to differentiate them into monocyte-derived macrophages as M-CSF is used 

predominately for macrophage generation
38

. Furthermore, to demonstrate the phenomenon of 

polarization, it was apt to start form the same baseline for each of the polarization states. 
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Thus, MDMs were used for this purpose.  There is also no consensus on when to administer 

the polarizing stimuli. Approaches range from treating the monocytes with M-CSF and the 

polarizing stimulus in concert for 6 days to generating MDMs and then treating the cells with 

the stimuli
39, 40

. Here, MDMs were generated and then treated for 48 hours with the 

appropriate stimuli to induce polarization. This highlights the current problem with 

macrophage polarization studies; therefore I sought to characterize the polarized 

macrophages in this system. 

Classically Activated Macrophages and their role in disease 

Classically activated macrophages or M1 polarized macrophages are the 

macrophages that are found during cell-mediated immune responses. In early 

characterization of M1 polarized macrophages, the combination of both interferon gamma 

(IFNγ) and tumor necrosis factor alpha (TNFα) was thought to be required to polarize 

macrophages into a population that possessed high microbicidal and tumouricidal properties 

and secreted high levels of pro-inflammatory cytokines
41

. Innate and adaptive immune cells, 

such as T cells and NK cells, both have the ability to produce IFNγ. Natural killer (NK) cells 

serve as the early source of IFNγ for M1 polarization. NK cells produce IFNγ in response to 

stress or infections which primes and activates macrophages to secrete pro-inflammatory 

cytokines and increases their production of oxygen and nitrogen radicals as well as 

superoxide anions which promotes their killing ability
42

.  Thus, NK cells help macrophages 

in combatting infections. However, NK cells do not produce IFNγ on a long-term basis and 

therefore cannot support M1 polarization indefinitely. The adaptive immune response is 

required to sustain M1 macrophage polarization to maintain clearance of infection and 
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defense against intracellular pathogens. Antigen specific T helper 1(TH1) cells produce IFNγ 

which maintains M1 polarization and sustain host defense 
31

. 

An important component of the host defense mediated by M1 macrophages is the 

production of pro-inflammatory cytokines. However, excessive production of pro-

inflammatory cytokines can also lead to damage of host tissue. It is known that IL-23, IL-6, 

and IL-1 are required to promote differentiation and expansion of T cells into highly pro-

inflammatory TH17 cells secreting IL-17 cytokine which has been linked with inflammatory 

autoimmune pathologies
43-45

. M1 polarized macrophages have also been implicated in the 

immunopathology associated with several autoimmune disorders, such as rheumatoid 

arthritis and inflammatory bowel disease
46, 47

. 

M1 polarized macrophages play an important role in clearing intracellular 

pathogens
48

. Humans that have genetic mutations in IFNγ pathways or mice that lack IFNγ 

expression have been shown to be more susceptible to viral, protozoal and bacterial 

infections
49

.  For example, treating Leishmania donovani infected macrophages with IFNγ 

did not result in clearance of the pathogen due to the impairment of IFN  signaling and 

consequent M1 polarization by L.donovani
50

.  Mycobacterium tuberculosis evades the 

macrophage immune response by a similar mechanism. M. tuberculosis expresses a 

lipoprotein that disrupts IFNγ signaling and interferes with the pathway involved in antigen 

presentation
51

. The evolution of such mechanisms by pathogens highlights the importance of 

M1 polarization in host defense.  

Alternatively activated macrophages and their role in disease 

Alternatively activated macrophages or M2a polarized macrophages or wound 

healing macrophages arise in response to IL-4 or IL-13 which are produced during tissue 
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injury
52

. Mast cells and basophils are the major producers of IL-4; however other 

granulocytes may also produce IL-4
53

. Eosinophils and basophils also produce IL-4 in 

response to chitin which is found in some fungi and parasites
54

. IL-4 stimulation of 

macrophages leads to higher arginase activity. This enzyme allows M2a polarized 

macrophages to contribute to the extracellular matrix by converting arginine into ornithine, 

which is a precursor of collagen and polyamines
55

.  The polyamines, thus produced, can 

suppress clonal expansion of surrounding lymphocytes by influencing cytokine production
56

. 

In contrast to M1 polarized macrophages, murine macrophages treated with IL-4 produced 

very little pro-inflammatory cytokines and as a consequence are not able to clear intracellular 

pathogens
33

. 

TH2-associated immune responses are important in the lungs and intestines where 

they are induced by disturbances in the integrity of mucosal surfaces
54

.  These responses are 

not limited to mucosal tissues and can also occur in response to helminth infections
57

. As for 

M1 polarized macrophages, M2a macrophage polarization also needs to be controlled. M2a 

polarized macrophages can also have a harmful effect on the host if the matrix promoting 

ability of these macrophages is not properly regulated. For example, in chronic 

schistosomiasis, excessive activation of M2a polarized macrophages leads to tissue 

fibrosis
58

.  There was a reduction in tissue fibrosis when macrophages were treated with IL-4 

specific antibodies which led to a decrease in M2a polarized macrophage population. Tissue 

fibrosis was also diminished with macrophages that lacked the receptor for IL-4
58

. Mice with 

experimental asthma have been shown to harbor M2a polarized macrophages in their lungs 

and this population is thought to play a part in increased airway resistance and mucus 

formation
59

. 
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Studies have shown that M2a polarized macrophages allow survival of some 

intracellular pathogens
60-62

. Cryptococcus neoformans, an intracellular fungus, multiplies at a 

higher rate in mice that overexpress IL-13 as compared to wild type mice. It was also shown 

that mice deficient in IL-13 expression did not support intracellular fungal growth
63

. IL-13 

production was also linked to M2a polarization and enhanced hyper-reactivity in the airways 

of the mice
63

. Polyamine synthesis in M2a polarized macrophages has been linked to 

increased survival of Leishmania major
61

. Furthermore, using murine Yersinia enterocolitica 

infection model it was demonstrated that the clearance of the pathogen was associated with 

M1 polarization of macrophages while M2a polarized macrophages allowed for growth of 

the bacterium
64

. 

Regulatory macrophages and their role in disease 

Regulatory macrophages, generated in the later stages of the adaptive immune 

response, serve to limit inflammation and dampen the immune response 
65

. Although many 

signals can generate regulatory macrophages, production of IL-10 by this population of 

macrophages is their key feature
33

.  IL-10 production has been shown to be regulated by 

activation of MAPK extracellular-signal-regulated kinase (ERK) signaling
66

. Another 

cardinal feature of regulatory macrophages is that they down-regulate IL-12 production, 

therefore a high IL-10 to IL-12 ratio can also be used to demarcate regulatory 

macrophages
67

. 

Regulatory macrophages can be divided into M2b and M2c polarized macrophages. 

M2c polarization is predominately induced with IL-10, but can also be induced by 

transforming growth factor-β (TGF-β), or glucocorticoids
68

. M2b polarization can be induced 

with immune complexes, LPS or IL-1R ligands
68

.  Although microbial signals, like LPS, 
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lead to the induction of M1 polarization they can also, under certain conditions, result in 

endotoxin tolerance. This means that upon re-challenge there is an attenuated response at the 

macrophage and even at the organism level
69

. The immunosuppressive phenotype that is 

found during sepsis is mirrored during in vitro generation of LPS tolerance. Thereby, the 

host prevents excessive inflammation related to tissue damage via tolerance
69

. However, LPS 

tolerance is not so much a lack of response as it is an adaptive response that results in a shift 

in macrophage function from microbicidal to immune-regulatory phenotype 
70, 71

.  

Regulatory macrophages, similar to M2a polarized macrophages, allow for 

susceptibility to infection by pathogens. For example, Leishmania spp. bind host IgG and use 

Fc receptors on macrophages to gain entry into the cells. This triggers downstream signaling 

events that lead to the development of regulatory macrophages
72

. These macrophages by 

virtue of their ability to dampen the immune response allow for the pathogen to evade the 

immune response. Pathogens have evolved to either limit M1 polarization or to promote the 

generation of regulatory macrophages to avoid eradication. Bacillus anthraci’s lethal toxin 

has the ability to interfere with MAPK signaling and thereby limiting the secretion of pro-

inflammatory cytokines
73

. Coxiella burnetii infection down-regulates genes associated with 

M1 polarization like TNF but promotes M2 macrophages polarization. The promotion of M2 

polarization may explain the persistence of this intracellular bacterium
74

. Thus, macrophage 

polarization must be tightly regulated to limit host damage as well as susceptibility to 

infection. 

Tumour-associated macrophages (TAMs) or M2d macrophages 

TAMs that have been isolated from solid tumours display a M2 polarized state. In 

fact, TAMs represent a novel M2 polarization state denoted as M2d polarization
75

. M2d 
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macrophages arise from circulating monocytes infiltrating the tumour environment in 

response to chemotactic factors such as MCSF, CCL2 and VEGF
76, 77

. M2d polarization 

occurs in response to the tumour milieu but the exact mechanisms are not known. Thus far, 

leukemia inhibitory factor and IL-6 have been identified as factors that could promote M2d 

polarization in conjunction with MCSF in the tumour microenvironment
75

. Poor outcomes in 

cancer have been linked to increased numbers of TAMs
78

. IL-4 and IL-13 also play a role in 

tumour progression as well as feeding M2 polarization
79

.  Recently, IFNγ has been shown to 

reverse the immunosuppressive nature of TAMs. Thus, IFNγ could potentially be used as 

local therapy to suppress the formation of TAMs and to push macrophages to M1 

polarization as well as activate T cells to promote an anti-tumour response
80

.   

In summary, macrophages have been associated with having either a protective role 

or a causative role in cancers
81

. M1 polarized macrophages have been shown to have 

protective role by mediating tumour killing mechanisms and counteracting tumour-

associated macrophages (TAMs) and M2 polarized macrophages. TAMs and M2 polarized 

macrophages have been shown to limit the immune response to tumours and promote tumour 

growth and metastasis
82

. M1 polarized macrophages also promote the Th1 response 

associated with the anti-tumour response
83

. 

Innate immunity and Toll-like receptors (TLRs) 

The recognition of the repeated molecular motifs found on pathogens such as LPS, 

peptidoglycan or lipoteichoic acid forms the core of the innate immune response. These 

molecular motifs are collectively known as pathogen-associated molecular patterns (PAMPs) 

1
. The receptors that are involved in recognizing PAMPs are known as pattern recognition 
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receptors (PRRs).  There are several classes of PRRs such as C-type lectins (CLRs), Toll-like 

receptors (TLRs), NOD-like receptors (NLRs), RIG-I like receptors (RLRs). 

TLRs are type 1 transmembrane proteins and were the first PRRs to be discovered. 

They are expressed on NK cells, epithelial cells, endothelial cells, neutrophils, dendritic cells 

and macrophages
84

. TLRs all share the same structure and are composed of three domains: 

an N-terminal ectodomain that has leucine-rich repeats that are involved in co-receptor 

interactions and recognition of receptors, a transmembrane domain, and a C-terminal 

cytoplasmic domain with Toll-IL-1R resistance (TIR) signaling domain
85

. TLRs sense 

various microbial products including nucleic acids, polysaccharides, proteins and lipids. In 

addition to recognizing microbial patterns, they can also sense danger-associated molecular 

patterns (DAMPs). DAMPs, such as host DNA and chromatin, are usually stored in 

compartments that are not accessible to TLRs. However, during inflammation or injury, the 

contents of these compartments become exposed to TLRs
86

. There are at least 13 TLRs that 

have been discovered and each has their own specificity to microbial ligands
87

. TLRs can be 

divided into two main groups: surface bound TLRs and nucleic acid sensing TLRs
88

. The 

surface bound group includes TLR1, TLR2, TLR4, TLR5, TLR6 and TLR11 and they 

recognize microbial membrane products such as lipids, proteins, and lipo-proteins. The other 

group composed of TLR3, TLR7, TLR8, and TLR9 sense microbial nucleic acids and are 

located in endoplasmic reticulum, endosomes and lysosomes
88

.  

When stimulated with agonists, TLRs recruit adaptor molecules to initiate 

downstream signaling
89

. TLR signaling can be classified by virtue of the adaptor molecules 

that are involved in the pathways: dependent on adaptor MyD88 or TIR domain-containing 

adaptor inducing IFN-β (TRIF) (MyD88 independent) 
89

. All TLRs, except TLR3 and TLR4, 
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signal exclusively through the MyD88 dependent pathway. TLR4 is unique due to its ability 

to signal through both MyD88 and MyD88 independent pathways
90

. TLR 2, 3 and 4 ligands 

reflect all kinds of microbial ligands and thus were used to characterize the cytokine profile 

of the polarized macrophages. 

Macrophages and cytokines 

Macrophages are a major source of cytokines produced in the body and play a central 

role in the immune response, hematopoiesis and inflammation by virtue of their cytokine 

production
91

. While T cells require days before they secrete cytokines upon activation, 

macrophages have the ability to respond immediately within hours of activation via de novo 

mRNA synthesis and subsequent protein expression
91

. Macrophages can release pro-

inflammatory cytokines, such as TNFα, IL-1β, IL-6, and interferons, which recruit immune 

cells, such as neutrophils, by causing chemokine release in nearby cells and up regulating 

adhesion molecule expression to facilitate endothelial transmigration
92

. Macrophages also 

secrete cytokines, such as IL-12 and IL-23, which play an important role in differentiation 

and regulation of Th cells
93

. M1 polarized macrophages are characterized as producing 

copious amounts of pro-inflammatory cytokines which help promote antigen-specific Th1 

and Th17 response
94

. Macrophages also secrete cytokines such as IL-10 and IL-22 which aid 

in inhibiting the immune response and regulating reparative processes. M2 polarization is 

associated with high levels of IL-10 and low levels of IL-12 production
94

.   

Interferon γ production in macrophages 

IFNγ is a Type II IFN and is produced by NK cells and Th1 cells. IFNγ activates 

phagocytes by up-regulating their lysosomal enzymatic activity and increasing the level of 

reactive oxygen species
95

.  Recently there has been evidence in murine and human models 
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suggesting that macrophages can also produce IFNγ. IL-12 stimulation of peritoneal murine 

macrophages has been show to result in IFNγ secretion
96

. LPS has also been shown to 

increase the steady-state levels of IFNγ mRNA in murine macrophages
97

. IL-12/IL-18 

treatment of murine peritoneal macrophages results in IFNγ production in a STAT4-

dependent manner
98

. These results have also been extended to murine bone marrow-derived 

macrophages treated with IL-12/IL-18
99

. In vivo and in vitro models of pulmonary 

mycobacterial infection studies have shown that murine lung macrophages can also produce 

IFNγ
100

. In humans, macrophages have been shown to produce IFNγ in certain disease states. 

Macrophages from patients suffering from pulmonary sarcoidosis released IFNγ while 

macrophages from healthy controls failed to do so
101

. In vitro infection of human alveolar 

macrophages with Mycobacterium tuberculosis has been shown to result in IFNγ protein 

release as well as an increase in mRNA levels
102

. The primary criticism in these studies is the 

possible contamination of macrophages with other cells such as T cells or NK cells. To this 

end, a study examined IFNγ production in human macrophages at a single-cell level by 

immunohistochemistry and by enzyme-linked immunosorbent spot (ELISPOT) analysis. The 

study demonstrated IFNγ production in macrophages that had been cultured with IL-12 and 

IL-18 as well ex vivo production in macrophages from bronchoalveolar lavage samples from 

patients who underwent flexible bronchoscopy
103

. One study reports the production of IFNγ 

in human monocytes upon IFNγ treatment, but there are no reports on IFNγ production in 

healthy human macrophages or polarized macrophages
104

.  Therefore, I investigated whether 

polarized macrophages produced IFNγ prior to or following stimulation with TLR ligands. 
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HIV infection in macrophages 

Macrophages, unlike T cells, maintain their numbers during HIV infection. They 

have been shown to produce large amounts of intracellular and extracellular HIV both in vivo 

and in vitro without being subjected to death due to productive infection
105

. They serve as a 

constant source of virus, even when CD4+ T cell numbers are low
105

.  Productively-infected 

macrophages can transfer virus to CD4+ T cells by fusing with them and thereby acting as 

viral dissemination agents
106

. Furthermore, direct contact between infected macrophages 

with CD4+ and CD8+ lymphocytes leads to lymphocyte apoptosis
107-109

. Infected 

macrophages can also cause apoptosis in neurons and astrocytes without direct contact. This 

bystander effect is mediated by the release of Fas ligand by infected macrophages and its 

initiation of the extrinsic apoptosis pathway via Fas-Fas ligand binding
110

. 

HIV and its entry into macrophages 

Human immunodeficiency virus (HIV) is a lentivirus and is the causative agent of 

acquired immunodeficiency syndrome (AIDS). The viral core is composed of p24, the viral 

capsid, in which lies two strands of viral RNA. The core also contains the enzymes necessary 

for viral replication: reverse transcriptase, protease, ribonuclease, and integrase. The viral 

genome also encodes three structural proteins (Gag, Pol and Env) and six accessory proteins 

(Vpr, Vpu, Vif, Nef, Rev, Tat) 
111

. HIV entry into a target cell requires two steps: the first is 

the binding of the viral glycoprotein gp120 to CD4 on the target cell and the second step 

involves the interaction with a chemokine receptor (CXCR4 or CCR5)
112

. The virus 

generates DNA copies of its genome using a reverse transcriptase and using integrase 

integrates the DNA copies into the host cell genome. Subsequent viral copies are made at the 

expense of the host own replication machinery
111

. 
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Invading pathogens are faced with harsh conditions inside and outside of a cell. The 

extracellular environment is protected by innate and adaptive immune responses by factors 

such as antibodies and complement
113

. The cytoplasmic environment is protected by 

intracellular innate immune receptors and mechanisms such as autophagy
114,115

. Furthermore, 

intracellular pathogens must possess strategies to enter and exit vesicles or the cytoplasm
116

. 

Virus containing compartments (VCCs) limit access to innate and adaptive immune factors 

and protect viruses from recognition by intracellular pathogen receptors. While these VCCs 

resemble late endosomes and are rich in markers for multivesicular bodies, there are distinct 

from either due to their neutral pH and tubular connections to the extracellular milieu
117

. 

Hence, VCCs provide protection against acidic environments and serve to transport the virus 

to other target cells. 

The presence of budding, mature and immature virions in VCCs has provided 

evidence that HIV-1 uses VCCs as an assembly site in macrophages
118-120

. These 

compartments do not necessarily form in response to HIV as similar compartments exist in 

uninfected macrophages yet their function pre-infection is not known
121

. These 

compartments become more apparent as the cells mature and become more pronounced 

during HIV infection
121,122

. Most VCCs, not all, are usually connected to the extracellular 

environment by narrow channels that permit the passage of small molecules such as dyes and 

horseradish peroxidase
120,123

.  The accumulation of HIV-1 in VCCs make macrophages a 

reservoir that can remain localized in its tissue or migrate to other tissues
124

. The interaction 

of an infected macrophage and a CD4 T cell can lead the formation of a viral synapse by 

virtue of CD4 on the T cells and HIV-1 Gag and Env on the macrophage
125

. The idea of 
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VCC migration to these viral synapses has been supported by time-course experiments and 

the presence of the HIV virions at the interphase
126

. 

HIV persistence in macrophages 

The elimination of HIV infection is hampered by HIV latency and the persistence of 

viral reservoirs
127

. CD4+ T cells and macrophages constitute the major reservoirs of HIV
128

. 

These latently infected cells are poorly recognized by the immune system and can persist for 

a long time even during antiretroviral therapy administration
129

. There are marked 

differences in the infection of these two cell types. The number of CD4+ T cells falls as the 

infection progresses as the virus has a cytopathic effect on T cells. The antigen induced T 

cell proliferation stage has been linked to the formation of the viral reservoir. The cells that 

evade the cytolytic effects of the virus turn to resting stage and this is linked with memory T 

cell establishment
130

. These resting cells’ genomes have integrated HIV provirus that cannot 

replicate
128

. The activation of these resting cells by activating stimuli can lead to virus 

replication
131

. 

Latency is a reversible state in an infected cell during which the cell does not produce 

infectious particles
132

. There are two kinds of latency: pre-integration latency and post 

integration latency
133

. When HIV-1 enters the cell, it reverse transcribes its genome into 

DNA which is assembled into a pre-integration complex (PIC) 
134

. The PIC, composed of 

viral DNA and proteins, is shuttled to the nucleus where it integrates into the host cell’s 

genome. Pre-integration latency is a function of the inability of the PIC to reach the nucleus 

as well as inefficient reverse transcription
135

. This form of latency is common in vivo, 

especially in CD4 T cells. In resting CD4 T cells the rate of reverse transcription is much 

slower, as compared to active T cells, making the viral genome vulnerable to decay
136

. 
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However, macrophages can accommodate unintegrated HIV-1 DNA for at least 30 days
137

.  

Macrophages can also facilitate sustained viral replication from this unintegrated DNA as 

well induce CXCL9 and CXCL10 in response to it
137

. This suggests that macrophages can 

facilitate low levels of viral replication and virus mediated activities promoting pathogenesis 

in infected individuals. However, there are only a few studies that have found unintegrated 

viral DNA in macrophages from infected patients and they are from brain tissue
138,139

. 

Restriction factors, such as APOBEC3, SAMHD1 and MX2 and a limited dNTPs pool are 

also factors that contribute to restricted replication in macrophages and might aid in pre-

integration latency. SAMHD1 hydrolyzes dNTPs into nucleosides thus diminishing the 

dNTPs pool and rendering viral transcription inefficient
140

. MX2 prevents the integration of 

proviral DNA into the host chromatin thus restricting HIV at a post-entry stage
141

.  

Post-integration latency is the silencing of HIV gene expression after viral integration 

into the genome. This kind of latency is responsible for the persistence of the virus and its 

dissemination upon reactivation
142

. HIV integrates into euchromatin, which is actively 

transcribed, in macrophages
143

. Two nucleosomes, nuc-0 and nuc-1, interact with the 

promoter of HIV 1 regardless of the integration site of viral genome. Furthermore, HIV 

replication is only possible once nuc1 has been displaced suggesting chromatin remodeling is 

important in establishing HIV-1 latency in macrophages
144

. Viral gene expression is also 

partly controlled by miRNAs
145

. In PBMCs, HIV inhibits the expression of miRNA cluster 

miR-17/92 to promote its replication
146

. Furthermore, the lesser susceptibility of monocytes 

to HIV infection as compared to MDMs might be explained by the expression of anti-HIV 

miRNAs. Indeed, suppression of theses miRNAs in monocytes led to increased HIV 
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replication and the addition of their mimics to MDMs protected MDMs from productive HIV 

infection
147

. 

Macrophage polarization and HIV infection 

Immune system activation plays an important role in the resolution of many 

infectious diseases
148

. For example, pathogenic simian immunodeficiency virus (SIV) 

infection is linked to a prolonged and excessive activation of the immune response which 

constitutes a difference between non-pathogenic SIV infection and pathogenic SIV 

infection
149

. The activation status of the immune system is also linked to HIV 

pathogenesis
150

. Prolonged immune activation during chronic HIV infection creates a milieu 

for viral replication even in the presence of antiretroviral therapy
151

. In advanced HIV 

disease, immune activation is a stronger determinant in survival than higher viral burden or 

virus chemokine co-receptor usage
152

. Acute HIV infections leads to gastrointestinal damage 

and the increased translocation of gut microbial products, such as LPS. This suggests that 

during chronic HIV infection systemic immune activation is caused by these factors, such as 

LPS, and determines the rate of AIDS onset
153

. Since macrophages are one of the primary 

targets of LPS-mediated immune activation and play a key role in the pro- and anti-

inflammatory immune response, it is important to study the effect of immune activation and 

macrophage polarization with respect to HIV infection.  Macrophages also react to signals 

from opportunistic co-infections and therefore can also be activated by various bacterial, 

viral or fungal entities. Hence, the dominant polarization profile will be a function of all 

these stimulations. 

The location of a macrophage also dictates its ability to support HIV infection. 

Intestinal macrophages are typically resistant to HIV infection unlike alveolar and vaginal 
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macrophages
154

. Intestinal macrophages express CD4 but have lower expression levels of the 

chemokine HIV co-receptors CCR5 and CXCR4 as well as innate immune receptors
155

. 

Cytokines also modulate the ability of macrophages to support HIV infection. IFNα/β 

treatment of macrophages has been shown to limit HIV infection
156

. Apolipoprotein B 

mRNA-editing enzyme-catalytic polypeptide-like 3G (APOBEC3G) is a cytidine deaminase 

that creates C to U mutations in newly transcribed viral DNA. IFNα treated macrophages 

have shown increased levels of APOBEC3G mRNA
157

. Macrophages constitutively 

transcribe NF-κB and this property makes them ideal for HIV infection due to the presence 

of a NF-κB responsive site in HIV-LTR
158

. However, IL-6 stimulated macrophages promote 

HIV infection independent of NF-κB activation
159

. Certain cytokines can have varying 

effects on HIV infection depending on the differentiation state of macrophages and the 

exposure timing. IL-4 and IL-13 are known to enhance viral replication in monocytes but 

limit it in monocyte-derived macrophages
160

. Pre-treating macrophages with TNFα before 

infection leads to limiting infection, however treating latently infected macrophages with 

TNFα leads to NF-κB activation and increase in viral transcription
161,162

.  

Macrophage polarization can also affect the susceptibility of macrophages to HIV. A 

study showed that macrophage polarization resulted in a poor HIV infection as compared to 

MDMs
163

. This study looked at M1 and M2a polarized macrophages and suggested that M1 

polarization led to inhibition at a pre-integration point and M2a polarization at a post-

integration point
163

. Overall, this suggests that macrophage polarization might be a model 

through which HIV establishes latency. Therefore, it was of interest to explore HIV infection 

in the model of macrophage polarization of this study which includes M2b and M2c 

macrophages to further expand the understanding of HIV latency. 
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Macrophage resistance to apoptosis  

Macrophages are suited to their role as HIV reservoirs due to their inherent resistance 

to apoptosis. Apoptosis is a form of cell death that is important in tissue development and 

immune regulation. It serves as a mechanism to control macrophage activation. Apoptosis is 

brought about by the activation of caspases, which are cysteine proteases involved in the 

cleavage of certain proteins and this process eventually leads to cell death
164

. Apoptosis can 

be mediated through death receptor ligation or through disruption of the mitochondrial 

membrane integrity. Before differentiation, monocytes are highly susceptible to death 

receptor mediated apoptosis
165

. However, macrophages are resistant to apoptosis mediated 

by death receptor ligation, antineoplastic factors and ionizing irradiation
166,167

. There are 

three mechanisms in macrophages that help maintain their viability: the presence of anti-

apoptotic molecule FLIP (FADD-like IL-1β-converting enzyme-inhibitory protein), the 

constitutive expression of NF-κB and the PI3K-Akt pathway. 

Peripheral blood isolated monocytes express both death receptor FAS and the FAS 

ligand and are highly sensitive to caspase 8 dependent FAS-mediated apoptosis
168

. Cytokine 

activation induces the expression of anti-apoptotic molecule FLIP in monocytes. FLIP 

inhibits caspase 8 activation after FAS ligand interactions by binding to FADD (FAS-

associated death-domain protein). Activated macrophages have been implicated in the 

pathogenesis of rheumatoid arthritis
169

. FLIP has been found to be highly expressed in 

macrophages that were obtained from the joints of people with rheumatoid arthritis and this 

might pertain to a mechanism by which macrophages persist in the disease
170

. 

In vitro differentiated macrophages constitutively express NF-κB. Inhibition of NF-

κB expression led to caspase 9 activation and the loss of mitochondrial membrane integrity 
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via down-regulation of A1
171

. The phosphatidylinositol 3-kinase (PI3K) pathway is also 

involved in the activation of NF-κB. It protects against apoptosis through phosphorylation of 

BAD (Bcl-2-antagonist of cell death), caspase-9 inhibition and suppression of FAS ligand. 

Akt1 activation is mediated by PI3K in macrophages
172

. Akt suppression via PI3K inhibition 

using pharmacological inhibitor LY294002 or using a dominant negative form of Akt-1 

resulted in the loss of mitochondrial potential, caspase 3 and 9 activation, and DNA 

fragmentation which resulted in apoptosis
172

. This phenomenon was independent of NF-κB 

or death receptor interactions and involved suppression of the Bcl-2-family member Mcl1 

(myeloid-cell leukemia sequence 1)
172

. 

The PI3K/Akt pathway has been studied for its role in cell survival and has been 

nominated as a target for anti-cancer therapies due to its key activation during 

tumorigenesis
173

. Recently, it has also been shown that HIV-1 triggers the PI3K/Akt pathway 

making primary human macrophages resistant to apoptosis 
174

. Normally, PI3K/Akt pathway 

is negatively regulated by the phosphatase tensin homolog (PTEN), which prevents the 

activation of Akt 
175

. HIV-1 Tat, an accessory viral protein, promotes cell survival by 

lowering PTEN levels in infected macrophages
174

. Thus, PI3K/Akt pathway inhibitors could 

be used as a therapy to interfere with HIV reservoir formation. 

The role of IAPs in macrophage survival  

Inhibitors of apoptosis proteins (IAPs) provide another mechanism by which cells 

maintain their viability
176

. Expression of the IAP gene was able to prevent actinomycin-D 

induced apoptosis in baculovirus-infected insect cells which led to the discovery of IAPs
177

. 

XIAP, cIAP1 and cIAP2 are the most studied IAPs from the eight mammalian ones that are 

known.  IAPs are composed of three main domains. Members of IAPs can contain up to 
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three Baculoviral IAP Repeat (BIR) motifs in their N-terminus. BIRs are 70 amino acid long 

domains that facilitate protein-protein interactions
178

. Each of the BIR domains of XIAP has 

a distinct specificity for caspases: BIR 3 binds caspase 9 whereas BIR1 and BIR 2 are 

involved in binding caspase 3 and 7
179

. Additionally, IAPs are made up of a RING (Really 

interesting new gene) domain in the C terminal end involved in ubiquitin ligase activity and 

of a CARD (caspase associated recruitment domain) which also serves in protein 

interaction
180

.  Studies involving overexpression of IAPs have shown that these proteins have 

a role in preventing apoptosis. Although cIAP 1/2 and XIAP can bind caspases, it is only 

XIAP that has been shown to down regulate caspase activity
181

. IAPs can inhibit caspases by 

binding their active site as is the case for XIAP or they can ubiquitinate caspases making 

them the target of proteasomal degradation
182,183

.  

Another mechanism by which IAPs maintain cell viability is by binding to pro-

apoptotic molecules from mitochondria such as Smac (second mitochondria-derived 

activator of caspases). Smac is a protein derived from the mitochondria that has the ability to 

bind with IAPs and cause cell death via apoptosis
184

. The last four N-terminal residues of 

Smac bind to XIAP by virtue of its BIR3 domain causing the displacement of caspase 9 and 

prevent caspase inhibition
185

. Smac can simultaneously bind BIR 2 and BIR3 on XIAP 

releasing caspase 3 and caspase 7 and reinitiating the caspase cascade
186

. 

Smac also has a role in receptor-mediated apoptosis. Two signals are required to 

induce activation of caspase 3 via TRAIL and FAS ligand interactions: the first signal is the 

activation of caspase 8 via its cleavage and the other is a cytochrome-c and caspase 9 

independent signal from the mitochondria. Smac has been discovered to be this second signal 

that releases caspase 3 from XIAP
187

. 
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High IAPs levels have also been associated with cancers such as leukemia and 

lymphomas by virtue of their anti-apoptotic properties. They are a factor in poor prognosis 

and play a role in resistance to chemotherapy
188

. In light of this, there is interest in designing 

compounds that would mimic the 4 N terminal residues of Smac and would allow for caspase 

9 displacement from XIAP and re-initiation of the caspase cascade. Smac mimetics are small 

molecules that act like the 4 N terminal residues of Smac and have the affinity for the BIR3 

domain of XIAP
189

. Smac mimetics can induce cells death in tumour cell lines as well as 

cause resistant cell lines to become more susceptible to cell death
190,191

.  Smac treatment was 

shown to cause cell death via TNFα as this effect was abrogated during caspase 8 

knockdown and TNFα blockade
192,193

. For these reasons, Smac mimetics are being actively 

developed as potential therapeutics for cancer therapy
194

. 
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Rationale 

In infections or in inflammatory episodes the differentiated hematopoietic cells of the 

innate and adaptive immunity must regulate their functions in such a way as to be able to 

efficiently clear the injury or invading pathogens without causing damage to the surrounding 

tissue.  One mechanism by which this is carried out is fine-tuning of the immune response 

with respect to the milieu and this is achieved by promoting a polarized state that can 

effectively re-establish homeostasis. Macrophages operate at the interface of the innate and 

adaptive immunity and through their plasticity can display polarized states. Macrophages can 

be divided into two main polarization states: M1 and M2. These polarization states are 

acquired due to a change in type, timing or amount of micro-environmental signals
4
. These 

states are far more flexible than tissue-specific differentiation and macrophages can switch 

from one state to the other.  

The majority of studies on macrophage polarization have occurred in the murine 

model. In fact, murine macrophages are very well characterized with distinct markers that 

delineate polarization states in mice such as arginase-1 and Ym1 in M2 polarized states
195

. 

However human polarized macrophages are poorly characterized. There are no such 

phenotypic markers that are only present in one polarization state of human macrophages. 

Furthermore, studies that do explore macrophage polarization are limited to M1 and M2a 

polarized macrophages. Thus, this study was undertaken to characterize macrophage 

polarization using a non-exhaustive panel of surface markers with respect to M1, M2a, M2b 

and M2c macrophages. 

However, markers alone are not sufficient in characterizing macrophage polarization 

states
196

. Thus, another aim of this study was to characterize the macrophage polarization 
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states with respect to their functionality. Macrophages are potent producers of cytokines in 

response to pathogen recognition, thus it was of interest to characterize the polarized 

macrophages with respect to cytokine production. Macrophages were activated using 

agonists for TLR 2, 3 and 4 to take into account MyD88-dependent and -independent 

pathways.  

Furthermore, macrophages are one of two cell types that are infected with HIV and 

act as viral reservoirs and disseminators
105

. This is facilitated by their ability to be resistant to 

apoptosis. Cell survival in macrophages is mediated in part via PI3K pathway and IAPs. 

Thus, it was important to characterize the polarized macrophages with respect to 

susceptibility to HIV infection as well as susceptibility to apoptosis.   

Hypothesis 

Polarized macrophages manifest a characteristic cell surface marker profile and 

functional profile related to cytokine production, resistance to apoptosis and susceptibility to 

HIV infection. 

Objectives 

1. To determine the cell surface marker profile for each polarization state 

2. To examine the functional profile by: 

a. Determining the cytokine profile for each polarization state 

b. Determining which polarized macrophage subsets are resistant /susceptible to 

in vitro HIV infection 

c. Determining which polarized macrophages subsets are resistant/ susceptible 

to apoptosis induced by PI3K/Akt blockage. 
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Materials and Methods 

 

Macrophage polarization 

Blood was obtained from healthy donors as per the protocol approved by the Ottawa 

Health Sciences Network Research Ethics Board. Informed consent was obtained from the 

donors verbally and in written form. Peripheral blood mononuclear cells (PBMCs) were 

isolated by collecting the buffy coat generated after Ficoll Paque (GE Healthcare, 

Buckinghamshire, UK) density centrifugation at 1600 rpm for 45 minutes. PBMCs were re-

suspended (4 x 10
6 

cells/ml) in Iscove’s Modified DMEM 1X media (Sigma-Aldrich) and 1 

ml was seeded into 12 well polystyrene plates (Thermoscientific, Rochester, New York) to 

isolate monocytes by adherence method. Monocytes were allowed to adhere at 37 °C, 5% 

CO2/air mixture for 3 hours. Non-adherent cells were washed off using Iscove’s Modified 

DMEM 1X media. The adherent monocytes were cultured for 6 days in Iscove’s Modified 

DMEM 1X media supplemented with 10% fetal bovine serum (GE Healthcare), 10 units/mL 

of penicillin/gentamicin (Sigma-Aldrich) and 10 ng/ml recombinant MCSF (R&D Systems, 

Minneapolis, Minnesota) to generate monocyte-derived-macrophages (MDMs). The media 

was changed every second day. MDMs were polarized using appropriate stimuli for 2 days: 

IFNγ (20 ng/ml) (Thermoscientific, Rochester, New York) for M1 macrophages, IL-4 (20 

ng/ml) (R&D Systems, Minneapolis, Minnesota) for M2a macrophages, LPS (1 µg/ml) 

(Sigma-Aldrich) and IL-1β (10 ng/ml) (R&D Systems, Minneapolis, Minnesota) for M2b 

macrophages and IL-10 (10 ng/ml) (R&D Systems, Minneapolis, Minnesota) for M2c 

macrophages. 
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Cell surface marker analysis by flow cytometry 

Polarized macrophages were washed with PBS and stained using phycoerythrin-

conjugated antibodies for CD80, CD86, CD14, TLR4, CD163, CD200R and HLADR (BD 

Biosciences, Franklin Lakes, New Jersey) for 1 hour at 4°C in the dark. The cells were 

washed with 1X PBS (Sigma-Aldrich) to remove excess antibodies. Fluorescence was 

measured via flow cytometry using a FACSCanto flow cytometer and FACSDiva software 

(BD Biosciences, Franklin Lakes, NJ). Histograms were plotted using WinMDI version 2.8 

software (J. Trotter, Scripps Institute, San Diego, CA). 

Cytokine analysis by flow cytometry 

Cytokine secretion was measured using Human Th1/Th2/Th9/Th17/Th22 13plex 

FlowCytomix Multiplex from eBioscience according to manufacturer’s instructions. The 

bead-based immunoassay is designed to detect multiple analytes in the same sample. In this 

assay, the beads are coated with antibodies to the respective analyte and can be distinguished 

by their size and spectral address. 25 µl of the sample supernatant was incubated with the 

bead mixture and then incubated with a mixture of biotin-labelled antibodies against the 

analytes to be measured. Streptavidin-Phycoerythrin, which binds to the biotin and emits 

fluorescence, was then added to the mixture. Fluorescence was measured via flow cytometry 

using a FACSCanto flow cytometer and FACSDiva software (BD Biosciences, Franklin 

Lakes, NJ). 

Cytokine analysis by ELISA 

IL-23 

Human IL-23 Duoset (R&D Systems, Minneapolis, MN), a plate based enzyme-

linked immunosorbent assay (ELISA), was used to measure IL-23 levels in macrophage 
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supernatants. The assay was carried out on Costar  high  binding  96  well  ELISA  plates  

(Corning  Incorporated,  Corning,  NY). The plates were coated overnight at 4° C with 100 

µl/well of capture antibody (60 µg/ml) in PBS. The following day, plates were washed three 

times with 300 µl/well of 0.05% Tween 20 (Biorad) in PBS using Elx50 ELISA washer 

(Biotek, Winooski, VT). The plates were blocked with 300 µl/well of 1% Bovine serum 

albumin (BSA) in PBS for 2 hours at room temperature. Following blocking, the plates were 

washed as previously described and 100 µl of samples and standards were added and allowed 

to incubate overnight. The following day, the plates were washed as previously described 

and 100 µl/well of detection antibody (400 ng/ml) in 1% BSA in PBS was added. The plates 

were incubated at room temperature for 2 hours and then washed as previously described. 

100 µl/well of Streptavidin-HRP in 1% BSA in PBS was added and the plates were 

incubated at room temperature for 30 minutes. The plates were washed and 100 µl/well of 

substrate (BioFX Labs, Owing Mills, MD) was added. 50 µl/well of Stop Solution (BioFX 

Labs, Owing Mills, MD) was added to stop the reaction. The plates were read at 490nm 

using iMark Microplate reader (Biorad, Mississauga, Ontario) and data was processed using 

Micro Plate Manager 6 software. 

IFNγ 

Human IFNγ Duoset (R&D Systems, Minneapolis, MN) ELISA was used to measure 

IFNγ levels in macrophage supernatants. The plates were coated overnight at 4°C with 100 

µl/well of capture antibody (4 µg/ml) in PBS. The following day, plates were washed three 

times with 300 µl/well of 0.05% Tween 20 in PBS using Elx50 ELISA washer. The plates 

were blocked with 300µl/well of 1% BSA in PBS for 2 hours at room temperature. 

Following blocking, the plates were washed as previously described and 100 µl of samples 
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and standards were added and allowed to incubate overnight. The following day, the plates 

were washed as previously described, and 100 µl/well of detection antibody (200 ng/ml) in 

1% BSA in PBS and 2% heat inactivated normal goat serum was added. The plates were 

incubated at room temperature for 2 hours and then washed as previously described. 100 

µl/well of Streptavidin-HRP in 1% BSA in PBS was added and the plates were incubated at 

room temperature for 30 minutes. The plates were washed and 100 µl/well of substrate 

(BioFX Labs, Owing Mills, MD) was added. 50 µl/well of Stop Solution (BioFX Labs, 

Owing Mills, MD) was added to stop the reaction. The plates were read at 490 nm using 

iMark Microplate reader (Biorad, Mississauga, Ontario) and data was processed using Micro 

Plate Manager 6 software. 

RNA isolation and semi-quantitative RT-PCR analysis of IFNγ 

RNeasy Plus Mini kit (Qiagen, Hilden, Germany) was used to extract total RNA from 

cells, according to the manufacturer’s instructions.  A master mix was prepared as follows 

using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, 

California): 7.5 μL 10 X reverse transcriptase buffer, 3 μL dNTPs, 7.5 μL random primers, 

3.75 μL reverse transcriptase and 53.25 μL ddH2O. 25 μl of this master mix was added to the 

isolated RNA samples and GeneAmp PCR System 2700 amplifier (Applied Biosystems, 

Carlsbad, CA) was used to carry out RT-PCR for 2 hours to yield cDNA. The PCR program 

was carried out as follows for 40 to 50 cycles: initial incubation for 2 minutes at 50°C and 10 

minutes at 95°C, denaturation cycles at 95°C for 15 seconds that were followed by annealing 

and elongation for 2 minutes at 60°C.  For real time PCR the generated cDNA was mixed 

with 12.5 μL Taqman DNA polymerase, 1.25 μL primer pairs for either IFNγ 

(Hs00989291_m1) or β-actin (ACTB Hs99999903_m1) and 8.75 μL ddH2O. The samples 
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were run using 7500 Real Time PCR System for 2 hours. Cycle threshold (Ct) values in 

amplification plots (Applied Biosystems) were used to calculate transcript levels to the 

control β-actin. 

Measurement of IFN γ bioactivity in macrophage supernatants 

MDMs and M1 polarized macrophages were treated with LPS for 24 hours. 

Supernatants from unstimulated and LPS stimulated MDMs and M1 polarized macrophages 

were collected. MDMs were treated with anti-IFN R antibodies (40 µg/ml) or isotype control 

(40 µg/ml) (BioLegend, San Diego, USA) for 2 hours to block IFNγ binding to the receptor. 

These blocked MDMs were treated with the previously collected supernatants for 24 hours to 

induce expression of TLR4. The cells were stained with antibodies against TLR4 and 

fluorescence was measured by flow cytometry using a FACSCanto flow cytometer and 

FACSDiva software (BD Biosciences, Franklin Lakes, NJ). Histograms were plotted using 

WinMDI version 2.8 software (J. Trotter, Scripps Institute, San Diego, CA). 

 

Apoptosis analysis by intracellular propidium iodide (PI) staining 

Apoptosis was measured in macrophages following treatment with either LY294002 

(Calbiochem, La Jolla, California), which inhibits PI3K activity, or LCL-161, a SMAC 

mimetic, or both LY294002 and LCL-161for 48 hours after polarization as previously 

mentioned. Cells were harvested and washed with 1X PBS and fixed with methanol at 4°C 

for 15 min. Cells were washed again with PBS and treated with 25 μl of 10 μg/ml RNase A, 

followed by staining with 25 μl of 1 mg/ml PI solution (Sigma-Aldrich) at 4°C for 1 hour. 

The amount of DNA present was analyzed using a FACSCanto flow cytometer (BD 

Biosciences) and the FACSDiva software. Apoptotic cells were represented as having 
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subdiploid levels of DNA as marked by the area next to the G0/G1 peak (2N DNA) and were 

quantified by histogram analyses. Cells which displayed minimal light scatter were not gated 

on during the analysis. 

HIV infection and p24 ELISA 

Dual tropic HIV clinical isolate, CS204, was a gift from Dr. F. Diaz-Mitoma 

(Children’s Hospital of Eastern Ontario, Ottawa, Canada) 
197

. HIVCS204 stocks were grown in 

CD14 THP-1 cells. The stocks were inactivated for 1 hour at 37°C in 1% Triton X-100 

(Sigma-Aldrich, St. Louis, MO) and the concentration of p24  was measured by  ELISA 

using the HIV-1 p24
CA 

antigen capture assay kit, following the manufacturer’s instructions 

(AIDS & Cancer Virus Program, National Cancer Institute, Fredrick, MD). 

Polarized macrophages and MDMs were infected with 700pg of viral stocks of 

HIVCS204 supernatants for 2 hours. The cells were washed with PBS and supernatants were 

collected on days 0, 2, 5 7, 9 and p24 concentration was measured at those time points using 

the HIV-1 p24
CA 

antigen capture assay kit, following the manufacturer’s instructions. 

Statistical analysis 

Graphs were generated analysis was carried out using GraphPad Prism 5. Means were 

compared by the Student’s t test or ANOVA followed by Tukey’s post-hoc test and results 

are expressed as a mean ± standard error of the mean of at least three experiments, unless 

otherwise stated. 

Ethics Statement  

All healthy participants gave informed written consent based on the study protocol 

approved by the Ottawa Health Sciences Network Research Ethics Board. . 
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Results 

 

Cell surface marker profile of polarized macrophages 

Macrophages can polarize into classically or alternatively activated, M1 or M2, 

populations depending on environmental cues. M1 and M2 polarized macrophages can be 

characterized by a differential expression of the cell surface molecules that are generally 

present on macrophages, including CD80, CD86, HLA-DR, CD14, TLR4, CD163 and 

CD200R. MDMs were therefore analyzed for the expression of these molecules following 

different stimulations. MDMs were treated for 48 hours to induce different polarization states 

with the following stimuli: IFNγ for M1 macrophages, IL-4 for M2a macrophages, LPS and 

IL-1β for M2b macrophages and IL-10 for M2c macrophages. The cells were stained with 

antibodies against CD80, CD86, HLA-DR, CD14, TLR4, CD163 and CD200R. This non-

exhaustive panel was selected based on literature reports, and the involvement of these 

molecules in macrophage activation
198-200

. The expression of the cell surface molecules was 

determined by flow cytometry analyses setting the expression levels in unpolarized MDMs 

as the base line. M1 macrophages were found to have significantly higher CD80 and CD86 

expression compared to MDMs (Figure 2). There was no change in the expression levels of 

the other molecules in M1 polarized macrophages. M2a macrophages exhibited a 

significantly higher expression of CD86 and CD200R and significantly lower expression of 

CD14 and TLR4 as compared to MDMs. M2b polarized macrophages had significantly 

higher CD80 and CD14 expression and lower HLA-DR expression as compared to MDMs.  
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Figure 2. Cell surface marker characterization of polarized macrophages. 

MDMs were polarized using indicated stimuli for 2 days: IFNγ (20 ng/ml) for M1 

macrophages, IL-4 (20 ng/ml) for M2a macrophages, LPS (1 µg/ml) and IL-1β (10 ng/ml) 

for M2b macrophages and IL-10 (10 ng/ml) for M2c macrophages. Polarized macrophages 

were stained with antibodies against the mentioned cell surface molecules and fluorescence 

was measured by flow cytometry. MFI values (A) were obtained using FACSDiva software 

and histograms (B) from one representative experiment are shown.  Bar graphs represent 

mean ±SEM, * p ≤ 0.05; ** p ≤ 0.005; *** p≤ 0.0005 with n=10 (CD80, CD86, HLA-DR, 

CD14, CD163 and CD200R) and n=4 (TLR4). 
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The expression levels of other molecules were similar to that of unpolarized macrophages. 

M2c polarized macrophages were characterized by a significant decrease in CD86 and HLA-

DR expression and a significant increase in CD163 expression compared to MDMs. Thus, 

each polarization state has its own distinct profile with respect to these markers. In summary, 

the following are the phenotypic characteristics of each polarization state: M1 polarized 

macrophages are CD80
high

 and CD86
high

, M2a macrophages are CD86
high

, CD200R
high

, 

TLR4
low

 and CD14
low

, M2b macrophages are HLA-DR
low

, CD80
high

 and CD14
high

, and M2c 

macrophages are CD86
low

, HLA-DR
low

, TLR4
high

, and CD163
high

. 

Functional profile of polarized macrophages 

 

Differential cytokine production by polarized macrophages 

 

Basal cytokine profile of polarized macrophages 

 

Cytokines are important messengers in mediating and coordinating the immune 

response. Therefore, to understand the functions of the polarized macrophages it was also 

important to analyze the profile of cytokines produced by these distinct populations. To 

analyze the cytokine profile, MDMs were polarized as previously described. The polarizing 

stimulus was removed after 48 hours, fresh media was added and the cells were incubated for 

additional 24 hours. The cell culture supernatants were examined for the production of key 

cytokines involved in the immune responses including: IFNγ, IL-1β, IL-2, IL-4, IL-5, IL-6, 

IL-9, IL-10, IL-12 p70, IL-13, IL-17A, IL-22, IL-23 and TNFα using the FlowCytomix kit. 

The results showed that IL-2, IL-4, IL-9, IL-13 or IL-17A was not produced by any of the 

polarized states (Figure 3). Unstimulated M1 polarized macrophages did not produce 

significant levels of any of the cytokines.  
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Figure 3.  Basal cytokine production in polarized macrophages. 

MDMs were polarized using indicated stimuli for 2 days: IFNγ (20 ng/ml) for M1 

macrophages, IL-4 (20 ng/ml) for M2a macrophages, LPS (1 µg/ml) and IL-1β (10 ng/ml) 

for M2b macrophages and IL-10 (10 ng/ml) for M2c macrophages. Polarizing stimuli were 

removed after the 2 days, fresh media was added and the cells were incubated for another 24 

hours. Cytokine levels in the culture supernatants were measured using flow cytometry as 

described in Materials and Methods. Bar graphs represent mean ±SEM, * p ≤ 0.05; ** p ≤ 

0.005; *** p≤ 0.0005 with at least n=5.   
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In contrast, the M2b polarized macrophages produced significant levels of TNFα and IL-6 

compared to the other macrophage populations analyzed. The M2a and M2c polarized 

macrophages exhibited a similar cytokine profile manifested by enhanced production of IL-

22 and IL-5 and low levels of IL-1  and IL-6. The M2 polarized macrophages produced 

enhanced levels of IL-10 as compared to M1 macrophages. Significance was not calculated 

for the M2c polarized macrophages since IL-10 was used to generate this polarization state. 

It was therefore not obvious whether the measured IL-10 levels were derived from the 

secreted IL-10 or represented remnant following polarization. Thus, M2c macrophages were 

excluded when calculating significance for IL-10. In summary, unstimulated M1 

macrophages did not produce significant levels of any of the cytokines. M2b macrophages 

produced TNFα, IL-6, IL-5 and IL-10. M2a and M2c macrophages had a similar cytokine 

profile and produced IL-5, IL-10 and IL-22. 

Cytokine profile of polarized macrophages after TLR 2, 3 and 4 stimulation 

 

Stimulation of innate immune cell receptors leads to the activation of macrophages 

and results in cytokine production and eventually clearance of the pathogen
73

. It was of 

interest to determine the cytokine profile of the polarized macrophages following activation 

of receptors, such as TLRs, known to be stimulated by bacterial and viral pathogens. Ligands 

against two cell surface bound TLRs and one against intracellular membrane bound TLR 

were used: LPS (TLR4), LTA (TLR2) and Poly I:C (TLR3). Polarized macrophages were 

treated with LPS, LTA or Poly I:C for 24 hours and cytokine induction was measured using 

the FlowCytomix kit. M1 polarized macrophages led to secretion of predominately and 

significantly higher levels of pro-inflammatory cytokines IL-23, IL-12p70, TNFα and IFNγ 

upon stimulation with LPS (Figure 4), LTA (Figure 5), and Poly I:C (Figure 6) as compared 
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to unstimulated cells. In contrast, none of the M2 polarized macrophages produced 

significant of levels of IL-23, IL-12p70, TNFα or IFNγ upon stimulation. M2b polarized 

macrophages were poor inducers of the cytokines tested, regardless of the TLR stimulation 

used, with the exception of IL-10. IL-10 was significantly induced by M2b polarized 

macrophages when stimulated with LPS (Figure 4).  Although stimulation of M1 polarized 

macrophages with different TLR ligands exhibited similar profiles of cytokine production, 

there were also some differences. For example, LPS stimulation of M1 polarized 

macrophages also resulted in the induction of IL-1β, IL-6, IL-5, IL-10 and IL-22 (Figure 4). 

LTA stimulation of M1 polarized macrophages resulted in the induction of IL-1β, IL-6, IL-5 

and IL-10 (Figure 5) and Poly I:C stimulation led to the induction of  IL-6, IL-5 and IL-10 

(Figure 6). 

Likewise, stimulation of M2a and M2c polarized macrophages with LPS resulted in 

the induction of IL-1β, IL-6, IL-5 and IL-10 (Figure 4), while stimulation with LTA led to 

the induction of IL-1β, IL-6 and IL-10 (Figure 5), and stimulation with Poly I:C resulted in 

IL-10 production and a decrease in IL-22 secretion (Figure 6). Moreover, there were several 

differences between the M2a and M2c polarization states with respect to their response to 

TLR agonists. In particular, M2c macrophages, but not M2a macrophages, induced IL-22 

upon LPS stimulation (Figure 4). However, M2a macrophages, but not M2c macrophages, 

induced IL-22 and IL-5 upon LTA stimulation (Figure 5). M2c macrophages induced IL-6 

and high levels of IL-10 when stimulated with Poly I:C (Figure 6).  
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Figure 4. Cytokine production in polarized macrophages following LPS stimulation. 

MDMs were polarized using appropriate stimuli for 2 days: IFNγ (20 ng/ml) for M1 

macrophages, IL-4 (20 ng/ml) for M2a macrophages, LPS (1 µg/ml) and IL-1β (10 ng/ml) 

for M2b macrophages and IL-10 (10 ng/ml) for M2c macrophages. Polarizing stimuli were 

removed after the 2 days and polarized macrophages were treated with LPS (1 µg/ml) for 24 

hours. Cytokine levels in the supernatants were measured using flow cytometry as described 

in Materials and Methods. Bar graphs represent mean ±SEM, * p ≤ 0.05; ** p ≤ 0.005; *** 

p≤ 0.0005 with at least n=5.   
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Figure 5. Cytokine production in polarized macrophages following LTA stimulation. 

MDMs were polarized as mentioned previously. Polarizing stimuli were removed after the 2 

days and polarized macrophages were treated with LTA (5 µg/ml) for 24 hours. Cytokine 

levels in the supernatants were measured using flow cytometry as described in Materials and 

Methods. Bar graphs represent mean ±SEM, * p ≤ 0.05; ** p ≤ 0.005; *** p≤ 0.0005 with at 

least n=5. 
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Figure 6. Cytokine production in polarized macrophages following Poly I:C 

stimulation. 

MDMs were polarized as described previously. Polarizing stimuli were removed after the 2 

days and polarized macrophages were treated with Poly I:C (50 µg/ml) for 24 hours. 

Cytokine levels in the supernatants were measured using flow cytometry as described in 

Materials and Methods. Bar graphs represent mean ±SEM, * p ≤ 0.05; ** p ≤ 0.005; *** p≤ 

0.0005 with at least n=5. 
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Taken together (summarized in Table 1), M1 polarized macrophages display a pro-

inflammatory cytokine profile, M2b macrophages generally display a hypo-responsiveness to 

TLR stimulation with exception to IL-10 induction and M2a and M2c macrophages display a 

similar cytokine profile characterized by induction of IL-10 family of cytokines including 

IL-22 and IL-10.  

TLR 2, 3 and 4 stimulation leads to IFNγ mRNA expression in M1 polarized 

macrophages 

IFNγ is usually produced by T cells and NK cells
201

. However, my results showed 

that M1 but not M2 polarized macrophages secreted significant levels of IFNγ in response to 

LPS, LTA and Poly I:C stimulations (Figures 4-6). There are a few reports of IFNγ 

production by murine and human macrophages. Murine peritoneal macrophages have been 

shown to produce low levels of IFNγ when stimulated with IFNγ or IL-12
202,203

. IFNγ 

production by human alveolar macrophages has been documented in certain disease 

conditions
204,205

. In view of my results showing production of IFN  by M1 macrophages, I 

next validated these observations by comparing the ability of M1 and M2 macrophages to 

induce IFN  mRNAs upon stimulation with TLR ligands. For this, M1 and M2a polarized 

macrophages were treated with LPS, LTA or Poly I:C for 4 hours and IFNγ mRNA 

transcription was assessed by qRT-PCR (Figure 7). M1 polarized macrophages showed a 

significant increase in mRNA transcription levels as compared to the control M2a polarized 

macrophages when treated with LPS (Figure 7A), LTA (Figure 7B) or Poly I:C (Figure 7C). 

Taken together, the results show that following stimulation with either TLR 2, 3 or 4 

agonists, M1 polarized macrophages actively transcribe IFNγ mRNA and synthesize IFNγ 

protein.



 

 

 

 

 

 

 

 

  

 Table 1. Cytokines induced upon TLR stimulation in polarized macrophages 

M1 M2A M2B M2C 

 

IL-23
a, b, c

 

IL-12p70
a, b, c

 

TNFα
a, b, c

 

IFNγ
a, b, c

 

IL-1β
a, b 

IL-6
a, b, c

 

IL-5
a, b, c

 

IL-10
a, b, c

 

IL-22
a
 

 

IL-1β
a, b

 

IL-6
a, b 

IL-5
a, b

 

IL-10
a, b, c

 

IL-22
b
 

 

IL-10
a, c

 

 

 

IL-1β
a, b

 

IL-6
a, b, c

 

IL-5
a
 

IL-10
a, b, c

 

IL-22
a
 

a- LPS 

b- LTA 

c- Poly I:C 
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Figure 7.  De novo IFNγ synthesis in M1 polarized macrophages. 

MDMs were polarized using appropriate stimuli for 2 days: IFNγ (20 ng/ml) for M1 

macrophages and IL-4 (20 ng/ml) for M2a macrophages. Polarizing stimuli were removed 

after the 2 days and polarized macrophages were treated with either (A) LPS (1 µg/ml), (B) 

LTA (5 µg/ml) or (C) Poly I:C (50 µg/ml) for 4 hours. IFNγ expression as measured by qRT-

PCR. Bar graphs represent mean ±SEM, * p ≤ 0.05; ** p ≤ 0.005; with at least n=3. 
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IFNγ produced in macrophages is biologically active 

 

NK cell- and T cell-derived IFNγ acts on macrophages to promote their activation 

and by engaging the mechanisms that limit bacterial growth
206

. It was therefore of interest to 

determine whether IFNγ derived from M1 macrophages would have the same functional 

potential. IFNγ is known to up-regulate the surface expression of TLR4 in macrophages
207

. 

Therefore, I determined whether IFN  produced by M1 macrophages after TLR stimulation 

is capable of inducing TLR4 expression in macrophages. For this, M1 polarized 

macrophages and unpolarized MDMs controls were stimulated with LPS for 24 hours to 

induce IFNγ secretion. Supernatants were collected from unstimulated, LPS-stimulated 

MDMs and M1 polarized macrophages and the effect of secreted  IFN  on TLR4 expression 

was determined by flow cytometry. To determine if the IFNγ secreted by M1 polarized 

macrophages was biologically active, anti-IFN R antibody was employed to block the 

functional activity of the endogenously produced IFNγ. MDMs were treated for 2 hours with 

anti-IFN R antibody (40 µg/ml) or with isotype control IgG (40 µg/ml) followed by 

treatment with the previously collected culture supernatants for 24 hours. The effect of IFN  

in culture supernatants on TLR4 expression was then measured. Culture supernatants from 

unstimulated MDMs showed basal levels of TLR4 expression in the macrophages (Figure 8). 

This expression was slightly increased when the culture supernatants from LPS-stimulated 

MDMs was used for stimulation. Treatment with media from unstimulated M1 polarized 

macrophages shows the same TLR4 expression levels as treatment with culture supernatants 

from unstimulated MDMs. In contrast, treatment with the media from LPS-stimulated M1 

polarized macrophages shows a marked increase in TLR 4 expression.  
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Figure 8. M1 polarized macrophage derived IFNγ is biologically active and up-

regulates TLR4 expression. 

MDMs and M1 polarized macrophages were stimulated with LPS (1 µg/ml) for 24 hours. 

Supernatants from LPS stimulated and unstimulated MDMs and M1 polarized macrophages 

were collected. MDMs were pre-treated with anti-IFNγR antibodies or isotype control 

antibodies for 2 hours. The cells were then stimulated with the collected supernatants for 24 

hours. The cells were stained with PE-conjugated antibody against TLR4 and fluorescence 

was measured by flow cytometry. Histogram (A) from one representative experiment is 

shown. MFI values (B) were obtained using FACSDiva software. Bar graphs represent mean 

±SEM of three experiments. 
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To confirm that this increase in TLR4 expression was mediated by IFNγ present in M1 

culture supernatants, MDMs were treated with antibodies to IFN R to block IFN  response. 

Treatment with anti-IFN R antibody induced TLR4 expression that was comparable to that 

produced by supernatants from LPS stimulated MDMs. These results therefore demonstrate 

that IFNγ derived from M1 culture supernatants has the ability to activate macrophages by 

enhancing expression of TLR4. 

IL-12/IL-18 priming also leads to IFNγ production in macrophages 

 

IL-12 is produced by macrophages early during the innate immune response upon 

pathogen recognition
208

. It acts on NK cells and T cells to promote IFNγ secretion which in 

turn activates macrophages
209

. Recently, IL-18 was shown to induce IFNγ in murine and 

human T cells
210,211

. IL-12 and IL-18 have also been shown to synergize and produce IFNγ 

in T cells and NK cells in the murine model
210-212

. It has also been shown that IL-12/IL-18 

treatment of murine macrophages leads to IFNγ production
99

. Whether IL-12/IL-18 can 

induce IFNγ in human macrophages is not known. To address this question, MDMs were 

treated with IL-12 and IL-18 and IFN  production was measured by ELISA. MDMs did not 

produce IFNγ, on their own or following TLR stimulation (Figure 9). However, stimulation 

of MDMs with IL-12 and IL-18 led to the production of IFNγ. It was of interest to determine 

whether priming MDMs with IL-12/IL-18 and followed by treatment with TLR agonists 

would enhance IFNγ production. IL-12/IL-18 primed macrophages were treated with TLR 

agonists for 24 hours and IFNγ was measured. Similarly, as observed following IFNγ 

polarization, IL-12/IL-18 priming induced IFNγ production in macrophages following TLR 

2, 3 and 4 ligand stimulation. These results suggest that MDMs can secrete IFNγ after IL-

12/IL-18 treatment on its own and when followed by TLR stimulation. 
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Figure 9. IL-12/IL-18 primed macrophages produce IFNγ. 

(A) MDMs treated with LPS (1 µg/ml), LTA (5 µg/ml) and Poly I:C (50 µg/ml) for 24 hours. 

MDMs were also treated with IL-12 (10 ng/ml) and IL-18 (10 ng/ml) for 48 hours. IFNγ 

secretion was measured in the supernatants by ELISA. (B) MDMs were primed with IL-12 

(10 ng/ml) and IL-18 (10 ng/ml) for 48 hours. The priming stimulus was removed and the 

macrophages were treated with LPS (1 µg/ml), LTA (5 µg/ml) and Poly I:C (50 µg/ml) for 

24 hours. IFNγ secretion was measured in the supernatants by ELISA. Bar graphs represent 

mean ±SEM of at least three experiments.  
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Differential susceptibility of polarized macrophages to in vitro HIV infection  

 

M1 and M2b polarization renders macrophages resistant to productive HIV infection 

 

Macrophages constitute one of the major reservoirs of HIV
128

. Cytokines also 

modulate the ability of macrophages to support HIV infection. For example, stimulation of 

macrophages with IFNα/β has been shown to limit HIV infection
156

. However, cytokines’ 

effects on HIV infection depend on the differentiation state of macrophages and the exposure 

timing. IL-4 and IL-13 are known to enhance viral replication in monocytes but limit HIV 

replication in monocyte-derived macrophages
160

. It was therefore, of interest to determine the 

effect of differentially polarized macrophages on productive HIV infection. Polarized 

macrophages and MDMs were infected with 700 pg of viral stocks of HIVCS204 supernatants 

for 2 hours. The cells were washed with PBS and cultured in fresh media. The supernatants 

were collected on days 0, 2, 5, 7 and 9 and p24 concentration was measured. The results 

show that MDMs were productively infected with HIV virus. However, the polarized 

macrophages displayed a diminished capacity to support productive infection as compared to 

MDMs. Among the polarized states, M2a and M2c polarized macrophages exhibited the 

most productive HIV infection (Figure 10). In contrast, M1 and M2b polarized macrophages 

were relatively resistant to HIV infection. M1 polarization did not result in productive 

infection until day 9 post infection. Similarly, M2b polarized macrophages did not show any 

infection in 4 out of the 5 donors tested. However, one donor showed low levels of infection 

9 days post infection.  
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Figure 10.  M2a and M2c polarized macrophages were productively infected with HIV. 

Polarized macrophages and MDMs were infected with 700 pg viral stocks of HIVCS204 

supernatants for 2 hours. The cells were washed with PBS and supernatants were collected 

on days 0, 2, 5 7 and 9 and p24 concentration was measured using the HIV-1 p24
CA 

antigen 

capture assay kit. Data points represent mean ± SEM with n=5. 
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HIV receptor and co-receptor expression does not explain differential susceptibility of 

polarized macrophages to in vitro HIV infection 

HIV entry into a target cell requires two steps: the first is the binding of the viral 

glycoprotein gp120 to CD4 on the target cell and the second step involves the interaction 

with a chemokine receptor (CXCR4 or CCR5)
112

. Resistance to infection induced by M1 and 

M2b polarized macrophages may be due to the absence or relatively decreased expression of 

CD4 or HIV co-receptors CXCR4 and CCR5. Therefore, expression levels CD4, CCR5 and 

CXCR4 were measured in the polarized macrophages. M1 and M2c macrophages expressed 

similar percentages of CD4 positive cells as MDMs (Figure 11). Furthermore, they expressed 

higher levels of CCR5 and had a higher percentage of cells that were CXCR4 positive as 

compared to MDMs. However, M1 macrophages were resistant to productive HIV infection 

and M2c macrophages allowed for productive HIV infection (Figure 10). M2a and M2b 

macrophages had similar percentages of CD4 positive cells, CXCR4 positive cells and CCR5 

expression as compared to MDMs. However, M2a macrophages were productively infected 

with HIV and M2b macrophages were resistant to HIV infection. Taken together, differential 

HIV receptor or co-receptor expression does not explain the differences in HIV infection 

across polarization states. This suggests there might be other mechanisms by which that 

macrophage polarization leads to variability in productive HIV infection. 
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Figure 11. HIV receptor and co-receptor expression in polarized macrophages. 

MDMs were polarized using appropriate stimuli for 2 days: IFNγ (20 ng/ml) for M1 

macrophages, IL-4 (20 ng/ml) for M2a macrophages, LPS (1 µg/ml) and IL-1β (10 ng/ml) 

for M2b macrophages and IL-10 (10 ng/ml) for M2c macrophages. Polarized macrophages 

were stained with antibodies against CD4, CCR5 and CXCR4 and fluorescence was 

measured by flow cytometry. MFI values and percentages (A) were obtained using 

FACSDiva software and histograms (B) from one representative experiment are shown.  Bar 

graphs represent mean ±SEM, * p ≤ 0.05; ** p ≤ 0.005; *** p≤ 0.0005 with at least n=4.   
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Differential susceptibility of polarized macrophages to apoptosis 

 

Susceptibility of polarized macrophages to apoptosis induced by blocking PI3K 

pathway 

Apoptosis is a form of cell death that is important in tissue development and immune 

regulation. It serves as a mechanism to control macrophage activation. Macrophage 

resistance to apoptosis also makes them excellent HIV reservoirs. Previous work in this lab 

has shown that differentiated macrophages are resistant to Vpr-induced apoptosis due to the 

overexpression of anti-apoptotic molecules cIAP 1/2
213

. The PI3k/Akt pathway is also 

important in maintaining macrophage survival. Akt suppression via PI3K inhibition using 

pharmacological inhibitor LY294002 resulted in the loss of mitochondrial potential in 

triggering apoptosis in macrophages
172

. It was of interest to determine whether blockage of 

PI3K activation would lead to apoptosis in polarized macrophages. Polarized macrophages 

were treated for 48 hours with LY294002 and assessed for apoptosis by intracellular PI 

staining (Figure 12). Apoptosis in fewer than 10% of the cells was not considered significant.  

M1, M2b, and M2c polarized macrophages underwent apoptosis upon blocking P13K 

pathway. However, M2a polarized macrophages were least susceptible to the effects of P13K 

blockage induced apoptosis. Apoptosis occurred in almost 40% of M1 and M2b 

macrophages upon treatment with 25µM of LY294002. The same treatment in M2c 

macrophages resulted in apoptosis of only 20% of the cells. However, less than 10% of cells 

underwent apoptosis in M2a macrophages at the highest dose of LY294002. This suggests 

that M2a macrophages are resistant to apoptosis mediated by blocking the PI3K pathway. 

 

 



68 
 

Figure 12. M2a polarized macrophages are least susceptible to apoptosis induced by 

blocking PI3K/Akt 

M1 (A), M2a (B), M2b (C), M2c (D) polarized macrophages were treated with indicated 

concentrations of LY294002 for 48 hours. Apoptosis was measured by flow cytometry using 

intracellular PI staining. Bar graphs represent mean ± SEM, * p ≤ 0.05; ** p ≤ 0.005; *** p≤ 

0.0005 with n=5. 
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Susceptibility of polarized macrophages to Smac mimetic mediated apoptosis 

 

Inhibitors of apoptosis proteins (IAPs) are another mechanism by which cells 

maintain their viability
176

. However, it has been shown that Smac mimetics do not cause 

significant apoptosis in MDMs
213

. Smac mimetics are drugs that degrade IAPs and are being 

used in cancer therapy to cause apoptosis in cancer cells 
194

. It was of interest to determine 

whether degrading IAPs by LCL-161 (Smac mimetic) would cause apoptosis in the polarized 

macrophages. Polarized macrophages were treated with 100nm and 10 µM LCL-161 for 48 

hours and assessed for apoptosis by intracellular PI staining (Figure 13). M1 polarized 

macrophages were most susceptible to Smac mimetic mediated apoptosis as compared to the 

M2 polarized macrophages. M1 macrophages displayed apoptosis in 40% of cells at the 

lower 100nm dose. Similarly, apoptosis was observed in 60% of M1 macrophages with 

10µM LCL-161 treatment. In contrast, at the lower dose, M2a and M2b macrophages 

showed apoptosis in 15% of the cells and less than 10% of M2c macrophages underwent 

apoptosis. At the higher dose, M2a and M2b macrophages displayed apoptosis in 20% of the 

cells at 10µM. However, there were still less than 10% of M2c macrophages that underwent 

apoptosis even at a higher dose. Taken together, M1 polarization makes MDMs sensitive to 

apoptosis by LCL-161 treatment and M2c polarization protects MDMs from this effect. 
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Figure 13. M1 polarized macrophages undergo apoptosis in response to LCL-161 

treatment.  

Polarized macrophages were treated with (A) 10 µM and (B) 100 nm LCL-161, a SMAC 

mimetic, for 48 hours. Apoptosis was measured by flow cytometry using intracellular PI 

staining. Bar graphs represent mean ± SEM, * p ≤ 0.05; ** p ≤ 0.005; with at least n=3. 
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LCl-161 treatment sensitizes M2a polarized macrophages to apoptosis mediated by 

PI3K blockage 

M1 polarized macrophages were shown to be susceptible to apoptosis mediated by 

degrading IAPs using LCL-161 and M2a macrophages were resistant to apoptosis induced 

by blocking the PI3K pathway using LY294002. Therefore, it was of interest to determine if 

one could cause apoptosis in all the polarized macrophages by treating them simultaneously 

with both LY294002 and LCL-161. To this end, polarized macrophages were treated with 

LY294002 and LCL-161, alone or together for 48 hours and assessed for apoptosis via 

intracellular PI staining (Figure 14). M1 macrophages showed apoptosis in 35% of their cells 

when treated with 25µM LY294002. Furthermore, only 40% of M1 macrophages underwent 

apoptosis upon simultaneous treatment with 25 µM and LCL-161. Similarly, 40% of M2b 

macrophages underwent apoptosis when treated with 25µM LY294002 alone and only 45% 

of the cells underwent apoptosis upon combined treatment with LCL-161. The number of 

cells undergoing apoptosis was lower in M2c macrophages as seen previously. There was 

apoptosis in 20% of M2c macrophages with 25µM LY294002 alone. Furthermore, combined 

treatment led to apoptosis in 25% of M2c macrophages. In contrast, M2a macrophages 

displayed apoptosis in 10% of their cells when treated with 25µM LY294002. However, 

simultaneously treating M2a macrophages with LY294002 and LCL-161 led to apoptosis in 

30% of the cells. Taken together, there was no significant difference in LY294002 treatment 

and LY294002/LCL-161 treatment in M1, M2b, and M2c polarized macrophages.   

However, LCL-161 sensitizes M2a polarized macrophages to apoptosis mediated by PI3K 

blockage. 
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Figure 14.  LCL-161 enhanced apoptosis induced by blocking the PI3K pathway in 

M2a macrophages. 

M1 (A), M2a (B), M2b (C), M2c (D) polarized macrophages were treated with indicated 

concentrations of LY294002 and/or LCL-161 for 48 hours. Apoptosis was measured by flow 

cytometry using intracellular PI staining. Bar graphs represent mean ± SEM, ** p ≤ 0.005; 

with n=5. 
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Discussion 

 

In innate or adaptive immunity, differentiated hematopoietic cells must regulate their 

functional response in such a way as to limit damage but as well as to clear infection or 

inflammation in the surrounding tissue. One mechanism by which this is carried out is fine 

tuning of the immune response influenced by the milieu to achieve a polarized state of 

macrophage cells that can effectively contribute to the re-establishment of homeostasis. 

Macrophages can be polarized into two main populations: M1 and M2. These polarization 

states are acquired ensuing a change in type, timing or amount of micro-environmental 

signals. These states which are far more flexible than tissue specific differentiation are 

developed to quickly respond to environmental changes and allow macrophages to switch 

from one state to the next.   

The aim of this research project was to characterize the polarization states of 

macrophages using in vitro generated human MDMs as an experimental model. Polarization 

states of MDMs were characterized with respect to expression of surface markers and their 

functional profile. The specific functions of polarized macrophages were analyzed in the 

context of cytokine production, HIV infection and apoptosis. My results reveal distinct 

differences associated with each polarization state characterized by expression of specific 

cell surface markers, distinct cytokine production profiles and productive HIV infection and 

susceptibility to apoptosis.   

Cell surface marker profile of polarized macrophages 

 

The first step that was undertaken to characterize the polarization states of MDMs 

was to determine the expression of cell surface molecules. MDMs were polarized with IFNγ 
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(M1), IL-4 (M2a), LPS and IL-1β (M2b) or IL-10 (M2c) analyzed for CD80, CD86, HLA-

DR, CD14, TLR4, CD163 and CD200R expression. This non-exhaustive panel was selected 

based on previous reports, as well as the involvement of these molecules in macrophage 

activation
198-200

. My results, which are in line with literature reports, demonstrate that 

following IFNγ/LPS polarization M1 macrophages express higher levels CD80 and CD86 as 

compared to MDMs
198

. There are no reports on the TLR4 expression in polarized 

macrophages. My results demonstrate that M1 polarized macrophages have higher TLR4 

expression as compared to MDMs. These results, which are consistent with literature reports, 

suggest that the M1 polarized macrophages are capable of responding efficiently to 

microbial/endotoxin challenge and are capable of engaging the adaptive immune response 

through enhanced surface expression of co-stimulatory molecules
214

.  

M2a polarized macrophages were found to have a distinctly higher CD200R 

expression as compared to MDMs. Binding of CD200 to CD200R present on endothelial 

cells delivers a down-regulatory signal and exerts an inhibitory effect on macrophage 

activation.  Expression of viral homologues of CD200, such as herpesvirus 8  K14 

protein
215

, cytomegalovirus e127
216

 protein and myxoma virus M141R
217

 in the 

Herpesviridae and Poxviridae families
218

, results in asymptomatic infection and inhibition of 

macrophage function. This suggests that enhanced expression of CD200R by M2a polarized 

macrophages may contribute to viral pathology. Moreover, expression of CD200R highlights 

the differences between human and murine macrophages which do not express CD200R 

following IL-4 stimulation
219

. 

The results of my study are in contrast to a report suggesting low levels of CD86 

expression by M2a macrophages
220

.  In this study, M2a macrophages were found to have a 
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higher CD86 expression as compared to the other polarization states. It was demonstrated 

that immunizing mice with a mixture of ascaris extract and LPS led to a significant ascaris 

specific IgE response
221

. This response was not seen when mice were given anti-CD86 

antibody simultaneously with the immunization dose suggesting that CD86 is important in 

mediating an antigen-specific IgE antibody response under those conditions
221

. Human 

infection with Ascaris lumbricoides has been shown to drive a Th2 response
222

. It has also 

been reported that CD86 promotes T cell differentiation into Th2 cells
223

 and CD86 co-

stimulation leads to IL-4 production by Th2 cells
224

. Thus, IL-4 promotes M2a polarization 

which feeds back and may drive the Th2 response by virtue of CD86 engagement. Indeed, it 

has been demonstrated that alternatively activated macrophages, or M2a macrophages, are 

essential for survival during helminth infection
225

. 

M2b and M2c polarized macrophages were found to express low levels of HLA-DR 

as compared to MDMs. Lower expression levels of HLA-DR have been linked with changes 

in immune response mediated by stress, such as trauma, burns, surgery and sepsis
226

. Low 

HLA-DR expression is in agreement with the role of M2b and M2c macrophages to dampen 

the immune response. Furthermore, M2c macrophages were found to express high levels of 

CD163 as compared to the other polarization states. High CD163 expression in macrophages 

has been linked to inflammatory disease, including liver cirrhosis, type 2 diabetes, 

macrophage activation syndrome, Gaucher's disease, sepsis, HIV infection, rheumatoid 

arthritis and Hodgkin Lymphoma
227

. CD163 has been shown to prevent tissue inflammation 

by clearing hemoglobin/haptoglobin complexes and inducing antioxidative enzyme heme 

oxygenase-1
228

. The soluble form of CD163 plays a role in preventing inflammation by 

preventing T cell activation
228,229

. Thus, high expression level of CD163 by M2c 

http://en.wikipedia.org/wiki/Macrophage_activation_syndrome
http://en.wikipedia.org/wiki/Gaucher%27s_disease
http://en.wikipedia.org/wiki/Sepsis
http://en.wikipedia.org/wiki/Hodgkin_Lymphoma
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macrophages highlights their role in preventing tissue inflammation. Phenotypic 

characterization of polarized macrophages is essential as it can be used markers to 

characterize macrophage polarization states during inflammation in vivo. 

Cytokine production by polarized macrophages 

 

Cytokines are important messengers in mediating and coordinating the immune 

response. Macrophages release cytokines to orchestrate an anti-bacterial and anti-viral 

response as well as to recruit other immune cells to the site of infection or injury
230

. 

Therefore, I also characterized cytokine profiles exhibited by polarized macrophages by 

examining production of  IFNγ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12 p70, IL-13, 

IL-17A, IL-22, IL-23 and TNFα before and after TLR-2, -3 and -4 agonist stimulation. The 

majority of studies that have thus far characterized cytokines in polarized macrophages have 

been performed by mRNA analysis
198

. Recent developments in mRNA/protein analysis 

techniques have demonstrated that due to factors such as differential regulation of mRNA 

stability and protein stability that the correlation between mRNA and protein expression is 

rather poor
231,232

. Fournier et al demonstrated that 26 out of 56 proteins whose expression 

increased did not demonstrate a corresponding increase in mRNA expression. Furthermore, 

some of these proteins actually demonstrated a decrease in mRNA expression despite the 

protein expression increase
231

. Thus, I characterized cytokine profiles of these polarized 

macrophages by measuring secreted cytokines. My results demonstrated lack of IL-2, IL-4, 

IL-9, IL-13 or IL-17A production by all polarized states. None of the polarized states 

produced IL-23 and IL-12p70 at the basal level prior to stimulation. At the basal level, M2b 

polarized macrophages predominately produced higher levels of IL-6 and TNFα. This is in 

conjunction with the murine model where macrophages, classified as type II by the author 
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and polarized with TLR agonists were reported to secrete TNFα and IL-6
233

.  TNFα and IL-6 

are considered as biomarkers for inflammation and even sepsis
234

. This is consistent with 

M2b polarized macrophages being implicated in sepsis and inflammatory response
69

. It is 

these macrophages which will become tolerant to further inflammatory stimuli
69

. Consistent 

with literature reports, the M2 polarized macrophages were found to produce more IL-10 

than M1 polarized macrophages
35

. M2a and M2c polarized macrophages had a similar 

cytokine profile. This similar cytokine profile might hint at shared transcriptional responses 

by the polarization stimuli.  

Macrophages provide a rapid immune response by recognizing, through Toll-like 

receptors (TLRs), repeated motifs called pathogen-associate molecular patterns (PAMPs) on 

invading pathogens
1
. Stimulation of these innate immune cell receptors leads to the 

activation of macrophage and results in cytokine production and eventually clearance of the 

pathogen
73

. Polarized macrophages were stimulated with agonists against two cell surface 

bound TLRs (TLR2 and TLR4) and one against intra cellular membrane bound TLR (TLR3) 

and cytokine production was measured. In general, TLR-2, -3 and -4 ligands reflect the broad 

range of microbial ligands and thus were used to characterize the cytokine profile of the 

polarized macrophages. Activation of the IRF5 transcription factor has been linked to 

induction of IL-12p40, a subunit of IL-12 and IL-23 as well as to M1 polarization
235

. 

Consistent with this, M1 polarized macrophages predominately produced IL-23, IL-12p70 

and TNFα when stimulated with LPS, LTA or Poly I:C compared to M2 polarized 

macrophages. This is in contrast to a previous report demonstrating lack of IL-23 and IL-12 

production in M1 polarized macrophages
236

. This could be a result of the difference in 

macrophage generation. Indeed, they cultured macrophages for 6 days in the presence of M-
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CSF and followed by co-stimulation with LPS and IFNγ for 24 hours and measured cytokine 

secretion
236

. 

My results demonstrate that M2b macrophages did not induce any significant levels 

of pro-inflammatory cytokines, including IL-23, IL-12p70, TNFα, in response to either TLR 

2, 3 or 4 stimulation. My results are in agreement with M2b macrophages being tolerant to 

inflammatory stimuli such as TLR agonists
69

. In contrast, M2b produced high levels of IL-

10, which is the major anti-inflammatory cytokine important in inhibiting the immune 

response and limiting inflammation-mediated tissue injury
237

. M2a and M2c polarized 

macrophages had a similar cytokine profile hinting again at the idea of shared transcriptional 

profiles. M2a and M2c macrophages were polarized using IL-4 and IL-10, respectively. Yet, 

despite using different cytokines to induce polarization, the polarized macrophages secreted 

the same cytokines prior and after TLR stimulation. This phenomenon is analogous to what 

has been observed with M2a macrophages polarized by either IL-4 or IL-13. Though IL-13 

and IL-4 are different cytokines they both polarize macrophages to the M2a state and both 

induce STAT6 phosphorylation. Thus, IL-4 and IL-13 stimulation seems to share a similar 

transcriptional response by engagement of signal transduction pathways culminating in 

STAT6 phosphorylation
238

. Similarly, IL-10 and IL-4 could share a transcriptional profile 

which allows for the similar cytokine profile of M2a and M2c macrophages.  

IFNγ production by M1 macrophages 

 

An interesting aspect of this study was the finding of IFNγ production solely by M1 

macrophages after TLR 2, 3 and 4 agonist stimulation. IFNγ is known to be produced by NK 

cells and Th1 cells. IFNγ activates macrophages by up-regulating their lysosomal enzymatic 

activity and increasing the level of reactive oxygen species
95

. My results show for the first 
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time that M1 macrophages can secrete IFNγ following TLR 2, 3 and 4 stimulation. I have 

conclusively demonstrated that M1 macrophages upon TLR stimulation de novo synthesized 

IFNγ mRNA leading to IFNγ production. This was done to discount the possibility that the 

IFNγ detected in the ELISA was the same that was used to polarize MDMs into M1 

macrophages. The results of this study demonstrate that priming MDMs with IFNγ leads to 

more IFNγ production following TLR 2, 3 and 4 stimulation. 

Furthermore, I also demonstrated that IFNγ produced by M1 macrophages was 

biologically active. Supernatants from LPS stimulated M1 polarized macrophages were able 

to induce high TLR4 expression and this effect was lost when the MDMs had been pre-

treated with IFNGR blocking antibodies, suggesting that the IFNγ present in the supernatant 

was responsible for the increased TLR4 expression. This finding suggests that IFNγ derived 

from M1 polarized macrophages has the ability to activate macrophages in an autocrine 

fashion to further promote the polarization and activated state. 

MDMs that are stimulated with LPS are known to produce IL-12 and IL-18
239,240

. IL-

12 and IL-18 have also been shown to synergize to promote production of IFNγ in T cells 

and NK cells
210-212

. MDMs that were co-stimulated with IL-12 and IL-18 were also able to 

produce IFNγ. Moreover, production of IFNγ by M1 macrophages was also confirmed by 

polarizing MDMs using IL-12 and IL-18 followed by stimulation with TLR agonists. This 

suggests that IL-12 and IL-18 produced during the innate immune response can lead to 

induction of IFNγ production by M1 macrophages contributing to their activation.  
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Susceptibly of polarized macrophages to in vitro HIV infection 

Macrophages, in addition to monocytes, represent a reservoir for HIV
128

. 

Macrophages, unlike T cells, maintain their numbers during HIV infection
105

. They have 

been shown to produce large amounts of intracellular and extracellular HIV both in vivo and 

in vitro without being subjected to death due to productive infection
105

. The location of a 

macrophage can dictate its ability to support HIV infection. Intestinal macrophages are 

typically resistant to HIV infection unlike alveolar and vaginal macrophages
154

. The capacity 

of HIV to have a productive infection in macrophages is modulated by cytokines and 

macrophage location
157

. Therefore, it was of interest to determine what effect macrophage 

polarization could have on the productive HIV infection in vitro. Virus replication increased 

progressively in the control MDMs over the course of 10 days. However, M2a polarized 

macrophages showed the most productive infection as compared to the other polarized 

macrophages, followed by M2c polarized macrophages. In contrast, M1 polarized 

macrophages were relatively poor supporters of productive HIV infection whereas M2b 

polarized macrophages did not support productive HIV infection. These results confirmed 

findings that M1 polarized macrophages restrict HIV infection strongly as compared to M2a 

macrophages
241

. My results demonstrate for the first time that M2b polarization restricts 

productive in vitro HIV infection of macrophages and that M2c polarization supports it.  

This study explored one avenue to explain the differences in productive infection 

seen across polarization states by measuring the expression levels of CD4, CXCR4 and 

CCR5, cell surface receptors required for HIV entry
112

. The differences in productive HIV 

infection in M1 and M2b versus M2a and M2c macrophages might be explained by 

differences in the HIV receptor and co-receptor expression levels. My results show that M1 
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(resistant) and M2c (productive) macrophages expressed similar percentages of CD4 positive 

cells as MDMs. M1 (resistant) and M2c (productive) macrophages expressed higher levels of 

CCR5 and had a higher percentage of cells that were CXCR4 positive as compared to 

MDMs. M2a (productive) and M2b (resistant) macrophages had similar percentages of CD4 

positive cells, CXCR4 positive cells and CCR5 expression as compared to MDMs. This 

suggests that differences in HIV receptor and co-receptor expression may not explain the 

differences in productive HIV infection in polarized macrophages. 

This was in contrast to a report by Cassol et al that examined expression levels of 

CD4, CXCR4 and CCR5 solely on M1 and M2a macrophages. The polarization stimuli they 

utilized for M1 polarization was IFNγ and TNFα
241

. In their report, M1 and M2a polarization 

of human MDMs inhibited productive HIV infection. They found that M1 macrophages had 

a significantly lower CD4 expression and CCR5 expression remained unchanged. They also 

found CCR5 expression increased and CXCR4 and CD4 expression decreased in M2a 

macrophages as compared to unpolarized MDMs
241

. Hence, in their report the differences in 

productive infection with respect to HIV were attributed to the expression levels of CD4.  

 Taken together, differential HIV receptor or co-receptor expression does not explain 

the differences in HIV infection across polarization states. These results suggest that there 

might be other mechanisms by which  macrophage polarization leads to susceptibility or 

restriction to productive HIV infection. Nevertheless, these results demonstrate that the 

delicate changes within the alternatively polarized M2a-M2c macrophages impact their 

function in such a way as to induce a spectrum of permissiveness to HIV infection. 
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HIV infection is regulated by many factors including viral genotype, cell genotype 

and environmental factors such as cytokines and their location. Macrophage polarization is 

also regulated by small changes in macrophage environment. For example, the same 

cytokine can have opposing effects depending on when it is expressed during HIV infection. 

The treatment of infected macrophages with TNFα results in an increase in HIV mRNA that 

peaks after 3-4 days of infection
242

. TNFα acts on cells by binding to two receptors: TNF-R1 

and TNF-R2. TNFα increases HIV infection in macrophages following binding of TNFα to 

TNF-R1 resulting in NF-κB activation
243

. However, pre-treatment of macrophages with 

TNFα led to signaling via TNF-R2 and inhibition of HIV replication
243

. My results show that 

M2b polarized macrophages produced high basal levels of TNFα prior to any stimulation 

with TLR agonist. It is possible that lack of productive HIV infection by M2b macrophages 

is due to TNFα induction following TLR4 stimulation during their polarization. LPS 

treatment of MDMs has also been shown to alter the availability of CCR5 on the cell surface 

and hence restrict HIV entry
244

. However, my results show that M2b polarization did not 

result in any changes in CCR5 expression as compared to control MDMs. LPS has also been 

shown to induce chemokines such as MIP-1α, MIP-1β and RANTES. These chemokines act 

as competitive inhibitors for CCR5 with respect to the virus and thus limit entry 
245-247

.  LPS 

treatment has been shown to protect MDMs from HIV infection by induction of heme 

oxygenase-1, a protective stress-induced protein
248

. Therefore, it is possible that LPS 

stimulation and subsequent cytokine production may impair productive HIV infection in 

M2b polarized macrophages.  

 Restriction factors, such as APOBEC3, SAMHD1 and MX2 and a limited dNTPs 

pool are also factors that contribute to restricted replication in macrophages
140,141,157

. 
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Cytokine treatment has been shown to modulate the expression of these restriction factors in 

macrophages. For example, IFNα-treated macrophages have shown increased levels of 

APOBEC3G mRNA
157

. It is plausible that macrophage polarization results in changes in 

restriction factor expression thus mediating the differential susceptibility of polarized 

macrophages to in vitro HIV infection observed herein.  

 HIV gene expression can be silenced following its integration into host genome
142

. It 

is possible that the HIV genome has integrated in M2b polarized macrophages but is not 

being actively transcribed. Thus, further studies are needed to investigate HIV integration in 

polarized macrophages. 

Viral gene expression is also partly controlled by miRNAs
145

. In PBMCs, HIV 

inhibits the expression of miRNA cluster miR-17/92 to promote its replication
146

. Recently, 

it has been shown that miRNAs could play a role in driving macrophage polarization
249

. 

Further studies are needed to investigate whether changes in miRNA expression that arise 

during macrophage polarization could explain the observations in this study.  

Susceptibly of polarized macrophages to apoptosis 

 

Macrophages are resistant to cell death induced by many apoptotic stimuli including 

infection
250

. Monocytes undergo apoptosis when cultured in vitro
251

. However, monocyte-

derived macrophages become resistant to apoptosis after the differentiation process
252

. This 

resistance is mediated at least in part by the constant activation of the PI3K/Akt pathway
172

. 

The PI3K/Akt pathway is important in maintaining macrophage viability. Akt suppression, 

via PI3K inhibition using pharmacological inhibitor LY294002, resulted in the loss of 

mitochondrial potential and cumulated in apoptosis in macrophages
172

. Monocyte 
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differentiation is also accompanied by an increase in the expression of anti-apoptotic 

molecules, such as IAPs
176

. Macrophages, unlike CD4+ T cells, are resistant to cell death 

upon HIV infection. However, the susceptibly of polarized macrophages to apoptotic stimuli 

remains unknown and were the focus of my investigation. 

Polarized macrophages were characterized with respect to their ability to undergo 

apoptosis. M1, M2b and M2c polarized macrophages underwent significant apoptosis in 

response to PI3K inhibition. Whereas, IL-4 treatment or M2a polarization prevented PI3K 

blockage mediated apoptosis in macrophages. It is possible that IL-4 is mediating a 

protective effect in M2a macrophages. It has been shown that Bcl-2 overexpression prevents 

the release of Cytochrome c from mitochondria upon apoptotic stimuli
253

. It has been shown 

in T cells that IL-4 can induce Bcl-2 via a PI3K independent pathway
254

. It is possible a 

similar mechanism occurs during M2a polarization that renders the cells resistant to 

apoptosis by increasing the expression of anti-apoptotic molecules.  

Inhibitors of apoptosis proteins (IAPs) are involved in maintaining cell viability
176

. 

Smac mimetics are targeted agents that degrade IAPs and are being used in cancer therapy to 

cause apoptosis in cancer cells 
194

. However, it has been shown that Smac mimetics do not 

cause significant apoptosis in MDMs
213

. It was important to determine whether polarized 

macrophages would undergo apoptosis with Smac mimetic treatment. For the first time, my 

results show that M1 polarization led to apoptosis in macrophages when they were treated 

with a physiological concentration of Smac mimetic. In contrast, M2a, M2b and M2c 

polarized macrophages did not undergo significant apoptosis. M2c polarized macrophages 

were resistant to apoptosis even when treated with a much higher dose of Smac mimetic. The 

differences in susceptibility to Smac mimetic treatment-mediated apoptosis might be 
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explained by the differential basal TNFα secretion levels in polarized macrophages. A recent 

study has looked at increasing the efficacy Smac mimetic treatment in cancer therapy by 

combining it with an innate immune stimulus, such as Poly I:C, to induce TNFα
255

. The 

study shows that the combination of TNFα and Smac mimetic leads to tumour cells death by 

caspase-8 dependent apoptosis
255

. My results show that M1 polarized macrophages did not 

produce significant levels of TNFα prior to TLR 2, 3 or 4 stimulation. In contrast, M2b 

macrophages were characterized by TNFα production prior to any stimulation with TLR 

ligands. However, M1 macrophages underwent significant apoptosis in response to Smac 

mimetic treatment, whereas M2b macrophages did not. Thus, the differences in Smac 

mimetic mediated apoptosis in polarized macrophages cannot be explained by differences in 

basal TNFα levels. 

M2c polarized macrophages showed resistance to cell death mediated by Smac 

mimetic treatment. M2c polarized macrophages were generated using IL-10. It is possible 

that the resistance to apoptosis seen in M2c macrophages might be attributed using IL-10 as 

a polarizing stimulus. A recent study tested the effect of LCL-161 to induce apoptosis in 

various melanoma cells lines
256

. They found that cIAP 2 did not undergo degradation in the 

resistant cell lines and pSTAT 3 was upregulated
256

. IL-10 has been shown to induce STAT 

3 in human macrophages
257

. It is possible that the resistance to cell death in M2c 

macrophages is also mediated by STAT 3. Further studies investigating IAPs’ expression and 

the Jak/STAT pathways are needed to elucidate the mechanism by which M2c macrophages 

are resistant to apoptosis by Smac mimetic treatment. 

Smac mimetic treatment, in concert with LY294002, did not produce significant 

differences in apoptosis of M1, M2b and M2c polarized macrophages. M2a macrophages 
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were resistant to apoptosis mediated by the blocking PI3K/Akt pathway. However, M2a 

polarized macrophages were sensitive to PI3K blockage induced-apoptosis when treated in 

concert with Smac mimetic. This suggests that the mechanism by which M2a macrophages 

resisted PI3K-blockage induced apoptosis was through IAPs. However, blocking IAPs alone 

in M2a polarized macrophages did not lead to significant apoptosis suggesting roles for other 

anti-apoptotic molecules. Previous work by our lab has shown that knocking down Akt in 

differentiated macrophages does not result in a decrease in the anti-apoptotic molecule Bcl-

xL
258

. It was also shown that Bcl-xL expression becomes independent of PI3k/Akt signaling 

during monocyte to macrophage differentiation
258

. Similarly, it is possible that during the 

polarization process the expression of other anti-apoptotic molecules, such as Mcl-1, might 

also become independent of the PI3K/Akt pathway. The exact mechanism by which 

polarized macrophages become resistant to apoptosis still needs to be investigated.  

In summary, this study was performed to characterize human macrophage 

polarization with respect to phenotype and function. Each polarization state was found to 

have its own distinct surface marker and cytokine profiles. My results demonstrate for the 

first time that M1 and M2b polarization make macrophages less susceptible to in vitro HIV 

infection. Furthermore, M2a and M2c polarization make macrophages less susceptible to 

apoptosis induced by LY294002 and LCL-161 respectively. Further studies are needed to 

elucidate the exact mechanisms by which polarization causes these differential effects in 

macrophages. These studies could be used to develop potential therapies for HIV-infected 

individuals. 
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Concluding remarks, significance and future directions 

Macrophages form a bridge between innate and adaptive immunity. They can be 

polarized into M1 and M2 macrophages on the basis of their environment. The main 

criticism of previous investigations of macrophage polarization is their delimitation in 

looking at macrophage polarization solely in the context of M1 and M2a macrophages. This 

study for the first time characterizes all four polarization states (M1, M2a, M2b and M2c) 

with respect to their cell surface marker expression and functional profile.  

The first aim of the study was to look at the expression of a non-exhaustive panel of 

surface markers usually expressed on macrophages was used to characterize each 

polarization state. Each polarization state was determined to have its own unique pattern of 

cell surface marker expression. These phenotypic markers can be used to determine which 

factors affect macrophage polarization in vivo. Furthermore, phenotypic markers can be used 

to characterize macrophage populations in tissue inflammatory disease conditions in vivo to 

further understand disease pathogenesis. However, macrophage polarization is very plastic 

and thus presents a challenge in translating these in vitro findings to in vivo conditions. 

The second aim of this study was to characterize the polarized macrophages with 

respect to cytokine production, in vitro HIV infection and susceptibility to apoptosis. This 

study for the first time provides a comprehensive report on cytokine production in all four 

polarization states prior to and post TLR stimulation. M1 macrophages were found to 

predominately produce pro-inflammatory cytokines including IL-23, IFNγ, IL-12p70 and 

TNFα, M2b macrophages did not respond to TLR stimulation except with the secretion of 

IL-10. Interestingly, M2a and M2c macrophages shared a similar cytokine profile with 

respect to IL-6, IL-5, IL-10, IL-1β and IL-22. A novel finding was the production of IFNγ 
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solely by M1 macrophages post-TLR stimulation. This suggests there is an autocrine 

macrophage activation mechanism. Thus, this might change the current understanding of 

macrophage activation. IFNγ priming of macrophages leads to IFNγ production following 

TLR stimulation. Thus, the molecular signaling pathways activated by IFNγ that lead to 

IFNγ production following TLR stimulation need to be investigated. In inflammatory 

autoimmune conditions, macrophages are present which may provide a highly pro-

inflammatory environment. It may be important to investigate the presence of such 

macrophages in these disease conditions. 

This study also investigated the effect macrophage polarization might have on in 

vitro HIV infection and it was demonstrated that M1 and M2b macrophages were resistant to 

productive infection. These results suggest that macrophage polarization is an important 

factor in the susceptibility of macrophages to HIV infection. The expression levels of the 

HIV receptor, CD4, and the HIV chemokine co-receptors CXCR4 and CCR5 were analyzed 

as a means to explain the differential susceptibility to productive HIV infection. However, 

the changes in receptor and co-receptor expression could not explain the differences in HIV 

infectivity in the polarized macrophages. Further studies are needed to determine the 

mechanism responsible for the resistance/susceptibility to infection. The levels of p24 

mRNA and HIV genome integration can be analyzed in the macrophages that were not 

infected. HIV, labelled with green fluorescent protein, could be used to determine the 

percentage of cells being infected in each polarization state. Furthermore, studies could 

investigate whether macrophage polarization results in a change in restriction factor 

expression and miRNA expression in macrophages and thus limits productive HIV infection. 
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Understanding the role macrophage polarization plays in HIV infection is essential for the 

development of new techniques to eradicate HIV infected macrophage reservoirs.  

The last aim of this study was to investigate the susceptibility of polarized 

macrophages to apoptosis. Apoptosis was induced by blocking a key survival pathway, the 

PI3K pathway, and by degrading IAPs alone and in concert by using pharmacological 

inhibitors. This study demonstrates for the first time that M2a polarized macrophages were 

resistant to apoptosis mediated by blocking the PI3K pathway. The mechanism responsible 

for mediating this effect could involve the up-regulation of anti-apoptotic genes such as Bcl-

xL and requires further investigation. It also demonstrated for the first time that M1 

polarization caused macrophages to undergo apoptosis when treated with Smac mimetics. 

This effect was not seen in M2 polarized macrophages. M2c macrophages were especially 

unaffected by Smac mimetics even with higher doses. The mechanism responsible for this 

might include up-regulation of IAPs in M2c polarized macrophages and this needs to be 

further investigated by looking at IAPs’ expression levels. It is possible Smac mediated 

apoptosis was enhanced due to the presence of TNFα. My results show that M1 polarized 

macrophages do not produce significant levels of TNFα prior to TLR stimulation. However, 

further studies are needed to fully discount the involvement of TNFα. The focus of further 

investigations could be to determine whether cell death was solely by apoptosis and involved 

caspases and PARPs (poly ADP ribose polymerases) or whether other forms of cell death 

such as necroptosis were also involved.   

Polarized macrophages were treated with both LCL-161 and LY294002 to determine 

whether this would induce apoptosis in all the cells. This treatment at a higher concentration 

did cause M2a polarized macrophages to undergo apoptosis. In the future, these findings can 
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be confirmed by using specific siRNAs to block the pathway and IAPs. Interestingly, it was 

the M2a and M2c macrophages that were resistant to apoptosis and were also the most 

productively infected with HIV. Hence, it would be of interest to determine if blocking PI3K 

and IAPs would also cause differential apoptosis in HIV-infected polarized macrophages. 

Furthermore, studies could investigate the expression of anti-apoptotic molecules after 

macrophage polarization to understand the resistance displayed by these macrophages. 

Understanding the mechanism by which this occurs may facilitate developing ways to 

eradicate HIV infected macrophage reservoirs. 
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Appendices 

 

Supplementary Figure 

 

Characterization of monocyte-derived macrophages. 

MDMs were generated from as mentioned previously with M-CSF over 6 days. Cells were 

washed and stained with PE-conjugated antibodies against CD83, CD80, CD16, CD11a, 

CD11b, CD11c and HLA-DR for 15 minutes. Surface expression was assessed by flow 

cytometry. The result is a representative of 3 independent experiments. Results were 

generated by Dr. Aurelia Busca. 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



118 
 

Authors’ Permission 

 

Figure 1. Development and Differentiation of macrophages. 

 

On Tue, Aug 19, 2014 at 1:11 AM,  

Subject: Re: request for permission to use figure in thesis 

From: Murray, Peter wrote: 

No problem 

________________________________________ 

 

On Behalf Of Salma Iqbal  

Sent: Monday, August 18, 2014 11:56 AM 

Subject: request for permission to use figure in thesis 

 

Dear Dr Murray and Dr Wynn, 

 

I am writing to request permission to use one of your figures in my Master's thesis. It is 

Figure 1 from your 2011 review "Protective and pathogenic functions of macrophage 

subsets". I came across your review while writing the introduction to my thesis which is 

based on macrophage polarization and was hoping to include your figure in my thesis. 

 

Thank you 

 

Best regards, 

 

Salma Iqbal 

 

 


	Abstract
	Acknowledgments
	List of abbreviations
	List of figures
	List of Tables
	Introduction
	Plasticity of the immune response
	Innate immunity
	Macrophage origins
	Macrophage polarization
	Macrophage polarization in vitro
	Classically Activated Macrophages and their role in disease
	Alternatively activated macrophages and their role in disease
	Regulatory macrophages and their role in disease
	Tumour-associated macrophages (TAMs) or M2d macrophages
	Innate immunity and Toll-like receptors (TLRs)
	Macrophages and cytokines
	Interferon γ production in macrophages
	HIV infection in macrophages
	HIV and its entry into macrophages
	HIV persistence in macrophages
	Macrophage polarization and HIV infection
	Macrophage resistance to apoptosis
	The role of IAPs in macrophage survival

	Rationale
	Hypothesis
	Objectives
	Materials and Methods
	Macrophage polarization
	Cell surface marker analysis by flow cytometry
	Cytokine analysis by flow cytometry
	Cytokine analysis by ELISA
	IL-23
	IFNγ

	RNA isolation and semi-quantitative RT-PCR analysis of IFNγ
	Measurement of IFN γ bioactivity in macrophage supernatants
	Apoptosis analysis by intracellular propidium iodide (PI) staining
	HIV infection and p24 ELISA
	Statistical analysis
	Ethics Statement

	Results
	Cell surface marker profile of polarized macrophages
	Functional profile of polarized macrophages
	Differential cytokine production by polarized macrophages
	Basal cytokine profile of polarized macrophages

	Cytokine profile of polarized macrophages after TLR 2, 3 and 4 stimulation
	TLR 2, 3 and 4 stimulation leads to IFNγ mRNA expression in M1 polarized macrophages
	IFNγ produced in macrophages is biologically active
	IL-12/IL-18 priming also leads to IFNγ production in macrophages

	Differential susceptibility of polarized macrophages to in vitro HIV infection
	M1 and M2b polarization renders macrophages resistant to productive HIV infection
	HIV receptor and co-receptor expression does not explain differential susceptibility of polarized macrophages to in vitro HIV infection

	Differential susceptibility of polarized macrophages to apoptosis
	Susceptibility of polarized macrophages to apoptosis induced by blocking PI3K pathway
	Susceptibility of polarized macrophages to Smac mimetic mediated apoptosis
	LCl-161 treatment sensitizes M2a polarized macrophages to apoptosis mediated by PI3K blockage


	Discussion
	Cell surface marker profile of polarized macrophages
	Cytokine production by polarized macrophages
	IFNγ production by M1 macrophages
	Susceptibly of polarized macrophages to in vitro HIV infection
	Susceptibly of polarized macrophages to apoptosis

	Concluding remarks, significance and future directions
	References
	Contribution of Collaborators
	Appendices
	Supplementary Figure
	Authors’ Permission


