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Abstract 

Macrophages (MΦ) are a heterogeneous population of innate immune cells serving as the 

first line of defense during infection and as regulators of tissue homeostasis. During viral 

infections, MΦ rapidly sense infecting viruses to process and present antigen of major 

histocompatibility complex (MHC)-I for activation of virus specific CD8+ T cells. Moreover, 

through detection of pathogens and responding to environmental cytokines, monocytic derived 

bone marrow and peritoneal MΦ differentiate into polarized pro-inflammatory (M1) or anti-

inflammatory (M2) states. However, little is known regarding the polarization capabilities of 

tissue resident MΦ, such as those of the spleen, which are of non-monocytic origin and how 

polarization influences CD8+ T cell immunity during viral infections.  

Therefore, we tested to what extent spleen derived (Sp)-MΦ polarize into M1 and M2 

states and the functional consequences of polarization. We found that Sp-MΦ respond 

concordantly with bone marrow (BM)- MΦ to M1 stimulation to increase expression of iNOS 

and produce NO, or to M2 stimulation induce Arginase and Urea production. In addition, 

polarization impacted the phagocytic function of MΦ. Thus in this section, we established the 

novel polarization capabilities of polarized Sp-MΦ and the outcome on phagocytosis an 

important MΦ function.  

Next, we tested the MHC-I restricted antigen presenting abilities of polarized Sp-MΦ. To 

our surprise, we observed that M2 cells were proficient in inducing IFN-γ secretion by effector 

CTL during peptide stimulation or following Lymphocytic Choriomeningitis Virus (LCMV) 

infection.  However, M2 MΦ exhibit a deficiency in their ability to stimulate memory CD8+ T 

cell proliferation, which was reversed by additional IL-2. These findings highlighted previously 

unreported functions of polarized MΦ with regard to direct antigen presentation.  
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Finally, we tested how virus priming into an in vivo M2 micro-environment influences 

subsequent CD8+ T cell immunity. In this study, we observed IL-4 pretreatment dramatically 

increased the quality of CD8+ T cell response enhanced viral clearance. The CD8+ T cell 

enhancement was prolonged into the memory phase of infection.  

Taken together, this thesis provides novel information regarding the polarization of tissue 

MΦ and how such polarization influences CD8+ T cell immunity and the outcome of viral 

infection.  
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Chapter 1: Introduction 

1.1 Overview of the anti-viral immune response: 
 

The immune system is a network of cells responsible for protecting the host 

against viruses and disease (1). Central to this is its ability to discriminate between self 

and non-self and to launch innate and adaptive immune responses. Broadly, the innate 

immune system initiates its function very rapidly to detect invading viruses and produce 

cytokines to alert surrounding cells of insulting pathogen. Critical to the detection of 

viruses are Macrophages (MΦ) and Dendritic Cells (DC) which display pattern 

recognition receptors (PRR)  capable of recognizing foreign pathogens (3). Viruses, and 

indeed all pathogens, contain a set of invariant, survival dependent moieties termed 

pathogen associated molecular patterns (PAMPs) that are recognized by innate cell PRR 

(4). Invading viruses are comprised of nucleic acids that serve as the basic structural 

component of PAMPs allowing for detection by PRRs. There are three prevalent PRR 

families involved in virus detection; toll like receptors (TLR), retinoic acid inducible 

gene (RIG)-1 and RIG-like receptors (RLR) (5).  For example, RIG-1, TLR 7 and TLR 9 

are known to be the principal recognition receptors of the lymphocytic choriomeningitis 

virus (LCMV) - a single stranded model RNA virus (6-9). 

 

Sensing of viral nucleic acids induces gene expression of targets such as pro-

inflammatory cytokines, co-stimulatory molecules and Type I interferons (IFNs), 
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Increased production of pro-inflammatory cytokine, such as tumor necrosis factor (TNF)- 

α, interleukin (IL)-6, and IL-12 and expression of co-stimulatory molecules such as 

CD40, CD80 and CD86 (10-12). These molecules and cytokines serve to increase 

immune cell activation and modulate the adaptive arm of immunity.  

 

The adaptive immune system is characterized by two fundamental hallmarks: 

being pathogen specific and long lived (13). Furthermore, it is categorized into the 

humoral and cellular arms. The humoral arm contains B cells that secrete antigen specific 

antibodies that recognize viral envelope antigens (14). On the other hand, the cellular arm 

is comprised of CD4+ T helper and CD8+ cytotoxic T lymphocytes (CTLs).  During viral 

infection Th cell subpopulations promote CTL expansion and activity via secretion of key 

cytokines e.g. IFN-γ, IL-2 and IL-6 (15-17).  Efficient CTL responses are necessary for 

the lysis of virally infected cells and control of infection (18) and are initiated when naive 

CD8+ T cells are activated (or "primed") by contact with a major histocompatibility 

complex (MHC) class I / epitope peptide complex on the surface of professional antigen 

presenting cells (pAPC) such MΦ and DC (19-22). Following pathogen clearance, CD8+ 

T cell contraction occurs wherein approximately 90-95% of antigen specific CTLs 

undergo apoptosis (23). The surviving population of T cells differentiate into effector 

(TEM) and central (TCM) memory cells, which reside in the periphery and lymphoid tissue 

respectively (24-26). These cells protect the host against secondary infection and are 

endowed with the capacity to re-gain effector function, rapidly proliferate and self-renew 

(27-29). Thus, effective anti-viral immunity is a highly coordinated multivariable process 
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and by understanding the mechanisms therein, researchers can develop optimized vaccine 

platforms (26, 30).  

 

 

1.2 LCMV as a Model for Understanding Virus Host Interactions.  

1.2.1 LCMV Structure: 
 

The Arenaviridae family comprise over 18 rodent borne viruses with LCMV 

being the prototypical member (9). The LCMV genome is characterized as bi-segmented, 

ambisense: meaning it directs the synthesis of two polypeptides (termed S and L) in 

opposite orientation (Figure 1-1) (31, 32). LCMV lifecycle is restricted to the cytoplasm 

with the S segment encoding viral glycoprotein (GP) and nucleoprotein (NP). GP is the 

only virion surface protein and engages host α-dystroglycan receptor to gain entry to the 

cell while NP encases and protects synthesized viral RNA from host proteolytic enzymes. 

(33). On the other hand, The L segment encodes viral RNA-dependent RNA polymerase 

and ring finger protein Z which drives virus budding (34).  

 

1.2.2 LCMV for Understanding CD8+ T Cell Biology:   
 

LCMV has been an incredibly useful tool in deducing several key pillars of host 

immunology.  One the most important concept to emerge from the LCMV model is that 

of MHC restriction, for which Zinkernagel and Doherty won a Nobel prize (35). In this 
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seminal work, Zinkernagel and Doherty demonstrated that the cytotoxicity of LCMV 

specific CTL is controlled by recognition of MHC. Through a series of elegant 

experiments, it was shown that LCMV CTL would only lyse LCMV infected cells from 

mouse of the same genetic background. In addition, LCMV CTL failed to lyse uninfected 

cells indicating that MHC must be recognized in the context of foreign peptides: an 

important discovery in understanding how CTL do not constantly attack host cells (35, 

36). This work paved the way for the uncovering that CTL are required to limit LCMV 

spread in the host by detecting and lysing virally infected cells  (37). This finding was 

eventually attributed to the ability of CTL to secrete perforin, a cytolytic protein that 

creates membrane pores in target cells (38). Therefore, utilizing the LCMV model key 

tenets of CD8+ T cell biology have been uncovered from how CTL recognize 

peptide:MHC to the mechanism by which CTL mediate lysis of infected cells. As such, it 

is an extremely well characterized model of infection.  

 

 A useful feature of the LCMV model is that it can produce an acute or persistent 

viral infection depending upon the infecting strain  (39, 40).  For example, mice injected 

with acute variant LCMV-Armstrong and LCMV-WE produce a robust Th and CTL 

response resulting in viral clearance and generation of memory cell populations (31, 41, 

42). Using this acute LCMV system, our understanding of CD8+ T cell immunological 

memory formation has been greatly enhanced. For example, key phenotypic and 

transcriptional features during CD8+ T cell differentiation into memory cells have been 

uncovered allowing for CD8+ T cell tracing during research into new vaccine strategies 
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(43-45). Moreover, using the LCMV model it has been shown that during CD8+ T cell 

activation, cells are divided into two subsets short lived effector cells (SLEC) or long 

lived memory precursor cells (MPEC) (46). Through uncovering CD8+ T cell subset 

division during priming, researchers can therefore modulate vaccine formulations to 

optimally elicit MPEC formation for a more effective CD8+ T cell memory recall 

response.  

 

On the other hand, infecting mice with chronic strain LCMV Clone 13 elicits T 

cell exhaustion and a failure to clear the virus resulting in persistent infection (9, 45, 47, 

48). Thus, distinct strains have allowed for the characterization of CD8 T cell activation 

and effector function during both acute and persistent infection (39, 49-51). This capacity 

to study persistent infections has also led to important key discoveries. For example, the 

study of persistent clone 13 LCMV infection led to the discovery of how molecules 

programmed death (PD) and PD ligands mediate T cell exhaustion (52). This important 

finding has been extrapolated to the cancer field to understand how tumors dampen T cell 

cytotoxity by expressing T cell inhibitory molecules, and led to the development of 

therapeutics targeting the PD/PD-L pathways (53). Disruption of PD/PD-L pathway is 

being used in the clinic today and has demonstrated impressive success in reinvigorating 

exhausted T cells to attack tumors and decrease cancer burden (54).  Therefore, by 

studying LCMV, researchers have been able to apply the knowledge gleamed to other 

areas of research, illustrating the utility of LCMV as a model system.  
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Figure 1-1: Schematic of LCMV Virion Structure  

LCMV virion showing bi-segmented genome comprised of S and L ssRNA surrounded 
by LCMV nucleoprotein (NP). The glycoprotein (GP) subunits are embedded in the virus 
envelope and are critical for entry into cell. GP and NP are processed by the host cell into 
epitopes for antigen presentation. Created by RM, adapted from (8).   



 

 
 

7 

1.3 The Mononuclear Phagocyte System:  

The Mononuclear phagocyte system (MPS), described in 1968 by Ralph van Firth 

and Zanvil Cohn proposed the origin of all MΦ is terminal differentiation from blood 

monocytes (55, 56). It is now appreciated that the hematopoietic stem cells are the 

original cellular source, and that the MPS includes monocytes, MΦ and dendritic cells 

(57).  As such, the MPS forms a major component of the innate immune system relevant 

in inflammation, infection, autoimmunity, and cancer.  

The MPS model contends a hierarchal structure during which hematopoietic stem 

cell multi-potency becomes progressively lineage restricted as cells differentiate to fully 

mature effectors (Figure 1-2) (58). For example, hematapoetic stem cells (HSC) initially 

give rise to mononuclear phagocyte progenitors (MPP: which lack self renewal) but 

maintain diverse differentiation potential (59).  MPP advance to common myeloid 

progenitors at the expense of the common lymphoid progenitor lineage, and further 

differentiate to macrophage/dc progenitors (MDP). MDP are further restricted to 

common DC progenitor lineage or to become monocytes which participate in the 

immunity or differentiate into MΦ or DC in situ (60).  

In mice two main subtypes of monocytes have been phenotypically identified 

based on the expression of levels inflammatory marker Ly6C (GR-1) (61). These have 

been divided into inflammatory (Ly6CHi) and patrolling (Ly6CLo) monocytes. Further 

discrimination of these subsets was determined based on their ability to respond to 

monocyte chemoattractant protein 1 (MCP-1) due to expression of chemokine receptor 2 
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(CCR2)(62).  For example, inflammatory (also known as classical) monocytes are 

identified as Ly6CHi CCR2Hi and egress from the bone marrow in a MCP-1/CCR2 

dependent fashion into vessels during inflammation (63, 64). The function of Ly6CHi  

cells within blood vessels is poorly understood. However, Ly6CHi monocytes rapidly 

migrate and differentiate in situ  into tissue MΦ and DC to help clear infections (63, 65, 

66) . 

Although the MPS has been the prevailing model for decades, recent evidence 

describes a more nuanced picture of macrophage ontogeny, one that is highly tissue 

specific (67-69). Moreover, in contrast to Furth and Cohn’s model, fully differentiated 

MΦ remain plastic, responding to micro-environmental changes to modulate their 

function – a term called macrophage polarization (70, 71).  It is clear that an update to 

MPS model of macrophage ontogeny describing a more nuanced picture of macrophage 

heterogeneity depending on the tissue specific signals is needed.  
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Figure 1-2: Mononuclear Phagocyte System 

HSC can give rise to macrophage and DC progenitors (MDP) then Ly6C+ monocytes. 
(a)Ly6C+ monocytes exit the BM and under steady state lose Ly6C expression (b-c). (d-
e) During inflammation Ly6C+ cells respond to CCL2 to migrate into inflamed tissue for 
differentiation into MΦ or DC. Inflammatory DC can transport antigen to the draining 
lymph node (f-g). (h) In the absence of inflammation Ly6C- cells may contribute to tissue 
resident MΦ or DC. Adapted from (61). Reprinted with permission under copyright 
license number: 4084301158087 
 
 

1.4 MΦ Development: 
 

MΦ are mononuclear phagocytes present in every organ and tissue through out 

the body where they recognize and respond to a range of stimuli to participate in innate 

and adaptive immune responses and cell homeostasis (Figure 1-3) (57, 61, 72-74).  In this 

capacity, tissue MΦ exhibit substantial transcriptional, phenotypic, and functional 
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heterogeneity dependent on micro-anatomical location. Further, within a specific tissue, 

substantial heterogeneity exists between macrophage subtypes.  For instance, red pulp 

spleen MΦ (RPM)  development requires expression of transcription factor Spi-C (75). 

Conversely, marginal zone metallophillic (MZM) spleen MΦ that are present in Spi-C 

KO, require nuclear receptor LXR1α ( Nr1h3) (76, 77). This implies, that MΦ 

subpopulations exhibit ontogenetic heterogeneity and may receive local signals to further 

direct their phenotypic and functional activity. As such, ontogeneny of MΦ 

subpopulations has been an area of renewed interest as researchers attempt to parse out 

the developmental pathways and roles of MΦ populations in immunity  (61, 67, 78).  

To this end, there are two predominant mechanisms by which MΦ develop. The 

first, entails direct differentiation from monocytes to MΦ in situ, and is dependent upon 

exposure to macrophage colony stimulating factor (M-CSF), a growth factor produced by 

monocytes, osteoblasts and stromal cells among many others others (72, 79, 80). The 

importance of M-CSF in macrophage differentiation was deduced using mice with an 

osteopetrosis (op) mutation resulting in abrogation of M-CSF production(81, 82) . Op/op 

null mice exhibited reduced numbers of liver, spleen,  and kidney MΦ, which were 

restored following M-CSF administration, a finding attributed to M-CSF induced 

monocyte to MΦ differentiation (81). The basis of the monocyte-centered model is from 

studies of irradiation induced myelo-ablation followed by labelled donor BM cell 

transplantation (56). Notably, upon ablation of MΦ niches, tissue MΦ were donor derived 

which suggested that donor monocytes were responsible for replacing niches (83) . Thus, 
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early studies indicate that during ablation induced inflammation, circulating monocytes 

contribute to the replenishment of tissue MΦ niches (84). 

 

Advancements in flow cytometry and barcoding techniques led to a second model 

of macrophage differentiation being proposed (85, 86). Several recent reports have 

indicated that in contrast to Cohen and Furth’s monocyte-centered model, many tissue 

MΦ are of embryonic origin and are maintained throughout life by self-renewal (69, 87-

89). In support of an embryonic origin hypothesis, early studies demonstrated Langerhan 

Cells (LC) resist high levels of irradiation and repopulate from the host and not 

transplanted BM (90, 91). Subsequent fate mapping traced LC origins to embryonic yolk 

sac progenitors that form via fetal liver intermediates (91). Similar results have been 

observed in micro-glia, which demonstrate seeding of the brain exclusively from yolk-sac 

MΦ as well as red pulp macrophages (69, 76, 87, 92). However, many tissue macrophage 

niches exhibit a partial reliance on monocytes for replenishment. For example, depleted 

Kupfer cells (KC) are replaced by a combination of bone marrow monocytes and 

replicating MΦ (93). Interestingly, mo-KC acquire the capacity to self- renew indicating 

that local signals impart transcriptional education onto recently differentiated cells (93). 

These findings suggest reconsidering a one-dimensional model of macrophage 

development in favor of a more nuanced tissue specific understanding and highlight the 

importance of uncovering the specific function of each MΦ subset (94). Classically, BM 

are used to study monocyte-derived macrophages, while Peritoneal and Spleen 
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macrophage serve as tissue resident in vitro models. To this end, the following section 

will focus on  spleen and peritoneal tissue macrophages.  

 

 

Figure 1-3: Revised Model of Macrophage Development 

Tissue MΦ can develop from embryonic progenitors in the the yolk sac or from fetal 
monocytes and have the ability to self-renew in response to M-CSF or IL-4. 
Alternatively, HSC give rise to monocytes and mo-MΦ upon niche ablation. HSC, 
hematopoietic stem cells; M-CSF, macrophage-colony stimulating factor (2). Reprinted 
with permission according to Open Access Creative Common License.  

 

1.5 The Spleen Structure and Function: 
 

The spleen is the largest secondary lymphoid organ in the body and functions to 

instigate immune responses to blood-borne pathogens and remove senescent red blood 
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cells (95). These roles are accomplished by the unique compartmentalization of the 

spleen into white pulp and red pulp separated by a marginal zone (Figure 1-4). Blood 

enters the spleen via branching central arterioles into a continuous sheath of lymphoid 

tissue called the white pulp (96). White pulp is comprised of T and B cell follicles and is 

encased by a framework of reticular fibroblasts called the marginal zone (MZ). Lining the 

MZ are sialoadhesion molecule CD169 expressing MZ MΦ. CD169+ MΦ capture blood-

borne pathogens entering the spleen and bridge between innate and adaptive immunity 

(77, 97, 98). From the marginal zone, blood flows into an open circulation system called 

the red pulp: a collection of sinuses lined with endothelial cells juxtaposed to a venous 

system (76, 99).  

 

As blood enters the red pulp, flow rate decreases allowing RPM to phagocytose 

rigid aged erythrocytes and pathogens, which cannot migrate across the endothelial cells 

into the venous system (39). Thus, CD169+ MΦ and RPM occupy the interface between 

arterial and venous systems to capture blood borne pathogens and engage proximally 

located T and B cells to ensure efficient immune responses (100).  However, the precise 

function and the extent of how important each subset is to homeostasis and in immunity 

to blood borne viruses and pathogens warrants extensive investigation. 
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Figure 1-4: Organization of Mouse Spleen 

The murine spleen is organized into red and white pulp. Red pulp contains red pulp MΦ 
that express F4/80 and phagocytose aged RBC. White pulp contains T and B cell follicles 
and CD169+ Marginzal Zone Metallophillic MΦ which are the first to encounter antigens 
entering the marginal sinus (77). Reprinted with permission under copyright license 
number: 4084330665144 
 

1.6 The Roles of CD169+ MΦ and Red Pulp MΦ in Immunity 

1.6.1 Regulatory Role of CD169+ MΦ: 
 

Several groups have employed the CD169- diphtheria toxin receptor (DTR) 

system to deduce the function of CD169+ MΦ in vivo during phagocytosis and virus 

infection. In this system, administration of diphtheria toxin results in transient depletion 

of CD169+ MΦ, thus serving as an effective tool to selectively study CD169+ cells.  

 



 

 
 

15 

Observations that injected apoptotic cells accumulate in the marginal zone 

suggested that CD169+ MΦ regulate tolerance. This observation was further clarified by 

Miyake et. al, who demonstrated that in the absence of CD169+ MΦ, mice exhibited 

delayed clearance of myelin oligodendrocyte glycoprotein (MOG) expressing apoptotic 

cells, a breakdown of self-tolerance, and exacerbation of experimental auto-immune 

encephalitis (EAE) (101). Additional evidence regarding the role of CD169+ MΦ  in 

tolerance was demonstrated in a murine lupus model (102).  In this model, CD169+ MΦ 

depletion accelerated tolerance breakdown and caused premature death of mice (102). 

Through a series of neutralization experiments authors deduced that such tolerance was 

reliant upon CD169+ MΦ derived C-C Motif Chemokine Ligand 22, recruitment of 

FOXP3+ Tregs, and secretion of TGF-β (103). Thus, CD169+ MΦ facilitate the 

processing of apoptotic cells and coordinate complex splenic immune interactions to 

establish and maintain self-tolerance.  

 

1.6.2 CD169+ MΦ in Viral Infections: 
 

CD169+ MΦ are the first innate cells to capture blood-borne virus entering the 

spleen (95).  This function, coupled with proximity to T and B cell follicles suggests a 

specialized role of CD169+ MΦ in regulating anti-viral immunity (98). To this end, 

Honke et. al., demonstrated that CD169+ MΦ express increased levels of inhibitory 

Ubiquitin specific peptidase (USP)-18 leading to hypo-responsiveness to type I IFN and 

permissiveness to vesicular stomatitis virus (VSV) replication (104). As such, CD169+ 
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MΦ are intrinsically adapted to allow enforced viral replication in order to ensure 

adequate antigen is produced to activate adaptive immunity (104). In agreement with this, 

it was demonstrated that CD169+ MΦ capture viral antigens and transfer them to CD8α+ 

DC for CD8+ T cell priming during VSV infection (105). CD169+ MΦ also possess the 

ability to directly stimulate CD8+ T cells. The presence of directly infected CD169+ MΦ 

is enough to stimulate CTL responses in the absence of DC (106). Moreover, with regard 

to cross-priming CD169+ MΦ preferentially present sub-dominate epitopes not presented 

by DC thereby increasing CTL diversity (97).  This suggests that during viral infections 

CD169+ MΦ orchestrate a series of complex processes, from trapping and transferring 

viral antigens to DC, to directly initiating robust and diverse CTL responses. The above 

reports underscore the importance of MΦ in generating adaptive antiviral immunity, a 

function previously ascribed to DC.  

 

1.6.3 Red Pulp MΦ During Homeostasis:  
 

RPM were among the first tissue MΦ shown to be of embryonic origin (87). 

Further characterization identified transcription factors as PU.1 (also known as Sfpi1) and 

C/EBPalpha (Cebpa): Spi-C, to selectively control RPM development as deletion either 

transcription factor prevented RPM development and seeding of the red pulp (75). The 

most well documented function of RPM is to phagocytose senescent red blood cells 

(RBC). Aged RBC lose membrane pliability and surface expression of ‘don’t eat me’ 

signal CD47 resulting in retention of RBC within the red pulp and subsequent 
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phagocytosis by RPM (107), which is critical for iron homeostasis (75). In Spi-C knock-

out mice, which lack RPM, aged RBC deposit and collect within the the red pulp leading 

to splenomegaly and iron overload (75). The recycling and sequestration of iron has also 

been implicated as an important host defense mechanism against invading bacterial 

pathogens (108).  

 

RPM display heterogeneity in their reliance on M-CSF for development, which 

contribute their homeostatic functions (76).  Ex vivo analysis of RPM revealed two 

discrete populations of cells; M-CSF dependent F4/80HiMac-1Low and M-CSF 

independent F4/80+Mac-1Hi MΦ(109). F4/80HiMac-1Low cells produced TGF-β and IL-10 

and suppressed CD4+ T cell proliferation in vitro and induced Foxp3+ Tregs (109). On the 

other hand, F4/80+Mac-1Hi secrete large amounts of IL-12p40 and are potent stimulators 

of CD4+ T cell proliferation (109). Therefore, F4/80HiMac-1Low, appear to be involved 

with the maintenance of homeostasis by regulating CD4+ T cell responses. However, 

whether these functions are relevant in vivo remain unknown.  

 

1.6.4 RPM Function During Immunity: 
 

RPM are believed to be critical in host anti-malaria defense (110, 111). RPM 

express appreciable levels of TLR-7 and TLR-9 and produce large amounts of IFN-1 

during Plasmodium chabaudi infection (112). The importance of RPM and IFN-1 during 

P. chabaudi  is highlighted by Spi-C-/- mice which exhibit less IFN-1 mRNA in the spleen 
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and fail to control parasite replication compared to WT mice (111). Moreover, P. 

chabaudi infection leads to increased CD4+ T cell derived M-CSF and robust expansion 

of RPM (113). Expansion of RPM serves to control parasite replication and host recovery 

as selective deletion of csf1 in CD4+ cells during P. chabaudi infection diminished 

proliferation and activation of certain myeloid subsets, increased parasitemia and delayed 

recovery (113). Thus in the context of malaria, RPM expand and coordinate anti-malaria 

defenses in a IFN-1 dependent fashion, however the precise function of RPM during 

virus infection are unclear. 

 

Interestingly, during LCMV infection CTL mobilize to the red pulp starting Day 2 

post infection suggesting RPM may regulate T cell function during viral infection (114). 

In agreement with this notion that RPM present antigen, our lab previously demonstrated 

in vitro M-CSF dependent spleen derived macrophages phagocytose cell associated 

antigen and are competent cross-presenting cells able to activate CTL in vitro and in vivo 

(73, 115).  

 

1.7 Polarized MΦ: 
 

Macrophage tissue distribution, coupled with their expression of TLR and PRR 

allows for rapid sensing pathogen moieties, antigens or cellular debris (78).  Upon 

ligation of receptors, MΦ become activated to coordinate immunomodulatory programs. 

Such activation results in unique cytokine, biochemical, and phenotypic responses 
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depending on the stimuli. This physiological plasticity has been termed MΦ polarization 

(116).  

 

Nomenclature of macrophage polarization simulates the Th1-Th2 paradigm, and 

is often described as a continuum of states between M1 (pro-inflammatory) to M2 (anti-

inflammatory) (117). Canonically, the Th1 cytokine IFN-γ and microbial products such 

as LPS induce M1 cells, while the Th2 cytokines IL-4 or IL-13 induces M2. Further 

analysis has revealed discrete populations exists within these over-arching tranches. For 

example, M2 can be further sectioned into M2a (M(IL4), M2b (M(IC+LPS), M2c 

(M(IL10), and M2d (M(Glucocorticoid); each possessing a unique activating stimuli, 

molecular signature, phenotype and presumably function (Figure 1-5) (116). Current 

research is focused on refining the granularity of the biochemical, cytokine, and 

phenotypic markers but it will be equally important to elucidate the immunological 

consequences of polarization within the contexts of infection, cancer and disease. 
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1.8 Overview of MΦ Phenotypic and Functional Programs: 

1.8.1 Phenotypic Characterization of Polarized MΦ: 
 

MΦ display remarkable phenotypic heterogeneity as they mature, migrate to 

tissue, and respond to stimuli. Nonetheless, phenotypic analysis has revealed several 

Figure 1-5: Macrophage Polarization and Functions 

MΦ activated by IFN-γ, LPS or TNF-α differentiate into pro-inflammatory M1 MΦ with 
potent anti-microbial, viral and tumor properties. In contrast, M2 anti-inflammatory MΦ are 
induced by IL-4, immune complex (IC), or IL-10 and play a role in immunoregulation and 
tissue remodeling (2). Reprinted with permission according to Open Access Creative 
Common License.  
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reliable surface markers that identify polarized macrophage taxonomy. M1 MΦ display 

increased surface expression of MHC I and II, CD80, CD86 with low levels of CD206 

(118, 119). On the other hand, M2 MΦ display low levels of  CD80 and CD86 and 

increased MHC II and CD206 (120).  Recently groups have identified additional murine 

markers that are dependent on the IL-4 receptor and STAT-6 pathway including Found In 

Inflammatory Zone (FIZZ) 1 and Chitinase-3-like protein 3 (also known as YM-1) which 

have been demonstrated to negatively regulate T cell functions (121, 122).  

 

1.8.2 Reciprocal Activity of inducible Nitric Oxide Synthase and Arginase:  
 

L-arginine is a conditionally essential amino acid and substrate for myeloid 

expressed inducible Nitric Oxide Synthase (iNOS) and Arginase (Arg)-1 (123). 

Metabolic by-products of L-Arginine are known to regulate the microenvironment and 

defense against intracellular and extracellular pathogens. A model has emerged 

suggesting iNOS and Arg-1 compete for limited L-Arginine resources; expression of one 

shunts the opposing pathway (123).  As such, reciprocal L-Arginine metabolism is one 

method to distinguish M1 from M2 macrophages.  

 

M1 conditions trigger the upregulation of inducible (iNOS) resulting in hydrolysis 

of L-Arginine into Nitric Oxide (NO) and.  NO acts locally as a potent pro-inflammatory 

mediator, contributing to the cytotoxic activity of MΦ and aiding control of bacterial and 

viral insult (124). Reaction of NO with superoxide (O2
-) forms additional reactive oxygen 



 

 
 

22 

species such as hydrogen peroxide (H202) which can damage DNA, carbohydrates and 

proteins impairing pathogen function (125).  

 

In contrast, increased levels of Arginase (Arg)-1 in M2 MΦ scavenges L-Arginine 

metabolism away from iNOS resulting hydrolysis into L-Ornithine and urea. L-Ornithine 

is subsequently either decarboxylated into polyamines and converted into proline which 

implicates the Arg-1 pathway in the promotion of cell proliferation, tissue repair, 

collagen deposition and fibrosis (126). Collectively, these by-products contribute to 

fibrotic pathology associated with Schistosoma infection (127) and asthma (128). The 

regulatory effects of urea are less characterized, but it is thought that urea inhibits T cell 

mTOR activity decreasing expression of T cell receptor CD3ζ chain impairing T cell 

responses(126).  As L-Arginine is a required for proper activation of T cells, depletion of 

extracellular L-Arginine stores due to active transport into MΦ also decreased CD3ζ and 

impaired proliferation of T cells in vitro (129).  In agreement with this, high expression 

of Arg-1 in non-healing Leishmania major infection reduces local L-Arginine levels 

impairing local CD4+ T cell proliferation and IFN-γ (130, 131). Thus, Arg-1 expression 

seems to correlate with the induction of anti-inflammatory programs and has become a 

marker for M2 like murine cells.  
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1.9 Activation of CD8+ T cells: 
 

Antiviral CD8+ T cell responses are characterized by four distinct phases: (1) 

activation (2) expansion (3) contraction and (4) establishment of immunological memory 

(29). Activation of Naïve CD8 T cells is contingent upon three signals. First, engagement 

of the T cell receptor (TCR) and CD8 co-receptor expressed on T cells with antigen 

bearing MHC Class I molecules on pAPCs. This first signals serves to ensure response 

specificity (132-134). The second signal entails co-stimulatory signaling via interaction 

between CD28 on T cells with B7.1 or B7.2 on APCs, and CD40L on T cells with CD40 

on APC lowering the threshold required for T cell activation (135, 136). 

 

Following initial antigenic stimulation by APC, antigen specific T cells undergo 

104-105 fold expansion and differentiated into cytotoxic T lymphocytes (CTL) (137). 

Differentiation from Naïve CD8+ T cells into CTL involves phenotypic changes and the 

acquisition of two critical effector functions: direct contact-mediated cytotoxicity and 

secretion of cytokines. CTL down-modulate adhesion molecule CD62L and upregulate 

E-selectin ligand CD44 (138).  Collectively, these phenotypic changes result in egress 

from the secondary lymphoid organs (SLO) to site of infection (139-141). Other cell 

surface molecules that are upregulated are the activation markers CD69 (142) and killer 

cell lectin-like receptor G1 (KLRG1) (28, 143), while expression of IL-7 receptor α 

(CD127) is temporarily down-modulated (48). Thus, examining phenotypic 

characteristics provides insight into the rate of naïve to CTL differentiation (Table 1). 
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At the site of infection, CTL rapidly produce cytokines IFN-γ and TNF-α and 

upon antigenic stimulation release granzyme B and perforin (15, 29).  Targeted killing of 

virally infected cells is mediated by the release of cytotoxic granules containing 

granzyme B and perforin from lysosomal compartments in a process referred to as 

degranulation. During degranulation, lysosomal associated membrane protein, LAMP-1 

is translocated to the surface of CTL. Thus, recently degranulated CTL are marked by the 

surface expression of LAMP-1, which is considered to be a sensitive readout for highly 

active CTL (144).  

 

 Naïve Effector MPEC SLEC TEM TCM 

CD44 - +++ +/- +/- +++ +++ 

CD62L +++ -/+ +++ +/- +/- +++ 

CD127 ++ +/- +++ -/+ - ++ 

KLRG1 - ++ + +++ + - 

Table 1: Phenotypic Markers of CD8+ T Cell Activation and Differentiation 

Naïve T cells express CD62L which promotes retention within the secondary lymphoid 
organs. Upon antigen stimulation, cells increase the expression the and CD44, while 
down regulating expression of CD62L.  Activation results in differentiation into short 
lived effector cells (SLECs) or memory precursor effector cells (MPECs). SLECS 
upregulate killer cell lectin- receptor 1 (KLRG1) and acquire effector functions 
(granzyme B and perforin) which MPECS display enhanced CD127 (IL-7R). MPECs 
further differentiate into long lived memory cells: TCM or TEM. which can be 
distinguished by CD62L expression. Table adapted from (26). 
 

1.10 CTL differentiation into Memory CD8+ T Cells:  
 

Following pathogen clearance, CD8 T cell contraction occurs wherein 

approximately 90-95% of antigen specific CTLs undergo apoptosis (23). The cellular and 
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molecular mechanisms that determine cell fate are slowly being uncovered. It is now 

appreciated that CTL display heterogeneity in their surface-receptor expression which 

have been used to define the fate of lymphocyte populations (45, 46, 143). 

CD127lowKLRG1hi CD8+ T cells are terminally differentiated and die via apoptosis 

during the contraction phase (referred to as short-lived effector cells, SLECs)(46). On the 

other hand, CD127hiKLRG1low CD8+ T cells form long-lived memory precursor effector 

cells (MPECs) (46).  

 

The surviving population of MPECs differentiate into effector (TEM) and central 

(TCM) memory cells, which reside in the periphery and lymphoid tissue respectively 

(Figure 1-6). These cells protect the host against secondary infection and are endowed 

with the capacity to re-gain effector function, rapidly proliferate and self-renew. TCM 

cells constitutively express secondary lymphoid homing and adhesion molecules CCR7 

and CD62L. Re-stimulation with cognate antigen TCM produce IL-2, and have the 

capacity to un-differentiate into effector CTL cells (145, 146). Conversely, TEM display a 

CCR7, CD62L negative phenotype and remain in the periphery where they are poised to 

fight re-infection by rapidly producing IFN-γ and performing antigen specific cell 

cytotoxicity (93,94). 
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Figure 1-6: Kinetics of the CD8+ T Cell Response During Viral Infections 

During viral infection naïve CD8+ T cells undergo robust activation and expansion. Peak 
Effector T cell response coincides with a precipitous drop in viral load. Effector T cells 
are differentiated into terminally differentiated SLEC or long lived MPECs. MPEC for 
effector and central memory T cells (147). Reprinted with permission under copyright 
license number: 4084340795239 
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1.11 Thesis Outline: 
 

MΦ play an important role in regulating immune responses to pathogens.  In 

particular, tissue resident spleen MΦ are involved in the detection, processing and 

clearance of cellular debris and blood borne viruses. Moreover, spleen MΦ are known to 

regulate CD8+ T cell responses in vivo. However, little is known regarding how tissue 

MΦ respond to pro-inflammatory and anti-inflammatory stimuli for functional 

polarization. In addition, the immunological consequences of polarization on antigen 

presentation function to CD8+ T cells are less understood.  

 

 

General Hypothesis:  

We hypothesize that M1 and M2 stimulating conditions will influence MΦ 

activation state, which in turn will modulate MHC-I presentation to CD8+ T cells during 

LCMV infection.  

1.12 Research Aims and Hypotheses:  

1.12.1 Chapter 2:   
Preamble: Mature monocyte derived MΦ, such as BM or peritoneal MΦ are 

known to be polarized to an M1 or M2 state (108). However, whether tissue resident MΦ 

conform to this paradigm is largely unexplored.  

The aim of this project was to determine the capacity of Sp-MΦ to be polarized 

into pro (M1) and anti (M2)- inflammatory states.  
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Hypothesis: As the culture of spleen-derived macrophages in vitro allows for 

further differentiation, such uncommitted cells may retain plasticity and be polarized into 

an M1 or M2 - like MΦ depending on the stimulus.  

1.12.2 Chapter 3: 
Preamble: MΦ are proficient at direct antigen presentation of viral epitopes and 

can activate CD8+ T cells responses (88). However, whether Sp-MΦ activation status 

influences the presentation of viral antigens to CD8+ T cell remains largely undefined.  

The aim of this project was to explore how M1/M2 MΦ activation impacts 

antigen presentation functions in Sp-MΦ 

Hypothesis: As M2 MΦ are widely regarded as negative immune regulators, we 

hypothesize that M2 cells will inhibit CD8+ T cell activation and prevent CD8+ T cell 

proliferation.  

1.12.3 Chapter 4: 
Preamble: IL-4 injection into the peritoneal cavity induces an anti-inflammatory 

micro-environment in vivo (77).  Yet, the consequence of such environments on CD8+ T 

cell priming during viral infection are unknown. 

 The aim of this chapter was to determine how LCMV priming into an anti-

inflammatory micro-environment impacts the quality of the CD8+ T cell response.  

Hypothesis: We hypothesize that IL-4 injected, M2 status mice will exhibit 

reduced CD8+ T cell activation and impaired LCMV clearance.  
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Chapter 2: Spleen-derived macrophages are readily polarized into 

classically activated (M1) or alternatively activated (M2) states 
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2.1 Abstract 

Bone marrow derived Macrophages (BM-MΦ) that differentiate from precursor 

cells can be polarized into classically activated pro-inflammatory (M1) or alternatively 

activated (M2) states depending upon the cytokine microenvironment. We questioned 

whether tissue MΦ, such as spleen-derived MΦ (Sp-MΦ), have the ability to differentiate 

into M1 or M2 cells. We show in response to activation with IFN-gamma (IFN-γ) and 

Lipopolysaccharide (LPS), that the Sp-MΦ readily acquired an M1 status indicated by 

up-regulation of iNOS mRNA, Nitric Oxide (NO) production, and the co-stimulatory 

molecule CD86. Conversely, Sp-MΦ exposed to IL-4 exhibited increased levels of 

mannose receptor (CD 206), Arginase-1 (Arg)-1 mRNA expression, and significant urea 

production typical of M2 cells. At this stage of differentiation, the M2 Sp-MΦ were more 

efficient at phagocytosis of cell-associated antigens than their M1 counterparts. This 

polarization was not indefinite as the cells could revert back to their original state upon 

the removal of stimuli and exhibited flexibility to convert from M2 to M1. Remarkably, 

both M1 and M2 Sp-MΦ induced more CD4 expression on their cells surface after 

stimulation. We also demonstrate that adherent macrophages cultured for a short term in 

IL-4 enhances ARG-1 and YM-1 mRNA along with increasing urea producing capacity: 

traits indicative of an M2 phenotype. Moreover, in response to in vivo virus infection, the 

adherent macrophages obtained from spleens rapidly express iNOS. These results provide 

new evidence for the polarization capabilities of Sp-MΦ when exposed to pro-

inflammatory or anti-inflammatory cytokines.  
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2.2 Introduction  

Macrophages (MΦ) are members of the mononuclear phagocyte system (MPS) 

critical for bridging innate and adaptive immune responses (1). MΦ play key roles in the 

detection of invading pathogens, presenting their antigens in the context of major 

histocompatibility complex (MHC)-I and activation of cytotoxic effector CD8+ T cells 

(CTLs) (2-4). MΦ populate various organs and tissue constituting bone marrow (BM)-

MΦ, resident spleen MΦ, and alveolar MΦ among others (5). Within lymphoid tissues, 

MΦ have been demonstrated to populate the T cell zone and directly interact with T cells 

in vivo (3, 6). Spleen-MΦ, such as marginal zone MΦ  (MZM) and marginal 

metallophillic MΦ (MMM) are highly proficient in phagocytic and scavenger activities, 

and are likely to play an important role in modulating immune responses (7-9).  

 

It was previously demonstrated that further differentiation of spleen-derived (Sp)-

MΦ in vitro can occur in the presence of macrophage colony stimulating factor (M-CSF) 

and that such Sp-MΦ were efficient at antigen cross-presentation (10, 11). Moreover, in 

vivo evidence suggests that splenic MΦ may cross-present antigen during parasite 

infection (4, 12). It has also been shown that splenic MΦ can be important in the 

maintenance of tolerance to self-antigens (13). Altogether, the evidences indicate that 

splenic MΦ are likely to play an instrumental role in regulating certain parameters in 

innate and adaptive immunity.  
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It has been proposed that tissue-resident MΦ are fully differentiated in their 

respective tissue (14). Despite this dogma, alveolar and peritoneal MΦ displayed 

remarkable plasticity in response to environmental signals to polarize into pro-

inflammatory (M1) or anti-inflammatory (M2) MΦ (15-17). That said, the capacity, and 

degree of polarization remains uncharted in many MΦ populations isolated from 

secondary lymphoid organs. Classically, generation of M1 MΦ requires two signals; 

priming with IFN-γ followed by LPS stimulation, and M2 MΦ only requires IL-4 

treatment (18). Much of this M1-M2 paradigm has been mainly established with BM-

MΦ. Such cells are derived from precursor cells in the bone marrow that easily 

differentiate into particular types of the cells in the presence of the appropriate cytokines 

(19). Since nothing is known about the polarization capacity of Sp-MΦ, we posed the 

question whether this was possible.   

Here, we evaluated Sp-MΦ polarization using biochemical and functional assays 

and observed that Sp-MΦ are readily polarized into M1 and M2-like states following 

treatment with IFN-γ + LPS or IL-4 respectively. M1 cells displayed increased iNOS 

mRNA, NO production, and cell surface expression of CD86 (19). On the other hand, M2 

cells had enhanced levels of Arg-1, Urea production and total Mannose Receptor 

(CD206) (20).  Interestingly, Sp-MΦ polarization into M1 or M2-like cells resulted in 

striking differences in the ability of MΦ to phagocytose cell-associated antigen, with M2 

exhibiting the higher phagocytic capacity. This work enhances our understanding of how 

Sp-MΦ respond to external cues and the effects that they have on their phagocytic 

function - important in pathogen clearance (21). More so, these results point to the 
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possibility that splenic MΦ may exhibit phenotypic plasticity depending on the type of 

infection in vivo.  

 

2.3 Results 

2.3.1 IL-4 stimulated Sp-MΦ upregulate expression of gene profiles typical of 

M2 cell phenotype   

To address the plasticity of Sp-MΦ, we first monitored relative mRNA levels of 

iNOS and Arginase-1 by reverse transcriptase polymerase chain reaction (RT-PCR). 

These two enzymes are central to the metabolism of L-Arginine and are reciprocally up 

regulated following M1 and M2 polarization respectively (22). As evident in the first 

columns of Fig. 2-1A and Fig. 2-1B, IL-4 treatment of both Sp-MΦ and BM-MΦ (M2-

MΦ) induced strong expression of Arg-1 mRNA compared to M1-MΦ and untreated 

MΦ. We also tested for the expression of the YM-1, a homologue to human eosinophil 

chemotactic factor shown to be increased in M2 murine MΦ (23). YM-1 mRNA 

expression was induced in IL-4 treated Sp-MΦ and BM-MΦ (M2-MΦ), but was absent in 

M1 and untreated MΦ indicating that both Sp-MΦ and BM-MΦ upregulate the 

expression of M2 specific markers following IL-4 treatment. To monitor the M1 status, 

we evaluated the expression of iNOS (Fig. 2-1C and Fig. 2-1D), the enzyme responsible 

for production of NO (19). In response to IFN-γ + LPS both Sp-MΦ and BM-MΦ (M1-

MΦ, middle column) showed a strong induction of iNOS mRNA levels compared to M2 

and untreated macrophages MΦ where no iNOS mRNA was detected. These data 
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collectively point towards the ability of Sp-MΦ to be polarized to an M1 and M2 status in 

vitro. 

	

Figure 2-1:Gene Expression in M1 vs. M2 cells from MΦ Derived from Spleen or Bone-Marrow 

Gene expression in M1 vs. M2 cells from MΦ derived from spleen or bone-marrow. RT-
PCR was performed on untreated, M1 and M2 MΦ in both Sp-MΦ and BM-MΦ to 
examine the expression of Arg-1, YM-1 and iNOS. For M1 treatment, Sp-MΦ and BM-
MΦ were primed with IFN-γ overnight and stimulated for 6 h with LPS before RNA 
isolation. M2 cells were treated overnight with IL-4 while untreated macrophages were 
left in RPMI before isolation of RNA. RNA was reverse transcribed to cDNA and 18S 
was used as a loading control. Data for (a) Sp-MΦ, (b) BM-MΦ, (c) Sp-MΦ, and (d) BM-
MΦ are representative of two independent trials of cell isolations and culturing at two 
different occasions. 
 

2.3.2 Sp-MΦ upregulate Arginase activity following IL-4 treatment.  

Arginine metabolism has been described as a means of defining MΦ polarization 

(24). We examined the enzymatic activities of Arg-1 and iNOS by monitoring the levels 
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of urea and nitric oxide (NO) respectively. Urea production is indicative of enhanced 

Arg-1 activity and an M2 activation profile (22). To test Arg-1 activity, MΦ were 

stimulated with IL-4 as described in Materials and Methods, followed by quantification 

of urea in cell lysate 24 h post stimulation. As shown in Fig. 2-2A, IL-4 treatment of Sp-

MΦ and BM-MΦ (M2) resulted in a significant increase in the capacity to produce urea 

compared to un-stimulated control. On the other hand, no significant urea production was 

detected in IFN-γ-primed and LPS-stimulated (M1) compared to un-stimulated. These 

results confirmed the activation of Arg-1 at the protein/enzyme level extending the 

observation of mRNA induction and further support the notion of M2 polarization in Sp-

MΦ.  

As measure of polarization to an M1 state we monitored MΦ NO production by 

detecting the accumulation of nitrite in supernatants by Greiss reaction as previously 

described (19). As shown in Fig. 2-2B, IL-4 treated Sp-MΦ and BM-MΦ (M2) possessed 

virtually no or little iNOS activity, as production of NO was very low and comparable to 

un-stimulated MΦ. On the other hand, IFN-γ-primed and LPS-stimulated (M1) Sp-MΦ 

and BM-MΦ produced significantly greater levels of NO compared to untreated controls. 

Thus, the data presented so far clearly demonstrate that, M2 Sp-MΦ and BM-MΦ failed 

to produce NO but readily metabolized L-Arginine to urea, whereas the converse was 

true for M1 Sp-MΦ and BM-MΦ. Thus, it appears that tissue isolated Sp-MΦ can easily 

be polarized into M1 or M2 MΦ after 24 h of exposure to the appropriate cytokine 

stimulus. 
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Figure 2-2:Urea and Nitrite Production in M2 vs. M1 Cells 

 (A) For Urea detection BM-MΦ and Sp-MΦ were polarized into M1 or M2, or left un-
stimulated. Cell lysates were employed in the arginase assay to detect urea production. Values are 
represented as µg urea corrected to µg cell lysate. (B) BM-MΦ and Sp-MΦ were polarized into 
M1 (IFN-γ prime + LPS), M2 (IL-4) or left un-stimulated in phenol red free medium at 
concentration of 1x105 cells/well. Supernatants were collected and subjected to Greiss reaction 
and OD was measured via Varioskan plate reader to quantify nitrite production.  Data shown are 
the mean from one representative experiment out of three different ones with three independent 
tests ± SD and statistical significance of p<0.05 for treated vs. untreated cells were depicted by 
(*). 

 

 

2.3.3 Sp-MΦ express M1 and M2 cellular markers following polarization 

Change in MΦ polarization status is accompanied by alterations of intra or extra-

cellular markers expression. Such expression profiles may be important for the functions 

of activated MΦ populations (19, 25). Because MΦ form a population of professional 

antigen presenting cells known for their interactions with T cells, we examined their 

expression of CD86 and MHC II (2, 26). Regarding BM-MΦ, after IFN-γ priming and 



 

 
 

47 

LPS stimulation, we observed a significant increase in both CD86 and MHC II 

expression (Fig. 2-3, M1) compared to non-treated BM-MΦ (solid black line). In 

contrast, IL-4 stimulated BM-MΦ (Fig. 2-3, M2) exhibited CD86 and MHC II expression 

patterns similar to that of untreated BM-MΦ. Similar to BM-MΦ, Sp-MΦ (Fig. 2-3; 

Right Column) had increased CD86 expression following M1 stimulation (Fig. 2-3, M1, 

Sp-MΦ), more than either untreated Sp-MΦ or IL-4 stimulated Sp-MΦ. However, both 

M2 and M1-stimulated Sp-MΦ resulted in slight induction of MHC II compared to 

untreated Sp-MΦ controls, which expressed higher basal levels of MHC II as detected by 

the pan MHC-II antibody that detects both I-A and I-E allomorphs.   

We also examined total macrophage expression levels of the M2 marker CD206 on 

activated Sp-MΦ and BM-MΦ populations (Fig. 2-3, CD206). In agreement with 

previous findings (25) BM-MΦ stimulated with IL-4 (Grey Dashed Line) displayed the 

highest expression levels of CD206. In a similar manner, IL-4 treated Sp-MΦ (Grey 

Dashed Line) increased CD206 expression compared untreated MΦ. In contrast, M1 

stimulation of either BM-MΦ or Sp-MΦ (Black Dashed Line) did not alter the expression 

of CD206 when compared to untreated cells. Collectively, the distinct protein expression 

profiles of activated Sp-MΦ provides further evidence of polarization into M1 and M2-

like states, and presents insights as to how these populations may affect immune 

responses.  

Moreover, we tested for the expression of CD4 on the above cells since mouse 

subcapsular sinus macrophages have been reported to be positive for this molecule (27) 

and its expression has also been reported on rat macrophages (28). Remarkably, in 
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contrast to untreated BM-MΦ, we detected expression of this molecule on Sp-MΦ, but 

the expression of CD4 was enhanced on both cell types whether M1 or M2 stimulation 

was applied. Thus, it appears that Sp-MΦ are unique in their ability to express the CD4 

molecule and this expression increases significantly in either M1 or M2 inducing 

conditions (Fig 3, CD4). 

 

 

Figure 2-3:Cell Surface Marker Expression Profiles of Activated MΦ 

Staining profiles of activated BM-MΦ and Sp-MΦ populations polarized into M1 (25ng/mL IFN-
γ prime +100ng/mL LPS), M2 (20ng/mL IL4) or left un-stimulated. Histograms show surface 
staining for CD86, MHC II, CD4 and total staining for CD206 expression on F4/80+ gated MΦ. 
Data depicted is an experiment representative of at least 3 different independent experiments.  
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2.3.4 M2 committed Sp-MΦ exhibit higher phagocytic capacity than M1 Sp-MΦ 

24 h post stimulation  

Thus far, we have characterized the polarization of the Sp-MΦ into M1 or M2 

using a number of assays. We next evaluated the ability of polarized Sp-MΦ to uptake 

and phagocytose dying cell fragments. Consequently, we co-incubated Sp-MΦ with 

CFSE labelled Ly-UV (Snap Frozen/UV irradiated) human embryonic kidney (HEK) 

cells at a ratio of 1:5 (MΦ:HEK) for 1 h to assay for phagocytosis as we have established 

previously (10) by calculating CFSE+ Sp-MΦ. Where indicated, Cytochalasin D (10uM) 

was added to polarized cells 1 h prior to the addition of ADCs to confirm the uptake.  

From the data shown in figure 2-4, it is clear that all three Sp-MΦ had taken up 

fragments of the CFSE-labeled HEK cells. However, at this stage and time point of 

polarization, M2 cells exhibited a slight increase in their phagocytic ability compared to 

untreated Sp-MΦ (M0), but the differences were not statistically significant (Fig. 2-4, 

NS). However, M2 cells exhibited superior activities than M1 cells at this time point of 

polarization (Fig 4a). Employing Cytochalasin D (CCD) before the assay resulted in 

inhibition of the majority of uptake in all three conditions to levels similar to background 

values that were obtained at time 0 of the assay (Fig. 2-4, black bar).   Thus, the spleen-

derived MΦ were capable of polarization into M1 or M2 cells and exhibited distinctive 

phagocytic capacities 24 h post cytokine stimulation.  

We next compared the phagocytic capacity of the polarized BM-MΦ (Fig 2-4b). 

Similar to Sp-MΦ, BM-MΦ readily phagocytosed cell-associated antigens regardless of 

polarization status. However, M1 polarized BM-MΦ exhibited significantly decreased 
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ability to phagocytose CFSE labeled HEK cell fragments compared to the M0 and M2 

BM-MΦ. Notably, there was no statistical difference in the phagocytic capacities 

between M0 and M2 cells. Therefore, BM-MΦ respond to cytokine stimulation in a 

remarkably similar manner to Sp-MΦ with regard to their ability to phagocytose dying 

cell fragments.  

 

 

Figure 2-4:Phagocytosis of Cell Associated Fragments by Polarized Macrophages 

(A) Sp-MΦ were polarized into either M1 or M2 or left untreated (M0) and seeded in a 96 well 
plate at a concentration of 1x105 cells/well before co-incubating with CFSE labelled Ly-UV 
(Snap Frozen/UV irradiated) human embryonic kidney (HEK) cells at a ratio of 1:5 (MΦ:HEK) 
for 1 hour. Cells were then stained with anti-MHC I antibody to discern MΦ from HEK cells and 
percent phagocytosis was calculated by gating on MHC-I+/CFSE+ cells. Where indicated, 
Cytochalasin D (CCD, 10uM) was added to polarized cells 1 hour prior to the addition of 
ADCs. (B) Phagocytosis activities of polarized BM-MΦ (M1 or M2) and untreated cells (M0) 
were determined for comparison. Data shown are the mean from one representative experiment 
with three samples ± SD and statistical significance of p<0.05 for treated vs. untreated cells were 
depicted by (*). Each experiment was carried out three times on different occasions.  

 

2.3.5 M2 Sp-MΦ are capable of polarization into M1 cells in the absence of IL-4   
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We next asked if such polarization can be manipulated by changing the 

environmental stimulus to evaluate the flexibility of these polarized Sp-MΦ. To address 

this question, we induced an M2 status as evident by absence of iNOS and expression of 

Arg-1 and YM1 (Fig. 2-5, lane 1), and then replaced the IL-4-containing media with 

regular RPMI. We left the cells for 24 h or 36 h in the regular media before testing for 

M2 or M1 markers as before. To parallel samples, we stimulated the cells with IFN-γ 

plus LPS as before at the 36 h time point and checked for iNOS induction using RT-PCR 

24 h later.  

As depicted in figure 2-5, removal of IL-4 caused a reduction in the M2 markers 

Arg-1 and YM1 gene expression within 24 h (Fig. 2-5, lane 2). The RNA message for 

those M2 markers was totally lost at 36 h post IL-4 removal (Fig. 2-5, lane 3). However, 

when IL-4 was present in the medium and cells cultured for a total of 60 hours Arg-1 

displayed steady state expression, and YM1 had slight increases in expression levels at 60 

hours (Lane 4) compared to 24 hours (Lane 1). As indicated by the arrow in figure 2-5, 

we stimulated the same cells to undergo M1 polarization at 36 h post IL-4 removal and 

assessed their genes transcripts for Sp-MΦ M1vs. M2 markers as before. In figure 2-5, it 

can be seen that the cells were positive for the iNOS transcript (lane 4), but did not 

express any Arg-1 or YM1 genes indicative of a polarization into an M1 status. To 

confirm the conversion from an M2 to M1 status, we assessed the production of NO in 

Sp-MΦ as they crossed the spectrum from M2 to M1. In agreement with RT-PCR data, 

removal of IL-4, followed by M1 stimulation facilitated a significant increase in NO 

production (Fig. 2-5c). Interestingly, when the M1 stimulation was carried out in the 
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presence of IL-4, a significant hampering of NO production was observed. It is thus clear, 

that the M2 Sp-MΦ were flexible enough to transform into an M1 phenotype once the IL-

4 was replaced with an M1 stimulus conditions.  

 

 

 
 
 

 
Figure 2-5:6Alternatively Activated Sp-MΦ Subject to IL-4 Removal and M1 Stimulation Conver 
to M1 cells. 

Sp-MΦ were polarized to M2 status (20ng/mL IL4, 24 hours), supernatants were removed and 
cells were washed with PBS and cultured in 10% RPMI for an additional 36 h. At 36 h post IL-4  
removal, Sp-MΦ were exposed to M1 polarization conditions (IFN-γ +LPS). (A) RT-PCR for 
iNOS, Arg-1 and YM1was performed on Sp-MΦ after 24 h of IL-4 treatment for polarization to 
an M2 status (Lane 1). Cells were washed with PBS and cultured in 10% RPMI for 36 h with 
samples taken for RT-PCR at 24 and 36 h post IL-4 removal (Lane 2 and 3 respectively). At 36 h 
post IL-4 removal, Sp-MΦ were subjected to M1 polarization conditions (IFN-γ +LPS) and 
assessed for levels of iNOS mRNA at 24 h later (Lane 4). (B) Portrays densitometry analyses of 
experimental data obtained in (A) for iNOS, Arg-1 and Ym1 respectively. (C) Nitrite production 
was assessed as before for cells used in part (A), where supernatants were collected, subjected to 
the Greiss assay and OD was measured with a Varioskan plate reader. Results shown are the 
means of four samples within an experiment ± SD.  
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2.3.6 IL-4 induces an M2-like state in ex vivo adherent macrophages stimulated 

in vitro. 

The spleen contains a phenotypically diverse population of myeloid and lymphoid 

cells (29).  Upon the culture of freshly isolated splenocytes in vitro, the adherent 

population of cells is enriched for MΦ (30). As such, this adherence step allows for 

studying ex vivo spleen MΦ (30). To determine whether freshly isolated adherent MΦ 

can be polarized to an M2 status, we incubated the cells with IL-4 (20ng/mL) for up to 48 

hours before testing their polarization status by RT-PCR and Arginase Assay. Culture of 

adherent MΦ in IL-4 resulted in the expression of YM-1 within 24 hours (Fig. 2-6a, Lane 

2) and Arginase within 48 hours (Lane 3). Urea producing capacity following 48 hours 

IL-4 treatment was significantly increased compared to untreated controls (Fig. 2-6b), 

thus confirming M2 polarization. Together these results indicate that ex vivo adherent 

MΦ respond to IL-4 in a similar manner as Sp-derived MΦ and point towards the 

possibility that resident spleen MΦ may exhibit plasticity in vivo.  
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Figure 2-6:IL-4 induces an M2-like Status in Ex Vivo Spleen MΦ Stimulated In Vitro 

Splenocytes suspended in RPMI (10%FCS), were incubated for 4-hours in six well tissue culture 
plates. Adherent cells were lightly washed with PBS and non-adherent cells were removed. The 
remaining adherent population was cultured in RPMI (10% FCS) with or without IL-4 (20ng/mL) 
for 24 or 48 hours before testing for M2 markers by RT-PCR (A) or functional arginase activity 
(B). (B) Data are representative of 2 independent trials and are means of four samples within an 
experiment ± SD.   

 
 

2.3.7 LCMV infection in vivo increases the expression of M1 markers in Sp-

derived MΦ 

 LCMV has been described to rapidly accumulate in the spleen within 

hours of injection (31), but it is not known how it affects polarization of the macrophages 

in the spleen. To this end, naïve mice were infected i.p. with 2x105 PFU LCMV-WE and 

sacrificed 4 hours later. Freshly isolated adherent macrophages were then tested for 

polarization markers by RT-PCR. The data in figure 7, lane 2-4 depict enhanced iNOS 

mRNA expression compared to naïve control where the signal was absent (Fig. 2-7, Lane 

1). We also noted an increase in the M2 marker YM-1 (Fig. 2-7, Lane 2-4) from its basal 

levels in naïve animals (Lane 1), however we could not detect any mRNA expression of 
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the other known M2 markers ARG-1 and FIZZ (data not shown). Collectively the data 

indicate that LCMV infection rapidly influences the expression patterns of iNOS and 

YM-1 but not ARG-1 or FIZZ which would indicate a bias towards an M1 status that is 

expected to be associated with virus infection. Based on our in vivo finding of a basal 

expression of the YM-1 gene in Sp- derived macrophages which increased after virus 

infection but was not accompanied by any other M2 marker, we conclude that one should 

not rely on the marker alone to define the M2 status of macrophages.   

 

 

Figure 2-7:Infection In Vivo with LCMV Influences Spleen MΦ Towards a Mixed M1/M2 Status 

Spleens from Naïve or mice infected i.p. with 2x105 PFU LCMV-WE for 4 hours were processed 
as described in the methods section. Splenocytes were cultured 4 h and the adherent cells were 
used for testing mRNA M1 and M2 marker induction by RT-PCR. Data shown are from two 
independent experiments. 
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2.4 Discussion 

Within the spleen a group of professional APC (pAPC) cell populations have 

recently garnered a great deal of attention due to their capacity to initiate innate and 

adaptive immune responses (32, 33). Consequently, understanding the relative roles of 

different pAPC populations in diverse types of immune responses is becoming 

increasingly important (13, 34, 35). MΦ have been demonstrated to be fundamental in the 

detection, capture and processing of foreign antigens (2, 9, 11, 36, 37).  Together with 

DCs, those pAPCs are widely regarded as being the major competent pAPC that can 

prime and interact with CD8+ T cells (2, 7, 26, 37). Different splenic DC populations 

were shown to drive different T-helper responses, with CD8α- DCs directing more of a 

Th2 response (38, 39). Similarly, depending on the nature of infection, MΦ activation 

and polarization results in transcriptional and functional changes which affects their 

interaction with adaptive immune cells (40, 41).  

MΦ polarization has been suggested to be critical in protecting the host against 

pathogen insult depending on the type of infection. For example, M1 programming allow 

for enhanced production of pro-inflammatory mediators, important for immunity to 

intracellular pathogens and is associated with a protection during acute infection with 

Listeria monocytogenes in mice (42). While, M2 arise as a result of helminth infections 

and are critical for wound healing after damage due to tissue invasive parasites (43).  

Additionally, tumor associated macrophages (TAMs) represent a distinct member within 

M2 macrophages associated with angiogenesis, metastasis, and the suppression of anti-

tumor responses (44).  
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Alveolar, and peritoneal MΦ have been shown capable of skewing their 

phenotype into either M1 or M2 status (22, 45, 46). Although bone marrow MΦ are the 

main model used to study MΦ polarization into M1, M2 states, it was unknown if tissue-

splenic MΦ are capable of polarizing into the two diverse activation states. In this paper, 

we report on the ability of spleen-derived MΦ (Sp-MΦ) to commit into M1 or M2 status. 

We assessed polarization into M1/M2 status at the mRNA level, functional assays, and 

through cell surface marker evaluation by FCM. In general, by monitoring defined 

markers, we found that IL-4 stimulation of Sp-MΦ caused increased Arg-1 activity, YM-

1 and CD206 expression, while in response to classical activation, M1 MΦ readily 

increased iNOS activities, and expression of CD86 indicative of M2 and M1 polarization 

respectively (19, 20, 23). Furthermore, adherent MΦ from freshly isolated splenocytes 

displayed M2 markers and arginase activity in response to IL-4 (Fig. 2-6). This findings 

is in agreement with other published work demonstrating the ex vivo programming of 

CD11b+ spleen cells into M2 status, which upon injection into mice effectively 

ameliorated chronic inflammatory renal disease (47). Additionally, the recent finding by 

Satoh et al., (2013) demonstrating the critical role of Trib1 in the M2 polarization of 

tissue resident MΦ, highlights the importance of our findings (48), and the necessity to 

understand how resident spleen MΦ populations respond to cytokine stimuli and how 

they regulate adaptive immune responses.  

In this study, we tested how a viral infection impacts spleen MΦ polarization 

status. Three hours following LCMV injection, adherent MΦ enriched from the spleens 

of infected mice displayed iNOS expression. Such rapid induction of iNOS following in 
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vivo LCMV infection could be the result of TLR engagement by LCMV. It is known that 

iNOS expression is rapidly enhanced upon TLR-9 ligation, and this TLR is activated by 

LCMV infection (49, 50). The induction of iNOS pointed towards the initiation of 

skewing of MΦ towards an M1 phenotype. However, we also noted a high expression of 

the M2 marker YM-1in naïve animals that increased further after LCMV infection.  The 

absence of other M2 markers such as FIZZ and ARG-1 would imply here that YM-1 

induction after LCMV infection is not indicative of M2 polarization, but instead  is 

related to the function of YM-1 as an eosinophil chemotactic factor during inflammatory 

reactions (51). Thus for studying the M2 status of MΦ during infections it is important to 

also include FIZZ and ARG-1in the analysis.  Collectively this highlights the importance 

of examining very early time points following LCMV infection, and how splenic pAPC 

modulate their polarization status and phenotype to orchestrate subsequent adaptive 

responses.  

With regard to cell surface antigens, the expression of certain molecules such as 

co-stimulatory molecules on APCs is associated their capacity to modulate immune 

responses (52). The evaluation of cell surface marker expression by flow cytometry has 

been used to discriminate between diverse populations of activated MΦ (19). Numerous 

pathogens have been demonstrated to affect the expression of co-stimulatory and MHC 

molecules as consequence of infection (53). Clearly, such infections induce cytokine 

production which will in turn stimulate pAPC to function in a manner related to the type 

of infection (38, 54). Here, we demonstrate that Sp-MΦ stimulated with the appropriate 

cytokine undergo polarization into either M1 or M2 which was associated with increased 



 

 
 

59 

levels of MHC II compared with untreated cells. The induction profile was different from 

those obtained with BM-MΦ where M1 cells exhibited a much higher MHC II expression 

than M2 cells. The bone marrow data are in agreement with recently published work (55), 

which failed to detect any significant MHC-II induction in BM-MΦ cultured in IL-4. 

Considering that spleen MΦ such as CD169+ MΦ (4) come in contact with Th cells, it is 

plausible that under conditions of infection that cause increased MCSF production, a 

significant expression of MHC II molecules on macrophages is necessary for regulating 

CD4+ Th2 immunity. Thus, it appears that the expression of MHC II is a common 

characteristic shared by classically and alternatively activated spleen-derived MΦ. 

Another novel finding reported in this study is the expression of CD4 molecules 

by Sp-MΦ. It is widely accepted that major populations of mouse macrophages do not 

express CD4 (27), however, we could easily detect CD4 on untreated Sp-MΦ (at least 20-

30% positive), and this expression increased significantly on both M1 and M2 cells. 

Thus, it appears that CD4 expression may be associated with mouse macrophages 

polarization. In fact, the BM-MΦ, which did not express any CD4, once polarized into 

either M1 or M2 cells, they upregulated their CD4 expression as well, albeit on a small 

fraction of cells, unlike the SP-MΦ where the induction was more robust. Our data are 

consistent with a recent report by Cyster’s group who found CD4 expression on mouse 

subcapsular sinus macrophages (27). Furthermore, its expression was also reported on rat 

macrophages during acute inflammation (28). Thus, CD4 expression appears to be a 

unique feature of Sp-MΦ in general and activated MΦ in particular as described here. 
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These features may be linked to how certain populations of secondary lymphoid organs 

MΦ implicated in viral infections and host immunity (37, 56, 57). 

We extended our observations to include analyses of their phagocytic capacity 

following polarization, a process known to be affected by cytokine micro-environment 

(58). M1 activation resulted in a moderate decrease in the phagocytosis of cell-associated 

antigens when compared with M2 after 24 h of stimulation - the time point when the cells 

were fully polarized. The data obtained with Sp-MΦ were comparable in their profile to 

those obtained with BM-MΦ. Such efficient phagocytic activities of M2 cells were also 

observed in different models such as in the uptake of rituximab-opsonized leukemic 

targets by human MΦ (59). Moreover, under serum-free conditions, human M2a and M2c 

MΦ were found to exhibit greater phagocytic activity compared to activated M1 (60). 

Using resident peritoneal mouse cells, IL-4 was shown to activate MΦ for increased 

phagocytosis and intracellular killing of a parasite (61). This enhanced activity by IL-4 

turns into suppression if the MΦ have been initially elicited with thioglycollate, probably 

because these cells were already overactive when IL-4 was added (62). When monitoring 

the phagocytic abilities of activated MΦ, it appears that the type of antigen used in the 

phagocytosis assays is important because Allen’s group reported M2 MΦ show enhanced 

phagocytosis of apoptotic neutrophils, but not latex beads (63).  

It has been reported that M2-like MΦ can be associated with tumor progression 

and possess distinct properties that differ from the M1 MΦ (44). Thus, a potential for 

immunotherapeutic intervention is to re-polarize MΦ from a tumour-friendly M2 cell into 

more M1-type cell that offer immunoprotective tumoricidal activities. It has been 
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suggested that MΦ can exhibit plasticity for polarization depends on the local cytokine 

profiles (18, 43), however, it is not known if Sp-MΦ were also amenable to 

reprogramming.  We therefore investigated if Sp-MΦ were flexible to convert from M2 

to M1 by removing the IL-4 stimulus and introducing IFNγ/LPS instead. In this report we 

show indeed for the first time that spleen-derived MΦ are pliable to commit into an M1 

population after a significant switch in the activation from arginase to iNOS, provided 

that M2 external stimuli were absent.   

Collectively, our data show for the first time that spleen-derived MΦ are fully 

programmable to commit to either M1 or M2 populations and that they shared several 

characteristics with bone marrow derived MΦ including their ability to convert from M2 

to M1, but also exhibited unique features such as the high expression of CD4. Altogether, 

these novel characteristics will help shed more light on how spleen MΦ regulate 

immunity during infections. 
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2.5 METHODS 

2.5.1  Mice and LCMV Infection 

Six to 8 week old C57BL/6 (H-2b) mice were purchased from Charles River (St 

Constant, QC, Canada) and used as a source for bone marrow and spleen-derived 

macrophages (BM-MΦ and Sp-MΦ, respectively). All procedures were carried out in 

accordance with guidelines of the Canadian council of animal use.  Where indicated, 

mice were infected i.p. with 2x105 PFU LCMV-WE for 4 hours before sacrifice.  

2.5.2 Macrophage Preparations 

BM-MΦ and Sp-MΦ were cultured as described elsewhere (10). Briefly, bone 

marrow was flushed from the femurs and tibia with PBS.  To obtain Sp-MΦ, spleens 

were homogenized and splenocytes were passed through a metal sieve to remove debris.  

Cells (BM-MΦ or Sp-MΦ) were then resuspended in lysis buffer (1.66% Ammonium 

Chloride) for 5 minutes in order to lyse red blood cells. Thereafter, cells were cultured in 

a six well tissue culture plate in RPMI supplemented with 10% FCS (Fisher Scientific), 

20% supernatant from M-CSF secreting L929 fibroblasts and 50 µg/mL Gentamycin. 

After 3 days, non-adherent cells were removed and fresh medium was added. Sp-MΦ and 

BM-MΦ were used for experimental purposes following 7 days in culture. For activation 

MΦ were treated with either 20ng/mL IL-4 (Bioscience), or 25 ng/mL IFNγ (Bioscience) 

for 16 h followed by 100 ng/mL LPS (E. coli 055:B5, Sigma-Aldrich) and were then left 

overnight with either treatment.  
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To obtain adherent MΦ from freshly isolate splenocytes, spleens were 

homogenized and red blood cells lysed as described above. Cells were resuspended in 

10% FCS supplemented RPMI (Fisher Scientific), seeded in six well tissue culture plates, 

and incubated for 4 hours at 37° C.  Non-adherent cells were removed by washing with 

warm PBS. This yielded an adherent population enriched in macrophages. Adherent 

splenoctyes were cultured for an additional 24-48 hour culture in RPMI 10%FCS, 50 

µg/mL Gentamycin, 100 U/mL Penicillin, 100 µg/mL Streptromycin in the presence or 

absence of 20ng/mL IL-4 before RNA and protein isolation for RT-PCR and arginase 

assay respectively.   

For assessment of adherent splenocyte polarization following in vivo LCMV 

infection, spleens were processed and splenocytes allowed to adhere as described above. 

Non-adherent cells were removed by washing and the remaining adherent layer was 

subjected to RT-PCR.  

2.5.3 Arginase and Nitrite detection Assays 

To assess MΦ polarization to a M2 state, arginase activity was determined as 

described previously (22). Briefly, MΦ (1x106) were incubated overnight with IL-4, or 

IFNγ + LPS, or medium control. Cells were resuspended in lysis buffer (0.1% Triton-X, 

25mM Tris-Cl, pH 8.0 containing protease inhibitors; leupeptin (8 µg/mL) and PMSF 

(100µM) purchased from Sigma, (Oakville, ON, Canada) and incubated for 30 min at 4° 

C followed by centrifugation at 13,200 rpm for 20 min at 4° C.  Protein content in the 

supernatant was determined to use 10 µg of in 100uL of lysis buffer in the test. Next, 
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10µL of 10mM MnCl2 was added to each sample and tubes were incubated at a 55° C for 

10 min, followed by 100µL 0.5 M L-arginine solution (pH 9.7) and a further incubation 

for 1 h at 37° C. Next, 800 µL of acid solution (7:3:1; H2O: H2PO4, 85%: H2SO4, 95%) 

and 40µL of α–isonitrosopropiophenone, (ISPF) (9% w/v in absolute ethanol) were 

added. Samples were heated at 100° C for 30 min and urea concentration was determined 

with the help of a urea standard graph (0-25M) by measuring OD at 550 nm using a 

Varioskan spectrophotometric microplate reader (Thermo Electron Corp. Finland).  

For evaluating M1 polarization, nitric oxide production was measured via Griess 

reaction as previously described (64). Nitrite concentration was determined by measuring 

OD at 540 nm using a Varioskan microplate reader. Sodium nitrite (0-100 µM) purchased 

from Fisher Scientific (Whitby, ON) was used to generate a standard graph for 

calculation nitrite concentrations in the test samples. 

2.5.4 RT PCR 

Total RNA was extracted from primary cells using TRI reagent (Sigma-Aldrich, 

Oakville, ON), RT reaction was carried out using RT master mix with reagents obtained 

from New England Biolabs (Ipswich, MA). PCR was performed using Taq 5X Master 

Mix (New England Biolabs) and the following primers (Forward and Reverse) obtained 

from Integrated DNA Technologies (Coraville, Iowa): iNOS 5’-

CCTTGTTCAGCTACGCCTTC-3’, 5’-AAGGCCAAACACAGCATACC-3’; YM1 5’-

GGGCATACCTTTATCCTGAG-3’, 5’-CCACTGAAGTCATCCATGTC-3’ (23), 

ARG1 5’-CAGAAGAATGGAAGAGTCAG-3’, 5’-CAGATATGCAGGGAGTCACC-3’ 
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(19), and as a control 18S rRNA was used; 5’-AAACGGCTACCACATCCAAG-3’, 5’-

CCTCCAATGGATCCTCGTTA-3’. 

2.5.5 Flow cytometry  

Following overnight incubation, cell surface marker staining using fluorochrome-

labeled monoclonal antibodies specific for surface markers was performed. Cells were 

stained with either isotype control antibodies or PE-Cy5 anti-F4/80, anti-CD4, clone CT-

CD4 (Cedarlane) clone BM8 (Biolegend), FITC anti-CD206, clone MR5D3 (AbD 

Serotech), FITC anti-CD86, clone RMMP-2 (Cedarlane), or FITC anti-MHCII, clone: 

M5/114.15.2 (ebioscience). After staining for 20 min at 4°C, cells were washed with 

FACS buffer (0.5% sodium azide in PBS), and measured with flow cytometry using the 

Epics XL-MCL flow cytometer and analyzed with the Expo 32 software (Beckman 

Coulter, Miami, FL, USA).   

2.5.6 Phagocytosis Assay 

To assess the ability of polarized MΦ to uptake cell-associated antigen, the 

phagocytosis assay was employed as described previously (10). Briefly, 1 x105 Sp-MΦ or 

BM-MΦ (treated as above) were seeded in a round bottom 96 well plate. MΦ were 

thereafter co-cultured with Human Embryonic Kidney cells (HEK) at a ratio of 5:1 

(HEK: MΦ). Prior to co-incubation, HEK cells were fluorescently labeled with 

carboxyfluorescein diacetate succinimidylester (CFSE) at 0.4 µg/mL at 37°C for 15 

minutes. Cells were then washed twice in fresh RPMI and Ly-UV treated to induce cell 

death as described (27). Ly-UV processing involves the snap freezing of HEK cells in 
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liquid nitrogen (Lysed) followed by UV-irradiation at 200,000 µJ/cm2 for 5 minutes 

using CL-1000M UV cross-linker (Ultraviolet Products, Upland, CA). Ly-UV HEK cells 

were then incubated with polarized BM-MΦ or Sp-MΦ for 1 h at 37°C. Where indicated 

cytochalasin D (10µM) were added to MΦ, 45 minutes prior to addition of HEK cells to 

inhibit phagocytosis. Following co-incubation, MΦ were then stained with anti-mouse H-

2Kb R-PE antibody (Biolegend, Clone AF6-88.5) for 15 min at 4 °C. Cells were analyzed 

by FCM and percentage phagocytosis was determined by the number of double-positive 

MΦ.  

2.5.7 Statistical Analysis: 
Statistical analysis using unpaired student t-tests was conducted using Prism 7.0 

(GraphPad Software, La Jolla, CA).  

  



 

 
 

67 

2.6 References: 

 
1. Geissmann F, Manz MG, Jung S, Sieweke MH, Merad M, Ley K. 2010. 

Development of monocytes, macrophages, and dendritic cells. Science (New York, 
N.Y.) 327: 656-61 

2. Pozzi LA, Maciaszek JW, Rock KL. 2005. Both dendritic cells and macrophages 
can stimulate naive CD8 T cells in vivo to proliferate, develop effector function, 
and differentiate into memory cells. J Immunol (Baltimore, Md.: 1950) 175: 2071-
81 

3. Asano K, Nabeyama A, Miyake Y, Qiu CH, Kurita A, Tomura M, Kanagawa O, 
Fujii S, Tanaka M. 2011. CD169-positive macrophages dominate antitumor 
immunity by crosspresenting dead cell-associated antigens. Immunity 34: 85-95 

4. Martinez-Pomares L, Gordon S. 2012. CD169+ macrophages at the crossroads of 
antigen presentation. Trends Immunol 33: 66-70 

5. Gordon S, Taylor PR. 2005. Monocyte and macrophage heterogeneity. Nat Rew 
Immunol 5: 953-64 

6. Miyake Y, Asano K, Kaise H, Uemura M, Nakayama M, Tanaka M. 2007. 
Critical role of macrophages in the marginal zone in the suppression of immune 
responses to apoptotic cell-associated antigens. J Clin Invest 117: 2268-78 

7. Backer R, Schwandt T, Greuter M, Oosting M, Jungerkes F, Tuting T, Boon L, 
O'Toole T, Kraal G, Limmer A, den Haan JM. 2010. Effective collaboration 
between marginal metallophilic macrophages and CD8+ dendritic cells in the 
generation of cytotoxic T cells. Proceedings of the National Academy of Sciences 
of the United States of America 107: 216-21 

8. Okamoto A, Fujio K, van Rooijen N, Tsuno NH, Takahashi K, Tsurui H, Hirose 
S, Elkon KB, Yamamoto K. 2008. Splenic phagocytes promote responses to 
nucleosomes in (NZB x NZW) F1 mice. J Immunol 181: 5264-71 

9. Aichele P, Zinke J, Grode L, Schwendener RA, Kaufmann SH, Seiler P. 2003. 
Macrophages of the splenic marginal zone are essential for trapping of blood-
borne particulate antigen but dispensable for induction of specific T cell 
responses. J Immunol 171: 1148-55 

10. Alatery A, Basta S. 2008. An efficient culture method for generating large 
quantities of mature mouse splenic macrophages. Journal of immunological 
methods 338: 47-57 

11. Alatery A, Siddiqui S, Chan M, Kus A, Petrof EO, Basta S. 2010. Cross, but not 
direct, presentation of cell-associated virus antigens by spleen macrophages is 
influenced by their differentiation state. Immunol and Cell Biol 88: 3-12 

12. Chtanova T, Han SJ, Schaeffer M, van Dooren GG, Herzmark P, Striepen B, 
Robey EA. 2009. Dynamics of T cell, antigen-presenting cell, and pathogen 
interactions during recall responses in the lymph node. Immunity 31: 342-55 

13. McGaha TL, Chen Y, Ravishankar B, van Rooijen N, Karlsson MC. 2011. 
Marginal zone macrophages suppress innate and adaptive immunity to apoptotic 
cells in the spleen. Blood 117: 5403-12 



 

 
 

68 

14. Taylor PR, Martinez-Pomares L, Stacey M, Lin HH, Brown GD, Gordon S. 2005. 
Macrophage receptors and immune recognition. Annual Review of Immunology 
23: 901-44 

15. Cassol E, Cassetta L, Alfano M, Poli G. 2010. Macrophage polarization and HIV-
1 infection.J Leuk Biol 87: 599-608 

16. Mora AL, Torres-Gonzalez E, Rojas M, Corredor C, Ritzenthaler J, Xu J, Roman 
J, Brigham K, Stecenko A. 2006. Activation of alveolar macrophages via the 
alternative pathway in herpesvirus-induced lung fibrosis. Am J Respir Cell Mol 
Biol 35: 466-73 

17. Bastos KR, Alvarez JM, Marinho CR, Rizzo LV, Lima MR. 2002. Macrophages 
from IL-12p40-deficient mice have a bias toward the M2 activation profile. J 
Leukoc Biol 71: 271-8 

18. Biswas SK, Mantovani A. 2010. Macrophage plasticity and interaction with 
lymphocyte subsets: cancer as a paradigm. Nature immunology 11: 889-96 

19. Edwards JP, Zhang X, Frauwirth KA, Mosser DM. 2006. Biochemical and 
functional characterization of three activated macrophage populations.J Leuk Biol 
80: 1298-307 

20. Stein M, Keshav S, Harris N, Gordon S. 1992. Interleukin 4 potently enhances 
murine macrophage mannose receptor activity: a marker of alternative 
immunologic macrophage activation. J Exp Med 176: 287-92 

21. Underhill DM, Goodridge HS. 2012. Information processing during phagocytosis. 
Nat Rev Immunol 12: 492-502 

22. Ho VW, Sly LM. 2009. Derivation and characterization of murine alternatively 
activated (M2) macrophages. Methods Mol Biol 531: 173-85 

23. Raes G, De Baetselier P, Noel W, Beschin A, Brombacher F, Hassanzadeh Gh G. 
2002. Differential expression of FIZZ1 and Ym1 in alternatively versus 
classically activated macrophages.J Leuk Biol 71: 597-602 

24. Hesse M, Modolell M, La Flamme AC, Schito M, Fuentes JM, Cheever AW, 
Pearce EJ, Wynn TA. 2001. Differential regulation of nitric oxide synthase-2 and 
arginase-1 by type 1/type 2 cytokines in vivo: granulomatous pathology is shaped 
by the pattern of L-arginine metabolism. J Immunol 167: 6533-44 

25. Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ, Popovich PG. 
2009. Identification of two distinct macrophage subsets with divergent effects 
causing either neurotoxicity or regeneration in the injured mouse spinal cord. J 
Neurosci 29: 13435-44 

26. Olazabal IM, Martin-Cofreces NB, Mittelbrunn M, Martinez del Hoyo G, Alarcon 
B, Sanchez-Madrid F. 2008. Activation outcomes induced in naive CD8 T-cells 
by macrophages primed via "phagocytic" and nonphagocytic pathways. Mol Biol 
Cell 19: 701-10 

27. Gray EE, Friend S, Suzuki K, Phan TG, Cyster JG. 2012. Subcapsular sinus 
macrophage fragmentation and CD169+ bleb acquisition by closely associated IL-
17-committed innate-like lymphocytes. PLoS One 7: e38258 



 

 
 

69 

28. Steer HW, Foot RA. 1987. Changes in the medulla of the parathymic lymph 
nodes of the rat during acute gastro-intestinal inflammation. J Anat 152: 23-36 

29. Mebius RE, Kraal G. 2005. Structure and function of the spleen. Nat Rew 
Immunol 5: 606-16 

30. Boehmer ED, Meehan MJ, Cutro BT, Kovacs EJ. 2005. Aging negatively skews 
macrophage TLR2- and TLR4-mediated pro-inflammatory responses without 
affecting the IL-2-stimulated pathway. Mech Ageing Dev 126: 1305-13 

31. Hosking MP, Flynn CT, Botten J, Whitton JL. 2013. CD8+ memory T cells 
appear exhausted within hours of acute virus infection. J Immunol 191: 4211-22 

32. Thacker RI, Janssen EM. 2012. Cross-presentation of cell-associated antigens by 
mouse splenic dendritic cell populations. Front Immunol 3: 41 

33. Periasamy P, O'Neill HC. 2013. Stroma-dependent development of two dendritic-
like cell types with distinct antigen presenting capability. Exp Hematol 41: 281-92 

34. Periasamy P, Tan JK, O'Neill HC. 2013. Novel splenic antigen-presenting cells 
derive from a Lin(-) c-kit(lo) progenitor. J Leukoc Biol 93: 63-9 

35. den Haan JM, Kraal G. 2012. Innate immune functions of macrophage 
subpopulations in the spleen. J Innate Immun 4: 437-45 

36. Gambhir V, Yildiz C, Mulder R, Siddiqui S, Guzzo C, Szewczuk M, Gee K, 
Basta S. 2012. The TLR2 agonists lipoteichoic acid and Pam3CSK4 induce 
greater pro-inflammatory responses than inactivated Mycobacterium butyricum. 
Cell Immunol 280: 101-7 

37. Honke N, Shaabani N, Cadeddu G, Sorg UR, Zhang DE, Trilling M, Klingel K, 
Sauter M, Kandolf R, Gailus N, van Rooijen N, Burkart C, Baldus SE, Grusdat 
M, Lohning M, Hengel H, Pfeffer K, Tanaka M, Haussinger D, Recher M, Lang 
PA, Lang KS. 2012. Enforced viral replication activates adaptive immunity and is 
essential for the control of a cytopathic virus. Nat Immunol 13: 51-7 

38. Tan JK, O'Neill HC. 2005. Maturation requirements for dendritic cells in T cell 
stimulation leading to tolerance versus immunity. J Leukoc Biol 78: 319-24 

39. Maldonado-Lopez R, De Smedt T, Michel P, Godfroid J, Pajak B, Heirman C, 
Thielemans K, Leo O, Urbain J, Moser M. 1999. CD8alpha+ and CD8alpha- 
subclasses of dendritic cells direct the development of distinct T helper cells in 
vivo. J Exp Med 189: 587-92 

40. Mege JL, Mehraj V, Capo C. 2011. Macrophage polarization and bacterial 
infections. Curr Opin Infect Dis 24: 230-4 

41. Huber S, Hoffmann R, Muskens F, Voehringer D. 2010. Alternatively activated 
macrophages inhibit T-cell proliferation by Stat6-dependent expression of PD-L2. 
Blood 116: 3311-20 

42. Benoit M, Desnues B, Mege JL. 2008. Macrophage polarization in bacterial 
infections. J Immunol 181: 3733-9 

43. Mylonas KJ, Nair MG, Prieto-Lafuente L, Paape D, Allen JE. 2009. Alternatively 
activated macrophages elicited by helminth infection can be reprogrammed to 
enable microbial killing. J Immunol 182: 3084-94 



 

 
 

70 

44. Sica A, Schioppa T, Mantovani A, Allavena P. 2006. Tumour-associated 
macrophages are a distinct M2 polarised population promoting tumour 
progression: potential targets of anti-cancer therapy. Eur J Cancer 42: 717-27 

45. Baba T, Ishizu A, Iwasaki S, Suzuki A, Tomaru U, Ikeda H, Yoshiki T, Kasahara 
M. 2006. CD4+/CD8+ macrophages infiltrating at inflammatory sites: a 
population of monocytes/macrophages with a cytotoxic phenotype. Blood 107: 
2004-12 

46. Gibbings D, Befus AD. 2009. CD4 and CD8: an inside-out coreceptor model for 
innate immune cells. J Leukoc Biol 86: 251-9 

47. Wang Y, Wang YP, Zheng G, Lee VW, Ouyang L, Chang DH, Mahajan D, 
Coombs J, Wang YM, Alexander SI, Harris DC. 2007. Ex vivo programmed 
macrophages ameliorate experimental chronic inflammatory renal disease. Kidney 
Int 72: 290-9 

48. Satoh T, Kidoya H, Naito H, Yamamoto M, Takemura N, Nakagawa K, Yoshioka 
Y, Morii E, Takakura N, Takeuchi O, Akira S. 2013. Critical role of Trib1 in 
differentiation of tissue-resident M2-like macrophages. Nature 495: 524-8 

49. Utaisincharoen P, Anuntagool N, Chaisuriya P, Pichyangkul S, Sirisinha S. 2002. 
CpG ODN activates NO and iNOS production in mouse macrophage cell line 
(RAW 264.7). Clin Exp Immunol 128: 467-73 

50. Jung A, Kato H, Kumagai Y, Kumar H, Kawai T, Takeuchi O, Akira S. 2008. 
Lymphocytoid choriomeningitis virus activates plasmacytoid dendritic cells and 
induces a cytotoxic T-cell response via MyD88. J Virol 82: 196-206 

51. Owhashi M, Arita H, Hayai N. 2000. Identification of a novel eosinophil 
chemotactic cytokine (ECF-L) as a chitinase family protein. J Biol Chem 275: 
1279-86 

52. Gerdes N, Zirlik A. 2011. Co-stimulatory molecules in and beyond co-stimulation 
- tipping the balance in atherosclerosis? Thromb Haemost 106: 804-13 

53. Khan N, Gowthaman U, Pahari S, Agrewala JN. 2012. Manipulation of 
costimulatory molecules by intracellular pathogens: veni, vidi, vici!! PLoS Pathog 
8: e1002676 

54. Reis e Sousa C. 2006. Dendritic cells in a mature age. Nat Rev Immunol 6: 476-83 
55. Arpa L, Valledor AF, Lloberas J, Celada A. 2009. IL-4 blocks M-CSF-dependent 

macrophage proliferation by inducing p21Waf1 in a STAT6-dependent way. Eur 
J Immunol 39: 514-26 

56. Hickman HD, Takeda K, Skon CN, Murray FR, Hensley SE, Loomis J, Barber 
GN, Bennink JR, Yewdell JW. 2008. Direct priming of antiviral CD8+ T cells in 
the peripheral interfollicular region of lymph nodes. Nat Immunol 9: 155-65 

57. Iannacone M, Moseman EA, Tonti E, Bosurgi L, Junt T, Henrickson SE, Whelan 
SP, Guidotti LG, von Andrian UH. 2010. Subcapsular sinus macrophages prevent 
CNS invasion on peripheral infection with a neurotropic virus. Nature 465: 1079-
83 



 

 
 

71 

58. Hess DJ, Henry-Stanley MJ, Bendel CM, Zhang B, Johnson MA, Wells CL. 
2009. Escherichia coli and TNF-alpha modulate macrophage phagocytosis of 
Candida glabrata. J Surg Res 155: 217-24 

59. Leidi M, Gotti E, Bologna L, Miranda E, Rimoldi M, Sica A, Roncalli M, 
Palumbo GA, Introna M, Golay J. 2009. M2 macrophages phagocytose rituximab-
opsonized leukemic targets more efficiently than m1 cells in vitro. J Immunol 
182: 4415-22 

60. Rey-Giraud F, Hafner M, Ries CH. 2012. In vitro generation of monocyte-derived 
macrophages under serum-free conditions improves their tumor promoting 
functions. PLoS One 7: e42656 

61. Wirth JJ, Kierszenbaum F, Zlotnik A. 1989. Effects of IL-4 on macrophage 
functions: increased uptake and killing of a protozoan parasite (Trypanosoma 
cruzi). Immunology 66: 296-301 

62. Varin A, Mukhopadhyay S, Herbein G, Gordon S. 2010. Alternative activation of 
macrophages by IL-4 impairs phagocytosis of pathogens but potentiates 
microbial-induced signalling and cytokine secretion. Blood 115: 353-62 

63. Loke P, Gallagher I, Nair MG, Zang X, Brombacher F, Mohrs M, Allison JP, 
Allen JE. 2007. Alternative activation is an innate response to injury that requires 
CD4+ T cells to be sustained during chronic infection. J Immunol 179: 3926-36 

64. Siddiqui S, Alatery A, Kus A, Basta S. 2011. TLR engagement prior to virus 
infection influences MHC-I antigen presentation in an epitope-dependent manner 
as a result of nitric oxide release. J Leukoc Biol 89: 457-68 

 



 

 
 

72 

Chapter 3: IL-4 Treated Tissue Macrophages Negatively Regulate 

Antigen-Specific CD8+ T cell Proliferation Without Impeding their 

Ability to Express Interferon-Gamma. 
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3.1 Abstract: 

 

CD8+ cytotoxic T cell (CTL) responses are necessary for the lysis of virally 

infected cells and control of infection. CTL are activated when their TCR bind with 

MHC-I / peptide complex on the surface of antigen presenting cells such as macrophages 

(MΦ). It is now apparent that MΦ display remarkable plasticity in response to 

environmental signals to polarize into pro-inflammatory (M1) or anti-inflammatory (M2) 

MΦ.  However, little is known regarding how MΦ activation status influences their 

antigen presentation function to CD8+ T cell in models of virus infection. Consequently, 

we tested how polarization of spleen derived (Sp)-MΦ impacts direct presentation of viral 

antigens to influence effector and proliferative CD8+ T cell responses. We show that M2 

Sp-MΦ retain MHC I surface expression and the ability to stimulate IFN-γ production by 

CTL following peptide stimulation and LCMV infection to levels similar to M0 and M1 

MΦ. However, memory CD8+ T cells cultured in the presence of M2 MΦ underwent 

significantly reduced proliferation and produced similar IFN-γ levels as co-culturing with 

M0 or M1 cells. Thus, these results show a novel ability of polarized MΦ to differentially 

regulate CD8+ T cell proliferation and effector functions during virus infection.  
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3.2  Introduction: 

 
Macrophages (MΦ) are important immune sensors that detect and initiate innate 

and adaptive immune responses to invading pathogens (1). It is now appreciated that MΦ 

adapt their phenotype and function in accordance with their environment through a 

process termed MΦ polarization (2-4) and that both bone marrow (BM)-MΦ and tissue 

MΦ are fully committable to become pro-inflammatory (M1) and anti-inflammatory 

(M2) (5-7). M1 activation occurs in response to NK or T cell derived interferon (IFN)-γ 

in combination with bacterial moieties, such as lipopolysaccharide (LPS). While, M2 

cells are derived under Th2 stimulating conditions with interleukin (IL)-4 or IL-13 (8, 9). 

The transcription profiles and relevance of M1/M2 MΦ during microbial infections, auto-

immunity, and cancer are gaining appreciation and as such, research into how M1/M2 

MΦ interact with neighboring immune cells is of importance to understanding the 

function of M1 and M2 cells in health and disease. 

M1 MΦ exhibit elevated secreted levels of nitric oxide (NO) and reactive oxygen 

species (ROS), and pro-inflammatory cytokines including IL-12, tumor necrosis factor 

(TNF)-α, and IL-1β (10). Phenotypically, M1 cells express major histocompatibility 

complex (MHC)-II, and the co-stimulatory molecules CD80 and CD86 (5), which 

contribute to the ability of M1 cells to stimulate CD4+ T cell proliferation (5, 11).  With 

such a pro-inflammatory profile, M1 cells have been studied for their anti-bacterial and 

tumourcidal functions (12-14). Moreover, recent data has highlighted the anti-viral roles 

of M1 cells during human immunodeficiency virus (HIV) and respiratory syncytial virus 
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(RSV) infection (15, 16), although the functional consequences on CD4+ and CD8+ T 

cells are largely unexplored. Not surprisingly, M1 polarization is tightly controlled by the 

immune system, as unregulated M1 activation can exacerbate the pathologies of diabetes, 

atherosclerosis, rheumatoid arthritis and glomerulonephritis (17-20).  

On the other hand, M2 MΦ upregulate Arginase-1 expression and secrete IL-10 

and IL-1β receptor antagonist and low IL-12 levels (10). On their surface, M2 cells 

display low levels of co-stimulatory molecules CD80 and CD86, intermediate levels of 

MHC II, and high levels of mannose receptor (CD206) and chitinase-3-like protein 3 

(YM-1/Chi3l3) (5, 21). As such, M2 MΦ are widely considered regulatory and reparative 

cells (22). Yet, unregulated induction and expansion of M2 MΦ can cause severe 

pathologies (22). For example, during chronic hepatitis C virus (HCV) infection, 

circulating and liver monocytes differentiate to an M2-like state resulting in fibrosis (23). 

Additionally, in the context of cancer, M2 tumor associated MΦ (TAM) can represent up 

to 50% of tumor mass and are linked to metastases and poor prognosis (24). Interestingly, 

TAM can modulate the efficiency of oncolytic virus therapy depending on the cancer 

model (25). Therefore, understanding virus-polarized MΦ interactions and the immune 

consequences thereof can uncover therapeutic strategies to mitigate pathologies and 

disease.  

MΦ are important immune cells during virus lymphocytic choriomeningitis virus 

infection (26). MΦ support LCMV infection, process and present antigens to activate 

CD8+ T cells (27-31). The subsequent CD8+ T cell responses can be dissected into 

proliferative and effector function with the later characteristic of cytotoxic T lymphocyte 
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(CTL) responses and integral for the clearance of viral infection (32). It is known that M2 

peritoneal MΦ and BM MΦ inhibit OT-II proliferation in a signal transducer and 

activator of transcription (STAT)-6 dependent fashion (33, 34). However, it is unknown 

how polarized MΦ engage CD8+ T cells to elicit CTL functions during virus infection 

and IFN-γ release.   

We previously reported that M-CSF induces in vitro differentiation of spleen-

derived MΦ into cells that resemble splenic red pulp MΦ (31, 35).  Further 

characterization revealed Sp-MΦ are effective antigen presenting cells capable of direct 

and cross presentation (31). Additionally, mature Sp-MΦ remain plastic and can be 

induced to M1 and M2 phenotypes; similar to BM-MΦ (6).  Given the role of BM-MΦ 

and Sp-MΦ as antigen-presenting cells (31, 36), we examined how Sp-MΦ polarization 

influences MHC-I restricted antigen presentation to activate CD8+ T cell responses in a 

viral infection model system.  Remarkably, polarized Sp-MΦ induced similar levels of 

B3Z activation and IFN-γ production following SIINFEKL or LCMV (GP33-41, NP396-

404) peptide stimulation. However, M2 cells were not as efficient as M1 cells in inducing 

proliferation of LCMV-specific memory CD8+ T cells, but this deficiency could be 

overcome by providing increased levels of IL-2 in the environment.  

3.3  Results: 

3.3.1 Phenotypic Characterization of Activated Sp-MΦ 

Nitrite and Urea production are known to be effective functional measures of M1 

and M2 polarization respectively (5, 6). Therefore, to demonstrate plasticity of Sp-MΦ 
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we characterized the biochemical profiles of polarized BM-MΦ and Sp-MΦ following 

IFN-γ (16h) + LPS(8h) or IL-4 stimulation (24h).  In agreement with previous 

publications, BM-MΦ and Sp-MΦ induce significant nitrite production after M1 

stimulating conditions (Figure 3-1A:Left), while producing Urea following M2 inducing 

IL-4 treatment (Figure 3-1A:Right) (5, 6). Thus, both BM-MΦ and tissue derived Sp-MΦ 

show similar profiles when polarized into M1 and M2 status as reported previously (6).   

Professional antigen presenting cells (pAPC) are needed for the activation of 

adaptive immune cells (37). In particular, effective antigen presentation requires 

processing of peptides and their binding to MHC I on the cell surface and co-stimulatory 

marker expression (38). However, LCMV has evolved mechanisms to interrupt APC 

activation and co-stimulatory molecule expression (39). Therefore, in order to assess 

polarized Sp-MΦ ability to engage CD8+ T cell receptors, we characterized the surface 

phenotype of activated Sp-MΦ following 24h LCMV infection (Fig. 3-1B). With regard 

to CD80 expression, M0 and M1 cells increased surface levels following viral infection 

while M2 cells remained largely unchanged (Left Column).  Interestingly, M0 cells 

decreased CD86 expression following LCMV infection to a much greater extent than M1 

and M2 cells (Middle Column). Additionally, M0 cells were more susceptible to LCMV 

mediated MHC I disruption than M1 or M2 Sp-MΦ (Right Column). These demonstrate 

that polarized cells are not as liable to undergo LCMV induced phenotypic modulation as 

M0 cells.  



 

 
 

78 

 

Figure 3-1:Immunophenotype of Polarized Sp-MΦ and Bm-MΦ 

 (A) For Nitrite detection Bm-MΦ and Sp-MΦ were polarized into M1 or M2, or left un-
stimulated (Left). Supernatants were collected and subjected to Greiss reaction and OD was 
measured via Varioskan plate reader to quantify nitrite production. (Right) Polarized Bm-MΦ and 
Sp-MΦ cell lysates were employed in the arginase assay to detect urea production. Values are 
represented as µg urea corrected to µg cell lysate. Data shown are the mean from one 
representative experiment out of three. (B) Staining profiles of activated BM-MΦ and Sp-MΦ 
populations polarized into M1 (25ng/mL IFN-γ prime +100ng/mL LPS), M2 (20ng/mL IL4) or 
left un-stimulated and infected with LCMV-WE (MOI 5; 24hours). Histograms show surface 
staining for CD80, MHC 86, and MHC I. Data is from representative from one of two 
experiments. Graphs show fold change in surface marker MFI following LCMV infection (24hr). 
Error bars represent SD between experiments.  
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3.3.2 M2 Sp-MΦ Display SIINFEKL Peptide on Surface MHC I at Levels 

Comparable to M0 and M1. 

Having observed substantial levels of MHC I expression on all MΦ, we 

questioned to what extent polarized MΦ can bind and present MHC-I peptides by 

utilizing the 25-D1.16 monoclonal antibody, which recognizes the  SIINFEKL peptide 

only when bound to H2-Kb MHC I (p:MHC) (40).  Representative staining of un-pulsed 

and SIINFEKL pulsed (1 hr) histograms depicted in Fig. 3-2A demonstrate each 

population of Sp-MΦ are able to display p:MHC on their surface to varying magnitudes. 

Measuring the fold change in mean fluorescent intensity (MFI) over unpulsed controls 

revealed that despite displaying the lowest amount of surface p:MHC out of the polarized 

subsets, Sp-M2 still had significant induction 25D-1.16 surface levels (Fig. 3-2B).  This 

suggests that all polarized subsets should be able to present H2-Kb
 restricted epitopes to 

CD8+T cells.   

Based on the observation that polarized MΦ displayed differential levels of 

surface p:MHC I (Fig. 3-2A/B) we reasoned that this would translate to differential 

abilities to activate CD8+ T cells. To test this, we employed the CD8+ T cell hybridoma 

system for which inducible Lac-Z is under the NFAT enhancer that binds the IL-2 

promoter (41, 42).(41, 42).  In this system, SIINFEKL-Kb specific TCR ligation results 

in, binding to the IL-2 promotor and expression of downstream Lac-Z that can be 

detected by colourmetric assays (43). (43). Using 2 different concentrations 10-7 and 10-

9M of the SIINFEKL peptide , we observed that all M1 MΦ populations elicited B3Z 

activation marginally better than M0 and M2 (Fig. 3-2C).   
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Figure 3-2: M2 Sp-MΦ Display SIINFEKL Peptide on Surface MHC I at Levels Comparable to 
M0 and M1 

 

 

Sp-MΦ were polarized into either M1, M2 or left untreated (M0) and pulsed with SIINFEKL (10-7M) for 
2 hrs at 37°C. (A) Thereafter, cells were washed and stained with 25-D1.16 monoclonal antibody, which 
reacts against SIINFEKL peptide bound to H2-Kb MHC I (p:MHC) for 1 hr at 4°C before acquisition 
using FCM. (B) Fold change in MFI was calculated by comparing 25D staining in pulsed vs. un-pulsed 
control. (C) Cells were pulsed 10-7M or10-9M SIINFEKL for 2 hrs at 37°C before co-incubation with B3Z 
for 18 hrs (1:1 ratio). B3Z assay was carried out as described in M&M and OD was measured at 415nm. 
(A) Representative histograms from one of three representative experiments. (B) Graphical data show 
mean ± SD from 3 independent experiments. (C) Graphs depicting mean ± SD from 1 experiment of 3 
experimental replicates.  
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3.3.3 M2 MΦ Effectively Stimulate Peptide Specific CD8+ T Cells to Secrete 

IFN-γ: 

Recently, it was shown that splenic marginal zone MΦ are responsible for 

activating a LCMV specific CD8+ T cells left unprimed by DC (44). Therefore we 

extended our testing into the LCMV system which captures H2-Kb and H2-Db epitopes 

(45). Activated Sp-MΦ were pulsed with GP33-41 or NP396-404 then co-cultured with 

splenocytes from LCMV infected mice (Day 8 post-infection; 20,000 pfu i.p.) and IFN-γ 

production by CD8+ T cells via ICS was used as a read-out for antigen presentation (Fig. 

3-3). We found that the percentage of IFN-γ producing antigen specific CD8+T cells 

remained constant irrespective of MΦ activation status (Fig. 3-3). Moreover, in 

agreement with immunodominance hierarchy, there was a greater percentage of IFN-γ 

secreting GP33-41 specific CD8+T cells then NP396-404 T cells (Fig. 3-3A/B). Using 

two different systems, we clearly demonstrate that M2-MΦ can stimulate activation and 

release of IFN-γ from antigen specific CD8+ T cells regardless of MHC haplotype.  
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Figure 3-3: Direct Presentation Profiles Between Polarized Macrophages Are Similar Regardless 
of Activation Status 

Sp-MΦ were polarized into either M1, M2 or left untreated (M0). Polarized Sp-MΦ were 
pulsed 10-7M or 10-9M withGP33-41 or NP396-NP404 for 1 hr in serum free medium. 
Cells were washed to remove peptide and 1x105 peptide-pulsed Sp-MΦ were plated in a 
96 well plate. Splenocytes were isolated from an LCMV infected mouse (20,000 pfu; 
Day 8 post-infection) and co-cultured with Sp-MΦ at a ratio of 10(splenocytes):1Sp-MΦ 
for 2 hrs at 37°. Ex vivo stimulated were cultured in the presence of BFA (10µg/mL) for 4 
hrs before CD8α staining and ICS for IFN-γ. The percentage of CD8α+IFNγ+ was used 
to indirectly determine epitope specific direct presentation by polarized Sp-MΦ. 
Representative data from 1 of 3 experiments show mean ± SD from 4 experimental 
replicates. 
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3.3.4 All MΦ Subtypes Support LCMV Replication and Direct Presentation:  

To assess whether these functional abilities were retained during viral infection 

we infected cells with LCMV (MOI 5) and assessed their ability to present de-novo 

synthesized peptides to Ag-specific CTL. Activated MΦ were susceptible to LCMV 

infection at varying degrees as evident by LCMV-NP detection (Fig. 3-4A). M1 cells 

consistently a reduction in LCMV-NP staining compared to M0 and M2 cells which 

showed similar degrees of LCMV infection. Despite reduction in LCMV protein 

available for presentation, M1 cells activated GP33-41 and NP396-404 specific CTL to 

similar levels as that of M0 and M2 cells (Fig. 3-4B/C). This indicates that M1 cells are 

superior antigen presenting cells compared to M0 and M2 (Fig. 3-4D). However, to our 

surprise M2 cells were still potent stimulators of IFN-γ release from both GP33-41 and 

NP396-404 specific CD8+T cells following viral infection.  
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Figure 3-4: Polarized Sp-MΦ Support LCMV Replication and Present De Novo Synthesized 
Viral Antigens to Similar Degrees 

 (A) Polarized Sp-MΦ were infected with LCMV-WE (MOI 5) and before testing for expression 
of LCMV-NP 24 hours later. (B) In parallel, the same infected cells or uninfected negative 
controls were tested for direct presentation to GP33 or NP396 specific CTL by assaying for IFN𝛾 
production after in vitro stimulation by ICS. (C) Graphical representation of dot plots from 
showing mean ± SDB. (D) Antigen presentation index was calculated using the following 
formula [A.P.I= (% IFN𝛾+ CTL)/%LCMV+ cells). Error bars are from 2-3 experimental 
replicates. 
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3.3.5 M2-MΦ Impair CD8+ T cell Proliferation in an IL-2 Dependent Fashion: 

Upon successful activation naive CD8+ T cells undergo an estimated 104-105 fold 

expansion at their peak proliferation (46). Other groups have demonstrated M2-MΦ 

inhibit antigen specific T cell proliferation (33, 34). These publications utilized 

transgenic OT-1 (SIINFEKL) or P14 (GP33-41) CD8+ T cell model system. To 

recapitulate an in vivo scenario containing multiple lymphoid cells, we cultured peptide 

pulsed MΦ with CFSE labelled splenocytes from LCMV immune mice in the absence or 

presence of IL-2 (Fig. 3-5A/B).  Without exogenous IL-2 added to culture, MΦ 

populations fail to induce recall proliferation in vitro as suggested previously (data not 

shown)  (47). We then increased IL-2 culture concentrations to determine the minimum 

threshold of exogenous IL-2 required for T cell expansion. At 5 U/mL, M0 and M1 MΦ 

induced greater than 30% CD8+ T cells proliferation after 4 days in culture and ~60% 

proliferation after 6 days (Fig.3-5A/B). at 5 U/ mL M2 induced ~20% antigen specific T 

cell proliferation (Fig. 3-5A Right). Interestingly, the deficit in M2 stimulators were 

overcome by increasing culture IL-2 to 20 U/mL as both GP33-41 and NP396-404 T cells 

proliferated to similar levels across activation states (Fig. 3-5C/D). Therefore, although 

M2 cells are proficient at presenting antigen to elicit IFN-γ release, M2-MΦ are poor 

inducers of CD8+ T cell proliferation in vitro.  
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Figure 3-5: M2 Polarization Impairs CD8+ T cell Proliferation in an IL-2 Dependent Manner 

Polarized Sp-MΦ were pulsed with GP33-41 and cultured with CFSE labelled splenocytes from 
LCMV immune mice (10:1. ratio) for 4 days in the presence of 5U/mL IL-2 (A) Representative 
histograms showing CFSE dilution in CD8+ T cells.  (B: Top) Graphical representation of 
%CFSE Low, CD8+ T cells of 3 experimental replicates from one of 3 experiments. (B: Bottom) 
mean fluorescent intensity of CFSE low cells. (C) Culture supernatant containing 20U/mL IL-2 
(D) Graphical representation of % CFSE Low, CD8+ T cells of one of four independent 
experiments. *,P<0.05; **,P<0.0005; ***P<0.0005 
 

3.3.6 CD8+ T Cells Expanded by M2 Stimulators Have Attenuated IFN-γ 

Secretion: 
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Although CD8+ T cell proliferation was significantly impaired by M2 cells 

compared to M0 and M1, we noted approximately 30% of CD8+ T cell proliferated with 

M2 stimulators (Fig. 3-5A).  As CD8+ T cells proliferate they progressively acquire CTL 

function. To test whether the expanded epitope specific CD8+ T cells were fully 

functional we re-stimulated proliferated cells after 6 days in vitro and tested for IFN-γ 

production by ICS (Fig. 3-6A). CTL cultured with M0 and M1 stimulators were ~60% 

IFN-γ positive whereas M2 expanded CTL displayed ~30%, similar to the levels of 

proliferation. This indicates that in addition to M2 cells being poor expanders, the CTL 

that did expand were not potent effector cells. Upon increasing culture conditions to 

10U/mL (Fig. 3-6B) of IL-2 we noted a partial restoration of IFN-γ production by CD8+ 

T cells cultured with M2 stimulators. This suggests that exogenous IL-2 can over-come 

stimulatory deficits in M2 cells.   
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Figure 3-6: CD8+ T Cells Expanded by M2 Stimulators Have Attenuated Secretion 

Polarized Sp-MΦ were pulsed with GP33-41 and cultured with CFSE labelled splenocytes from 
LCMV immune mice (10:1. ratio) for 6 days in the presence of 5U/mL IL-2(A) or 10u/mL IL-
2(B). Expanded cells were re-stimulated with GP33-41 pulsed BMA or unpulsed controls for 
detection of IFN-γ production by ICS. Graphs show mean ± SD from 3 experimental replicates 
and data are representative from one of two independent experiments. *,P<0.05; ***,P<0.0005.  
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3.3.7 CD4+ T Cell Do Not Restore M2 Stimulated CD8+ T cell Proliferation:  

CD4+ T helper cells play an important role in shaping efficient CTL, CD8+ T cell 

memory, and recall responses (48). Evidence suggests that for efficient productive 

CD8+T cell responses to occur, APC must be licensed by CD4+T cells. Direct 

engagement between CD40 and CD40L activates APC to enable autocrine IL-2 

production in memory CD8+ T cells for proliferation (49) . Given that IL-2 rescued CD8+ 

T cell proliferation in M2 MΦ cultures we reasoned that ineffective CD4+ T cell mediated 

APC activation might be responsible for the CD8+ T cell proliferative deficit at 5 U/mL 

IL-2. To test this, we sorted CD4+ T cells from LCMV infected mice (Day 4) when CD69 

expression levels are near their peak and added them to cultures during CFSE 

proliferation assays (Fig. 3-7) (50). To our surprise we noted further inhibition of CD8+ T 

cell proliferation when CD4+ T cells were added to M2 stimulators. Interestingly, M0 

induced proliferation was slightly increased upon addition of CD4+ T cells, whereas no 

effect was noted with M1 likely owing to the fact that maximum proliferation had been 

reached.  
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Figure 3-7: CD4+ T Cells Do Not Restore M2 Impaired CD8+ T cell Proliferation 

CD4+ T cells were negatively sorted from an LCMV infected mouse (D4) and added in different 
ratios to polarized Sp-MΦ:Splenocyte culture containing 5U/mL IL-2. After 4 days CD8+ T cells 
were tested for CFSE dilution. Data are from a single experiment.  
 

3.4  Discussion: 

It is now understood that polarized MΦ can modulate the outcome of infection 

and play a role in exacerbating or combating multiple diseases (3, 8). Several reports 

have noted the ability of polarized cells to negatively affect CD4+ T cells (5, 9, 34, 51-

53). In addition, M2 polarized cells inhibit CD3+CD28 induced CD8+ T cell proliferation 

(33, 34).  However, little is known regarding how polarized MΦ influence antigen 

specific CD8+ T cell IFN-γ secretion and proliferation, particularly during viral infection. 

To this end, our study uncovers a dichotomous effect of M2 MΦ on CD8+ T cell 

proliferation and effector molecule release. We demonstrate that polarized MΦ present 

MHC-I restricted peptides to activate CD8+ T cell and stimulate IFN-γ  expression. 
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Following LCMV infection, M2 cells effectively processed and presented de novo 

synthesized peptides to activate GP33-41 and NP396-404 specific-CTL. However, when 

polarized cells were cultured with effector cells from LCMV-immune mice, M2 cells 

stimulated the lowest level of CD8+ T cell proliferation, a deficit that was overridden by 

increasing the levels of exogenous IL-2 added to the culture system. Collectively, these 

observations highlight how polarized MΦ modify CD8+ T cell function and is of 

particular importance in the design of cell based immunotherapies.  

The suppressive effects of M2-MΦ on T cell proliferation have been explored 

extensively. For example, Loke et. al., demonstrated that IL-4 induced M2 cells during 

nematode infection prevented proliferation of EL4 and D10.G4 T cells through an 

unknown cell contact dependent mechanism (53). Gene analysis revealed several M2 

specific markers regulate CD4+ T cell and CD8+ T cell suppression including program 

death ligand (PD-L2), Resistin like molecule (RELM)-α  and YM-1 (33, 34, 51). 

Moreover, in vitro M2-MΦ express high levels of Arginase-1 and can also interrupt TCR 

signaling through L-Arginine deprivation (54). For instance, co-culture of IL-4 M2-MΦ 

with Jurkat T cells or spleen T cells for 24 hours resulted in the down-regulation of CD3ζ 

T cells surface expression and inhibition of  CD4+ T cell proliferation (54-56). Moreover, 

L-arginine deprivation yields a G0-G1 arrest by preventing increases of cyclin D3 and 

cyclin-dependent kinase 4 (CDK4) levels (55).  

In our system, we observed a significant reduction of antigen specific memory 

CD8+ T cell proliferation when stimulated with M2 cells compared to M0 or M1 when 

employing  IL-2 at limiting concentrations. Interestingly, supplementing the co-culture 
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medium with extra IL-2,  restored CD8+ T cell proliferation and subsequent IFN-γ 

secretion upon restimulation. The most likely explanation for this finding is related to the 

ability of IL-2 to tune TCR sensitivity and regulate cell cycle progression. With regard to 

TCR sensitivity, exogenous IL-2 restores basally depressed CD3ζ expression in patients 

with chronic myeloid leukemia (57). Moreover, it was recently demonstrated that IL-2 

reduces the threshold of activation in CD8+ T cells promoting responsiveness to low 

antigen levels (58).  In terms of cell cycle, IL-2 enhances expression of cyclin D3 and 

CDK4, and activates CDK2 promoting cell cycle progression into S phase (59, 60). 

Therefore, it is plausible that additional IL-2 overrides the M2 cell induced CD8+ T cell 

impairments by increasing CD3ζ expression and promoting entrance into cell cycle. In 

agreement with this notion, delivery of IL-2 complexed to anti-mIL-2  monoclonal 

antibody breaks established CD8+ T cell tolerance in an FBL model of murine leukemia 

(61).  

As such, more research into the biological mechanisms by which IL-2 can 

overcome M2 stimulatory deficits is of interest to the cancer field. Another novel finding 

was the ability of all polarized to elicit IFN-γ production by antigen specific CTL 

following peptide stimulation or LCMV infection. Given the impairment of CD8+ T cell 

TCR signaling described above following M2 co-culture, we anticipated M2 cells to 

poorly induce IFN-γ secretion from CTL (56, 57). A limitation of these studies was that 

they did not address the consequence of short term (<24 h) M2 MΦ -T cell interactions 

on CD3ζ expression (56, 57). However, the duration of our assays (approximately 6 hrs), 

allows us to separate the short term and long term impacts of M2 cells on CD8+ T cell 
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effector function and memory CD8+ T cell proliferative response. In our system, the 

observed ability of M2 cells to stimulate CTL IFN-γ release is likely attributed to the 

lower threshold of CTL activation for cytokine production compared to proliferation (62). 

In a series of experiments it was demonstrated that low concentrations of TCR ligands 

results in IFN-γ, but not IL-2 production nor proliferation in CD4+ T cells (62). However, 

as ligand concentration increases, so does the diversity of cytokine response and 

proliferation levels (62, 63). This implies that additional characteristic of polyfunctional 

CD8+ T cells requires a successive increase in signaling threshold. Conceptually, this 

might serve as a safeguard to control against unwanted CD8+ T cell effector activity and 

cytokine production.  

In summary, our results uncover a previously unknown ability of M2 cells to 

induce IFN-γ secretion by CTL and yet negatively regulate memory CD8+ T cell 

proliferation compared to other forms of activated macrophges.  Thus, it is plausible that 

M2 cells possess novel undefined characteristics that need to be uncovered about how 

they play a role in regulating immunity during viral infection.  
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3.5 Materials and Methods: 

3.5.1 Animals and Cell Lines: 

C57BL/6 (H-2b) mice (6–8 weeks) were purchased from Charles River (St 

Constant QC, Canada) and were kept under specific pathogen-free conditions. Animal 

experiments were carried out in accordance with the guidelines of the Canadian council 

of animal use. The cell lines DC 2.4, BMA (a gift from Dr. K. Rock, University of 

Massachusetts Medical School, Worcester, MA). For viral infections, mice were injected 

at indicated plaque forming units (PFU) or LCMV-WE intraperitoneally in 200µL of 

sterile PBS.  

3.5.2 Macrophage Generation and Activation: 

BM-MΦ and Sp-MΦ were generated as previously described (6, 35, 64). Briefly, 

bone marrow progenitors were flushed from femurs and tibias with cold PBS. Cells were 

then stored at 4ºC for 15 minutes to allow for the first steps of Sp- MΦ preparation. For 

Sp-MΦ, spleens were homogenized using a plunger and metal mesh in cold PBS. 

Collected splenocytes were passed through a metal sieve to remove debris and 

centrifuged (300 g for 3 min).  Cells (for both BM-MΦ and Sp-MΦ) were then 

resuspended in lysis buffer (1.66% Ammonium Chloride) for 5 minutes at room 

temperature in order to lyse red blood cells.  Thereafter cells were washed twice in PBS 

and cultured in 6 well plates (Corning) with conditioned RPMI 1640 (Gibco) medium 

(CM) supplemented with 10% fetal calf serum (Fisher Scientific), 20% supernatant from 

M-CSF secreting L929 fibroblasts and 50 µg/mL Gentamycin. On days 3 and 5, non-
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adherent cells were removed and fresh CM was added. Sp-MΦ and BM-MΦ were 

cultured for 6 - 7 days before activation and testing for their functions as described 

below. For M1-MΦ: cells were primed with IFN-γ (25ng/mL for 16-18 hours; 

Shenandoah Biotechnology) followed by E. coli LPS (O55:B5, 100 ng/mL for 6 hours; 

Sigma-Aldrich) at 37 °C. To induce M2-MΦ polarization cells were treated with rIL-4 

(20 ng/mL for 18-24 hours; Shenandoah Biotechnology). Untreated controls were placed 

in RPMI 10% FCS for 18-24 hours.  

3.5.3 Biochemical Assessment of Activated MΦ: 

M1 polarization was determined by assessing nitric oxide production using Griess 

reagent (30) MΦ (200,000 cells in 200 µL) were seeded in a round bottom 96 well plate 

and activated in phenol-red free RPMI using the above protocol. Nitrite concentration in 

100 µL sample was determined by measuring OD at 540 nm using a Varioskan 

microplate reader. Sodium nitrite (0–100 µM) purchased from Fisher Scientific (Whitby, 

ON) was used to generate a standard graph for calculation nitrite concentrations in the 

test samples. 

M2 polarization was assessed by arginase activity as described (6, 65). Activated 

MΦ were resuspended in lysis buffer (0.1% Triton-X, 25 mM Tris–Cl, pH 8.0) purchased 

from Sigma (Oakville, ON, Canada) and incubated for 30 min at 4 °C followed by 

centrifugation at 10,000 g for 20 min at 4 °C. Protein content in supernatant was 

determined using Bradford reagent (Bioshop) and sample concentrations were equalized 

to 100 µg/mL. For the reaction, 100 µL of sample was added to 1.5 mL eppendorfs 
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followed by10 µL of 10 mM MnCl2 an incubation at a 55 °C for 10 min. 100 µL 0.5 M L-

arginine solution (pH 9.7) was then added before incubation for 1 h at 37 °C. To stop the 

reaction, 800 µL of acid solution (7:3:1; H2O:H2PO4, 85%: H2SO4, 95%) and 40 µL of α-

isonitrosopropiophenone (ISPF) (9% w/v in absolute ethanol) were added. Samples were 

heated at 100 °C for 30 min and urea concentration was determined with the help of a 

urea standard graph (0–25 M) by measuring OD at 550 nm using a Varioskan 

spectrophotometric microplate reader (Thermo Electron Corp., Finland). 

 

3.5.4 Flow Cytometry: 

Equal volumes of cells were stained with a combination of surface marker 

antibodies detailed below. Primary staining using PE-Cy5 anti-F4/80, clone BM8 

(Biolegend), FITC anti-CD206, clone MR5D3 (AbD Serotech), FITC anti-CD86, clone 

RMMP-2 (Biolegend), FITC anti-MHC II (I-A/I-E), clone M5/114.15.2 (Biolegend), PE 

anti-MHC I, clone AF6-88.5 (Biolegend), Biotin anti-CD80, clone 1610A1 (Biolegend), 

and goat anti-mouse YM1 IgG (R&D Systems). Where applicable cells were 

subsequently stained with FITC donkey anti-goat IgG (Invitrogen), Streptavidin-FITC 

(Invitrogen) or FITC anti-rat IgG, clone Poly4054 (Biolegend). Staining was carried out 

for 20-30 minutes at 4 °C in FACS buffer (0.5% sodium azide in PBS). Samples were 

acquired using the Epics XL-MCL flow cytometer (Beckman Coulter, Miami, FL, USA) 

and analyzed using FlowJo software.  
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3.5.5 Induction of LCMV Specific CD8+ T Cells:  

Peptide-specific short-term T cell lines were generated as previously described 

(64). Splenocytes isolated from LCMV immune mice (30 days post infection) were 

subjected to ficoll-gradient lymphocyte enrichment. Enriched T cells were co-cultured 

with γ-irradiated peptide-loaded (GP33-41, NP396-404; 10-7M) APCs at a ratio of 10:1 in 

RPMI (10% FCS, 50 µM β-Mercaptoethanol, 20 U/mL rIL-2, 50 µg/mL Gentamycin). 

After 5 days, medium was isolated and ficoled to remove dead APC and enriched cells 

were re-seeded in a new 6 well plate with fresh medium for 2-3 days before use.  

 

3.5.6 Antigen Presentation Assays: 

In order to compare antigen presentation by activated MΦ we utilized direct ex 

vivo LCMV specific T cells , in vitro generated LCMV CTL, and B3Z hybridoma T cells. 

For direct ex vivo stimulation of LCMV specific CD8+T cells by polarized MΦ, 

splenocytes isolated from an LCMV infected mouse (Day 8 post-infection; 5000 PFU 

i.p.) were restimuated in vitro with GP33-41 or NP396-404 (10-7M) peptide pulsed 

activated MΦ (ratio 10 Splenocytes: 1 APC) for 2 hours. ICS for IFN-γ production was 

thereafter performed as described below.  

LCMV specific CTL were cultured with activated MΦ (1:1) that were pulsed with 

decreased peptide molarity (GP33-41/NP396-404: 10-7 M - 10-9 M) or infected with 

LCMV-WE (MOI 5) for various time points for 4 hours in the presence of brefeldin A 

(10 µg/mL; Sigma-Aldrich). ICS for IFN-γ production was used as a read-out for antigen 

presenting ability.  
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B3Z CD8+ T cell hybridoma cell line specific for OVA residues 257-264 

(SIINFEKL) presented on murine MHC I  (H2-Kb) was also used. B3Z cells contain the 

Lac-Z reporter gene driven by transcriptional control of the nuclear factor of activated T 

cells (NFAT) element of the IL-2 enhancer.  Cells were cultured IMDM medium 

containing 500 µg/mL G418 to ensure positive selection of reporter cells until time of 

experiment. For antigen presentation assays, APC were pulsed with SIINFEKL peptide 

(10-7M or 10-9M) at 37°C for 2 hours before extensive washing in warm PBS to remove 

excess peptide or protein. Thereafter, antigen loaded APC were co-cultured with B3Z in a 

96 well round-bottom plate (Thermo Scientific) at a ratio of 1:1 for 18 hours in IMDM 

medium (5% FCS) at 37°C. For Laz-Z detection, Z Buffer containing 0.125% NP-40, 

9mM MgCl2, 100mM of β-mercaptoethanol, and 5mM ONPG (added at time of assay). 

150µL of Z Buffer was added to B3Z:APC cell pellets and incubated at 37°C for 4 hours 

to allow for colourmetric change. Thereafter, 100µL of buffer was transferred to a flat-

bottom 96 well plate for absorbance measurement at 415nm using a Verioskan (Thermo) 

plate reader. 

3.5.7 Detection of LCMV-NP 

For LCMV-NP detection, infected cells were fixed and permeabilized with PBS 

containing 4% paraformaldehyde and 0.5% saponin for 20 min at room temperature. 

Cells were washed in PBS with 0.25% saponin and incubated for 1 h with rat anti-

LCMV-NP Ab (clone VL4) supernatants (a gift from Dr. M. Groettrup, University of 

Constance, Germany) detect NP expression (66) . After washing with twice, FITC-

conjugated goat anti-rat IgG Ab (Invitrogen) was incubated with the cells overnight at 
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4°C. Data were acquired with the Epics XL MCL (Beckman) and analyzed with FlowJo 

Software. 

3.5.8 In vitro CD8+ Proliferation Assay 

Splenocytes were harvested from LCMV-WE immune (Day 30 post infection) 

and lymphocytes purified by ficoll-gradient centrifugation with lymphocytes separation 

medium (Fisher, Whitby, On). Purified cells were Carboxyfluorescein succinimidyl ester 

(CFSE; 0.4µM) labeled for 15 minutes at 37°C then washed twice in warm PBS. 

Lymphocytes were cultured with GP33-41 or NP396-41 peptide pulsed polarized MΦ for 

4 or 6 days (at decreasing concentrations of recombinant IL-2) before staining for CD8α 

expression and assessment of CFSE dilution by FCM. Percent proliferation was 

determined by calculating the % of CD8+ CFSELow cells compared to unstimulated 

controls. For CD4+ T cell experiment: CD4+ T cells were negatively selected for by 

gating out B220+, CD11b+, F480+ and CD8+ cells from the spleen using a BD FACS 

Aria III sorter (Beckman-Dickinson). CD4+ T cell were added to MΦ : splenocyte 

cultures at indicated ratios.  

 

3.5.9 Statistical Analysis:  
Statistical analysis was performed using Prism 7.0 (La Jolla, CA) with unpaired 

(student’s) t-test.  
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Chapter 4: Interleukin-4 potentiates CD8+ T cell responses to viral 

infection at both the effector and memory phases of immunity 
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4.1 Abstract 

During parasitic helminth infections, or allergic diseases the host exhibit elevated levels 

of interleukin-4 (IL-4) which induces anti-inflammatory microenvironments that direct 

CD4+ T cells differentiation towards Th2 immune responses. The role of IL-4 in myeloid 

cell polarization to an alternatively activated status is well-established. However, how 

this archetypical anti-inflammatory cytokine influences immunity to viral infection is not 

well-defined. To this end, we questioned whether an IL-4 induced M2 microenvironment 

could negatively influence subsequent CD8+ T cell responses during lymphocytic 

choriomeningitis virus (LCMV) infection. We discovered, contrary to perceived dogma, 

that IL-4 pre-treatment actually increased the number of CD8+ T cells, their activation, 

and effector functions. This heightened immunity was associated with enhanced viral 

clearance and development of heightened central memory CD8+ T cell profiles. This 

work provides novel evidence suggesting that IL-4 exerts pleotropic functions: acting as a 

suppressive cytokine on myeloid cells in certain models of infections, but can also act as 

a stimulator of CD8+ T cell responses. Additionally, the data points towards a new 

unrecognized potential of using IL-4 in immunotherapeutic settings to potentiate CD8+ T 

cell memory responses. 
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4.2 Introduction: 

Professional antigen presenting cells (pAPC) such as macrophages (MΦ) and 

dendritic cells (DC) occupy nearly every tissue where they exert a multitude of roles 

including, activation of naïve CD4+ and CD8+ T cells, tissue repair and homeostasis after 

pathogen infections and detection (1). Sensing of such environmental signals results in 

unique cytokine, biochemical, and phenotypic responses depending on the stimuli and the 

ability to modulate function and phenotype in accordance with their environment has 

been termed MΦ polarization (2). Nomenclature of polarization simulates the Th1-Th2 

paradigm, and is often described as a continuum of states between M1 (pro-

inflammatory) to M2 (anti-inflammatory) (3, 4). Canonically, the Th1 cytokine IFN-γ and 

microbial products such as LPS induce M1 cells, while the Th2 cytokines IL-4 or IL-13 

induce M2 (2). This field has garnered a great deal of interest recently as polarized cells 

appear to regulate pathologies from allergy, atherosclerosis, obesity, and cancer 

metastasis (5, 6).  

It is well established that parasitic infections and allergy are characterized by the 

induction of CD4+ Th2 immunity and production of cytokines IL-4 and IL-13, which 

polarizes DCs and MΦ that reside within a tissue micro-environment to acquire an M2-

like status (7-9). Such M2 cells are characterized by the increased expression of arginase-

1, chitinase-like molecule (YM-1), resistin-like molecule α (RELM α, also known as 

found in inflammatory zone 1), mannose receptor (CD206) and increased MHC II (10). 

Moreover, M2 cells display impaired expression of co-stimulatory molecules CD80 and 

CD86 (11). Collectively, Arginase-1, YM-1 and RELM α, found on both M2-MΦ and 
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M2 DC are important in the regulation of CD4+ T cell responses (12). For example, 

increased Arginase-1 expression sequesters L-Arginine decreasing total L-Arginine 

availability to impair T cell proliferation (13). More recently, DC-derived RELM-α was 

demonstrated to be critical for IL-10 and IL-13 production and optimal CD4+ T cell 

responses (12). Despite this emergence of a CD4+ T cell regulatory function, there is little 

research on how CD8+ T cells, important for the control of viral infection, are regulated 

in the presence of anti-inflammatory microenvironments.  

Lymphocytic choriomeningitis virus (LCMV) is a well-established model that 

induces a strong virus specific CD8+ cytotoxic T cell (CTL) response (14). Acute LCMV 

infection causes DC to rapidly upregulate co-stimulatory molecules and MHC expression 

for antigen presentation to naïve CD8+ T cells (15). Optimal CTL activation requires both 

DC and MΦ (16, 17) and is generated against multiple LCMV epitopes (18, 19), which 

are readily identifiable by their secretory profile of cytokines (IFN-γ), Granzymes and 

perforins (15, 20, 21) . LCMV clearance is dependent on effective CD8+ T cells 

responses and results in long-lasting immunological memory (22). Thus, LCMV is 

provides an ideal system to study the consequences of anti-inflammatory cytokines, such 

as IL-4, on generating effective cytotoxic anti-viral immunity.  

In this study, we explored the impact of slow-releasing IL-4 during LCMV 

infection, specifically on CD8+ T cell priming. We found that IL-4 pretreatment increased 

the number of CD8+ T cells, their activation and effector functions at early and peak 

CD8+ T cell response times. This coincided with enhanced viral clearance and heightened 

development of central memory CD8+ T cells. This work points towards novel 
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immunological functions of IL-4 that were previously unappreciated and defies the 

dogma of overlooking IL-4 as a potential strategy to potentiate CD8+ T cell immune 

responses.  

 

4.3 Results: 

4.4 IL-4 induces expansion and alternative activation of PeC MΦ  

In order to establish an in vivo anti-inflammatory micro-environment, we injected 

IL-4c and assessed activation of peritoneal cavity (PeC) MΦ and distal splenic MΦ(9, 

23). Cell surface staining for MΦ marker F4/80 by FCM revealed a 1.67 fold increase in 

the frequency of F4/80+ cells following IL-4c (41.9 ± 3.286) injection compared to 

control mice (15.68 ± 2.363) (Fig. 4-1A). To assess activation status of MΦ we tested for 

expression of activation markers on F4/80+ cells as reported (24) (Fig. 4-1B). In 

agreement with previous publications we observed significant increases in the frequency 

of MHC II (+1.97-fold), CD206 (+5.89-fold) and YM-1 (+1.48-fold) expressing F4/80 

positive cells isolated from the peritoneal cavity following IL-4c treatment compared to 

control micel(9, 24). Interestingly, IL-4c treatment induced significant increase in MHC I 

MFI (+2.08 fold) on F4/80+ peritoneal cells but did not induce CD86 expression (not 

shown). It was previously reported that IL-4c induces proliferation of splenic tissue 

MΦ(9, 23). To test whether myeloid cells acquired an alternative activation status in 

secondary lymphoid organs we assessed the frequency and activation of F/480+ red pulp 

MΦ (Fig. 4-1C). We did not observe a measurable increase in the frequency of F4/80+ 

cells following IL-4c treatment (data not shown) nor differences in the frequency or MFI 
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of CD206 and MHC II expression between IL-4c treated and control mice (Fig. 4-1C). 

However, we observed substantial basal YM-1 expression which significantly increased 

(0.51-fold) following IL-4c injection. Observed basal levels are consistent with previous 

reports that YM-1 is transcript and protein are expressed by red pulp residing F4/80+ 

cells(25) (26). Thus, these data demonstrate that that IL-4c injection induces proliferation 

and alternative activation of resident peritoneal MΦ while upregulating YM-1 expression 

on red pulp splenic MΦ.  
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Figure 4-1: IL-4 Induces Expansion and Alternative Activation of Tissue Macrophages 

(A) Mice were injected i.p. with IL4c or PBS on days 0 and 3 and peritoneal cavity and 
spleens were harvested one day later for analysis. (B) The proportion of F4/80 positive 
cells from peritoneal lavage was determined by FACS 24 hours post injection. (Left) 
Representative flow cytometry figure illustrating gating on F4/80 positive cells. (Right) 
Graph depicting the frequency of F4/80 positive cells. Each data point represents an 
individual mouse. Data are representative of 3 independent experiments (n=4 
mice/condition). (C) The frequency of MHC II (Left), CD206 (Middle), and YM-
1(Right) expression was determined on F4/80+ cells. (Top) Representative histogram 
analysis depicting expression levels of isotype control (filled) or mice injected with 
IL4c(Black) or PBS(Grey). (Bottom) Representative graphs showing mean ± SD between 
individual mice from one of three independent experiments (n=3-4 mice/condition). (D) 
(Top) Representative histogram analysis for CD206, MHC II and YM-1 depicting 
expression levels of isotype control (filled) or mice injected with IL4c(Black) or 
PBS(Grey). (Bottom) Graph show mean ± SD from two independent experiments (n=6-
7/condition). *,P<0.05;**P,<0.005;***P,<0.0005****,P<0.0001.  
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4.4.1 Priming into an anti-inflammatory micro-environment enhances LCMV 

clearance 

Having established an anti-inflammatory peritoneal micro-environment, we questioned 

to what extent IL-4 treated mice control LCMV infection. As such, we titered LCMV 

from the spleen using a flow cytometry based titration method with 1 PFU limit of 

detection (Fig. 4-2) (27).  In PBS mice, a significant amount of LCMV persisted at day 9 

p.i. However, we failed to detect any viable virus in mice pretreated with IL-4 on day 9. 

This indicated that despite an environmental IL-4(M2) status, these mice cleared 

infection quicker than PBS control mice.  

 

 
Figure 4-2: Priming into an Anti-Inflammatory Micro-Environment Enhances LCMV Clearance 

PBS or IL-4 pre-treated mice were infected with LCMV (5000pfu i.p.). 9 days later 
spleens were isolated and virus titration was performed as described in materials and 
methods. Data depict the mean from four mice/treatment.  
 
 

4.4.2 IL-4 increases CD8+ T cell expansion but inhibits SLEC formation 
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Given the importance of CD8+ T cells in controlling LCMV infection, we 

surveyed CD8+ T cells over the course of LCMV infection. IL-4 treatment resulted in a 

0.44 fold increase in total splenocyte (Fig. 4-3A) count and 0.7 fold increase in the 

frequency of CD8+CD3+ T (Fig. 4-3B) cells 4 days after LCMV infection.  This increase 

held at peak anti-LCMV response, as IL-4 induced a 0.77-fold increase in splenocyte 

(Fig. 4-2A) numbers and 0.31-fold increase in CD8+T cell numbers (Fig. 4-2B). It is 

widely recognized effector CD8+ T cells display heterogeneity in their survival fate (28, 

29). Short lived effector cells (SLEC) express CD127Low KLRG1Hi and are terminally 

differentiated, undergoing apoptosis during the contraction phase. Long lived memory 

precursor effector cells (MPEC) on the other hand express CD127Low KLRG1Hi and 

differentiate into long lasting memory CD8+ T cells (30).   

Because IL-4 increases proliferation of CD8+ T cell in vivo and enhances IFNγ 

secretion in culture (31), we reasoned that the IL-4c expanded CD8+T cells observed in 

our system would be highly active SLEC lymphocytes. To this end, we examined the 

impact of IL-4c on CD8+ T cell SLEC and MPEC differentiation during LCMV infection 

by assessing the expression of KLRG-1 and CD127. To our surprise we observed a 3.06-

fold inhibition of KLRG1 expression in IL-4c treated mice on Day 4 (Fig. 4-3C) and a 

significant inhibition of KLRG1 MFI on Day 9 (Fig. 4-3C) indicating that IL-4c pre-

treatment impairs SLEC formation. Interestingly, we failed to observe significant 

induction of CD127 expression at either day 4 or 9 post-LCMV, suggesting at this stage 

that IL-4c induced changes are likely independent of IL-7 (Fig. 4-3D) (32) . From this, it 
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is evident that IL-4c markedly expands the numbers of CD8+ T cells, drastically alters 

CD8+ T cell population composition through inhibiting SLEC formation. 
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Figure 4-3: IL-4 Increases CD8+ T Cell Expansion and Inhibits SLEC Formation 

PBS (Grey) or IL-4 (Black) pre-treated mice injected with 5000pfu LCMV i.p. and 
spleens isolated on day 4 (left) or day 9 (right). (A) Graphical representation of 
splenocytes counts by trypan blue staining (B) Spleens were stained with antibodies 
against CD8α. Graphs show mean frequency ±SD of CD8α+ cells in the spleen (D4) or 
absolute CD8α+ numbers from individual mice (n=3-4/condition) (D9). 
*,P<0.05;**P,<0.005. (C) Histograms (Top) depicting KLRG-1 surface expression on 
CD8α+ T cells from spleens isolated on D4 (Left) or D9 (Right) post-LCMV infection 
and graphical representation of data from one of two experiments (Bottom). (D) 
Histograms (Top) depicting CD127 surface expression on CD8α+ T cells from spleens 
isolated on D4 (Left) or D9 (Right) post-LCMV infection. Graphs (Bottom) depict 
CD127 gMFI from individual mice (n=3-4/condition).  
 
 
 

4.4.3 Expanded CD8+ T cells express high levels of CD44 and CD62L  

The expression of CD44 and 62L is used to distinguish naïve, activated and 

memory T cell subsets (33, 34). Naïve CD8+ T cells display a CD44NegCD62LHi 

phenotype, while highly activated and central memory CD8+ T cells (TCM) upregulate 

expression of CD44 to exhibit a CD62LHi CD44Hi phenotype and effector memory (TEM) 

express CD62LNeg CD44Hi. Effector and central memory differ in their recall response 

functionality, with effector memory secreting IFNγ and central memory rapidly 

proliferating (35). Therefore, as a measurement of the quality of T cell responses, naïve, 

activated, TCM and TEM populations were surveyed during infections.  

Given that IL-4c pretreatment prevented KLRG1 effector cell formation, we 

postulated that CD8+ T cells from IL-4c treated mice might be less activated and display 

a greater frequency CD44Lo cells. To our surprise on day 4 post-LCMV, IL-4c pre-

treatment yielded a 2.06-fold increase in the frequency of CD44+CD62L+ CD8+ T cells, 

corresponding to a 0.58-fold decrease in frequency CD44-CD62L+ Naive CD8+ T cells 
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(Fig. 4-4: Top).   The percentage increase in activated/ TCM CD44+62L+ CD8+ T cells 

with IL-4c treatment remained significantly heighted at day 9 (Fig. 4-4:Bottom), although 

most cells had down-regulated CD62L expression, a process required for egress from 

lymphoid tissues (36). Through increasing CD44+62L+ populations, it is clear that IL-4c 

treatment positively impacts activation and TCM differentiation programs in CD8+ T cells. 

Given this, we questioned whether such cells possessed heighted effector functionality. 

 

 

Figure 4-4: IL-4 Expanded CD8+ T Cells Express High Levels of CD44 and CD62L 

Splenocytes were isolated from PBS or IL-4 pretreated mice on D4 (Top) or D9 (Bottom) 
post 5000 pfu LCMV i.p. injection. Representative dot plots depicting gates on CD44Hi 
CD62LLo, CD44Hi CD62LHi, CD44Lo CD62LHi CD8α T cell populations. Relative 
frequency of above populations are depicted graphically. Mean ± SD between mice, *, 
P<0.05; ***P<0.0005.   
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4.4.4 IL-4 Increases the Frequency of GP33-41 and NP396-404 IFN-γ+ CD8+ T 

cells  

To test whether the IL-4 expanded CD8+ T cells cells are fully functional we thus 

studied the frequency of endogenous cells responding to immunodominant (GP33-41, 

NP396-404) and subdominant (GP276-286) epitopes through intracellular cytokine 

staining for IFN-γ (Fig. 4-5A-B). We observed a 0.52-fold and 0.67-fold increase in the 

percentage of IFN-γ secreting GP33-41 and NP396-404 specific CD8+ T cells 

respectively. Interestingly, the percentage of GP276-286 specific CD8+T cells was not 

impacted by IL-4c treatment. Thus, CD8+ T cells primed in an IL-4 rich environment cell 

secrete greater amounts of IFN-γ.  
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Figure 4-5: IL-4 Increases the Frequency of GP33-41 and NP396-404 IFN-γ CD8+ T Cells 

Splenocytes were isolated on D9 post LCMV (5000 pfu, i.p.) from PBS or IL4 pre-
treated mice. Splenocytes were restimulated in vitro with APC pulsed with GP33-31, 
GP276-286, or NP396-404 for 2 hrs before the addition of brefeldin A for 4 hours before 
ICS. (A) Representative FACS analysis of the frequency of of IFNγ producing epitope 
specific CD8α+ T cells. (B) Frequency of epitope specific CD8α+ T cells mean ± SD 
between mice (n=3) from 1 experiment, *, P<0.05. 
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4.4.5 Memory and recall responses are increased following IL-4c administration.  

To extend our observations from the effector to memory phase we examined 

CD8+ T cell phenotype and functionality on day 21 post-LCMV infection. Similar to 

earlier time points, we observed a significant increase in absolute splenocyte (0.89-fold) 

and CD8+ T cell (0.83-fold) counts indicating IL-4c imparts lasting changes to the CD8+ 

T cell niche (Fig. 4-6A). At day 21 post-infection isolated cells expressed similar levels 

of KLRG-1, however IL-4c treatment moderately enhanced CD127 MFI (0.21-fold) 

indicating that changes to SLEC and MPEC composition are carried through to memory 

formation. CD127 is increased on the surface of TCM populations. In agreement with this, 

we noted a significant 0.46-fold increase in the TCM frequency at day 21 post-LCMV and 

a considerable, yet non-significant 0.34-fold increase in the frequency of CD62HiCD44Lo 

Naïve T cells (Fig. 4-7). With regard to effector functions (Fig. 4-8A-B), IL-4c 

significantly enhanced the frequency of IFNγ secreting GP33-41 and NP396-404 effector 

cells and diminished the percentage of IFNγ+ cells against epitope GP276-286. 

Therefore, it is evident that IL-4c pre-treatment increases TCM while enhancing the 

overall frequency of immunodominant CD8+ T cells.   
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Figure 4-6: CD8+ T Cell Memory Frequency is Increased with IL-4 Pre-Treatment 

D21 post-LCMV infection mice were sacrificed. (A) Graphical representation of absolute 
splenocyte count and absolute number of CD8α T cells. (B) Frequency of KLRG-1 
expression CD8α+ T cells. (C) Representative histogram compared CD127 expression on 
CD8α T cells between PBS and IL4 pre-treated mice and (D) mean fluorescent intensity 
of CD127 from (B). Graph showing mean ± SD from two independent experiments (n=6-
7/condition).  
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Figure 4-7: IL-4 Increases TCM Formation During LCMV Infection 

(A) Representative dot plots from PBS (Left) or IL-4 (Right) pretreated LCMV infected 
mice (D21, 5000 pfu, i.p.) with gates on CD44Hi CD62LLo, CD44Hi CD62LHi, 
CD44Lo CD62LHi CD8α T cell populations. (B) Frequency of above populations are 
depicted graphically. Graph showing mean ± SD from two independent experiments of 3 
mice per experiment. *, P<0.05  
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Figure 4-8: Enhanced LCMV Specific Memory Responses Following IL-4 Pre-Treatment 

Splenocytes from D21 memory mice were restimulated in vitro with GP33-31, GP276-
286, or NP396-404 pulsed APC for 2 hrs before the addition of brefeldin A for 4 hours 
and ICS was carried out as described in M&M. (A) Representative dot blots showing 
frequency of IFNγ producing epitope specific CD8α+ T cells from IL-4 (Top) or PBS 
(Bottom) pretreated mice. (B) Graph showing mean ± SD from two independent 
experiments. **P<0.005 
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4.5 Discussion:  

IL-4 is widely regarded as a canonical anti-inflammatory cytokine (37, 38).  In 

recent years, the effects of IL-4 on myeloid compartments and in the context of Th2 

immunity have been very well-characterized. We now know that IL-4 induces alternative 

activation with myeloid cells expressing unique gene and protein expression patterns 

(39), promotes Th2 immune responses(40) , and that IL-4 inhibits Th1 type CD4+ T cell 

responses (12). However, little is known about how IL-4 can influence CD8+ T cell 

immunity during viral infections. To this end, our study highlights the boosting effect of 

exogenous IL-4 on the anti-viral immune response in vivo. We demonstrate that the slow-

releasing IL-4c alternatively activates peritoneal MΦs and upregulates surface YM-1 in 

F4/80+ splenic MΦs. Virus infection, 24 hours after IL-4c priming, resulted in more rapid 

CD8+ T cell activation, expansion, and heightened effector functionality. This correlated 

to enhanced viral clearance and CD8+ T cell memory formation.  Collectively these 

results demonstrate the positive influence of IL-4 on CD8+ T cell responses to LCMV 

infection. In our model, exposure to IL-4c induced robust M2 activation of PeC F4/80+ 

that was characterized by increased CD206, YM-1 and MHC II MΦs and confirms recent 

reports testing this exogenous IL-4 delivery (9, 23, 24) .  

Several studies demonstrate IL-4 increases expression of MHC II in MΦ and DC 

in vitro and in vivo (12, 24, 41).  This upregulation is dependent on transcriptional co-

activator Class II transactivator (CIITA), as CIITA knock-out mice fail to upregulate 

MHC II in response to in vivo administration of exogenous IFNγ or IL-4 (41). However, 

to our knowledge the positive influence of IL-4c on MHC I expression in vivo has not 
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been reported. Interestingly, there is considerable evidence that CIITA also transactivates 

MHC I gene expression and is necessary for strong MHC I induction upon IFNγ 

treatment (42-45). As such, it is possible that the observed MHC I expression of F4/80+ 

PeC cells is due to IL-4 induced CIITA transactivation.  

Our data showed that although PeC MΦs were alternatively activated following 

IL-4c administration, spleen MΦs phenotype did not mirror the changes that occurred in 

PeC. YM-1 is a chitanase-like protein, produced in phagocytes during inflammation and 

tissue re-modeling with a poorly understood function(46). Interestingly, high basal YM-1 

expression is found in murine lung, spleen, and bone marrow while spleen DC increase 

YM-1 expression levels following high-dose IL-4c injections (12, 25, 47) . Our data 

extend this further and demonstrate that IL-4c injection induced prolonged YM-1 

expression in F4/80+ MΦs. The stable nature of YM-1 on the surface suggests an 

important function in interacting with additional immune cells and indeed, YM-1 was 

shown to negatively regulate CD4+ and CD8+ T cell proliferation in vitro (48). However, 

the precise mechanism by which YM-1 impairs T cell proliferation and the tissue specific 

functions of YM-1 remain elusive.  

As we observed several M2 features on APC within the PeC and spleen, it was 

therefore surprising that we noted a more rapid and sustained expansion of CD8+T cells 

upon LCMV infections. Considering the anti-inflammatory nature of the M2 cells, we 

anticipated dampened CD8+ immunity as described with CD4+ T cells in vitro and in vivo 

(12, 49).  That said, several reports indicate that M2 cells exhibit potentiated cytokine and 

chemokine responses to secondary challenge (50, 51). For example, IL-4 pretreated 
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peritoneal MΦs secrete increased levels of TNFα, KC, MIP-2 and IL-12p70 in response 

to LPS stimulation in vitro (50, 51). Similarly, IL-4 treated splenic DC increased IL-

12p70 production following TLR-9 ligation(12). Given that TLR-9 is triggered in pAPC 

by LCMV in vivo (52) , it is plausible that IL-4c pre-treatment enhances IL-12p70 

production by APC thus augmenting CD8+ T cell proliferation and function (53, 54).  

The amount of inflammation at the time of CD8+ T cell priming regulates SLEC 

and MPEC differentiation fate decisions (55). In particular, IL-12 and type 1 Interferons 

increase intracellular levels of transcription factor T-bet in a dose dependent manner 

while inhibiting transcription factor Eomes, thus skewing CD8+ fate towards SLEC over 

MPEC (28, 56, 57). As such, it has been proposed that limiting the amount of 

inflammation during priming may benefit CD8+ T cell memory formation (28). In our 

system, we observed decreased SLEC on day 4 and 9 and increased memory cells on day 

21 following IL-4 treatment indicating the observed effector and memory response were 

likely independent of IL-12p70 or type 1 IFN and likely due to IL-4 directly acting on 

CD8+ T cells.  

There is a growing body of evidence suggesting IL-4 positively regulates CD8+ T 

cell immunity (58). In our system, we observed significantly enhanced and sustained 

CD8+ T cell numbers and IFNγ production in IL-4c treated mice. In agreement with our 

finding, Morris et al., (2009) showed a mitogenic effect of IL-4 on CD8+ T cells in vitro 

(32). In addition to this, an early study demonstrated that adoptively transferring naïve 

CD8+ T cells cultured in the presence of IL-4 endows a memory-like phenotype and 

increases survival in vivo (59) .  Furthermore, CD8+ T cells stimulated with IL-4 in vitro 
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induced IFNγ mRNA, and upon αCD3 and αCD28 ligation displayed enhanced IFNγ 

secretion compared to untreated controls (60). Thus, IL-4 availability at the time of 

LCMV infection acting directly on naive CD8+ T cells can explain the findings of 

increased CD8+ T cell numbers, effector function and memory formation in IL-4 treated 

mice.  

Interestingly, we only observed enhanced IFNγ secretion in GP33-41 and NP396-

404 specific CD8+ T cells,  but not GP276-876 specific T cells. This finding is possibly 

due to immunoproteasomal degradation of viral antigens, which facilitates peptide 

generation for T cell presentation (61, 62). It was recently reported that IL-4 treated 

alveolar macrophages possess a unique immunoproteasome composition characterized in 

part by heightened expression of LMP-2 and LMP-7 subunits (63). These 

immunoproteasome subunits were shown in another study to suppress GP276-286 CTL 

responses (64). Thus, it is possible that IL-4 induced LMP-2 and LMP-7 are impeding 

GP276-286 peptide presentation in our system. 

Supporting our findings in this study, IL-4 and IL-2 double knockout mice 

infected with LCMV or vaccinia virus showed decreased CTL activity compared to 

singly deficient IL-2 knockouts (65). Moreover, IL-4 receptor deficient CD8+ T cells 

failed to establish stable memory T cell populations in a mouse model of malaria 

infection (66).  In addition, a recent report demonstrated that a lack of IL-4R expression 

on CD8+ T cells blunts effector and memory LCMV responses (67) .  

Our study un-expectantly demonstrates how exogenous IL-4 potentiates CD8+ T 

cell responses during LCMV infections despite the T cell priming occurring within an 
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M2 prevailing myeloid compartment. Enhanced CD8+ T cell responses were maintained 

through-out initial priming and into memory phase. In conclusion, these data provide 

novel evidence that the prevailing dogma of Th2 cytokines being solely 

immunosuppressive should be revisited. Quite the reverse, immunologists should 

reconsider the importance of IL-4 functionality in immunotherapies relating to enhancing 

CD8+ T cell responses especially in immune protection against acute and chronic viral 

infections.  

 

4.6 Materials & Methods: 

4.6.1 Animals and Cells: 

C57BL/6 (H-2b) mice (6–8 weeks) were purchased from (JAX Labs, Bar Harbour, 

ME) and were kept under specific pathogen-free conditions. Animal experiments were 

carried out in accordance with the guidelines of the Canadian Council of Animal Use. 

The cell lines DC 2.4, BMA were a kind gift from Dr. K. Rock (University of 

Massachusetts Medical School, Worcester, MA).  

4.6.2 Treatment with IL-4 complexes (IL-4c) and LCMV injections:   

Anti-IL-4 monoclonal antibody complexed to IL-4 (2:1 Molar Ratio, 5:1 weight) 

prolongs the half-life of IL-4 by delaying renal clearance and proteolytic degradation, 

thus creating a slow release system (68). For this, recombinant carrier-free IL-4 

(Shenandoah Inc., Colorado) was mixed with 11B11 mAb (BioXcell, New Hampshire) in 

an Eppendorf tube and incubated on ice for 5 min. IL-4c preparation was diluted in PBS 
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to 10µg/mL and filter sterilized. Mice were injected i.p. with 1.0 µg IL-4c on day 0 and 3 

and sacrificed on day 4 for analysis or injected with 5000 plaque forming units (PFU) of 

LCMV-WE (obtained from F. Lehmann-Grube: Hamburg, Germany) i.p. in 100µL of 

sterile PBS (18).  

4.6.3 Flow Cytometry   

In order to characterize MΦ, cells were stained with a combination of surface 

marker antibodies detailed below (purchased from Biolegend, unless otherwise stated). 

Primary staining using PE-Cy5 anti-F4/80, clone BM8, FITC anti-CD206, clone MR5D3 

(AbD Serotech), FITC anti-CD86, clone RMMP-2, FITC anti-MHC II (I-A/I-E), clone 

M5/114.15.2, PE anti-MHC I, clone AF6-88, and goat anti-mouse YM1 IgG (R&D 

Systems). Where applicable cells were subsequently stained with FITC donkey anti-goat 

IgG (Invitrogen), Streptavidin-FITC (Invitrogen) or FITC anti-rat IgG, clone Poly4054. 

The staining was carried out for 20-30 minutes at 4 °C in FACS buffer (0.5% sodium 

azide in PBS)(26).  

With regard to T cell phenotyping, cells were incubated for 30 min 4 °C with a 

combination of conjugated antibodies described below. PE- anti-CD3, clone 17A2; PE-

Cy5 anti-CD8α, clone 53-6.7;  PE-Cy5 anti-CD4, clone ;PE anti-CD44, clone IM7; FITC 

anti-CD62L, clone MEL-14; FITC anti-KLRG1, clone 2F1; FITC anti-CD127, clone 

SB/199 all purchased from Biolegend. All samples were acquired using the Epics XL-

MCL flow cytometer (Beckman Coulter, Miami, FL, USA) and analyzed using FlowJo 

software (FlowJo LLC, Ashland, Oregon). 
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4.6.4 Intracellular Cytokine Staining (ICS) assays for IFN-γ: 

For direct ex vivo stimulation of LCMV specific CD8+T cells, splenocytes 

isolated from LCMV infected mice (Day 4,9,21 post-infection; 5000 PFU i.p.) were 

restimuated in vitro  with GP33-41 (KAVYNFATC), NP396-404  (FQPQNGQFI) or 

GP276-286 (SGVENPGGYCL)  peptide pulsed BMA (10-7M; ratio 10 Splenocytes: 1 

APC) for 2 hours(18). All peptides were purchased from CPC Scientific (San Jose, CA).  

Cells were then treated with brefeldin a (10 µg/mL; Sigma-Aldrich) and incubated for an 

additional 4 hours before staining for 20 min on ice with PE-Cy5 anti-CD8α, clone 53-

6.7 (Bioegend), and fixation with 1% paraformaldehyde (Sigma; 45 min, room 

temperature (RT) ~21°C). Thereafter, cell were incubated (4°C, 16 hrs) in 0.1% saponin 

(Riedel-de Haën) containing biotin labelled anti-IFNγ mAb, clone XMG1.2 (Biolegend). 

Cells were subsequently stained for 30 minutes (RT) with Streptavidin-FITC (Invitrogen) 

before acquisition on FCM.  

 

4.6.5 Virus Titration:  

For titration of virus from the spleen we utilized a flow based method which 

boasts a 20-fold increase in sensitivity compared to the plaque assay (27). Organs were 

emulsified using a VWR homogenizer and serial dilutions of emulsification liquid were 

performed alongside a dilution of 1x106 PFU/mL LCMV-WE control.  Thereafter, 100 µl 

of each dilution was added to 80,000 MC57 cells/well in a flat bottom 96 well plate. Cells 
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were incubated with virus for 48h. Cells were then washed with cold 1xPBS and 

incubated with 60 µl of warm 0.25% trypsin (bioshop) at 37°C for 5 minutes. Thereafter, 

60 µl of cold DMEM media (Invitrogen) with 5% FCS (Invitrogen) was then added to 

each well, the cells were removed by gentle pipetting, and transferred to a 96-well round-

bottom plate.  

Next, the cells were pelleted by centrifugation at 300 G, resuspended in 4% PFA 

with 0.5% saponin, and incubated at room temperature for 15 minutes. The cells were 

pelleted by centrifugation at 300G and washed twice in PBS with 0.5% saponin and 

incubated for 1 h with rat anti-LCMV-NP Ab (clone VL4) to detect NP expression (27, 

69) . After washing twice, cells were incubated in 4%PFA, 0.5% saponin with FITC goat-

anti-rat IgG (clone poly4045: Biolegend) for 1 hr at room temperature. Cells were 

thoroughly washed in FACS buffer before acquisition.  For virus titration, standard 

curves were generated and known/unknown values were interpolated using non-linear 

curve fit analysis. 

4.6.6 Statistical Analysis: 

Statistical analysis using unpaired student t-tests was conducted using Prism 7.0 

(GraphPad Software, La Jolla, CA).  

 



 

 
 

133 

4.7 References 

 
1. Taylor PR, Martinez-Pomares L, Stacey M, Lin HH, Brown GD, Gordon S. 2005. 

Macrophage receptors and immune recognition. Annual Review of Immunology 
23: 901-44 

2. Biswas SK, Chittezhath M, Shalova IN, Lim JY. 2012. Macrophage polarization 
and plasticity in health and disease. Immunol Res 53: 11-24 

3. Sica A, Schioppa T, Mantovani A, Allavena P. 2006. Tumour-associated 
macrophages are a distinct M2 polarised population promoting tumour 
progression: potential targets of anti-cancer therapy. Eur J Cancer 42: 717-27 

4. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, Gordon S, 
Hamilton JA, Ivashkiv LB, Lawrence T, Locati M, Mantovani A, Martinez FO, 
Mege JL, Mosser DM, Natoli G, Saeij JP, Schultze JL, Shirey KA, Sica A, Suttles 
J, Udalova I, van Ginderachter JA, Vogel SN, Wynn TA. 2014. Macrophage 
activation and polarization: nomenclature and experimental guidelines. Immunity 
41: 14-20 

5. Liu YC, Zou XB, Chai YF, Yao YM. 2014. Macrophage polarization in 
inflammatory diseases. Int J Biol Sci 10: 520-9 

6. Labonte AC, Tosello-Trampont AC, Hahn YS. 2014. The role of macrophage 
polarization in infectious and inflammatory diseases. Mol Cells 37: 275-85 

7. Kreider T, Anthony RM, Urban JF, Jr., Gause WC. 2007. Alternatively activated 
macrophages in helminth infections. Curr Opin Immunol 19: 448-53 

8. Ho VW, Sly LM. 2009. Derivation and characterization of murine alternatively 
activated (M2) macrophages. Methods Mol Biol 531: 173-85 

9. Jenkins SJ, Ruckerl D, Thomas GD, Hewitson JP, Duncan S, Brombacher F, 
Maizels RM, Hume DA, Allen JE. 2013. IL-4 directly signals tissue-resident 
macrophages to proliferate beyond homeostatic levels controlled by CSF-1. J Exp 
Med 210: 2477-91 

10. Raes G, De Baetselier P, Noel W, Beschin A, Brombacher F, Hassanzadeh Gh G. 
2002. Differential expression of FIZZ1 and Ym1 in alternatively versus 
classically activated macrophages.J Leuk Biol 71: 597-602 

11. Edwards JP, Zhang X, Frauwirth KA, Mosser DM. 2006. Biochemical and 
functional characterization of three activated macrophage populations.J Leuk Biol 
80: 1298-307 

12. Cook PC, Jones LH, Jenkins SJ, Wynn TA, Allen JE, MacDonald AS. 2012. 
Alternatively activated dendritic cells regulate CD4+ T-cell polarization in vitro 
and in vivo. Proc Natl Acad Sci U S A 109: 9977-82 

13. Rodriguez PC, Quiceno DG, Ochoa AC. 2007. L-arginine availability regulates T-
lymphocyte cell-cycle progression. Blood 109: 1568-73 

14. Harty JT, Tvinnereim AR, White DW. 2000. CD8+ T cell effector mechanisms in 
resistance to infection. Annu Rev Immunol 18: 275-308 



 

 
 

134 

15. Montoya M, Edwards MJ, Reid DM, Borrow P. 2005. Rapid activation of spleen 
dendritic cell subsets following lymphocytic choriomeningitis virus infection of 
mice: analysis of the involvement of type 1 IFN. J Immunol 174: 1851-61 

16. Basta S, Alatery A. 2007. The cross-priming pathway: a portrait of an intricate 
immune system. Scand J Immunol 65: 311-9 

17. Kim J, Gambhir V, Alatery A, Basta S. 2010. Delivery of Exogenous Antigens to 
Induce Cytotoxic CD8+ T Lymphocyte Responses. J Biomed Biotechnol 2010: 
218752 

18. Siddiqui S, Basta S. 2011. CD8+ T cell immunodominance in lymphocytic 
choriomeningitis virus infection is modified in the presence of toll-like receptor 
agonists. J Virol 85: 13224-33 

19. Siddiqui S, Alatery A, Kus A, Basta S. 2011. TLR engagement prior to virus 
infection influences MHC-I antigen presentation in an epitope-dependent manner 
as a result of nitric oxide release. J Leukoc Biol 89: 457-68 

20. Duhan V, Khairnar V, Friedrich SK, Zhou F, Gassa A, Honke N, Shaabani N, 
Gailus N, Botezatu L, Khandanpour C, Dittmer U, Haussinger D, Recher M, 
Hardt C, Lang PA, Lang KS. 2016. Virus-specific antibodies allow viral 
replication in the marginal zone, thereby promoting CD8(+) T-cell priming and 
viral control. Sci Rep 6: 19191 

21. Backer R, Schwandt T, Greuter M, Oosting M, Jungerkes F, Tuting T, Boon L, 
O'Toole T, Kraal G, Limmer A, den Haan JM. 2010. Effective collaboration 
between marginal metallophilic macrophages and CD8+ dendritic cells in the 
generation of cytotoxic T cells. Proceedings of the National Academy of Sciences 
of the United States of America 107: 216-21 

22. Guidotti LG, Borrow P, Brown A, McClary H, Koch R, Chisari FV. 1999. 
Noncytopathic clearance of lymphocytic choriomeningitis virus from the 
hepatocyte. J Exp Med 189: 1555-64 

23. Jenkins SJ, Ruckerl D, Cook PC, Jones LH, Finkelman FD, van Rooijen N, 
MacDonald AS, Allen JE. 2011. Local macrophage proliferation, rather than 
recruitment from the blood, is a signature of TH2 inflammation. Science 332: 
1284-8 

24. Gundra UM, Girgis NM, Ruckerl D, Jenkins S, Ward LN, Kurtz ZD, Wiens KE, 
Tang MS, Basu-Roy U, Mansukhani A, Allen JE, Loke P. 2014. Alternatively 
activated macrophages derived from monocytes and tissue macrophages are 
phenotypically and functionally distinct. Blood 123: e110-22 

25. Nio J, Fujimoto W, Konno A, Kon Y, Owhashi M, Iwanaga T. 2004. Cellular 
expression of murine Ym1 and Ym2, chitinase family proteins, as revealed by in 
situ hybridization and immunohistochemistry. Histochem Cell Biol 121: 473-82 

26. Mulder R, Banete A, Basta S. 2014. Spleen-derived macrophages are readily 
polarized into classically activated (M1) or alternatively activated (M2) states. 
Immunobiology 219: 737-45 



 

 
 

135 

27. Korns Johnson D, Homann D. 2012. Accelerated and improved quantification of 
lymphocytic choriomeningitis virus (LCMV) titers by flow cytometry. PLoS One 
7: e37337 

28. Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman J, Gapin L, Kaech 
SM. 2007. Inflammation directs memory precursor and short-lived effector 
CD8(+) T cell fates via the graded expression of T-bet transcription factor. 
Immunity 27: 281-95 

29. Hand TW, Morre M, Kaech SM. 2007. Expression of IL-7 receptor alpha is 
necessary but not sufficient for the formation of memory CD8 T cells during viral 
infection. Proceedings of the National Academy of Sciences of the United States 
of America 104: 11730-5 

30. Mueller SN, Gebhardt T, Carbone FR, Heath WR. 2013. Memory T cell subsets, 
migration patterns, and tissue residence. Annu Rev Immunol 31: 137-61 

31. Noble A, Kemeny DM. 1995. Interleukin-4 enhances interferon-gamma synthesis 
but inhibits development of interferon-gamma-producing cells. Immunology 85: 
357-63 

32. Morris SC, Heidorn SM, Herbert DR, Perkins C, Hildeman DA, Khodoun MV, 
Finkelman FD. 2009. Endogenously produced IL-4 nonredundantly stimulates 
CD8+ T cell proliferation. J Immunol 182: 1429-38 

33. Wherry EJ, Ahmed R. 2004. Memory CD8 T-cell differentiation during viral 
infection. J Virol 78: 5535-45 

34. Wherry EJ, Ha SJ, Kaech SM, Haining WN, Sarkar S, Kalia V, Subramaniam S, 
Blattman JN, Barber DL, Ahmed R. 2007. Molecular signature of CD8+ T cell 
exhaustion during chronic viral infection. Immunity 27: 670-84 

35. Sallusto F, Geginat J, Lanzavecchia A. 2004. Central memory and effector 
memory T cell subsets: function, generation, and maintenance. Annu Rev 
Immunol 22: 745-63 

36. Berstein G, Abraham RT. 2008. Moving out: mobilizing activated T cells from 
lymphoid tissues. Nat Immunol 9: 455-7 

37. Simhan HN, Chura JC, Rauk PN. 2004. The effect of the anti-inflammatory 
cytokines interleukin-4 and interleukin-10 on lipopolysaccharide-stimulated 
production of prostaglandin E2 by cultured human decidual cells. J Reprod 
Immunol 64: 1-7 

38. Woodward EA, Prele CM, Nicholson SE, Kolesnik TB, Hart PH. 2010. The anti-
inflammatory effects of interleukin-4 are not mediated by suppressor of cytokine 
signalling-1 (SOCS1). Immunology 131: 118-27 

39. Xue J, Schmidt SV, Sander J, Draffehn A, Krebs W, Quester I, De Nardo D, 
Gohel TD, Emde M, Schmidleithner L, Ganesan H, Nino-Castro A, Mallmann 
MR, Labzin L, Theis H, Kraut M, Beyer M, Latz E, Freeman TC, Ulas T, 
Schultze JL. 2014. Transcriptome-based network analysis reveals a spectrum 
model of human macrophage activation. Immunity 40: 274-88 



 

 
 

136 

40. Fallon PG, Jolin HE, Smith P, Emson CL, Townsend MJ, Fallon R, Smith P, 
McKenzie AN. 2002. IL-4 induces characteristic Th2 responses even in the 
combined absence of IL-5, IL-9, and IL-13. Immunity 17: 7-17 

41. Itoh-Lindstrom Y, Piskurich JF, Felix NJ, Wang Y, Brickey WJ, Platt JL, Koller 
BH, Ting JP. 1999. Reduced IL-4-, lipopolysaccharide-, and IFN-gamma-induced 
MHC class II expression in mice lacking class II transactivator due to targeted 
deletion of the GTP-binding domain. J Immunol 163: 2425-31 

42. Gobin SJ, Peijnenburg A, Keijsers V, van den Elsen PJ. 1997. Site alpha is crucial 
for two routes of IFN gamma-induced MHC class I transactivation: the ISRE-
mediated route and a novel pathway involving CIITA. Immunity 6: 601-11 

43. Martin BK, Chin KC, Olsen JC, Skinner CA, Dey A, Ozato K, Ting JP. 1997. 
Induction of MHC class I expression by the MHC class II transactivator CIITA. 
Immunity 6: 591-600 

44. van den Elsen PJ, Gobin SJ, van Eggermond MC, Peijnenburg A. 1998. 
Regulation of MHC class I and II gene transcription: differences and similarities. 
Immunogenetics 48: 208-21 

45. van den Elsen PJ, Peijnenburg A, van Eggermond MC, Gobin SJ. 1998. Shared 
regulatory elements in the promoters of MHC class I and class II genes. Immunol 
Today 19: 308-12 

46. Mack I, Hector A, Ballbach M, Kohlhaufl J, Fuchs KJ, Weber A, Mall MA, Hartl 
D. 2015. The role of chitin, chitinases, and chitinase-like proteins in pediatric lung 
diseases. Mol Cell Pediatr 2: 3 

47. Hung SI, Chang AC, Kato I, Chang NC. 2002. Transient expression of Ym1, a 
heparin-binding lectin, during developmental hematopoiesis and inflammation. J 
Leukoc Biol 72: 72-82 

48. Osborne LC, Monticelli LA, Nice TJ, Sutherland TE, Siracusa MC, Hepworth 
MR, Tomov VT, Kobuley D, Tran SV, Bittinger K, Bailey AG, Laughlin AL, 
Boucher JL, Wherry EJ, Bushman FD, Allen JE, Virgin HW, Artis D. 2014. 
Coinfection. Virus-helminth coinfection reveals a microbiota-independent 
mechanism of immunomodulation. Science 345: 578-82 

49. Huber S, Hoffmann R, Muskens F, Voehringer D. 2010. Alternatively activated 
macrophages inhibit T-cell proliferation by Stat6-dependent expression of PD-L2. 
Blood 116: 3311-20 

50. Varin A, Mukhopadhyay S, Herbein G, Gordon S. 2010. Alternative activation of 
macrophages by IL-4 impairs phagocytosis of pathogens but potentiates 
microbial-induced signalling and cytokine secretion. Blood 115: 353-62 

51. Major J, Fletcher JE, Hamilton TA. 2002. IL-4 pretreatment selectively enhances 
cytokine and chemokine production in lipopolysaccharide-stimulated mouse 
peritoneal macrophages. J Immunol 168: 2456-63 

52. Rottembourg D, Filippi CM, Bresson D, Ehrhardt K, Estes EA, Oldham JE, von 
Herrath MG. 2010. Essential role for TLR9 in prime but not prime-boost plasmid 
DNA vaccination to activate dendritic cells and protect from lethal viral infection. 
J Immunol 184: 7100-7 



 

 
 

137 

53. Kieper WC, Prlic M, Schmidt CS, Mescher MF, Jameson SC. 2001. Il-12 
enhances CD8 T cell homeostatic expansion. J Immunol 166: 5515-21 

54. Pearce EL, Shen H. 2007. Generation of CD8 T cell memory is regulated by IL-
12. J Immunol 179: 2074-81 

55. Cox MA, Kahan SM, Zajac AJ. 2013. Anti-viral CD8 T cells and the cytokines 
that they love. Virology 435: 157-69 

56. Keppler SJ, Rosenits K, Koegl T, Vucikuja S, Aichele P. 2012. Signal 3 cytokines 
as modulators of primary immune responses during infections: the interplay of 
type I IFN and IL-12 in CD8 T cell responses. PLoS One 7: e40865 

57. Kim EH, Sullivan JA, Plisch EH, Tejera MM, Jatzek A, Choi KY, Suresh M. 
2012. Signal integration by Akt regulates CD8 T cell effector and memory 
differentiation. J Immunol 188: 4305-14 

58. Lee YJ, Jameson SC, Hogquist KA. 2011. Alternative memory in the CD8 T cell 
lineage. Trends Immunol 32: 50-6 

59. Huang LR, Chen FL, Chen YT, Lin YM, Kung JT. 2000. Potent induction of 
long-term CD8+ T cell memory by short-term IL-4 exposure during T cell 
receptor stimulation. Proc Natl Acad Sci U S A 97: 3406-11 

60. Oliver JA, Stolberg VR, Chensue SW, King PD. 2012. IL-4 acts as a potent 
stimulator of IFN-gamma expression in CD8+ T cells through STAT6-dependent 
and independent induction of Eomesodermin and T-bet. Cytokine 57: 191-9 

61. Cresswell P, Ackerman AL, Giodini A, Peaper DR, Wearsch PA. 2005. 
Mechanisms of MHC class I-restricted antigen processing and cross-presentation. 
Immunological reviews 207: 145-57 

62. Hansen TH, Bouvier M. 2009. MHC class I antigen presentation: learning from 
viral evasion strategies. Nat Rev Immunol 9: 503-13 

63. Chen S, Kammerl IE, Vosyka O, Baumann T, Yu Y, Wu Y, Irmler M, Overkleeft 
HS, Beckers J, Eickelberg O, Meiners S, Stoeger T. 2016. Immunoproteasome 
dysfunction augments alternative polarization of alveolar macrophages. Cell 
Death Differ 23: 1026-37 

64. Basler M, Youhnovski N, Van Den Broek M, Przybylski M, Groettrup M. 2004. 
Immunoproteasomes down-regulate presentation of a subdominant T cell epitope 
from lymphocytic choriomeningitis virus. J Immunol 173: 3925-34 

65. Bachmann MF, Schorle H, Kuhn R, Muller W, Hengartner H, Zinkernagel RM, 
Horak I. 1995. Antiviral immune responses in mice deficient for both interleukin-
2 and interleukin-4. J Virol 69: 4842-6 

66. Morrot A, Hafalla JC, Cockburn IA, Carvalho LH, Zavala F. 2005. IL-4 receptor 
expression on CD8+ T cells is required for the development of protective memory 
responses against liver stages of malaria parasites. J Exp Med 202: 551-60 

67. Renkema KR, Lee JY, Lee YJ, Hamilton SE, Hogquist KA, Jameson SC. 2016. 
IL-4 sensitivity shapes the peripheral CD8+ T cell pool and response to infection. 
J Exp Med 213: 1319-29 

68. Finkelman FD, Madden KB, Morris SC, Holmes JM, Boiani N, Katona IM, 
Maliszewski CR. 1993. Anti-cytokine antibodies as carrier proteins. Prolongation 



 

 
 

138 

of in vivo effects of exogenous cytokines by injection of cytokine-anti-cytokine 
antibody complexes. J Immunol 151: 1235-44 

69. Alatery A, Tarrab E, Lamarre A, Basta S. 2010. The outcome of cross-priming 
during virus infection is not directly linked to the ability of the antigen to be 
cross-presented. Eur J Immunol 40: 2190-9 

 
  



 

 
 

139 

 
 

Chapter 5: Discussion 

In recent years there has been a renewed interest in the MΦ biology field that has 

led to major advancements and challenges to dogma (1). Seminal work by North and 

colleagues using Listeria and Bacillus Calmette-Guérin (BCG) put forward the concept 

of MΦ activation on the map demonstrating that MΦ respond to pathogen moieties to 

modulate effector function (2). Subsequent discovery of the importance of IFN-γ in 

activating MΦ during mycobacterial infection further solidified the concept that pro-

inflammatory cytokines and bacterial antigens promote classical, pro-inflammatory MΦ 

activation (3-5).  Gordon’s group later described a unique gene expression program in 

MΦ responses to the anti-inflammatory cytokines IL-4 and IL-13 (6, 7). This was termed 

alternative activation and a new area of research was born in attempts to understand how 

pro and anti-inflammatory environments alter MΦ physiology and function (8-15) .  

 In addition to the polarization paradigm, our understanding of MΦ 

ontogeny and development has been challenged by advancements in molecular genetics 

(16-18).  In contrast to Cohn and Furth’s monocyte to MΦ model, we now recognize that 

many tissue MΦ are seeded during embryogenesis and are maintained through-out life by 

self-renewal (16, 17, 19-21). This shift in developmental understanding of MΦ suggests 

that tissue specific cues influence MΦ phenotype and function (21, 22). Thus, it is critical 

to study each MΦ subset in order to understand their function in homeostasis, immunity 



 

 
 

140 

and disease. Despite this renewed interest in MΦ biology and plasticity, several questions 

regarding Sp-MΦ remained unanswered. Of note: (A) to what extent do tissue 

macrophages conform to the M1/M2 paradigm? (B) How does polarization influence 

antigen presentation to CD8+ T cells? (C) What is the functional outcome of virus 

priming into an anti-inflammatory micro-environment? Therefore, the overall aim of this 

thesis was to understand the polarization capabilities and functional consequence of 

tissue macrophages during viral infection.  

In chapter 2, we set out to determine the polarization capabilities of Sp-MΦ. At 

that time, much of our understanding of this paradigm was carried out in bone marrow 

and peritoneal macrophage models. Although these have been useful tools in macrophage 

biology, BM and PM niches are replenished by circulating monocytes and as such, could 

differ from tissue resident cells. Therefore, we characterized phenotype and function of 

tissue derived SP-MΦ following IFN-γ+ LPS or IL-4 treatment. We provide evidence 

that Sp-M1 increase NO production, and surface expression of CD86 and MHC-II, while 

Sp-M2 produce Urea, and express intermediate levels of MHC-II and high total CD206. 

This indicated Sp-MΦ could be differentiated or develop into either M1 or M2 status. 

Despite many parallels between BM-MΦ and Sp-MΦ, one unique feature of M1/M2 Sp-

MΦ was expression of the surface molecule CD4, that was missing from BM-MΦ . 

Functionally, M2 cells were more competent at phagocytosing cell debris compared to 

M1, a finding which is important in understanding homeostatic function of MΦ. In 

addition, similar to other groups, we reported the ability of M2 to switch into M1 MΦ  by 
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phenotypic analysis  (23) . These observations demonstrate for the first time that fully 

mature tissue Sp-MΦ are phenotypically and functionally plastic.  

 Future work in this area of research should address the cytokine profiles of such 

polarized cells, and extend the characterization of Sp-MΦ to include various M2 subtypes 

such as M2b and M2c as has been described with BM-MΦ (24). In addition, it would be 

prudent to clarify the mechanisms responsible for the differing phagocytic abilities of M1 

and M2 MΦ.  For example, what role cathepsins and endosomal acidification play in 

mediating phagocytosis of cell associated antigen? Given the importance of RPM in iron 

recycling through phagocytosis of erythrocytes this could hold physiological relevance 

(25, 26). For example, clinical observations of autoimmune hemolytic anemia patients 

noted significant changes to structure and increased volume of the spleen red pulp 

suggesting a potential role of RP in disease (27, 28). In addition, many patients develop 

auto-antibodies against RBC and platelets leading to FCγRI receptor mediated 

phagocytosis by MΦ (29). Owing to the intimate relationship between RPM and RBC, it 

is conceivable that RPM activation status could increase FCγRI receptor expression and 

RBC phagocytosis rates. Thus, introducing agents that cause a phenotypic switch of RPM 

one could conceivably improve disease outcome.   

Our understanding of how polarized MΦ interact with neighboring cells is still in 

its infancy. This is a critical area of exploration as the importance of MΦ as APC 

regulating CD4+ and CD8+ T cells are now being fully realized (30, 31). With regard to 

CD4+ T cell regulation, several groups have noted polarized MΦ induce unique 
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differentiation programs (32-36). For example, human M1(LPS) and M1(IFN-γ+LPS) 

polarized MΦ drive Th17 and Th1 polarization respectively (37). On the other hand, M2 

(IL-4) drives CD4+ Foxp3+ Tregs differentiation (38). Therefore, the phenotypes of the 

MΦ have profound implications on subsequent CD4 T cell responses. However, very few 

studies exist with regard to how polarized MΦ impact CD8+ T cell function (39, 40). 

Therefore, in chapter 3 we proceeded to evaluate the immunological consequence of Sp-

MΦ polarization on CD8+ T cell proliferation and effector activity in a viral infection 

model. We demonstrate that tissue MΦ M2 polarization significantly impairs antigen 

specific memory CD8+ T cell proliferation. A novel observation was that CD8+ T cell  

proliferative impairment was reversible, as increasing IL-2 availability for CD8+ T cells 

partially restored proliferation and IFN-γ production with M2 stimulators. Another 

interesting observation was in relation to polarized MΦ eliciting IL-2 production or IFN-γ 

release from antigen specific CD8+ T cells. To our surprise, during short term cultures, 

M2 cells were competent antigen presenting cells able to induce TCR signaling, drive IL-

2 or IFN-γ production to levels similar to M0 cells, while M1 cells were the best 

stimulators. Moreover, all polarized MΦ were permissive to LCMV replication, 

processed, loaded and presented GP33 and NP396 epitopes for CTL activation. Thus, our 

findings highlight competencies and deficiencies of M2 cells with regard to direct antigen 

presentation in a defined system.  
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 M0 M1(IFN-γ+LPS) M2(IL-4) 

 Surface Marker Expression Level 
MHC II -/+ +++ ++ 
CD86 - ++ - 
CD206 - - + 
CD4 - + + 
 Biochemical Profile 
NO - ++ - 
Urea -/+ -/+ ++ 
 Functional Profile 
Phagocytosis +++ + +++ 
B3Z Activation ++ +++ ++ 
CTL IFN-γ 
Production (peptide) 

++ ++ ++ 

LCMV Replication ++ + ++ 
CD8+ T cell 
Proliferation 

+++ +++ -/+ 

Table 2: Overview of Chapter 2 and Chapter 3 Findings 

Where +, ++, +++ represent relative expression, production or proficiency between subsets. – 
indicates negative, -/+ represents an intermediate phenotype between – and +. + is the lowest, 
while +++ is the highest.  

 

 

Future work should examine whether proliferated CD8+ T cell are poly-functional 

and cytotoxic. As CD8+ T cells secrete a variety of cytokines, activation by macrophages 

subsets likely endows unique cytokine profiles and cytotoxic abilities as seen with CD4+ 

T cells (37). For example, there have been recent reports of CD8+ T cell producing IL-17, 

driving inflammation in rheumatoid arthritis and multiple sclerosis (41, 42). Thus, 

understanding the role of MΦ in driving unique CD8+ T cells could yield strategies in 

targeting a given hyper-active immune axis to dampen immunity. Alternatively, the 

ability of polarized MΦ to drive proliferation and unique cytokine responses in CD8+ T 
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cells in vitro could be of clinical benefit during adoptive T cell therapies in cancer (41). 

Therefore, the ability of polarized MΦ to drive CD8+ T cell responses warrants further 

investigation.  

Our group previously demonstrated that Sp-MΦ cross-present cell associated 

antigens to CD8+ T cells (43). In addition, considerable work by a numbers of groups has 

defined the phagocytic and degradative capacities of polarized MΦ. Therefore, it is 

logical to extend analysis to characterize how polarized MΦ cross-present antigens to 

CD8+ T cells for cross-priming or cross-tolerance.  

Having established the polarization capabilities of spleen tissue MΦ and their 

ability to direct CD8+ T cell activation, in chapter 4 , we proceeded to establish an in vivo 

model to explore the consequences of virus priming in an anti-inflammatory micro-

environment. To this end, we leveraged a slow release IL-4 strategy wherein rIL-4 is 

complexed to an anti-IL-4 IgG (IL-4c) antibody (35, 44-46). In this system, the half life 

of IL-4 is increased from ~30 minutes to over 24 h allowing us to study the impact of 

continuous IL-4 exposure on immune compartments (47). Following i.p. injection of IL-

4, we show accumulation of peritoneal MΦ with concomitant increased expression of 

CD206, YM-1 and MHC II. In addition, we observed enhanced expression of YM-1 on 

F4/80+ spleen MΦ. As CD206, YM-1 and MHC II are associated with alternatively 

activated myeloid cells, we hypothesized that priming into such an environment would 

suppress CD8+ T cell activation to LCMV-WE and result in increased viral load. To our 

surprise, we noted the complete opposite effect as IL-4 pretreatment significantly reduced 

viral loads on day 4 and day 9 of LCMV-WE. Upon surveying for CD8+ T cell 
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frequency, we observed that IL-4 increased CD8+ T cell numbers, effector function, and 

memory CD8+ T cell development compared to PBS treated mice. To our knowledge, 

this is first paper to demonstrate that exogenous IL-4 can enhance CD8+ T expansion and 

function to more efficiently clear LCMV infection in vivo.  

Future directions with this project should attempt to clarify the mechanisms 

associated with this phenomenon. With regard to IL-4  influencing CD8+ T cells it was 

demonstrated that IL-4 injection expands a population of innate like CD8+ T cells called 

“virtual memory T cells” (48). In a Listeria monocytogenes infection model innate 

memory CD8+ T cell rapidly secreted IFN-γ and controlled infection (49). Thus, a similar 

scenario could be occurring in our LCMV infection system demonstrating that IL-4 

expanded virtual memory T cells clear viral infection. Our findings add to a body of 

evidence arguing against the perceived dogma that anti-inflammatory cytokines, such as 

IL-4  dampen immunity. In fact it can be the opposite. Such a challenge requires the 

immunology field evaluate a case by case context dependent analysis of cytokines in a 

particular infection as opposed to binary pro vs. anti inflammatory categorization. 

Secondly, these results open the door for determining whether this IL-4 anti-viral 

phenomenon protects against multiple virus families. Such a finding could dramatically 

impact the way we approach epidemic and pandemic outbreaks. Through pre-treating 

high-risk individuals and first line health worker with IL-4 in order to expand virtual 

memory one could lessen disease severity.  
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5.1 Summary:   
In summary, we demonstrate for the first time that tissue MΦ remain plastic and 

secrete NO or Urea following M1 or M2 polarizing conditions, respectively. Moreover, 

polarization imparts phenotypic and functional changes depressing phagocytosis in M1 

MΦ. Interestingly, we noted that M2 status is reversible as treatment with M1 stimulating 

conditions increases NO production, which fortifies the idea that MΦ phenotypes remain 

pliable even when polarized.  

We also defined novel antigen presentation abilities of polarized MΦ to CD8+ T 

cells. We show that M2 Sp-MΦ are competent in eliciting IFN-γ release from effector 

LCMV specific CD8+ T cells, a finding that contradicted expectation with regard to the 

suppressive perception of M2 MΦ (50) . In addition, we demonstrate that M0/M1 Sp-MΦ 

profoundly induce recall responses in LCMV memory CD8+ T cells, while M2 Sp-MΦ 

were not proficient at this function. Interestingly, this deficit is restored by the addition of 

exogenous IL-2.   

Finally, we demonstrate that LCMV priming into an IL-4 induced anti-

inflammatory environment positively impacts CD8+ T cell proliferation, effector function 

and virus clearance. Collectively, these findings provide novel insights regarding how 

tissue Sp-MΦ adapt their phenotype to modulate CD8+ T cell activity and the putative 

role of IL-4 in enhancing viral clearance.  
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