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Abstract 
 

Monocytes and monocyte-derived cells are important in providing innate 

immunity against various pathogens. Monocytes become macrophages or dendritic cells 

after they enter tissues during inflammation. Macrophages phagocytose microbes and 

kill them intracellularly in lysosomes. After macrophages are activated, they secret a 

variety of cytokines as part of innate defense. However, such cytokines have been 

implicated in causing autoimmune diseases and influenza-induced pathology. For these 

reasons, we have investigated the role of monocytes and monocyte-derived cells in 

inducing immune pathology. Moreover, monocytes are also thought to affect adaptive 

immunity by shaping T cell responses. Yet the enterity of their contributions to adaptive 

immune response remains to be determined.  

CCR2 is the chemokine receptor required for inflammatory monocytes to enter 

tissues, and its deficiency in mice has been shown to be protective for influenza-induced 

immune pathology. We hypothesized that cells that depend on CCR2 to migrate into 

inflammaed lungs are the cells that induce immune pathology during influenza infection. 

First, we identified cell types that are recruited to the lungs by CCL2. Similar myeloid 

cell types, monocytes, monocyte-derived DCs (moDCs), and exudated macrophages 

(exMAC), also accumulate in the lungs during influenza infection. We then show that 

these myeloid cells types are derived from monocytes, and that they produce high levels 

of TNF-α and NOS2. Finally, we show a strong correlation between reduced 

accumulation of myeloid cells and decreased influenza-induced pathology and mortality 

in CCR2-deficient mice, suggesting that CCR2 inhibition may be a viable therapy for 

highly pathogenic influenza infection. 
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In the second part of this work, we focus on monocyte-derived dendritic cells in 

lymph nodes (LN). Inflammatory DCs in LN can arise from moDCs recruited via 

lymphatics (peripheral moDCs) and from inflammatory monocytes that enter LN 

directly from the blood (blood-derived moDCs). We examine the role of blood-derived 

moDCs in inducing LN T cell activation and polarization after immunogenic stimuli. We 

find that, following viral infection or immunization, inflammatory monocytes are 

recruited into LN directly from the blood to become CD11c+CD11bhiGr-1+ inflammatory 

DCs, which produce high levels of IL-12 (p70) and potently stimulate Th1 responses. 

This monocyte extravasation requires CCR2 but not CCL2 or CCR7. Thus, inflammatory 

DCs accumulation and Th1 responses are markedly reduced in CCR2-/- mice, preserved 

in CCL2-/- mice, and relatively increased in CCL19/21-Ser-deficient plt mice, in which 

all other LN DC types are reduced.  

Our findings provide important insights into mutiple roles that monocytes play 

in both innate and adaptive immunity. Monocytes provide an early response against 

pathogens. As we now demonstrate, this response can be excessive, leading to a 

significant immune pathology during influenza infection that has been previously 

attributed to neutrophils. We also provide the first demonstration that monocytes play 

an important role in regulating adaptive immune responses. We find that monocyte-

derived DCs are both sufficient and necessary for the development of Th1-polarized 

immune responses within LNs. Taken together, our results demonstrate that the roles 

played by monocytes in innate immunity adaptive immunity, and immune pathology are 

much greater than previously appreciated and that regulating monocyte function may be 

an effective means to regulate certain types of immune responses.  
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1. Introduction  
Until recently, monocytes were thought to be a fairly simple circulating cells type 

whose major function was to serve as precursor cells for tissue macrophages. It is now 

recognized that monocyte biology is much more complex. Several subsets of monocytes 

exist in both humans and mice. Each subset has a distinct phenotype and appears to be 

specialized to perform specific functions, either at steady state or during inflammation. 

Monocytes can develop into macrophages, dendritic cells, and perhaps other less well-

defined cell types. In this manner, monocytes directly participate in both innate and 

adaptive immune responses against pathogens and other immune stimuli. They are also 

involved in the pathogenesis of several inflammatory diseases, including atherosclerosis 

and pulmonary fibrosis.  

Monocytes originate from bone marrow, circulate in the blood for one to three 

days, and then enter tissues to become resident macrophages, dendritic cells, or other 

specialized cells (e.g., osteoclasts) (1). Monocyte constitute a substantial portion of total 

blood leukocytes (4% in mice and 10% in human), and they are usually 14~20 µm in 

diameter with general features like round to irregular shape with bean- or kidney-shaped 

nuclei, and high cytoplasm-to-nucleus ratio (2, 3). However, they also present significant 

molecular heterogeneity among different subsets. During inflammation or infection, 

monocytes activate a specific differentiation program, and become effector cells with 

distinct antimicrobial activities and antigen-presenting skills.  

In this chapter, I will summarize our current understanding of monocytes and 

cells of monocytic lineage.  

1.1 The development and subsets of monocytes 
Monocytes develop from hematopoietic stem cells (HSCs) (4) in the bone marrow 

via several intermediate progenitors (See Figure 1).  HSCs give rise to common myeloid 
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progenitors (CMPs), which are capable of forming all myeloid cell types (5). CMPs give 

rise to granulocyte/macrophage progenitors (GMPs), which then give rise to 

macrophage/DC progenitors (MDPs) (6, 7). MDP is identified in CX3CR1gfp/+ mice as 

GFP+CD117+Lin- cells, and they only give rise to macrophage and dendritic cell lineage, 

including two monocyte subsets, but not neutrophils (7). In mice, blood monocytes are 

identified by their expression of CD115 (the receptor for macrophage colony stimulating 

factor, M-CSF), CD11b, and CX3CR1 (8, 9).  

There are two major subsets of murine monocytes circulating in the blood, 

CCR2+Ly6C+ monocytes, and CCR2-Ly6C- monocytes (8, 9). Their ratio in blood is 

about 1:1. CCR2+Ly6C+ monocytes are called inflammatory monocytes because they are 

selectively recruited to inflammatory sites, produce high level of TNF-α and IL-1 during 

inflammation or tissue damage, and develop into inflammatory DCs (2, 10). At steady 

state, CCR2+Ly6C+ monocytes have a short transit time in the blood and are not 

recovered from peripheral sites, but instead home to the bone marrow (11). At the 

cellular level, they are larger than CCR2-Ly6C- monocytes, and express high levels of 

CCR2 and CD62L, and low levels of CX3CR1. In contrast, CCR2-Ly6C- monocytes 

express no CCR2, and no CD62L, but high levels of CX3CR1. This subset is found to 

enter tissues at both steady state and during inflammation after adoptive transfer, so 

they were called resident monocytes (9). They have also been found by intravital 

microscopy to patrol along blood vessels, via long-range crawling on the luminal side of 

endothelium observed by intravital microscopy, and they were the first immune cells to 

enter peritoneum after Listeria monocytogenes infection, so they were also named 

patrolling monocytes (12).  

The developmental relationship between murine CCR2+Ly6C+, and CCR2-Ly6C- 

monocytes is controversial. Several studies have suggested that CCR2-Ly6C- monocytes 

originate from CCR2+Ly6C+ monocytes (11, 13, 14). However, there is also evidence that 
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they don’t have a lineage relationship. For example, the number of circulating 

CCR2+Ly6C+ monocytes is markedly reduced in CCR2-/- mice while CCR2-Ly6C- 

monocytes are unaffected (15). Also, depletion of CCR2+Ly6C+ monocytes by 

monoclonal Abs does not affect the number of CCR2-Ly6C- monocytes in the blood (8). 

Lastly, CCR2+Ly6C+ monocytes have very short half lives - less than 24 hours (9). Based 

on all these observations, it is unlikely that these inflammatory monocytes convert into 

CCR2-Ly6C- monocytes.  

In humans, circulating monocytes are also divided into two major subsets and 

one minor subset based on the expression of CD14 (a component of the LPS receptor 

complex), CD16 (the FcγRIII immunoglobulin receptor), and CD64 (FcγRI). These subsets 

are CD14highCD16- monocytes, CD14loCD16+ monocytes, and CD14+CD16+CD64+ 

monocytes (1-3). CD14highCD16- monocytes, which are larger and more phagocytic than 

CD14loCD16+ monocytes, express high levels of the chemokine receptor CCR2 and L-

selectin, and low levels of CX3CR1. In contrast, CD14loCD16+ monocytes express high 

levels of CX3CR1, low levels of CCR2, and no L-selectin (16, 17). Comparing the two 

major subsets, CD14loCD16+ monocytes produce more TNF-α and less IL-10 in 

response to LPS stimulation; therefore, they have been called proinflammatory 

monocytes (18). CD14+CD16+CD64+ monocytes, which represents a very minor 

population, display characteristics of both CD14high and CD16+ monocytes.  Like 

CD14highCD16- monocytes, they are highly phagocytic, but, like CD14loCD16+ 

monocytes, they express high levels of MHC class II and stimulate robust mixed 

leukocyte (19, 20).  

Due to lack of good reagents or different molecule expression, murine monocyte 

subsets are not sorted based on their CD14 and CD16 expression. However, murine 

monocytes and human monocytes do share several markers (summderized in table 1). 

The expression levels of several critical surface molecules on murine CCR2+Ly6C+ 
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monocytes, including CCR2, CX3CR1, CD62L, are similar to those seen on human 

CD14highCD16- monocytes.  Similarly, the expression of surface molecules on murine 

CCR2-Ly6C- monocytes matches that of human CD14loCD16+ monocytes. It is difficult 

to directly compare the functions of human and murine subsets, because human and 

mice studies have used different experimental designs and examined different aspects of 

monocyte functions. Therefore, no corresponding relationship is currently established 

between mouse and human subsets.  
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Table 1 Surface molecule expression on human and murine monocyte subsets 

Antigen 
Human 

CD14highCD16- 
monocytes 

Human 
CD14loCD16+

monocytes 

Mouse 
CCR2+Ly6C+ 

monocytes 

Mouse  
CCR2-Ly6C- 
monocytes 

Monocyte markers 
CD11b + + + + 
CD14 ++ +/- ND ND 

CD16 (FcγRIII) - + ND ND 
CD115 ND ND + + 
F4/80 ND ND + + 
Ly6C ND ND ++ - 

Chemokine receptors 
CCR1 + - ND ND 
CCR2 + - + - 

CXCR2 + - ND ND 
CX3CR1 +/- ++ +/- ++ 

Other receptors and lineage markers 
CD11c + + - + 
CD49b ND ND + - 

CD62L (L-
selectin) 

+ - + - 

CD64 (FcγRII) - + ND ND 
MHC II + ++ Inducible Inducible 

Functions 
Phagocytosis Higher Lower ND ND 

Secreting 
cytokines 

Lower Higher Higher Lower 

Ag presentation Lower Higher ND ND 

Recruitment to 
tissues 

ND ND Inflammation 
Inflammation 
and steady 

state 
ND, not determined. 
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1.2 The trafficking of monocytes 

All murine monocytes express CX3CR1 and the inflammatory subset also 

expresses CCR2 (9), therefore the ligands of these two receptors are probably the major 

mediators for the trafficking of monocytes. CCR2 deficiency in mice has been extensively 

studied, and it always causes decreased accumulation of monocyte/macrophage-like 

cells in various tissues during inflammation, demonstrating that monocyte extravasation 

to inflamed tissues is CCR2 dependent (21-27). CCR2 ligands include CCL2 (MCP-1), 

CCL8 (MCP-2), CCL-7 (MCP-3), and CCL12 (MCP-5). Among these ligands, CCL2 

appears to be the major functional ligand that has been well characterized. CCL2 is 

required for CCR2+Ly6C+ monocytes to exit bone marrow and to enter inflamed tissues 

(28, 29), as CCL2-/- or CCL2-neutralized mice have decreased numbers of CCR2+Ly6C+ 

monocytes in peripheral blood, and in various inflamed tissues (2, 23, 28, 30). CCL2 is 

also sufficient to recruit monocytes when expressed as a transgene in the lungs (31). It 

has been suggested that CCL2 mediates monocyte migration through HEV into draining 

LNs although CCL2 mRNA is not found in LNs (32).  

In most models of inflammation, CCL2-/- mice display a less pronounced 

phenotype than CCR2-/- mice, suggesting that other CCR2 ligands also regulate monocyte 

trafficking. CCL7 is required for maintaining homeostatic numbers of blood 

CCR2+Ly6C+ monocytes while CCL8 and CCL12 are not necessary for the exit of 

monocytes from bone marrow at steady state (28). Monocyte retention in the bone 

marrow after intraperioneal thioglycollate is also increased in both CCR2-/-, and CCL7-/-, 

but not CCL8/12-/- mice (28), suggesting that CCL7 also contributes to the exit of 

monocyte from bone marrow in the inflammatory state. Other roles of CCL7, CCL8, and 

CCL12 during inflammation have not been investigated. It is extensively documented 
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that expression levels of CCL2 are increased after various types of infection (2), while 

much less is known about the expression patterns of other CCR2 lignads.  

The ligand for CX3CR1 is CX3CL1 (fractalkine, FKN), which can be expressed 

on the cell surface or as a soluble molecule (33). The soluble form of CX3CL1 is a strong 

chemoattractant for monocytes in vitro (34). CX3CR1/CX3CL1 interactions are required 

for the patrolling behavior of CCR2-Ly6C- monocytes, and for the extravasation of these 

monocytes to the peritoneum in response to L. monocytogenes infection (12), and to 

various tissues at steady state (9). Its function on inflammatory monocytes is not clear.  

 

1.3 Monocyte differentiation 
Monocytes can develop into tissue resident macrophages and many DC subsets 

(1). Tissue macrophages show a high degree of heterogeneity, ranging from osteoclasts, 

alveolar macrophages (AM), microglia, splenic macrophages, to kupffer cells. Most 

evidence supporting the view that resident tissue macrophages are derived from 

monocytes come from in vitro culture system (1, 35). Studies have shown that local 

proliferation and renewal has a significant role in the homeostasis of many macrophage 

types in adult mice (36-39). In the steady state, alveolar macrophages turn over very 

slowly at the rate of 40~60% replacement per year (39). Despite the slow turnover, 

tissue macrophages still need circulating precursors to replenish their populations, and it 

has been assumed that monocytes are the precursors. Recently, an additional 

macrophage type was described with DC characteristics described in the inflamed lungs 

(40). We called these cells exudated macrophages because they are only recruited during 

inflammation. Their lineage relationship with monocytes has not been established in 

vivo.  
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The major splenic and LN conventional dendritic cells (cDCs), including CD8+ 

and CD8- DCs, turn over quickly with half-lives in the range of several days (41, 42). 

They need a constant influx of precursor cells to replenish the population. Although 

most resident splenic and LN DCs are now considered to be derived from myeloid 

origins (43), several studies have shown that these cDCs are not derived from 

monocytes at steady state by adoptive transfer of FACS-sorted monocytes (7, 11). 

Adoptive transfers of BM MDPs and splenic-resident pre-DCs show that they are the 

cDC precursors (44). One study has suggested that monocytes can also give rise to 

cDCs, but the authors used magnetic beads-purified BM monocytes as donor cells, 

which may be contaminated with other precursors in the bone marrow (45). In contrast, 

CCR2+Ly6C+ monocytes give rise to new DC subsets in LNs and spleen during 

inflammation, for example, the TNFα/iNOS-producing DCs (TiP DCs) in the spleen 

after Listeria infection (10, 29), the CD11cdimMHCII+ cells in the skin after acquiring 

fluorescent latex beads (15), and CD11bhiLy6C+ DCs in the LN of Leishmania-infected 

mice (46). CCR2-Ly6C- monocytes have not been shown to develp into inflammatory 

DCs in spleen or LNs.  

Tissue resident DCs are also long-lived as tissue macrophages. Langerhan cells 

(LC), for instance, persist without division in the mouse skin for more than 3 weeks, and 

can be replenished by local precursors (42, 47). In studies supporting the view that 

monocytes differentiate into tissue resident DCs, the recipient mice are usually γ-

irradiated, UV-irradiated, or injected with diphtheria toxin (DTx) to reduce resident DC 

populations in order to improve the engraftment of adoptively-transferred monocytes. 

All these conditions may induce some inflammation, and thus cannot mimic an exact 

naïve state. Therefore, data generated to support the hypothesis that monocytes give 

rise to tissue resident DCs has to be carefully interpreted when applied to the steady 

state. Nevertheless, those data does show that CCR2+Ly6C+ monocytes can 
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differentiate into LCs in a UV-irradiation model (48), and become intestinal and 

pulmonary DCs in CD11c-DTR mice treated with DTx (11), and that CCR2-Ly6C- 

monocytes give rise to DCs in the intestinal lymph in surgical-manipulated rats (13).  

One gene expression study showed that after Listeria infection in the peritoneum, 

transiently-extravasted CCR2-Ly6C- monocytes initiate a typical macrophage 

differentiation program, illustrated by upregulation of cMaf, MafB, egr1, egr2, and egr3 

and of genes such as Arginase, Fizz1, MR, Mgl2, and IL-4Rα, which are markers of 

alternatively activated, also termed M2-like, macrophages. In contrast, in the same 

Listeria infection, CCR2+Ly6C+ monocytes initiate a DC differentiation program 

characterized by the upregulation of RelB and PU.1, but not of cMaf and MafB (3). 

These findings are consistent with studies showing that CCR2-Ly6C- monocytes develop 

into macrophages with repair and anti-inflammatory functions in healing myocardium 

and muscle regeneration (49, 50), while CCR2+Ly6C+ monocytes give rise to 

inflammatory DCs as discussed above.  

In summary, inflammatory monocytes develop into tissue resident DCs, and 

inflammatory DCs in spleen and LNs during inflammation. Resident monocytes may 

become tissue resident DCs and macrophages at steady state, but they may differentiate 

into more M2-like macrophages during infllammation. Monocytes are the major suppliers 

for DCs and macrophages, which sometimes are referred to as the mononuclear 

phagocyte systems (MPS). The model of monocyte development and differentiation is 

illustrated in Figure 1.  
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Figure 1 The model of monocyte development and differentiation 

Bone marrow macrophage/DC progenitor (MDP) gives rise to cDCs in lymphoid tissues 
(without a monocytic intermediate) and to blood monocytes. CCR2+Ly6C+ monocytes 
can directly enter inflamed tissues and differentiate into inflammatory DCs, and migrate 
to the draining LNs; or they can directly enter LNs draining inflamed sites through HEV, 
and they also become DCs there. There is no direct evidence showing that CCR2+Ly6C+ 

monocytes give rise to exudate macrophages yet. CCR2+Ly6C+ monocytes have been 
shown to replace Langerhans cells after skin UV-irradiation. As for CCR2-Ly6C- 

monocytes, they are assumed to be the precursors for tissues macrophages and DCs. 
HSC: hematopoietic stem cells; CMP: common myeloid progenitor; GMP: 
granulocyte/macrophage progenitor; CLP: common lymphoid progenitor.  
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1.4 The function of mononuclear phagocyte system 
As stated above, monocytes give rise to tissue macrophages and DCs at steady 

state, and to splenic and LN inflammatory DCs during inflammation. All these cell 

types display a high level of heterogeneity; therefore cells of monocytic lineage have 

various functions. We will discuss their roles in innate immunity, tissue damage and 

repair, and adaptive immunity below.  

Cells of the monocyte/macrophage lineage have long been considered as innate 

cells to play first-line defense against various pathogens (2). In murine models, CCR2-

dependent monocyte migration is important for defense against Cryptococcus neoformans 

(fungus), Toxoplasms gondii (parasites), Mycobacterium tuberculosis, and Listeria 

monocytogenes (bacteria) infections, as mice with CCR2 deficiency are more susceptible 

to these pathogens, and succumb to the disease early from a weak innate immunity (10, 

21, 30, 51-54). Cells resembling CCR2+Ly6C+ monocytes are reported to accumulate at 

infected tissues and produce TNFα and nitric oxide (NO) to kill bacteria (10, 52, 55-57). 

Destruction of the parasite, T. gondii, is more complicated; the process involves IL-12 

production from monocytes, and the stripping of the parasite plasma membrane 

followed by fusion with autophagosomes in the macrophages (30, 58).  

Although TNFα and NO are very useful for bacteria killing, they do not have a 

beneficial effect during infection with certain viruses (59, 60). Instead, they may induce 

tissue damages during virus infection (61, 62). Since monocytic cells are producers of 

these two effector molecules, their deficiency in CCR2-/- tissues seems to provide 

protective effects in various inflammatory lung diseases, suggesting inflammatory 

monocytes and cells of their progeny can induce pulmonary pathology (23, 63-66). 

Nevertheless, the detailed phenotype of these cells, and the cell migration events 

responsible for pulmonary immune pathology have not been elucidated. Another 



 

12 

example of macrophages causing tissue damage is atherosclerosis. Monocytes are 

recruited to inflamed endothelium of the aorta, transmigrate into the intima, 

phagocytose lipoprotein particles, and become foam cells secreting large amount of 

cytokines and reactive oxygen intermediates, resulting in lesions on the blood vessel (67). 

CCR2-/- and CCL2-/- mice are reported to have decreased atherosclerosis (68, 69).  

Tissue macrophages also provide tissue repair functions under certain 

conditions. They can degrade injured tissues, like extracellular matrix, phagocytose dead 

cells, and enhance progenitor cell growth in a renal repair model (70). In a skeletal 

muscle injury model, macrophages accumulate at the injury site, and defects in monocyte 

migration or partial depletion of macrophages impairs muscle regeneration (71-73). 

Macrophages produce mitogenic growth factors for myogenic precursor cells, and 

prevent precursor cells from apoptosis (74). They also provide TGF-β in the 

environment (49). In a healing myocardium model, monocytes/macrophages persist in 

the infarct zone for several days, and they contribute to phagocytosis, angiogenesis, and 

collagen deposition for wound healing and tissue repair after myocardial infarction (50, 

75-78).  

Monocytes give rise to tissue dendritic cells at steady state, for example, 

pulmonary DCs and Langerhans cells (11, 48), and inflammatory DCs in the dLNs and 

spleen during inflammation. It is not surprising that cells of monocytic lineage can shape 

T cell responses. However, except for Langerhans cells, the extent to which monocyte-

derived DCs contribute to adaptive immunity in vivo has not been defined. Decreased 

accumulation of CCR2+ antigen-presenting cells has been proposed as the reason why 

CCR2-/- mice have defects in Th1 responses in M. tuberculosis (79), suggesting 

inflammatory monocyte-derived cells contribute to Th1 induction or enhancement. 

Recently, one study showed that monocytes migrate to the skin and become DCs, and 

then enter dLNs via lymphatics after L. Major cutaneous infection (46). These monocyte-
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derived DCs exhibit high T cell stimulatory ability ex vivo. Protective Th1 responses to L. 

Major, and to other infections, are also attenuated in CCR2-/- mice (24, 53, 80, 81). 

Monocytic cells also participate directly in regulating B cell responses, not through T 

helper cells. TiP DC in mucosa-associated lymphoid tissues (MALT) regulates IgA 

production though iNOS, which mediates the expression of APRIL and BAFF, the 

stimulating factors for B cells (82). Another study showed that circulating CD11b+Gr-1+ 

cells traffic to spleen with antigen and interact with B cells in the marginal zones to 

promote T cell-independent Ab responses (83).  

In this dissertation, we have focused on elucidating the roles of monocytic cells in 

inducing immune pathology and tissue damage in influenza-infected lungs, and in the 

induction of Th1 responses in vivo. Therefore, the next two sections will review the 

literature on influenza-induced pathology, and the development of Th1 responses, 

respectively.  

 

1.5 Influenza-induced pulmonary immune pathology 

1.5.1 Influenza virus 

Influenza virus belongs to the Orthomyxoviridae family. The genome of influenza 

A virus consists of eight single-stranded RNA segments, which are attached to a 

nucleoprotein (NP) and three polymerase proteins (PA, PB1, and PB2). The 

ribonucleoprotein complex is connected to a matrix protein, M1, which forms an 

additional connection to the virus envelope. Two surface glycoproteins, hemagglutinin 

(HA) and neuramindase (NA), and an M2-ion channel protein are embedded in the 

virus envelope (84). Type A influenza virus has many varieties: there are 16 HA and 9 

NA subtypes; infectious influenza viruses in humans have 3 HA subtypes (H1, H2, and 

H3) and 2 NA subtypes (N1 and N2) (84).  
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Poor fidelity of RNA transcription is the first survival strategy of influenza virus, 

which results in many mutant strains even in one infected host. Then the mutants with 

evolved epitopes that escape antibody neutralization come to dominate the population. 

This is an antibody-driven selection, called “antigen drift” (85). A high frequency of 

mutations also help influenza virus adapt to different host animals very quickly. 

Reassortment of the virus genome is the second survival strategy (85); Influenza A virus 

has many subtypes circulating in nature, and genome exchange can occur between any 

two subtypes present in the same host. This is especially significant given the wide 

variety of species that can be infected by influenza virus (e.g., ducks, pigs, chicken, 

leopards, and many wild birds). The two mutational strategies assure rapid evolution 

and diversity of influenza virus.  

Several viral proteins contribute to influenza virus pathogenesis (84). The 

hemaglutinin (HA) glycoprotein is involved in host cell recognition, and is therefore 

important for determining host range. The HA proteins of human viruses and avian 

viruses preferentially recognize different sialic acid residues in different linkages to 

galactose. However, the avian flu viruses that cause human pandemics all preferentially 

switch to express an HA receptor specific for human sialic acid pattern (86). Enhanced 

HA cleavability (with multiple basic amino acids at the cleavage site instead of one) by 

host proteases, which broadens infectivity in more cell types is also a characteristic of 

highly pathogenic avian influenza virus (HPAI) (87, 88). One amino acid mutation in 

viral RNA polymerase, PB2 (Lys627 replacing Glu627), is important for enhancing the 

viral growth of avian flu virus in mammals (89). Lastly, it is reported that non-

structural, NS1, genes from 1997 Hong-Kong H5N1 virus can function as antagonists to 

the host interferon defense mechanisms (90, 91). Interestingly, human macrophages that 

are treated with viruses transfected with the H5N1 NS1 genes upregulate the expression 

of proinflammatory cytokines (92). All these gene changes in HPAI increase the infection 
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of various cell types and cause more cell death and inflammation, which may account 

for the greater morbidity and lethality caused by HPAI relative to common influenza 

virus.  

 

1.5.2 Highly pathogenic influenza in humans 

During the 1918 influenza pandemic, unusually high mortality rates were seen 

among young healthy adults, which may reflect immune-mediated pathology. The flu 

infections were associated with toxemia, hypoxemia, and severe hemorrhagic 

inflammatory edema of the lungs (85, 93). Humans infected with highly pathogenic 

avian influenza (HPAI) display high mortality (also in young adults), acute respiratory 

distress syndrome (ARDS) progressing to respiratory failure, lymphopenia, 

thrombocytopenia, and reactive hemophagocytic syndrome (94, 95). Diffuse alveolar 

damage with activated lymphocytes, macrophages, and neutrophils has been seen in the 

autopsies of HPAI patients (96). Reactive hemophagocytic syndrome is one of the most 

prominent features in the pathology of both the 1918 pandemic flu and H5N1 avian flu 

(97). It is a disorder of the monocyte phagocytic system with extensive phagocytosis of 

erythrocytes, leucocytes, platelets and their precursors, and is believed to be driven by 

highly elevated cytokine levels.  

A “cytokine storm”, with unusually high levels of chemokines and cytokines in 

serum (98) and lungs (99), is frequently observed and correlates with fatal outcome in 

HPAI infections (100, 101). These cytokines and chemokines include IFN-γ, IL-1, IL-6, 

TNF-α, MCP-1 (CCL2), IP-10 (CXCL10), MIP-1α (CCL3), and MIG (CXCL9). Their 

roles in inducing immune pathology have been investigated in murine influenza models, 

which will be discussed later. In vitro experiments using human macrophages show that 

H5N1 viruses induce much a higher expression of proinflammatory cytokines than 
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H3N2 or H1N1 viruses, especially TNF-α (92). Virus-infected macrophages can also 

release high levels of reactive nitrogen intermediates (NO) and reactive oxygen species 

(ROS), which may also contribute to influenza-induced lung pathology (102, 103).  

 

1.5.3 Highly pathogenic influenza virus in mice 

Infection of animals with a re-created 1918 strain results in severe pulmonary 

inflammation, increased expression of cytokines and chemokines in the lung tissues, and 

an aberrant ineffective immune response (104, 105). The immune pathology of influenza 

infection has been associated with several specific cytokines. Mice with NOS2 deficiency 

or depleted with anti-TNFα display decreased mortality when infected with mouse-

adapted influenza (61, 62, 106). This increased survival appears to occur because NO 

and TNFα induce significant lung damage but contribute little to anti-influenza immune 

responses (59, 60). Other cytokines and chemokines, including IFN-γ, IL-1, IL-6, and 

MIP-1α, also contribute to virus-induced immunepathology, but provide positive effects 

on viral clearance at the same time (107-111).  

The source of pathogenic cytokines during influenza infection has not been 

determined, but development of pulmonary immune pathology during sepsis has been 

associated with NOS2 production by a bone marrow-derived cell type, and is reduced 

by macrophage depletion (112, 113). Neutrophils and, to a lesser extent, macrophages 

have been suggested to cause lung damage during most cases of acute lung injury and 

ARDS (114). In the case of influenza, myeloid infiltrates predominate in lungs and 

macrophages infected in vitro are a major source of inflammatory cytokines (66, 92, 

115). CD8+ T cells also infiltrate flu-infected lungs, and they do secrete the implicated 

pathogenic cytokines, TNFα and IFN-γ (97). However, the relative contributions of 
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TNFα from macrophages and T cells have not been determined, and TNFα from 

different cell types may have different functions (56).  

The accumulation of monocytes/macrophages in lungs during influenza infection 

has been associated with the development of lung injury. Influenza-infected CCR2 

deficient mice display decreased monocyte/macrophage accumulation, decreased lung 

damage, and a trend toward decreased mortality, while mice lacking CCR5 display 

increased pulmonary infiltrates and increased lung damage (66). CCR2 deficient mice 

also display a reduced accumulation of monocytes/macrophages in lungs and reduced 

lung injury in other inflammatory lung diseases (23, 63-65, 116, 117), suggesting that one 

or more CCR2+ cell types can induce pulmonary immune pathology. However, the 

specific cell types and cell migration events responsible for influenza-induced immune 

pathology and mortality have not been identified. We have undertaken an extensive 

investigation of flu-induced pathologic responses and report our findings in this 

dissertation.  

 

1.6 Stimulation of Th1 immune response in lymph nodes 
Immune responses are initiated in lymph nodes when antigen-bearing dendritic 

cells (DCs) stimulate the activation and polarization of T cells (118, 119). In the classic 

view, T cell activation is stimulated primarily by migratory DC populations, such as 

Langerhans cells, that enter lymph nodes from the periphery via lymphatics in a CCR7-

dependent manner, and most DC subtypes have been thought to behave like Langerhans 

cells (118, 119). This view has changed in recent years with the findings that some 

lymph node DC subtypes arise from precursors recruited directly from the blood or only 

during inflammation (43) (Figure 1-2), that, in many cases, migratory DC types do not 

directly activate T cells (120, 121), and that Ag presentation by resident DCs and 
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migratory DCs stimulate different aspects of T cell responses (122). It has also been 

shown that migratory DCs present antigens to naïve T cells, but not to memory T cells 

(123). These findings have raised questions about which lymph node DC subtypes 

actually stimulate T cell activation and polarization after various immunogenic stimuli.  

Th1-polarized T cells produce interferon-γ (IFN-γ) and provide protection 

against viruses and other intracellular pathogens. Th1 T cell polarization is stimulated 

most strongly by interleukin 12 (IL-12), which is produced by monocytes, macrophages, 

and certain DC subtypes upon activation (124). Bioactive IL-12, IL-12 (p70), is 

composed of two subunits: IL-12 (p40), which is produced in fairly high amounts and is 

shared with IL-23, and IL-12 (p35), whose production is more tightly regulated and 

represents the rate-limiting step in IL-12 (p70) formation (125). Type I interferons are 

reported to substitute for IL-12 in stimulating IFN-γ production in some virus infections 

(e.g., lymphocytic choriomeningitis virus (LCMV) or vesicular stomatitis virus (VSV)). 

Type I interferons are produced mainly by plasmacytoid DCs during these viral 

infections (126, 127). Lastly, activated T cells that reengage different DCs subsequently 

in the LNs express more IL-2 receptor (CD25), and produce more IFN-γ (128). 

Nevertheless, the amount of bioactive IL-12 is still the major factor controlling Th1 

polarization.  

Among DC subtypes obtained from resting lymphoid organs, resident CD8+ DCs 

have the greatest Th1-polarizing activity (129, 130). However, this may not be true 

during infection or inflammation. The fact that the reengagement of T cells with 

subsequent DC presentation promotes IFN-γ production suggests that migratory DCs 

probably play an important role in T cell polarization (128). During chronic cutaneous 

leishmania infection, peripheral ‘inflammatory’ DCs (derived from inflammatory Gr-1+ 

monocytes that enter peripheral tissues, become DCs, and migrate to lymph nodes via 
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lymphatics) accumulate in large numbers and display robust Th1-polarizing activity 

(46). Consistent with the idea that monocyte-derived DCs (moDCs) stimulate Th1 

responses, these responses are markedly impaired in mice lacking the chemokine 

receptor that mediates inflammatory monocyte migration, CCR2 (53, 79, 81). This 

abnormality has been proposed to be due to a defect in the trafficking of monocytes to 

sites of immunization or infection. However, this view is not consistent with the finding 

that mice lacking the major CCR2 ligand, CCL2, have normal or increased Th1 responses 

(131, 132). The cause of the divergent T cell responses in CCR2-/- and CCL2-/- mice has 

not been determined (133).  

Inflammatory DCs in lymph nodes can arise from moDCs recruited via 

lymphatics (peripheral moDCs) and from inflammatory monocytes that enter lymph 

nodes directly from the blood (blood-derived inflammatory DCs) (8, 32, 46). Although 

inflammatory monocytes have been demonstrated to extravasate across high endothelial 

venules (HEVs) into lymph nodes and develop into DCs, the role that blood-derived 

inflammatory DCs may play in antigen-specific T cell responses has not been 

determined (32). In this dissertation, we are going to investigate the migration of blood-

derived inflammatory DCs, and their possible role in Th1 polarization, and how they 

may influence the divergent T cell responses in CCR2-/- and CCL2-/- mice.  
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Figure 2 DC subsets in skin-draining lymph node 

At steady state, there are resident DC subsets in the LNs, CD8+ DCs, CD8- DCs, and 
pDCs. They are derived from circulating DC precursors coming from blood through 
HEV, and this migration process is probably CCR7 dependent. Also, Langerhan cells 
(LC) and dermal DCs constitutively migrate from skin to LN through lymphatics at slow 
rate. During inflammation, like evasion by pathogens, the migration of LC and dermal 
DCs to dLNs increases, and there is an additional inflammatory DC subset arising from 
monocytes in the dLNs. Monocytes can migrate to tissues and differentiate into 
inflammatory DCs, and then migrate to dLNs, or they go to LNs directly from blood 
through HEV and give rise to DCs in LNs.  
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1.7 The objectives of this dissertation 
As discussed previously, the monocyte and macrophage lineages have long been 

credited to play a role in innate immunity. Recently monocyte-derived cells have also 

been implicated in inducing immune pathology and may also contribute to adaptive 

immunity. The purpose of this dissertation is to assess the roles of monocytes and 

monocyte-derived cells in the development of influenza-induced immune pathology and 

Th1 responses. It has four aims:  

(1) Identify myeloid cells in influenza-infected lungs (Chapter 3).  

(2) Determine if cells of the monocytic lineage are required for influenza-induced 

immune pathology and mortality (Chapter 4).  

(3) Investigate the migration routes by which monocytes reach the draining LNs 

of inflamed tissues, and which CCR2 ligands contribute to this process 

(Chapter 5&6).  

(4) Examine if monocyte-derived DCs induce Th1 responses in vitro, and assess 

any requirement for moDCs in generating Th1 responses in vivo (Chapter 

6&7).  
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2. Materials & methods 

2.1 Animals 
BALB/c, C57BL/6 and C3H/He mice were purchased from Charles River 

(Wilmington, MA) or Jackson Labs (Bar Harbor, Maine). CD11c-DTR, CD45.1, 

DO11.10, OT2, HA-TCR mice (influenza HA-specific TCR), CCR2-/- and CCL2-/- mice 

were purchased from The Jackson Laboratory. DDD/1-plt mice were backcrossed to 

BALB/c mice 10 times and to C57BL/6 mice 11 times (134), and maintained at Duke 

University Medical Center and Toho University School of Medicine. SPC-MCP 

transgenic mice (134) were backcrossed eight generations onto the BALB/c background. 

CX3CR1GFP/GFP mice were provided by Dr. Dan Littman (NYU) and crossed with WT 

mice to produce CX3CR1+/GFP mice. All mice were kept under specific pathogen-free 

conditions and used at 7 to 15 wk of age.  

For flow analysis of flu-infected lung cells or draining LN cells, mice were 

anesthetized by ketamine (100mg/kg)/xylazine (10mg/kg) i.p., and then infected with 

H1N1 influenza virus strain A/Puerto Rico/8/34 (PR8) (ATCC, Manassas, VA, VR-95) 

intranasally (30 µl of 8.9 x 105 TCID50/ml virus per mouse). Body weight of infected 

mice was monitored daily. For flu infection mortality study, pathology and viral titer 

studies, mice were infected with the same virus strain (high dose: 30 µl of 5 x 106 

TCID50/ml; low dose: 30 µl of 8.5 x 104 TCID50/ml). For immunization, mice were 

immunized subcutaneously at two sites on the back with 100 µg chicken OVA (Sigma-

Aldrich) in RIBI adjuvant (Sigma-Aldrich) or in a 1:1 emulsion of PBS and CFA (Difco 

or Sigma-Aldrich) or in the footpad with 10-20 µg OVA in CFA. 

All animal experiments were conducted in accordance with National Institutes of 

Health guidelines and protocols approved by the Animal Care and Use Committee at 

Duke University.  
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2.2 Antibodies  
Purified, biotinylated or Alexa Fluor 488, Allophycocyanine (APC), FITC, 

Phycoerythrin (PE), PE-Cy5, PE-Cy5.5, APC-Cy7, APC-AF750, PE-Cy7 or PE-Texas 

Red-conjugated mAbs specific for the following mouse antigens were used; CD3 (145-

2C11), CD4 (RM4-5), CD8α (53-6.7), CD11b (M1/70), CD11c (HL3), CD16/32 

(2.4G2), CD19 (1D3), CD40 (3/23), CD44 (IM7), CD45R/B220 (RA3-6B2), CD49b 

(DX5), CD62L (MEL-14), CD80 (16-10A1), CD86 (GL1), I-Ab (25-9-17), I-Ad (AMS-32-

1), I-A/I-E (2G9), Ly6C/G (Gr-1, RB6-8C5), Ly6G (1A8), Ly76 (TER119), DO11.10 

TCR clonotype (KJ1-26), Sca-1 (E13-161.7), c-kit (2B8), CCR3 (83101), CCR7 (4B12) 

(purchased from BD Pharmingen, BioLegend, CALTAG or eBioscience). The following 

isotype control mAbs were used; mouse IgG1 (G155-178), rat IgG1 (R3-34), rat IgG2a 

(R35-95), rat IgG2b (A95-1), hamster IgG (G235-2356) (BD Pharmingen or eBioscience). 

The anti-CCR2 Ab MC-21 was kindly provided by Dr. Matthias Mack (Klinikum 

University, Regensburg, Germany).  

2.3 Flow cytometry analysis  

Cells were stained with antibodies in Mg2+- and Ca2+-free Dulbecco’s PBS 

(Invitrogen) containing 3% FCS, 5% normal mouse serum, 5% normal rat serum, 5 µg/ml 

anti-CD16/32 mAbs and 10 mM EDTA for 30 min at 0°C. For cell sorting, HBSS was 

used instead of Dulbecco’s PBS. After washing, stained cells were analyzed on a FACS 

CaliburTM or FACS LSRIITM flow cytometer (Becton Dickinson) and CELLQuestTM or 

FACS DivaTM software, respectively. CD3+ T cells, CD19+ B cells, 7-aminoactinomycin 

D+ (7-AAD; BD Pharmingen) dead cells and FL3+ autofluorescent cells were excluded 

from data for lymph node DC analysis. For cell sorting, cells were collected and stained as 

above, and sorted into 2-4 populations using a BD FACSVantageTM cell sorter. For morphologic 
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analysis, FACS-purified cell populations from SPC-MCP lungs were cytospun onto microscope 

slides at 600 rpm for 5 min, stained with Gimsa, and photographed under light microscopy. 

2.4 T cell proliferation assays  

2.4.1 By lung antigen-presenting cells 

Serial dilutions of FACS-purified AM, DCs and exMACs obtained from SPC-

MCP lungs were cultured with 105 CD4+ T cells with or without OVA peptide in 96-well 

plates for 3 days. Allogeneic CD4+ T cells were purified from the spleens and LN of 

C57BL/6 mice using a Lympholyte M gradient followed by negative-selection on a 

MACS column using biotinylated anti-CD8, anti-CD11b, anti-CD11c, anti-B220, anti-

CD16/32, anti-CD19, anti-CD49b, anti-Gr-1, anti-TER119 Abs (BD Pharmagen) and 

streptavadin magnetic beads (Miltenyi Biotec, Auburn, CA). Naïve and total OVA-

specific CD4+ T cells were derived from the spleens and LN of DO.11.10 mice using the 

same method except that naïve CD4+ T cells were further purified using a 50%-70% 

Percoll after negative selection. After 3 days culture, T cell proliferation was measured 

by BrdU Kit (Roche Applied Science, Indianapolis, IN).  

For CD8 T cell proliferation, 104 FACS-purified AM, DCs, exMACs and DI cells 

obtained from flu-infected lungs were cultured with 105 CD8+ T cells in 96-well plates 

for 3 days. CD8 T cells were purified as CD4 T cells except that anti-CD4 was used 

instead of anti-CD8 in the negative selection. CD8 T cells were labeled with CFSE 

(Invitrogen, Carlsbad, CA) before being cultured with APCs. Because APC are not 

present as distinct populations in infected mice, cells were gated to favor the purity of 

populations with lower APC activity. Purity of APCs based on strict post-sort analysis: 

AM, 97%; DI, 85%; DCs 65% (contaminated with DI cells); ExMACs, 68% 

(contaminated with AM). After 3 days, cells in each well were analyzed by flow 

cytometry, and CFSE dilution was recorded for CD8+ T cells. 
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2.4.2 By LN dendritic cells 

OVA-specific T cells were purified from OT2 mice as described above. To 

prepare the OVA-specific T cell line, 5 x 105 naive DO11.10 CD4+ T cells were cultured 

with 1 µM OVA323-339 peptide and 106 30 Gy-irradiated splenic low density cells in 2 ml 

cRPMI-10 supplemented 20 U/ml IL-2 (Shionogi) in 24-well plates. The stimulated 

CD4+ T cells were maintained in cRPMI-10 supplemented 10 U/ml IL-2 and 

restimulated with 1 µM OVA323-339 plus 106 spleen cells every 2–3 weeks. OVA-primed 

CD4+ T cells were rested for at least 6 days before use. To purify total CD11c+ DCs, low 

density cells from lymph nodes were incubated with biotinylated anti-CD11c and streptavidin-

conjugated MACS beads (Miltenyi), then positively sorted on a magnetic activated cell sorter 

(MACS, Miltenyi) according to the manufacture’s instruction. Over 98% of the sorted cells were 

CD11c+. To purify DC subsets, cells were sorted as described previously (135). Briefly, low 

density lymph node cells were stained with anti-CD3, CD8a, CD11b, CD11c, CD19, Ly6C/G 

mAbs for 30 min on ice. After washing twice, individual DC subsets among CD11c+CD3–CD19– 

cells were sorted on a FACS VantageTM flow cytometer (Becton Dickinson). Cell purity after 

sorting was 85~95%.  

For proliferation assays, 105 naive CD4+ T cells or 5 x 104 cells from the DO11.10 

T cell line were co-cultured with freshly isolated and irradiated DCs in 200 µl cRPMI-10 

in U-bottom 96-well plates for 3 to 6 days and T cell proliferation measured either by 

pulsing with 1.25µCi [3H]-thymidine (Amersham Bioscience) during the final 6 h of 

culture and measuring incorporation on a Matrix 96 direct beta counter (Packard 

Instruments) or by pulsing with 10 nM BrdU (Roche) in the final 3–6 h of culture, then 

measuring incorporation using a BrdU-ELISA kit (Roche) according to the manufacture’s 

instructions.  
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2.5 Measurement of cytokine expression  

2.5.1 By lung antigen-presenting cells 

FACS-purifed AMs, cDCs and eMACs from SPC-MCP lungs were cultured in 

96-well plates in RPMI with or without LPS for 2 days. Supernatants were assayed for 

TNFα concentration using a colorimetric sandwich ELISA kit (R&D Quantikine, 

Minneapolis, MN). The lowest concentration of standard curve is 15.6 pg/ml. For NOS2 

intracellular staining, naïve WT and influenza-infected WT and CCR2-/- mice were 

sacrificed on Day 5. BAL and lung parenchyma cells were collected as above, stained 

with anti-CD11c, CD11b, IA/IE, and Gr-1,then fixed and permeablized using BD 

Cytofix/Cytoperm solution. Cells were then stained with either anti-NOS2-FITC or IgG-

FITC and analyzed by flow cytometry.  

2.5.2 From OVA re-stimulation of total lymph node cells  

Total cells were isolated from the draining lymph nodes of immunized wild-type, plt, 

Ccr2–/–, or Ccl2–/– mice and cultured in the presence of 1 µg/ml OVA for 48 h. Cytokine 

production was measured by intracellular staining for IFN-γ and by analysis of supernatants 

for IL-2 and IFN-γ by ELISA. For ELISA assays, aliquots of T cell culture supernatants 

were collected before [3H]-thymidine or BrdU labeling and assayed by Opt-EIA (BD Bioscience) 

according to the manufacture’s instructions. 

2.6 Total Bronchoalveolar lavage (BAL) protein and LDH activity  
Influenza-infected mice were sacrificed on day 6. Three ml of BAL fluid was 

obtained as described above and separated from BAL cells by centrifugation. The total 

protein concentration was measured using the BradfordTM assay reagent (Pierce, 

Rockford, IL) according to manufacture’s instruction. Lactate dehydrogenase activity in 
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BAL fluid was measured using an LDH based toxicology assay kit (Sigma, St. Louis, 

MO).  

2.7 Virus titer measurements  
Mice were infected with influenza and sacrificed on day 5. BAL fluid was 

obtained as described above. Lung tissues were minced in the same BAL fluid (2ml), 

dissociated using a nylon mesh, and centrifuged to remove cells, and the supernatant 

was collected. Influenza virus titer in lungs and serum was quantified by using standard 

plaque assay on Madin Darby canine kidney (MDCK) cells or by determining the tissue 

culture infectious dose (TCID50) .  

For plaque assays, lung or serum samples were serially diluted in PBS containing 

Ca++ and Mg++ and 0.1% BSA. Diluted samples were plated on confluent monolayers of 

MDCK cells and allowed to adsorb for 1 hour at 37°C in a tissue culture incubator. 

After 1hr, inocula were removed and cells were overlayed with 1x MEM containing agar 

and TPCK trypsin (Sigma) at a final concentration of 0.1µg/ml. Plates were incubated 

two days in a tissue culture incubator (37°C, 5% CO2) to allow plaques to form. When 

plaques were clearly visible, agar was removed and the plates were stained with 1% 

crystal violet in methanol to aid in counting, and then PFU for each sample was 

determined. To determine TCID50, 10x serial dilutions of 0.2 ml aliquots of lung samples 

were added in triplicate in 96-well plates. 2.5x104 MDCK cells were added to each well 

and the plates were incubated at 37 °C for 5 days. Infected wells were identified by 

chicken red blood cells (CRBC) hemagglutination and TCID50 calculated as described .  

2.8 Delayed type hypersensitivity and contact hypersensitivity 
assays 

Seven days after subcutaneous immunization with OVA-CFA or OVA-RIBI 

immunized and naive mice were injected subcutaneously with 10 µl PBS into right ear 
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and 10 µl PBS with 25 µg OVA into left ear. Ear thickness was measured using a 

Peacock dial thickness gauge (Ozaki MFG) before and 24 h after elicitation. Ear swelling 

was calculated as the difference in thickness between 0 and 24 h. Reciprocal bone 

marrow transplants between BALB/c and BALB/c-plt mice were performed as 

previously described. Briefly, 107 bone marrow cells were injected intravenously into 8.5 

Gy gamma-irradiated recipients 30 days prior to immunization.  

For contact hypersensitivity assays, mice were sensitized with 50 µl 100 mg/ml 

oxazolone in vehicle (acetone:Olive oil, 4:1) on their shaved abdomens. 7 to 56 days 

later, their right ears were challenged with 10 µl of 10mg/ml oxazolone in vehicle and 

their left ears with vehicle alone. Ear thickness was measured before elicitation and at 24 

h and ear swelling calculated as above.  

2.9 DC migration assays  
BALB/c BM-derived DCs were prepared by culturing bone marrow cells at 1 x 

106/ml in cRPMI1640, 10% FBS, and 3.3 ng/ml GM-CFS (R&D), harvested at day 9, 

labeled with CFSE, then injected into footpads (8 x 105/pad) of anesthetized BALB/c 

or BALB/c-plt mice. Before or 1–3 days after DC injection, draining popliteal lymph 

nodes were harvested, prepared as above, and the number of 

CFSE+CD11c+autofluorescence– cells determined by flow cytometric analysis.  

2.9 Monocyte purification, transfer, and migration  

Bone marrow cells were collected in RPMI 10% FBS, prepared as single cell 

suspensions, and washed. Red blood cells were lysed using ACK buffer and the 

remaining cells incubated with 1.25 µg/ml biotinylated anti-CD3, CD4, CD8, CD11c, 

CD19, Sca-1, B220, c-kit, I-Ab, and TER119, and FITC-labeled anti-CCR3 and Ly6G for 

30 min at 0°C followed by streptavidin-conjugated and anti-FITC MACS beads 

(Miltenyi) for 20 min at 0°C and negatively selected over a MACS LD or LS column. The 
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resulting monocytes were labeled with CFSE and 3–6 x 106 injected intravenously into 

recipient mice 3 days after footpad injection of 10 µl OVA+CFA. Two hours later, the 

popliteal lymph nodes and footpads of recipient mice were harvested, digested with 

collagenase A and DNase I, processed for DC isolation as above using an 18% nycodenz 

gradient, and subjected to flow cytometric analysis. Donor monocytes were identified as 

CFSE+Ly6ChiCD11b+Ly6G– autofluorescence– cells.  

2.10 Antigen uptake by DCs and monocytes  
C57BL/6 mice were immunized on the back with OVA+CFA (Sigma) (100 

µg/site) or OVA-AF647 (Invitrogen) +CFA. After 3 days, draining lymph nodes and 

blood cells were examined for AF647 fluorescence by flow cytometry.  

2.11 Measurements of CCR2 ligands expression in vivo 

C57BL/6 mice were immunized in the footpads with OVA+CFA (10 µg/FP), 

infected with influenza virus as above, or left untreated (day 0). On days 1 and 3, mice 

were sacrificed, and their footpads, draining popliteal lymph nodes, or mediastinal 

lymph nodes harvested. Tissues were frozen and thawed once, and then homogenized 

by bead milling (Glen Mill) with vortexing in a FastPrep FP120 homogenizer (Thermo 

Savant). Supernatants were harvested by centrifugation and assayed for CCR2 ligands 

by ELISA. Quantikine® kits (R&D system) were used for measuring CCL2 and CCL12, 

Instant ELISA (Bender MedSystems) was used for CCL7. For CCL8 ELISAs, antibody 

pairs and recombinant proteins were purchased from R&D system and PeproTech, 

respectively. 

2.12 Statistics 

All numerical data are presented as mean ± SD. The comparison between 

survival curves is performed by logrank test in Prism® software. The test is equivalent to 
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the Mantel-Haenszel test. All the other data are analyzed by ANOVA or unpaired 

student t tests using Prism® software as indicated in the figure legends.  
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3. Identification of cell types in inflammed lungs 
During various types of pulmonary inflammations, leukocytes recruited to the 

lungs by up-regulated chemokines infiltrate interstitial tissues and enter the broncho-

alveolar space. The development of flow cytometry makes it possible to study the 

presence and the phenotype of all leukocyte populations over time after a certain stimuli 

or infections. These studies can help us examine the order of cell migration events, the 

activation state of a specific cell type, and the cytokine production by different cell 

types during the time course of an immune response. However, lung cells have been 

historically difficult to identify by flow cytometry due to the high auto-fluorescence of 

several pulmonary cell types, especially during inflammation, and the limited 

fluorochromes available several years ago. Therefore, in our studies, we set out to 

establish optimum cell marker combinations for staining lung cells and explore different 

fluorescent channels in flow cytometry first. Then we used these techniques to identify 

inflammatory cells in the lungs.  

3.1 Identification of cell types recruited to the lungs by CCL2 
The unambiguous identification of pulmonary inflammatory cells during active 

infection is often difficult, thus we began these studies by examining the cell types that 

accumulate in the lungs in response to CCL2 overexpression. CCL2 is expressed in the 

lungs at high levels during influenza infection and has been implicated in the 

accumulation of monocytes/macrophages in this disease (66, 136, 137). To mimic the 

robust expression of CCL2 that occurs during influenza infection without the 

accompanying cell activation and cytopathology, we used SPC-MCP mice. These mice 

express high levels of CCL2 under the control of the Surfactant Protein C (SPC) 

promoter (31), but their lung histology looks normal at baseline. We and others have 

shown that large numbers of monocytes and macrophages accumulate in the lungs of 
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SPC-MCP mice, but a detailed phenotypic analysis of the cells recovered has not been 

performed (31, 138). We now find that the bronchoalveolar lavage (BAL) and lungs of 

SPC-MCP mice contain four distinct cell types in the monocyte-macrophage-dendritic 

cell family. For clarity, we will identify each of these cell types based on the results of 

these studies, although the identity of some populations was not known at the time 

these studies were performed.  

The first cell type identified in SPC-MCP lungs is alveolar macrophages (AM). 

Consistent with previous reports (139), AM are autofluorescent CD11c+ CD11b- 

MHCIIlo cells that constitute >90% of bronchoalveolar lavage (BAL) cells in WT mice 

(Fig. 3A, gate R3). AM are clearly seen in digests of WT lungs (Fig. 3C, gate R3) and are 

increased in number in both the BAL and lungs of SPC-MCP mice (Fig. 3B, 3D, gate R3, 

3G). On cytospins, AM appear as large round cells with abundant vacuolated 

cytoplasm (Fig. 3F).  

The second cell type identified in SPC-MCP lungs is DCs. These are CD11c+ 

MHCIIhi cells that are very infrequent in WT BAL but are readily apparent in WT lung 

digests (Fig. 3A, 3C, gate R1). DCs are increased in the BAL and markedly increased in 

the lungs of SPC-MCP mice (Fig. 3B, 3D, gate R1, Fig 3G). DCs from SPC-MCP mice 

display increased expression of Gr-1 (Fig. 3A-D, gate R1), raising the possibility that 

these cells recently differentiated from a Gr-1+ precursor population. Morphologically, 

DCs are small cells with vacuolated cytoplasm, a low cytoplasm/nuclear ratio, irregular 

shaped nuclei, and dendritic processes (Fig. 3F).  

The third cell type identified in SPC-MCP lungs is inflammatory monocytes. The 

majority of these CD11c- MHCII- CD11b+ monocytes express high levels of Gr-1 (Fig. 3B, 

3D, gates R2 and R4), while the remainders are Gr-1int (Fig. 3B, 3D, gate R5). Gr-1hi 

monocytes overlap in the expression of several markers with neutrophils (Fig. 3A-D, 

Gate R4), but can be distinguished from the latter based on Gr-1 expression levels and 
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side scatter (Fig. 3E) or by expression of CX3CR1 (see below). Monocytes are present at 

very low levels in the BAL and lungs of WT mice (Fig. 3G). Lung monocytes display the 

morphology of monocytes in blood (Fig. 3F): small cells with round to irregular shape 

and bean- or kidney-shaped nuclei. Neutrophils are also present in SPC-MCP lungs as 

CD11c- MHCII- CD11b+Gr-1hiSSChi cells, although their percentage is a lot lower than in 

WT lungs (Fig. 3E).  

Unlike the above cells, the fourth cell type we find in SPC-MCP lungs has not 

been clearly identified in previous flow cytometric studies. In both the BAL and lungs of 

SPC-MCP mice, there appear cells that co-localize with AM in CD11c and MHCII 

profiles, but are CD11b+ and display less side scatter than AM (Fig. 3B, 3D, gates R3 

and R7). They are also CCR2+CX3CR1+ while AM are not (see below). These cells 

proved to be exudate macrophages (exMACs). They are only recruited in MCP-1-filled 

lungs and flu-infected lungs (shown later). Their morphology is also very similar to 

exudates macrophages described previously. On cytospins, exMACs are almost as large 

as AM, have abundant cytoplasm, and typically have bi-lobed or kidney-shaped nuclei 

(Figure 3F).  
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Figure 3. Monocytes, DCs, AM, and exMACs are increased in the lungs of SPC-
MCP mice. 
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Figure 3.  

(A-D) Cells from BAL and lung digests were harvested from wild type (WT) and SPC-MCP mice 
and analyzed by flow cytometry. Gate labels: DCs, dendritic cells; DN, double negative (CD11c- 
MHCII-) cells; MAC, total macrophages; AM, alveolar macrophages, exMAC, exudate 
macrophages. Results shown are from individual mice representative of three separate 
experiments. Numbers shown represent the percentage of cells within the gates. (E) Segregation 
of Gr-1hi monocytes from neutrophils based on Gr-1 versus side scatter (SSC) flow cytometry 
profiles. Panels display cells with the CD11b+Gr-1hi gates of CD11c- MHCII- DN cells (R4). (F) 
SPC-MCP lung cells within individual gates were purified by FACS, cytospun, Giemsa-stained, 
and photographed. Original magnification 100x. (G) Total cell numbers (per mouse) of individual 
cell types obtained from lung digests of WT, SPC-MCP+/-, and SPC-MCP+/+ mice were 
calculated. Bars represent the mean ± SD for 3 mice per group. *, p < 0.05 compared with WT 
mice using 1 way ANOVA with Dunnett post comparison test. 
 

3.2 Molecule expression patterns and activities of pulmonary 
inflammatory cells in SPC-MCP mice 

To further characterize lung cell types in SPC-MCP mice, we examined 

expression of costimulatory molecules and the chemokine receptors CX3CR1 and CCR2. 

As expected, lung monocytes express high levels of CX3CR1 and CCR2 and can thus be 

easily distinguished from neutrophils, which express neither molecule (Fig. 4A). Lung 

DCs are CX3CR1+, predominately CCR2+ (Fig. 4A), and express high levels of CD80 

and CD86 and low levels of CD40 (Fig. 4B). Of interest, DCs recovered from the lungs 

of SPC-MCP mice differ somewhat from DCs obtained from WT lungs. Those from SPC-

MCP mice display decreased side scatter, decreased forward scatter, decreased 

expression of DEC205, and increased expression of CD11b (Fig 4C), suggesting that 

DCs in SPC-MCP mice may contain a recruited cell population that differs from resident 

pulmonary DCs. AM express low levels of CD80 but do not express CX3CR1, CCR2, 

CD86, or CD40 (Figs. 4A, 4B). In contrast, exMACs express CCR2, are uniformly 

CX3CR1+ (Fig. 4A), and express high levels of CD80 and CD86, but little CD40 (Fig. 

4B), and thus appear more similar to DCs than to AM. All lung APC types express high 

levels of ICOS ligand (IcosL).  
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Figure 4. Expression levels of selected chemokine receptors and costimulatory 
molecules on lung cells of SPC-MCP mice. 

Lung cells were prepared from CX3CR1GFP/+ SPC-MCP+/- mice and analyzed by flow cytometry. 
(A) Expression of CX3CR1 and CCR2 on individual lung cell types as detected by GFP 
expression or Ab staining, respectively. (B) Expression of CD80, CD86, CD40, and IcosL as 
detected by Ab staining. Cells were gated as shown in Figure 1D. Faint lines represent staining 
with IgG control Abs or, for CX3CR1, FITC signal from GFP-/- cells. (C) Comparison of DCs 
obtained from WT (thick lines) and SPC-MCP (thin lines) mice in SSC, FCS, CD11b, and 
DEC205. Shadow histograms represent control IgG staining. Data are representative of three 
experiments. 
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In functional studies, DCs obtained from SPC-MCP mice stimulate robust T cell 

proliferation in all assays of APC activity, including allogeneic T cell proliferation (Fig. 

5A), naïve OVA-specific DO11.10 T cell proliferation (Fig. 5B), and total (naïve + 

memory) DO11.10 T cell proliferation (Fig. 5C). AM stimulate only low levels of 

allogeneic T cell proliferation, and do not stimulate Ag-specific T cell proliferation (Fig. 

5A-C). ExMACs stimulate moderate levels of allogeneic T cell proliferation (Fig. 5A) 

and moderate levels of proliferation of total Ag-specific T cells (Fig. 5C). However, they 

do not stimulate the proliferation of naïve Ag-specific T cells (Fig. 5B), and for this 

reason are defined here as a macrophage, rather than a DCs, cell type. For studies of 

innate immune function, we examined the production of TNFα by inflammatory cell 

populations. When cultured, AM purified from SPC-MCP mice produce only 

background levels of TNFα while DCs produce TNFα at low levels (Fig. 5D). In contrast, 

exMACs produce significant amounts of TNFα, which can be further increased by 

stimulation with LPS. Based on the above assays and previous reports, we identified 

the major cell types that accumulate in the lungs of SPC-MCP mice as inflammatory 

monocytes, DCs, AM, and exMACs.  
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Figure 5. T cell stimulation and TNFα production by dendritic cells and macrophages 
from SPC-MCP mice. 

(A-C) Dendritic cells, alveolar macrophages and exudate macrophages were purified from the 
lungs of SPC-MCP mice (BALB/c background) (5~7 mice pooled) and used as stimulatory cells 
in assays of T cell proliferation as measured by BrDU incorporation. Sorted APC purity is 
between 85~97.5%, and CD4 T cells purity is 90~96%. Bars represent the mean ± SD for studies 
performed in triplicate from two experiments. Response curves were analyzed by linear 
regression and significant differences between slopes or intercepts determined by ANOVA. (A) 
Stimulation of allogeneic (C57BL/6) CD4+ T cells. All response curves are significantly different 
from each other (p < 0.0001). (B) Stimulation of naive DO11.10 CD4+ T cells in the presence of 
OVA peptide. Only DCs stimulate a significant proliferative response (p < 0.0001). (C) 
Stimulation of total splenic and LN DO11.10 CD4+ T cells in the presence of OVA peptide. All 
response curves are significantly different from each other (p < 0.01). (D) Dendritic cells, 
alveolar macrophages and exudate macrophages were purified by FACS from the lungs of SPC-
MCP mice and cultured in the presence or absence of LPS. After 48 h, TNFα levels in the 
supernatant were measured by ELISA. Bars represent the mean ± SD for studies performed in 
three experiments. *, p < 0.05; **, p < 0.005 using ANOVA with Tukey’s multiple comparison 
test.  
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3.3 Pulmonary antigen-presenting-cell (APC) populations in 
influenza-infected mice. 

 
Once we had identified and phenotyped the inflammatory cell types that 

accumulate in lungs in response to CCL2 overexpression, we sought to determine if these 

same cell types also appear in WT mice during infection. We therefore examined lung cell 

populations in WT Balb/c mice infected with influenza. In initial studies, cell 

populations appeared in infected WT mice that were similar to those seen in uninfected 

SPC-MCP mice, however, the very high frequency of CD11b+ Gr-1+ cells found in 

infected WT mice made it difficult to discriminate neutrophils from other cell types 

(data not shown). We then examined inflammatory cells in the lungs of influenza-

infected CX3CR1GFP/+ mice, a model that allows the clear discrimination of GFP- 

neutrophils from other CD11b+ Gr-1+ cell types (Fig. 6, GFP gating not shown). Because 

CX3CR1GFP/+ mice are on the C57BL/6 background, we compared inflammatory cell 

populations in Balb/c and C57BL/6 mice on day 5 of infection and found no significant 

differences between strains (data now shown). Influenza infection of CX3CR1GFP/+ mice 

results in a marked increase in the number of Gr-1hi monocytes in the lungs (Figs. 6A, 

6B). Lung Gr-1hi monocyte numbers peak at day 5 and return to baseline by day 15 (Fig. 

6F).  

Influenza infection also results in both a relative and absolute decrease in lung 

AM frequency (Figs. 6A, 6C, 6F). AM numbers reach a nadir at day 10 but recover by 

day 15 (Fig. 6F). Infected mice also display an increase in the number of lung exMACs. 

Of note, exMACs are almost uniformly Gr-1+ at day 5 but are Gr-1- at day 10 (Fig. 6C), 

suggesting that these cells have recently differentiated from Gr-1+ monocytes. ExMAC 

numbers peak at day 10 of infection (Fig. 6F). Unexpectedly, the inflammatory cell type 

that accumulates to the greatest extent in this study is DCs (Fig. 6A, D, F). However, 
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this is probably due to the 17% metrizamide gradient we used for our lung cell flow 

cytometry at the beginning. This gradient excludes some monocytes and neutrophils. 

Later as we used 17.5% gradient, monocytes became the cell type with the greatest 

number in flu-infected lungs (Fig. 12). Nevertheless, DC numbers are still higher than the 

number of exMACs, AM, and the DI cells described below. As with exMACs, almost all 

lung DCs are Gr-1+ at day 5 after infection but Gr-1- at day 10 (Fig. 6D), suggesting that 

these cells also arise from Gr-1+ monocytes and thus represent monocyte-derived DCs 

(moDCs). Intra-nasal instillation of PBS alone stimulates no significant changes in lung 

cell populations on day 5 (data not shown).  

In addition to the above cells, influenza infection results in the presence of a lung 

inflammatory cell type that was not observed in SPC-MCP mice. These cells express 

intermediate levels of both CD11c and MHCII and are therefore referred to here as 

double-intermediate (DI) cells (Fig 6A). DI cells express high levels of CD11b, Gr-1, and 

CX3CR1 (Fig 6E and data not shown) and appear to represent Gr-1+ monocytes that are 

in the process of differentiating into a more mature cell type. Consistent with this, the 

number of DI cells peaks early in infection (Fig 6F) and DI cells express intermediate 

levels of CD80, CD86, and CD40 on day 5 of infection (Fig. 7A). Day 5 monocytes also 

display increased expression of CD80, CD86, and CD40. Interestingly, influenza 

infection results in almost no change in the expression of CD80, CD86, or CD40 by AM 

(Fig. 7A), suggesting that the activation of these cells does not contribute to the 

inflammatory response. In contrast, DCs and exMACs express very high levels of CD80, 

CD86, and CD40 (Fig. 7A).  

To determine the capacity of the inflammatory cell types found in the lungs of 

influenza-infected mice to stimulate influenza-specific T cell responses, we examined the 

ability of these cells to stimulate the proliferation of influenza hamaglutinin (HA)-

specific CD8+ T cells. FACS-purified DCs recovered from lungs on day 5 of infection 
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stimulate robust HA-specific T cell proliferation (Fig. 7B). DI cells recovered at the same 

time stimulate moderate levels of HA-specific T cell proliferation (Fig. 7B). ExMACs 

and AM appear to stimulate only low levels of T cell proliferation.  

To determine the inflammatory cell populations that express NOS2, an enzyme 

known to cause lung injury and mortality during influenza infection (59, 61, 103, 140), 

we examined NOS2 expression by intracellular staining. Both exMACs and DCs 

recovered from lungs on day 5 of infection express NOS2, while AM do not (Fig. 7C). DI 

cells display a bi-modal distribution of NOS2 expression (Fig. 7C).  
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Figure 6. Inflammatory cells types in the lungs of flu-infected CX3CR1GFP/+ mice.  

CX3CR1GFP/+ mice were infected with influenza virus strain A/Puerto Rico/8/34 by 
intranasal inoculation. At days 0, 5, 10, and 15 after infection, cells obtained from lung 
digests were analyzed by flow cytometry. (A) Flow cytometric profiles of total lung 
cells. Individual gates are color coded according to legend. Numbers shown represent the 
percentage of cells within the gates. (B-E) CD11b versus Gr-1 expression on cells within 
individual gates of panels in 3A. Individual gates are color coded according to legend. 
(F) Total cell numbers (per mouse) over time of individual cell types obtained from lung 
digests of influenza-infected mice.  
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Figure 7. Expression of costimulatory molecules, CD8 T cell stimulatory capacity, and 
NOS2 expression by inflammatory cell types during influenza infection. 

(A) Lung cells were obtained from uninfected or day 5 influenza-infected CX3CR1GFP/+ 
mice and analyzed by flow cytometry. Cell populations were gated as in figure 6. 
Staining profiles for the indicated molecules include IgG controls (dashed line), cells from 
mock-infected mice (thin line), and cells from day 5 infected mice (thick line with 
shadows). (B) HA-TCR (Clone 4) CD8 T cells were purified from the spleens of naïve 
mice, labeled with CFSE, cultured with the indicated APC populations from influenza-
infected lungs for 3 days, and CFSE dilution in CD8+ T cells examined by flow 
cytometry. Results are representative of 2 experiments. (C) Intracellular NOS2 
expression in individual cell types obtained from the lungs of wild type mice five days 
after influenza infection. Gates shown correspond to those in figure 4. Thin lines 
represent control Ab staining. MFI above IgG control is indicated. Results are 
representative of 3 experiments. 
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3.4 Direct identification of monocyte-derived cells types in 
inflammatory lungs 

The above findings are consistent with a model in which Gr-1+ inflammatory 

monocytes enter lungs in response to influenza infection, up-regulate CD11c and MHCII 

expression to become DI cells, then mature into either exMACs or moDCs. To confirm 

that DI cells, exMACs, and DCs arise from monocytes within the lung, we adoptively 

transferred Gr-1hi or Gr-1int monocytes (purified from the lungs of SPC-MCP mice by 

FACS) via the trachea into the lungs of WT mice and examined the development of these 

cells in the presence or absence of influenza infection. The phenotype of donor-derived 

cells (CD45.1+) in BAL was examined 48 hr after transfer and 24 hr after infection. 

Donor cells were uniformly CD11c- and MHCII- prior to transfer (data not shown). In 

the absence of influenza infection, both Gr-1hi and Gr-1int monocytes mature into DI cells 

and, to a lesser extent, exMACs, but not DCs (Fig 8B). In influenza-infected recipients of 

Gr-1int monocytes, a large proportion of both exMACs and DI cells are donor-derived, 

but few DCs are of donor origin (Fig. 8A, 8C). In contrast, donor-derived cells constitute 

a large proportion of DCs, exMACs, and DI cells in infected recipients of Gr-1hi 

monocytes (Fig. 8C). Thus, during influenza infection, DI cells, exMACs, and DCs can be 

derived from inflammatory monocytes in the lungs. Influenza infection appears to 

increase the differentiation of monocytes into moDCs (Fig. 8D), although this trend does 

not reach statistical significance (p = 0.14).  

 



 

45 

 

Figure 8. Adoptively-transferred monocytes develop into dendritic cells and exudate 
macrophages in the lungs of influenza-infected mice. 

Gr-1+ and Gr-1int monocytes were each purified from the lungs of CD45.1+ SPC-MCP 
mice (5~7 mice pooled) and transferred by intratracheal instillation (at 3~8 x105 
cells/mouse) into the lungs of CD45.2+ WT mice. After 24 h, a portion of recipient mice 
were infected with influenza virus and then sacrificed one day later for flow cytometric 
analysis of BAL cells. Left column: PBS only. Middle column: Recipients of Gr-1int 
monocytes. Right column: Recipients of Gr-1hi monocytes. (A) Total BAL cells obtained 
from influenza-infected recipients of no cells (PBS), Gr-1int monocytes and Gr-1hi 
monocytes. Dendritic cell, macrophage and DI gates are shown. (B&C) CD45.1 
expression of recipient BAL cells within the dendritic cell gate (upper row), CD11b+ 
recipient BAL cells, which represent exudate macrophages, within the macrophage gate 
(middle row), and recipient BAL cells within the DI cell gate (lower row). (B) Naïve 
recipient mice. (C) Flu-infected recipient mice. Thin lines represent BAL cells of PBS-
treated control mice. Results shown are representative of three experiments. (D) The 
number of donor CD45.1+ Cells in ExMAC or DC gates were calculated from 3 
experiments. Bar represents mean ± SD. 
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4. Inflammatory cell types and flu-induced pathology in 
CCR2-/- mice.  

After characterizing monocyte-derived cells in the inflamed lungs, we wanted to 

investigate what possible roles they play in pulmonary biology. Since CCR2-/- mice have 

decreased pathology in several pulmonary inflammatory diseases, and there is a huge 

influx of monocytes to the lungs during influenza infection, we hypothesized that 

monocytes migrate to flu-infected lungs in a CCR2 dependent fashion, and that 

monocytic cells may also play a role in inducing immune pathology. We also investigated 

possible mechanisms on how these cell types cause the pathology. Finally, we tested if 

CCR2 antagonist is effective in inhibiting influenza-induced inflammation and mortality 

in mice.  

4.1 The accumulation of myeloid cells is reduced in CCR2-/- 
lungs after flu-infection 

The findings in chapter three strongly suggest that the vast majority of 

inflammatory cells present in the lungs by day 5 of influenza infection are derived from 

CCR2+ inflammatory monocytes, and therefore, that the accumulation of these cells is 

likely to be CCR2-dependent. To test this, we examined lung cell populations in CCR2-/- 

mice 5 days after influenza infection. We find that CCR2-/- mice display a marked 

decrease in the accumulation of DCs, exMACs, DI cells, and Gr-1+ monocytes during 

influenza infection (Fig 9A-C, G), while the number of other cells types does not change 

in CCR2-/- (Fig. 9G and data not shown). Moreover, the populations that are the most 

reduced in CCR2-/- mice are the CD11bhi Gr-1+ subsets of DCs and exMACs (Fig. 9B, C), 

and DI cells (Fig. 9G). These are also the cell types that express the highest levels of 

CD86 and CD40, resulting in a marked decrease in cells expressing these costimulatory 

molecules in infected CCR2-/- mice (Fig. 9D, E, H). The frequency and the number of cells 
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expressing NOS2 are also dramatically decreased in CCR2-/- mice (Fig. 9F, H). Overall, 

the accumulation of DCs, exMACs, and DI cells during influenza infection is reduced by 

about 80% in CCR2-/- mice (Fig 9G).  
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Figure 9. Decreased accumulation of inflammatory cells in the lungs of CCR2-/- mice 
after influenza infection.  

Wild type (WT) and CCR2-/- mice were infected with influenza virus strain A/Puerto 
Rico/8/34 by intranasal inoculation. Five days after infection, cells obtained from lung 
digests were analyzed by flow cytometry (3 mice per group). (A) Flow cytometric 
profiles of total lung cells. Numbers shown represent the percentage of cells within the 
gates. (B) Cells within the DC gate of panels in A. Gr-1hi CD1bhi DCs are indicated. (C) 
Cells within the macrophage gate of panels in A. CD11bhi exudate macrophages are 
indicated. (D) Analysis of CD11c versus CD40 staining of total lung cells obtained from 
influenza-infected mice. (E) Analysis of CD11c versus CD86 staining of total lung cells 
obtained from influenza-infected mice. (F) Intracellular staining of NOS2 in lung cells 
obtained from wild type mice and wild type and CCR2-/- mice five days after influenza 
infection. NOS2+ CD11b+ cells are indicated in gate. (G) Total cell numbers (per mouse) 
of individual cell types obtained from lung digests of influenza-infected WT and CCR2-/- 
mice were calculated. Gr-1+ monocytes and neutrophils are distinguished by positive 
Ly6G staining on neutrophils. (H) Cell numbers (per mouse) of CD11c+CD86hi, 
CD11c+CD40hi, and CD11b+NOS2+ cells obtained from lung digests of influenza-
infected WT and CCR2-/- mice. Bars represent the mean ± SD for 3 mice per group. *, p < 
0.05; **, p < 0.005; ***, p < 0.0005 between WT and CCR2KO mice using unpaired 
student t test. 
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4.2 CCR2-dependent influenza-induced pathology and mortality 
The finding that CCR2-deficient mice display marked reductions in inflammatory 

cell numbers and the frequency of cells expressing immune stimulatory molecules and 

NOS2 suggested that these mice would be protected from influenza-induced immune 

pathology. We therefore compared markers of influenza-induced lung injury and 

morbidity between CCR2-/- and WT mice. On day 6 after high dose of virus inoculation, 

total protein concentration and lactose dehydrogenase (LDH) activity in BAL fluid are 

both significantly decreased in CCR2-/- relative to WT mice (Figs. 10A, 10B). CCR2-/- 

mice also display a significant decrease in weight loss after influenza infection (Fig. 

10C). This decrease in weight loss is highly reproducible. In studies examining other 

endpoints, WT mice average 19.2% weight loss on day 6 of influenza infection versus 

8.3% for CCR2-/- mice (n= 14, P= 0.0004 by Mann-Whitney test). Most strikingly, CCR2-

/- mice display an 89% decrease in influenza-induced mortality after high-dose influenza 

infection (Fig. 10D). Importantly, this decrease in morbidity and mortality was not 

associated with an increase in viral titers or dissemination. Five days after a high-dose 

infection, influenza titers in lungs are slightly, but not significantly, lower in CCR2-/- than 

in WT mice (Fig. 10E) and virus is not detected in the blood of either group (data not 

shown). To examine viral titers at later time points, we performed low-dose infections. 

Eight days after low-dose infection, titers are again slightly lower in the lungs of CCR2-/- 

mice (Fig. 10F) and are undetectable in both groups on day 10. These results strongly 

suggest that the CCR2-dependent migration of monocytes and the development of 

monocyte-derived inflammatory cells in the lungs are largely responsible for the lung 

injury and subsequent morbidity and mortality that occur during influenza infection, and 

these cells do not seem to contribute to viral clearance.  
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Figure 10. Influenza-induced lung injury and weight loss in wild type and CCR2-/- 
mice. 

Wild type and CCR2-/- mice were infected with influenza. After six days, BAL fluid was 
assayed for (A) total protein and (B) Lactose dehydrogenase (LDH) activity. Bars 
represent the mean ± SD for 5 mice in each group. P value is calculated by student t test. 
(C) Percentage of initial body weight of wild type and CCR2-/- mice after influenza 
infection. Points represent the mean ± SD for 8 mice in each group. P value is calculated 
by ANOVA for repeated measures. (D) Percentage of wild type and CCR2-/- mice that 
survived influenza infection. Total 8 mice for each group. P value is calculated by 
logrank test. (E) Lungs from wild type and CCR2-/- mice were harvested at day 5 after 
influenza infection and viral titers were determined by measuring for plaque forming 
units (PFU) in total lungs of each mouse. (F) Lungs from wild type and CCR2-/- mice 
were harvested at day 8 after influenza infection and viral titers were determined by 
determining TCID50 in total lungs of each mouse. Bars represent the mean ± SD for 5 
mice in each group. P value is calculated by student t test.
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4.3 Neutrophils do not contribute to flu-induced pathology 
Neutrophils have long been considered as the disastrous cell type in 

inflammatory pulmonary disease, for example, acute respiratory distress syndrome 

(ARDS) (114). They phagocytose everything and secret proteases and oxidants to cause 

lung damage. Therefore, we examined the phenotype of the mice with MCL-1 

conditional deficiency in myeloid cells (Lysosome-Cre x MCL1-flox mice) during 

influenza infection. These mice are reported to have dramatically reduced number of 

neutrophils in blood, spleen, and bone marrows (141). We also observe that these mice 

have 70~80% decrease in neutrophil numbers in both BAL and lung homogenates after 

influenza infection (Fig. 11A, B). However, when we examined the weight loss and 

mortality in MCL-1 conditional knockout mice after influenza infection, they did not 

exhibit any difference from WT mice (Fig. 11C, D), suggesting neutrophils are probably 

not playing a role in inducing pulmonary pathology.  
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Figure 11. Influenza infection in MCL-1 conditional KO mice 

MCL-1 myeloid-conditional KO mice are infected with influenza virus strain A/Puerto 
Rico/8/34, and sacrificed on day 5 for flow analysis on BAL and lung cells (A, B), or 
observed over time for weight loss and mortality (C, D). (A, B) Cell number of each 
myeloid cell types in BAL and lungs of WT and MCL-1 conditional KO mice. (C) 
Percentage of initial bodyweight and (D) Survival curve for MCL-1 conditional KO mice 
and their WT littermate after lethal dose influenza infection. n = 4~5 mice per group.  
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4.4 Inhibition of influenza-induced mortality by CCR2 antagonist.  
CCR2 deficient mice displayed dramatic decrease of pulmonary inflammation, 

morbidity, and mortality during influenza infection. These exciting results motivated us 

to investigate if CCR2 antagonist can reduce monocytic cell infiltration in flu-infected 

lungs, and ultimately prevent high mortality in infected mice. We obtained CCR2 

antagonist, PF4178903, from Pfizer, and injected mice with the drug subcutaneously 

twice per day. First we tested if the drug can reduce the accumulation of monocytic cells 

in the flu-infected lungs. We proceeded to infect mice with PR8 (H1N1) and then inject 

mice with PF4178903 starting on day 0. On day 5, lungs of infected mice are harvested 

and subjected to flow cytometry. We observed that the drug did, in fact, reduce the 

number of monocytes, DCs, and exMACs in the lungs (Fig. 12A). Next we examined if 

the drug could reduce the morbidity and mortality of flu-infected mice. To mimic CCR2 

deficient condition, we gave mice the drug one day before influenza infection (two 

injections before intra-nasal viral infection). This treatment successfully protected flu-

infected mice from dying, compared to 80% mortality in the control group (Fig. 12C). 

Also, the drug-treated mice maintained higher bodyweight than control mice throughout 

the infection (Fig. 12B).  
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Figure 12. CCR2 antagonist reduce cell infiltration, bodyweight loss, and mortality.  

Control and drug (PF)-treated mice were infected with influenza virus. Control and 
drug-treated mice were injected s.q. with PBS and PF, respectively, twice per day. (A) 
After five days, lungs were harvested, and lung cells were subject to flow cytometry. 
Bars represent the mean ± SD for 3 mice in each group. P value is calculated by student t 
test. *, p<0.05. (B) Percentage of initial body weight of control and PF-treated mice after 
influenza infection. Points represent the mean ± SD for 6~8 mice in each group. P value 
is calculated by ANOVA for repeated measures. (D) Percentage of control and PF-
treated mice that survived influenza infection. Total 5~8 mice for each group. P value is 
calculated by logrank test.  
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5. Increased T cell response and abnormal DC 
accumulation in plt mice 

After exploring the roles of monocytic cells in flu-induced immune pathology, we 

will focus on their participation in adaptive T cell responses in the next three chapters. 

We are going to discuss how the abnormal composition of different DC subsets in the 

LNs of mice with chemokine or chemokine receptor deficiency can affect the polarization 

of T cells responses. In this chapter, we are going to describe how we identified lymph 

node moDCs in the course of examining mice with the paucity of lymph node T cell (plt) 

mutation. This mutation is a deletion of the Ccl19 and Ccl21-Ser genes, which results in a 

loss of all CCL19 and CCL21 expression in secondary lymphoid organs. Plt mice 

display a >95% reduction in the migration of naive T cells into lymph nodes and a 50–

60% decrease in total lymph node DCs (142, 143). However, they still develop delayed 

but enhanced T cells responses after immunization (144, 145). For a while, these results 

could not be explained or reconciled, until the recent emergence of moDCs in murine 

models.  

5.1 Increased T cell responses in the LN of plt mice 
As discussed above, plt mice lack CCL19 and CCL21 in lymphoid organs to 

attract T cells and DCs, so they have dramatically decreased number of T cells and DCs 

in the LNs. Despite these defects, plt mice display increased antigen-specific T cell 

numbers and increased antigen-specific T cell proliferation for at least 16 months after 

immunization (144, 145). On both BALB/c (Fig. 13A) and C57BL/6 (Fig. 13B) genetic 

backgrounds, plt mice displayed delayed-type hypersensitivity (DTH) responses that 

are about 2-fold greater than seen in wild-type mice. This increased response was 

independent of the adjuvant used for sensitization (CFA, RIBI, LPS) and the number of 

sensitizing immunizations (Fig. 13C and data not shown). Plt mice also displayed 
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contact hypersensitivity (CHS) responses that were markedly increased by day 7 and 

were maintained without reduction for at least eight weeks (Fig. 13D). After 

immunization with ovalbumin (OVA) in CFA, plt mice displayed a 6-fold increase in the 

proportion of CD4+ T cells that produced IFN-γ (Fig. 13E,F), indicating the development 

of markedly increased Th1 T cell responses. These increased T cell responses were not 

due to an intrinsic defect in T cells or DCs. After reciprocal bone marrow 

transplantations between wild-type and plt mice, the plt phenotype of increased DTH 

responses was seen in plt recipients, irrespective of the bone marrow donor genotype, 

suggesting plt abnormality is intrinsic to a stromal cell type (Fig. 11G). The abnormality 

in T cell responses is the result of defects in stromal cell type. In our hands, bone marrow 

transplantation typically leads to some reduction in DTH response relative to non-

transplanted mice (data not shown). Like plt mice, CCR7-deficient display severe 

defects in the accumulation of T cells and DCs in draining lymph nodes (146), but 

display increased T cell responses in contact hypersensitivity assays (147). The cause of 

the paradoxically increased T cell responses seen in plt and CCR7-deficient mice has not 

been previously determined.  

At baseline, T cells in plt lymph nodes are markedly reduced in number and are 

predominantly of memory phenotype, but display no obvious abnormalities in response 

to antigen stimulation (143, 145). The frequency of CD25+ T regulatory cells among total 

T cells in plt lymph nodes was normal at baseline and after immunization (data not 

shown). Thus, T cells in plt mice appear to be normal. In contrast, total CD11c+ DCs in 

the lymph nodes of naive plt mice displayed an increased capacity to stimulate the 

proliferation of allogeneic naive CD4+ T cells (Fig. 13H). Nine days after immunization, 

a time when T cell proliferative responses in plt mice are increased (145), total lymph 

node DCs from plt mice, bearing only the antigen administered 9 days earlier, stimulated 

the robust proliferation of cells from an OVA-primed DO11.10 CD4+ T cell line, while 
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DCs obtained from wild-type lymph nodes displayed no such ability (Fig. 13I). This 

increased ability to stimulate OVA-experienced T cells persisted for at least 28 days 

after immunization (Fig. 13J). These results suggest that the increased and prolonged T 

cell responses seen in plt mice are due, at least in part, to an increased and prolonged 

activity among lymph node DCs. Since we have determined the increased T cell 

responses are not due to intrinsic difference in bone marrow-derived cell types, 

individual DC is normal in plt mice. Therefore, the increased activity from total lymph 

node DCs can only be explained by alterations in the percentages of different DC 

subsets in the LNs, which is very possible in chemokine-deficient mice.  
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Figure 13. Increased immune responses in plt mice 

(A-C) DTH responses in plt mice. WT and plt mice were sensitized with s.c. OVA/CFA 
(A, B) or s.c. OVA/RIBI x1 or x2 (C). After 7 days, responses were elicited by injection 
of PBS/OVA and ear swelling measured at 24 h. (D) Time course of contact 
hypersensitivity (CHS) responses. BALB/c and plt mice were sensitized by oxazolone 
skin painting to the ear and swelling measured. (E) IFN-γ intracellular staining of 
BALB/c and plt lymph node CD4+ T cells 9 days after s.c. immunization with 
OVA/CFA. (F) Percentage of CD44+IFN-γ+ cells among CD4+ T cells after restimulation 
with increasing concentrations of OVA. (G) DTH responses, performed as above, after 
reciprocal bone marrow transplantation between BALB/c and BALB/c-plt mice. Bars 
represent mean ear swelling as a percentage of the responses in BALB/c mice. (H) 
Allogeneic T cell proliferation induced by lymph node CD11c+ cells from untreated mice. 
(I, J) OVA-specific proliferation of a DO11.10 CD4 T cell line induced by total lymph 
node DCs 9 days (I) or 28 days (J) after s.c. immunization with OVA/CFA.  
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5.2 Alterations in DC subset composition in plt LN 
To determine if the increased activity of total lymph node DCs in plt mice was 

due to alterations in the frequency of individual lymph node DC subtypes, we used the 

gating protocol shown in Fig. 14A to examine the frequency of six individual DC 

subtypes in plt popliteal lymph nodes at baseline and after footpad immunization. Five 

of these DC subtypes correspond to well-described lymph node DC populations. These 

include CD11b–B220+ plasmacytoid DCs (pDCs); CD11chiCD40int cells (gate I), which 

include CD11b+CD8– DCs and CD11bintCD8+ (CD8+) DCs; CD11cintCD40hi dermal-

derived DCs (gate II); and CD11chiCD40hi Langerhans cells (gate III). The last two 

migratory DC subsets are both CCR7+(Fig. 15) corresponding well to the literature. We 

also found a CD11cintCD11bhiCD40int DC population (gate IV) that displayed the 

phenotype described for moDCs (11, 44, 46, 148). These CD11cintCD40int cells were 

CD11bhi, CD80+, CD86+, major histocompatibility complex (MHC) class II+, CD4+, 

CD8– and expressed no CCR7 (Fig. 14A and Fig. 15). Such cells were present in small 

numbers in resting wild-type lymph nodes but were difficult to discern among other cell 

types.  

Resting lymph nodes in plt mice displayed a 45% decrease in total CD11c+ cells, 

but this decrease was not uniform among DC subtypes (Fig. 14B, C). Numbers of 

CD11cintCD40int DCs were normal in resting plt lymph nodes while the absolute number 

of all other DC subtypes was markedly (55%–81%) reduced (Fig. 14B, D). Following SQ 

immunization with OVA in CFA, numbers of CD11cintCD40int DCs in plt lymph nodes 

increased normally, while all other DC subtypes displayed almost no change in number 

over the 8 days following immunization (Fig. 14D). By day 8, all DC subtypes in plt 

mice other than CD11cint CD11bhi CD40int DCs were reduced by at least 75% relative to 

wild-type mice (Fig. 14B, C), resulting in a markedly increased ratio of 
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CD11cintCD11bhiCD40int DC to other DC subtypes (1:5 in wild-type vs. 2:1 in plt). Like 

plt mice, CCR7-/- mice displayed normal numbers of CD11cintCD11bhiCD40int DCs eight 

days after immunization, but marked reductions in all other DC subtypes (Fig. 14D, 

open triangles). CCR7-/- mice displayed a greater reduction in migratory DC types (gates 

II and II) than plt mice, consistent with their more complete loss of lymphatic CCR7 

activity. These findings are consistent with prior studies (149).  
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Figure 14. Quantification of individual lymph node DC subtypes in BALB/c and plt 
mice. 

(A) Gating protocol for identification of lymph node DC subsets. Subtypes indicated 
include CD11b–B220+ plasmacytoid DCs (pDC), CD11chiCD40int DCs (I), 
CD11cintCD40hi dermal DCs (II), CD11chiCD40hi Langerhans-derived DCs (III), and 
CD11cintCD40int inflammatory DCs (IV). DCs in gate I are further divided into 
CD11bhiCD8– and CD8+ DCs. (B) CD40 vs. CD11c, and (C) CD11b vs. CD8 flow 
profiles of BALB/c and plt lymph node CD11c+CD11b+B220– classic DCs (cDC) at 
baseline and 8 days after s.c. immunization with OVA/CFA. (D) Quantitation of 
individual DC types in BALB/c, plt, and CCR7-/- draining lymph node on the indicated 
days after footpad immunization with 20 µg OVA/CFA based on the gates shown in 
(A). Points represent the cell number per lymph node in samples pooled from 3 mice.  
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Figure 15. The surface molecules on individual LN DC subset from plt mice. 

Draining LN cells were isolated from plt mice that were immunized with OVA+CFA 4 
days ago. DCs were enriched after 16% metrizamide gradient and subjected to flow 
analysis. CD80, CD86, CD4, CD8, CCR7, and MHCII expressions on each DC subset 
are shown. Gating protocol is the same as in figure 14.  
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5.3 The accumulation of Gr-1+ DC in plt LN during inflammation. 
Since moDCs express Ly-6C for several days after their differentiation from 

inflammatory monocytes, they can be identified by staining with anti-Gr-1, which 

recognizes Ly-6C and Ly-6G (148). We identified Gr-1+ DCs in lymph nodes as a subset 

of CD11cintCD11bhiCD40int (region IV) DCs. Gr-1 proved to be more specific than CD40 

in identifying moDCs as a distinct population and was therefore used in all subsequent 

experiments. In wild-type mice, CD11bhiGr-1+ DC were rare in lymph nodes at baseline 

but accumulated after immunization (Fig. 16A). In plt mice, CD11bhiGr-1+ DCs were 

abundant in lymph nodes at baseline and were markedly increased as a proportion of 

total lymph node DCs after immunization (Fig. 16A). The absolute number CD11bhiGr-

1+ DCs in lymph nodes was normal in plt mice at baseline and after immunization (Fig. 

16B). CD11bhiGr-1+ DCs in plt lymph nodes were CD40int, CD80+, CD86+, and MHC 

class II+ , suggesting a mature phenotype (Fig. 17). To ensure that the rapid accumulation 

of CD11bhiGr-1+ DCs in lymph nodes was not a specific response to OVA in CFA 

immunization, we examined another model of inflammation, acute viral infection. Five 

days after influenza virus infection, the frequency of CD11bhiGr-1+ DCs increased 7-fold 

in the mediastinal lymph nodes of wild-type mice (Fig. 16C). In plt mice, the frequency 

of CD11bhiGr-1+ DCs was increased at baseline and markedly increased after viral 

infection (Fig. 16C). The absolute number of CD11bhiGr-1+ DCs in plt mediastinal lymph 

nodes was similar to that seen in wild-type mice after viral infection (Fig. 16D). 

DC migration through lymphatics requires CCR7 activity (150), thus the 

preserved CD11bhiGr-1+ DC accumulation in plt and CCR7-/- mice suggests that these 

cells enter lymph nodes directly from the blood as inflammatory monocytes. To 

determine whether DCs are capable of entering inflamed plt lymph nodes via 

lymphatics, we injected bone marrow-derived DCs into the footpads of wild-type and 
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plt mice. Injected DCs accumulated in the draining popliteal lymph nodes of wild-type 

mice but not plt mice (Fig. 16E), a finding consistent with previous reports (15). In 

contrast, intravenous injection of bone marrow monocytes resulted in a roughly equal 

accumulation of donor CD11c+CD11bhiCD86+ DCs in the lymph nodes of immunized 

wild-type and plt mice after 3 days (Fig. 16F). These results suggest that the 

inflammatory DCs (probably monocytic lineage) in plt lymph nodes are blood-derived 

and do not enter lymph nodes via lymphatics.  
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Figure 16. Accumulation of inflammatory DCs in the draining lymph nodes of plt 
and WT mice.  

(A,B) CD11bhiGr-1+ inflammatory DCs in BALB/c and plt lymph nodes at baseline and 3 
days post s.c. immunization with 100 µg OVA/CFA. (A) CD11b vs. Gr-1 flow profiles 
of CD11c+CD11b+B220–CD8– lymph node cells. (B) Number of CD11bhiGr-1+ DCs per 4 
lymph nodes 3 days post s.c. immunization. P > 0.05. (C, D) CD11bhiGr-1+ DCs in BALB/c 
and plt mediastinal lymph nodes at baseline and 5 days post influenza infection. (C) 
CD11b vs. Gr-1 flow profiles as in (A). (D) Mean number ± SD of CD11bhiGr-1+ DCs per 
mediastinal lymph node. P > 0.05. (E) Time course of donor BM-derived DCs accumulation in 
the popliteal lymph nodes of WT and plt mice. DCs were injected into footpads 3 days after 
injection of CFA. (f) Accumulation of donor moDCs (CD45.1+CD11c+CD11b+CD86+) 
in the draining lymph nodes of WT and plt mice 3 days after monocyte transfer. 
Monocytes were injected by tail vein 3 days after s.c. immunization of OVA/CFA., *P < 
0.05; ** P < 0.005; *** P < 0.0005 by Student’s t-test.  
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Figure 17. The surface molecules of Gr-1+ DCs.  

Draining LN cells were isolated from plt mice that were immunized with OVA+CFA 3 
days ago. DCs were enriched after 16% metrizamide gradient and subjected to flow 
analysis. MoDCs (CD11c+CD8-CD11bhiGr-1+); CD8DC (CD11c+CD8-CD11bint); 
pDC (CD11c+Gr-1+CD11b-).Thin line: isotype control; thick line: PE-conjugated Abs.  
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6. Th1 stimulatory activity of moDC 
A recent paper from Ardavin’s group described a subset of moDC that migrate 

from tissues to LNs in a Leishmania infection model, and in vitro these moDC induce high 

level of IFN-γ from T cells of Leishmania-infected mice (46). In our hands, plt mice have 

increased Th1 responses correlated with increased percentages of moDC in the draining 

LN, therefore we speculate that moDC recruited under Th1-inducing conditions 

probably polarize T cells toward developing into Th1 cells. Although moDC in our 

model is blood-derived, which is different from the tissue-derived moDC described in 

Leishmania model, we believe that they also have the potential to in duce Th1 responses. 

In this chapter, we are going to show their capacity to induce IFN-γ production from 

antigen-specific T cells.  

6.1 Th1 stimulatory activity of inflammatory DC 
The finding that CD11bhiGr-1+ DC are increased in relative frequency in plt mice 

suggests that these cells may stimulate Th1 polarization. To test this, we purified 

CD11bhiGr-1+ and CD8+ DC from the mediastinal LN of influenza-infected C57BL/6 

mice by FACS and used them to stimulate OVA-specific OT2 T cells in vitro with added 

OVA peptide. CD8+ DC were chosen for comparison because they have been previously 

described as the most potent Th1-stimulatory DC subtype (129, 130). CD11bhiGr-1+ DC 

induce strikingly high levels of T cell IFNγ production relative to both CD8+ DC purified 

from the same LN and total DC purified from the spleens of naive mice (Fig. 18A). This 

difference in IFNγ production is not due to differences in overall T cell proliferation (Fig. 

18B) or T cell survival (data not shown). To determine why LN CD11bhiGr-1+ DC have 

such potent IFNγ stimulatory activity, we examined the production of IL-12 by LN DC 

subtypes. Individual mediastinal LN DC subtypes were purified by FACS 4 days after 
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influenza infection and stimulated in vitro with LPS and anti-CD40 for 24 hours. Under 

these conditions, CD11bhiGr-1+ DC, CD8+ DC, and naïve splenic DC all produce 

significant amounts of the IL-12 subunit, p40 (Fig. 18C). However, only CD11bhiGr-1+ 

DC produce detectable levels of complete IL-12(p70) (Fig. 18D). Although CD8+ DC 

have been reported to produce IL-12p70, their production is under detection level in our 

very limited culture condition (only 20,000 DC per well).  

To examine if CD11bhiGr-1+ DC from plt mice have enhanced intrinsic capacity 

to stimulate Th1 polarization, CD11bhiGr-1+ DC from WT and plt mediastinal LN were 

purified and cultured with OT2 T cells as described above. The result shows that plt 

and WT CD11bhiGr-1+ DC stimulate the same strikingly high level of IFNγ production 

from OVA-specific T cells and also the same level of T cell proliferation (Fig. 18E, F). 

Again, this is another evidence showing that the elevated Th1 polarization in plt LNs 

during DTH responses is not intrinsic to DCs, consistent with our hypothesis that the 

increased Th1 response is caused by the increased proportion of moDC in plt LN.  
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Figure 18. Th1-stimulating activity of moDC 

(A, B) CD8+ DC and CD11bhiGr-1+ DC, purified from the mediastinal LN of C57BL/6 
mice 4 days after influenza infection, and total naïve splenic DC were used to stimulate 
naïve OT2 CD4 T cells for 2 days in the presence of 100µM OVA peptide. Response 
curves were analyzed by linear regression, and significant differences in slopes 
calculated by ANOVA. (A) IFNγ production by stimulated OT2 cells as measured by 
ELISA. (B) Proliferation of stimulated OT2 cells as measured by BrdU incorporation in 
a colorometric assay. (C, D) IL-12 production by DC subtypes. 2x104 CD8+ DC, 
CD11bhiGr-1+ DC (moDC), or splenic DC were purified as above and cultured in media 
alone (Ctrl) or with LPS and 2 µg/ml αCD40 (Stim). After 24 hours, IL-12p40 (C) and 
IL-12p70 (D) levels in the supernatants were measured by ELISA. (E, F) T cell 
stimulation by CD11bhiGr-1+ DC, purified from the mediastinal LN of WT or plt mice 4 
days after influenza infection. Procedures are the same as in (A, B). (E) IFNγ 
production. (F) T cell proliferation.  
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6.2 Antigen acquisition in vivo by moDC 
In vitro data shows that moDC induces strong Th1 responses, but do they 

present antigen (Ag) to T cells in vivo? To determine the extent to which CD11bhiGr-1+ 

DC actually capture antigen in vivo, we immunized mice subcutaneously with OVA 

conjugated to Alexafluor-647 (AF-647) in CFA and examined the percentage of each DC 

subtype in draining LN that was AF-647+ by flow cytometry. Surprisingly, 3 days post 

immunization, the percentage of CD11bhiGr-1+ DC that contained labeled Ag was much 

higher than any other LN DC subtype (Fig. 19A, B). In addition, CD11bhiGr-1+ DC 

appeared to capture more Ag on a per cell basis than other LN DC types, based on the 

fluorescent intensity of AF-647+ cells (Fig. 19A). AF-647 staining was not detected on 

either monocytes or DC in the blood of immunized mice (Fig. 19C), suggesting that Ag 

capture by CD11bhiGr-1+ DC occurs within LN. However, we cannot conclude from this 

experiment that they gain Ag from other dendritic cells or they just capture free Ag that 

diffuses within LNs.  
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Figure 19. Antigen acquisition by LN DCs 

WT mice were immunized subcutaneously with OVA+CFA or OVA-AF647+CFA in the back. 
Brachial LN and blood were harvested 3 days later for flow analysis. n=3 mice. (A) Flow 
histogram of OVA-AF647 in each DC subset in LN. (B) Mean percentage of OVA-AF647+ cells 
in each DC subset. * p<0.05 vs all other DC types by ANOVA. (C) Histogram of OVA-AF647 
accumulation in blood monocytes and CD11c+ cells.
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7. Monocyte migration to LNs is regulated by CCR2 ligands 
Since CD11bhiGr-1+ DC are probably derived from CCR2+Ly6C+ monocytes, we 

wanted to investigate if their accumulation in the LNs is CCR2 dependent. If they do 

require CCR2 to accumulate in inflamed LNs, the absence of their strong Th1 stimulatory 

capacity in CCR2 deficient LNs may explain why CCR2-/- mice have decreased Th1 

responses in several studies. However, the mice lacking CCL2, the major CCR2 ligand, 

have normal or even increased Th1 responses. For some time, the data of T cell 

polarization from mice deficient in this chemokine-chemokine receptor pair, respectively, 

cannot be reconciled. We examined if the migration of monocytes to the LNs is regulated 

by a different CCR2 ligand.  

7.1 Inflammatory DC accumulation in LN requires CCR2 but not 
CCL2.  

Based on the results in the previous sections, we concluded that monocytes enter 

inflamed LN directly from the blood, that they give rise to inflammatory DC with potent 

Th1 stimulatory activity, and that the entry of these cells into LN is CCR7-independent. 

Because inflammatory monocyte migration is typically CCR2-dependent, we recognized 

that, if correct, this model would provide an explanation for the reduced Th1 responses 

seen in CCR2-/- mice. We therefore examined the accumulation of inflammatory DC in 

the LN of CFA-immunized and influenza-infected mice. Consistent with our hypothesis, 

CD11bhiGr-1+ DC are markedly reduced in the draining LN of immunized CCR2-/- mice 

(Fig. 20A, B). This DC subset is also slightly reduced in CCL2-/- LN compared to WT 

LN, but the percentage and the number are both higher than in CCR2-/- LN (Fig. 20A, B). 

The differences between CCL2-/- and WT, or between CCL2-/- and CCR2-/- are not 

significant. CD11bhiGr-1+ DCS accumulation is also markedly reduced in the 

mediastinal LN of CCR2-/- mice during influenza infection (Figs. 20C, E) Importantly, 
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when CCL2-/- mice are examined in the same manner, they display no reduction in 

CD11bhiGr-1+ DCS accumulation (Fig. 20D, E). This finding demonstrates that the 

accumulation of CD11bhiGr-1+ DCS in LN requires CCR2 but not CCL2. In contrast, the 

accumulation of DCS in footpads (tissues) appears to be CCL2-dependent. Numbers of 

CD11c+CD11b+ DC found in footpads 3 days after CFA injection are reduced to a 

similar extent in CCR2-/- and CCL2-/- mice (Fig. 20F).  
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Figure 20. Chemokine dependence of the accumulation of inflammatory DC 

(A) Flow profiles of CD11c+B220-CD8-CD11bhiGr-1+ DC in the draining LNs of CCR2-/- 
, CCL2-/- and C57BL/6 (WT) mice 3d after immunization with 100µg OVA/CFA. (B) 
Number of CD11bhiGr-1+ DC per 4 dLNs described in (A). (C, D) Flow profiles of 
CD11c+CD11b+B220-CD8- mediastinal LN cells in WT and CCR2-/- mice (C), or WT and 
CCL2-/- mice (D) at baseline and 5d after influenza infection. (E) Number of CD11bhiGr-
1+ DC per LN in mice described in (C, D). Significance determined by ANOVA using 
Bonferroni's multiple comparison test. n=6 mice. (F) Accumulation of CD11c+CD11b+ DC 
in footpads of WT, CCL2-/-, and CCR2-/- mice 3d post OVA/CFA injection. n=10. 
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7.2 The migration of adoptively-transferred monocyte to LNs 
also requires CCR2 but not CCL2 

To confirm that the difference in inflammatory DC accumulation seen in CCR2-/- 

and CCL2-/- mice is due to a difference in inflammatory monocyte trafficking, we 

examined the accumulation of bone marrow monocytes in LN two hours after 

intravenous injection. We use this early time point to avoid confusion between migration 

through HEV and migration from tissues. To stimulate inflammation, mice were injected 

in the hind footpad with OVA+CFA and, 72 hours later, injected by tail vein with 

CFSE-labeled Gr-1+ bone marrow monocytes. When injected into WT mice, the migration 

of CCR2-/- monocytes to the draining popliteal LN is significantly reduced relative to 

WT monocytes (Fig. 21A). In contrast, monocyte migration to LN in CCL2-/- mice is not 

decreased relative to WT mice (Fig. 21A). In these studies, monocyte migration to the 

inflamed footpads have the same level of dependency on both CCR2 and CCL2 (Fig. 

21B).  

 

 

Figure 21. Adoptive transfer of monocytes 

Number of donor monocytes in inflamed draining LN (A) and footpads (B) 2 hr after 
i.v. injection. n=10. Left: mean ± SD of WT or CCR2-/- CD11b+Ly6ChiCD45.2+ donor 
cells per WT recipient (CD45.1) LN or FP. Right: mean ± SD of WT CD11b+Ly6Chi 
donor cells per WT or CCL2-/- recipient LN or FP. Significance determined by Student’s 
t-test.  
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7.3 Expression pattern of CCR2 ligands in footpad and LNs 
during inflammation.  

To determine why monocyte extravasation into LN does not require CCL2, we 

examined the concentrations of various CCR2 ligand proteins in resting and inflamed 

LN and footpads. After CFA injection into footpads, CCL2 is produced in the footpad 

at high levels, with CCL8 (MCP-2) seen at much lower levels and no CCL7 (MCP-3) or 

CCL12 (MCP-5) detected (Fig. 5h). At the same time, the draining popliteal LN contains 

high concentrations of both CCL2 and CCL8 (Fig. 22). In contrast, CCL8 is the 

predominant CCR2 ligand expressed in mediastinal LN during influenza infection, with 

little CCL2 detected (Fig. 22). CCL12 is expressed at very low level in both popliteal 

LNs and mediastinal LNs while CCL7 is not detectable. These results provide a 

mechanistic basis for our finding that inflammatory monocyte extravasation is CCL2-

dependent in inflamed footpads but CCL2-independent in inflamed LN and account for 

the divergence in inflammatory DC accumulation seen in the LN of CCR2-/- and CCL2-/- 

mice.  

 

 

Figure 22. CCR2 ligands expression 

Concentration of CCR2 ligands in footpads, and popliteal LN after footpad injection of 
OVA/CFA, and in mediastinal LN after influenza infection, as determined by ELISA. 
n=3-4 mice. Significance determined by ANOVA for CCL2 vs CCL8 or both CCL2 and 
CCL8 vs. CCL7 and CCL12. *p<0.05; ** p<0.005; *** p<0.0005; **** p<0.00005.  
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7.4 Decreased number of Th1-stimulatory DC in CCR2-/- LNs 

The finding that blood-derived inflammatory DC accumulate in the LN of CCL2-

/- but not CCR2-/- mice strongly suggests that these cells play an important role in 

stimulating Th1 immune responses. To directly compare Th1 T cell polarization in 

CCR2-/- and CCL2-/- mice, we examined LN T cells after SQ immunization with 

OVA/CFA. Upon restimulation with OVA, IFNγ production by T cells from CCR2-/- 

mice is markedly reduced while T cells from CCL2-/- mice display increased IFNγ 

production (Fig. 23A). At the same time, T cells from CCR2-/- and CCL2-/- mice produce 

normal levels of IL-2 (Fig. 23B). To confirm that the reduced T cell IFNγ production seen 

in CCR2-/- mice is due to a reduction in DC Th1-stimulatory activity, we examined this 

activity in WT and CCR2-/- LN DC populations. To obtain sufficient cell numbers, DC 

were purified from the mediastinal LN of influenza-infected mice. As above, 

CD11bhiGr-1+ DC purified from WT LN stimulate robust T cell IFNγ production (Fig. 

23C). CD11bhiGr-1+ DC were not present in the LN, spleens, or blood of infected CCR2-

/- mice and therefore could not be tested. CD11bhiGr-1- DC purified from WT LN 

stimulate low levels of IFNγ production, demonstrating a potency of about 25% of Gr-1+ 

DC. Among CD11bhiGr-1- DC purified from CCR2-/- LN, this activity is reduced, 

suggesting that a portion of inflammatory DC may display a Gr-1- phenotype due to 

loss of Ly6-C expression. CD8+ DC from CCR2-/- mice also stimulate low levels of IFNγ 

production, with an activity similar to WT CD8+ DC (compare figs. 23C and 18A) but 

much lower than CD11bhi Gr-1+ DC. These differences in Th1-stimulating activity are 

not due to differences in the stimulation of T cell proliferation (Fig. 23D).  
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Figure 23. Th1 responses in the LN of CCR2-/- and CCL2-/- mice. 

(A-B) IFNγ (A) and IL-2 (B) production by total LN cells isolated from WT, CCR2-/-, 
and CCL2-/- mice 6 days after immunization with OVA/CFA. T cells were restimulated 
with OVA for 48 hours and IFN-γ in the supernatant measured by ELISA. Data points 
represent mean ± SD, n=3 mice. Significance determined by Student’s t-test. (C-D) IFNγ 
production by (C) and proliferation of (D) OT2 cells stimulated as in Figure 4a with the 
indicated DC types. Data points represent mean ± SD for 3 experiments, each using cells 
pooled from 5-7 mice. Response curves were analyzed by linear regression, and p-value 
for slopes was determined by ANOVA. *p<0.05.  
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8. Discussion 
In this dissertation, we substantially clarify and expand the roles demonstrated 

to be played by monocytes and cells of this lineage during inflammation, immune 

pathology, and adaptive immune response. Here, we wish to emphasize several key 

conclusions that may be reached based on our findings.  When we began these studies, 

little information was available about the specific inflammatory cell types that arise in 

lung. Monocyte-derived DC had been identified, but it was unclear whether these arose 

in significant numbers in vivo. As our results demonstrate, moDC not only arise in 

substantial numbers during viral infection, but they are the predominant inflammatory 

cell type induced.  We also demonstrate that a second cell type, exMACs, develop from 

inflammatory monocytes and that these are distinct from resident alveolar macrophages. 

An analysis of the activities of moDC and exMACs highlighted their potential 

contribution to lung injury, a contribution that was confirmed in studies of CCR2 

deficient mice.  

As our findings above demonstrate, inflammatory monocytes contribute to innate 

immune responses in several ways. A more surprising finding is the extent to which these 

monocytes contribute to adaptive immune responses. Although inflammatory monocytes 

had been shown to enter lymph nodes directly from the blood and develop into DC, 

these cells were not thought to play an important role in adaptive immunity. First, 

because there is a general expectation that the DC that stimulate T cells arrive in lymph 

nodes via lymphatics. Second, because DC entering lymph nodes via HEV were not 

thought to capture a significant amount of antigen. Here we demonstrate that both these 

assumptions were incorrect and that, quite unexpectedly, blood-derived inflammatory 

DC provide the primarily stimulus for Th1 T cell polarization. These findings have 

important implications for how immune responses should be modeled and strongly 
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suggest that manipulating the migration and activation of inflammatory monocytes is a 

viable target in efforts to regulate both innate and adaptive immune responses. We will 

discuss the specific details of this in the following sections.  

8.1 Inflammatory cells in the lungs  
Our examination of monocyte-derived inflammatory cell types in CCL2 

transgenic and influenza-infected WT mice provides a detailed characterization of 

pulmonary inflammatory cell types. Lung inflammatory cells were difficult to phenotype 

because of their high auto-fluorescence, their unusual expression patter of cell surface 

markers, and limited fluorechromes available five years ago. Prior to our study, most 

CD11c+ cells in the lungs were considered to be DC. As we show, normal alveolar 

macrophages also express CD11c at high levels. Likewise, some studies have defined all 

pulmonary CD11b+F4/80+ cells as macrophages. We now know that DCs and 

monocytes also express these two markers. It is also incorrect to assume all the 

CD11b+Gr-1+ cells are neutrophils, since Gr-1 is also expressed by inflammatory 

monocytes and the cells they develop into. In this dissertation, we use cell size and 

granularity (FSC and SSC), the expression level of CD11c and MHCII, specific monocyte 

markers (CX3CR1 and CCR2) (9), and specific neutrophil marker (Ly6G) (151) to 

carefully distinguish the many myeloid cell types in the lungs. Our flow cytometry gating 

of each cell type matches the morphology of the proposed population by cytospin 

analysis.  

The major circulating cell type recruited to the lungs in both CCL2 transgenic and 

influenza infection models is inflammatory monocytes, which include both Gr-1high and, 

to a lesser extent, Gr-1int monocytes. This finding is similar to previous results obtained 

in inflamed skin, peritoneum, and lung, because both Gr-1high and Gr-1int monocytes 

express CCR2 and have been shown to accumulate at sites of CCL2 expression or 
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administration (9, 14, 15, 152). Upon entering the lung, inflammatory monocytes mature 

to form what appears to be a transitional cell type (DI cells), increasing their expression 

of CD11c, MHCII, CD40, and CD86, while continuing to express high levels of Ly-6C. A 

portion of these cells also expresses NOS2. DI cells appear to continue their 

differentiation to become either moDCs or exMACs. Unexpectedly, differentiation to 

moDCs predominates during influenza infection, because these cells are the largest 

mature inflammatory cell population found in influenza-infected lungs. The designation 

of moDC is based on their high expression of CD11c and MHCII, their transient 

expression of Ly-6C, their morphology, their capacity to stimulate robust proliferation 

of naive T cells, and their derivation from adoptively transferred Gr-1high monocytes. 

MoDC are capable of stimulating influenza-specific T cells, but it is presently unclear 

whether T cell priming by moDCs contributes to anti-influenza immune response.  

The second major mature inflammatory monocyte-derived cell population we 

find in both SPC-MCP and influenza-infected lungs is exMACs. Our designation of 

these cells is based on their macrophage-like morphology, their capacity to stimulate 

memory but not naive T cell proliferation, and their derivation directly from monocytes. 

ExMACs display several phenotypic characteristics of DCs, including robust expression 

of CD11c, CX3CR1, CD80, CD86, and CD40. However, they would not be classified as 

a DC subtype because they do not appear to stimulate the proliferation of naive T cells, 

and they stimulate little, if any, HA-specific T cell proliferation. ExMACs are a major 

source of inflammatory cytokines, producing high levels of TNF-α and NOS2.  

Neutrophils are also recruited to inflamed lungs, although in our system, some of 

them were excluded by the gradient that we used to remove lung epithelial cells. Their 

accumulation in influenza-infected lungs was much lower than monocyte-derived cell 

types, but this relative reduced number could be due to the isolation method, the 17% 

metrizamide gradient. Or alternatively, our result is true, which suggests that neutrophils 
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do not respond strongly to viral infection. They are identified as SSChiCD11cintMHCII-

CD11b+Gr-1hiCX3CR1- cells. Their accumulation in influenza-infected lungs has not been 

carefully examined over a time course in other studies.  

 

8.2 Influenza virus infection in CCR2-/- mice.  
Infection with highly pathogenic influenza virus is known to cause significant 

pulmonary immune pathology. Cell types implicated in this process include neutrophils, 

activated AM, and macrophages that arise from newly recruited monocytes (exMACs) 

(114). In our study, we use H1N1 PR8 strain that induce high mortality in mice as the 

model for highly pathogenic influenza infection in humans. In this model, we 

demonstrate that inflammatory monocyte-derived DC and exMACs are the primary cell 

types responsible for the lung injury, morbidity, and mortality that occur during murine 

influenza infection. This conclusion is based on several findings. First, during influenza 

infection, CCR2 deficiency results in marked reductions in weight loss and mortality. 

This reduced mortality is associated with significant decreases in pulmonary 

inflammation, TNF-α and NOS2-producing cells, and with two indices of lung injury 

(total BAL protein and LDH activity), strongly suggesting a causal relationship between 

monocyte infiltration, pulmonary immune pathology, and mortality. At the same time, 

influenza infection results in a decrease in AM numbers with little or no increase in 

costimulatory molecule expression, Ag-presenting activity, or NOS2 expression by AM, 

suggesting that the activation of these cells does not constitute a significant contribution 

to influenza-induced immune pathology. We cannot rule out the possibility that 

neutrophils play some role in this process, especially early in the course of infection. 

However, we find relatively little neutrophil accumulation at the times we examine, and 

the accumulation that we do observe is not affected by CCR2 deficiency (data not 
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shown). In addition, conditional Mcl-1 knockout mice, in which circulating neutrophil 

numbers are reduced by ~80% (141), display no changes in weight loss or mortality after 

influenza infection, despite a 70% reduction in lung/BAL neutrophil accumulation. 

Influenza infection of CCR2–/– mice has previously been shown to result in 

decreased histological indices of pulmonary inflammation and pathology, a decreased 

number of monocytes/macrophages in BAL, and a trend toward decreased mortality 

(66, 115). In this study, we find a much greater effect of CCR2 deficiency on 

inflammation and mortality. This is most likely due to our use of higher influenza doses, 

resulting in greater mortality in WT mice, and our use of flow cytometric analyses of lung 

cells. Our results are most similar to those obtained in NOS2-deficient mice, which 

display a striking reduction in pneumonitis and mortality after influenza infection (61). 

This suggests that NOS2 production may be the predominant mechanism by which 

monocyte-derived cells induce immune pathology and, consistent with our results, that 

monocyte-derived cells are the major source of iNOS during influenza infection.  

The magnitude of mortality reduction seen in CCR2–/– mice is surprising, given 

that CCR2 is required for the control of many pulmonary infections (21, 30, 53, 115). 

However, unlike most other pathogens, influenza virus appears to be resistant to host 

responses such as NOS2 production, and such responses may only inhibit effective 

adaptive immune responses (61, 153). Consistent with this, we find that influenza-

infected CCR2–/– mice display little or no increase in lung viral titers relative to WT mice 

and no evidence of viral dissemination by day 10. In two previous studies, CCR2 

deficiency was found to have no effect on (115) or to increase (66) lung influenza titers 

(data also only available before day 10). However, in the study with increased viral titer 

on day 5, titers in BAL rather than lung homogenates were examined. NOS2-deficient 

mice also display reduced lung viral titers during influenza infection (61).  
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One study published after our paper, which showed the same magnitude of 

mortality reduction in CCR2-/- mice, found that viral titers are slightly elevated in the 

lung parenchyma of surviving CCR2-/- mice compared to WT mice at later stage (after 

day 11) (154). Their virus screening seems more complete and more sensitive than ours, 

examining viral titers every other day until day 21. In light of our recent studies in the 

LNs, which showed that CCR2-/- mice have decreased number of Th1-inducing moDCs 

in the LNs, and also reduced Th1 responses, we expect that these mice may also have 

decreased numbers of CD8+ T cells that contribute to viral clearance. However, the 

gradual decrease of viral titers are still observed in flu-infected CCR2-/- mice (154), 

suggesting there is a compensation mechanism to clear the virus in the absence of CCR2.  

 

8.3 CCR2 antagonist as a treatment for pulmonary inflammatory 
diseases  

The finding that monocyte-derived cells are the predominant cause of immune 

pathology during influenza infection raises the possibility that these cells make a 

significant contribution to other types of acute lung injury. Cells similar to moDCs 

and/or exMACs have been described in several types of pulmonary inflammation, 

including bleomycin treatment, overexpression of GM-CSF, and intratracheal instillation 

of heat-killed Listeria monocytogenes (40, 155, 156). Also, CCL2, the major chemokine 

recruiting inflammatory monocytes to the tissues, is highly-upregulated in the lungs of 

allergic asthma, idiopathic pulmonary fibrosis (IPF), and bronchiolitis obliterans 

syndrome (BOS), and neutralization of CCL2 attenuates disease progression (157). 

Chen et al in our lab have studied the LPS model for acute respiratory distress 

syndrome (ARDS) in CCR2-/- mice, and showed that these mice have decreased 

accumulation of inflammatory cell types, and reduced weight loss and mortality in 

ARDS (unpublished data).  
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It is thus conceivable that inhibition of CCR2 would provide a means to reduce 

lung injury in several types of pulmonary inflammation. This possibility may be limited 

to noninfectious causes of lung injury or to infections such as influenza, in which 

monocyte-derived cells do not directly contribute to the control of infection. CCR2 

antagonists have been shown to significantly reduce disease severity in mice subjected to 

experimental autoimmune encephalomyelitis and in rat with adjuvant arthritis, showing 

that the drug is effective in inflammatory diseases models (158, 159). Inhibition of CCR2 

by antagonists or monoclonal antibodies are in phase 1 or phase 2 clinical trials for 

autoimmune diseases, rheumatoid arthritis and multiple sclerosis (160), which indicates 

that these drugs are available and safe to use in humans. If CCR2 antagonists are proven 

to be effective in reducing lung injury in pulmonary inflammation in rodent models, it can 

be quickly translated into human clinical trials.  

Our CCR2 antagonist study so far reveals that the drug inhibits monocyte 

migration to influenza-infected lungs, and reduces the severity of bodyweight-loss, and 

decreases mortality significantly for flu-infected mice. The level of reduction in cell 

accumulation is almost the same in CCR2-antagonist treated mice as in CCR2-/- mice. 

However, the mortality study was based on drug treatment starting one day before 

influenza infection, which proves the drug can mimic CCR2 deficiency, but does not 

provide a good drug regimen for treating influenza. We still need to investigate the 

effectiveness of the drug treatment starting later than flu infection. Whether CCR2 

inhibition would lead to other adverse effects, such as an increase in secondary bacterial 

infections, remains to be determined.  

 



 

86 

8.4 Monocyte-derived DCs are the major Th1-stimulating DC 
subset in inflamed LNs.  

After discussing how monocyte-derived cells contribute to innate immune 

responses in the lungs, we are going to shift our focus on how monocyte-derived DCs 

affect adaptive immunity in LNs. Studies suggest that many DC subsets act together to 

stimulate T cell responses in LNs. Resident lymph node DCs present antigen that drains 

to lymph nodes and stimulate the initial steps of T cell activation, including higher CD69 

expression and more retention of T cells in lymph nodes. Migratory DCs transport large 

amounts of antigen to lymph nodes and stimulate the next steps of T cell activation, 

which include IL-2 production and T cell proliferation. Both of these DC activities are 

needed to stimulate robust T cell proliferation and the generation of effector responses 

(122, 161). These observations are also supported by one study showing that those T 

cells that interact with the 2nd wave of DCs develop more effector functions (128). As 

immune stimulation continues, monocytes recruited to peripheral sites develop into 

inflammatory DCs, which migrate to lymph nodes to provide a continuing stimulus for T 

cell proliferation or polarization (46).  

Here we have convincingly shown that an additional lymph node DC type, the 

blood-derived inflammatory DCs, serves a key function in the development of acute T 

cell responses, mainly by stimulating T cell polarization. Blood-derived inflammatory 

DCs appear in lymph nodes as CD11c+CD40intCD11bhiGr-1+ cells, which represent the 

markers for monocyte-derived DCs. They accumulate early after a Th1-polarizing 

stimulus, capture antigen, produce large amounts of IL-12p70 and stimulate IFN-gamma 

production by CD4+ T cells much more potently than do other lymph node DC 

subtypes. The comparison to CD8+ DCs is especially surprising, as the previously 

reported Th1-inducing DCs stimulate far less IFN-γ from T cells than newly discovered 

moDCs in the LNs.  
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In our models, Th1-inducing moDCs are blood-derived, which is different from 

the tissue-derived Th1-inducing moDCs described in a Leishmania model (46). In that 

paper, the authors also isolated blood-derived moDCs and found that they induce much 

lower IFNγ from T cells than tissue-derived moDCs. However, the phenotype of their 

blood-derived moDCs is different from ours: they express lower MHCII and no CD86, 

suggesting an immature phenotype (46). Also, Leishmania infection is very chronic; they 

isolated DCs for T cell proliferation on week 4 compared to our purifying DCs on day 5 

after acute flu infection. One possibility is that blood-derived moDCs play a bigger role 

early for acute infection, while tissue-derived DCs that need more time to differentiate 

and migrate to LNs stimulate immune responses during chronic infections.  

 

8.5 Accumulation of moDCs in inflamed LNs is regulated by 
CCR2 ligands. 

Our findings indicate that CD11c+CD40intCD11bhiGr-1+ DCs arise from 

monocytes that enter lymph nodes directly from the blood. This is supported by their 

CCR7-independent accumulation in the LNs, and by our monocyte transfer study 

showing that transferred monocytes are reduced in the footpad of CCL2-/- mice, but 

accumulate normally in the draining LNs 2 hours after transfer. The accumulation of 

inflammatory DCs in lymph nodes required CCR2 but not CCL2 or CCR7, which 

provides an explanation for the abnormalities in T cell polarization in CCR2-/-, CCL2-/-

and plt mice (Table 2). These abnormalities have been recognized for some time but have 

been difficult to reconcile with the classic view of T cell activation strictly by LN 

resident DCs or lymphatic-borne DCs (133).  

Our results also suggest that both CCL2 and CCL8 can stimulate monocyte 

extravasations from blood into lymph nodes. Consistent with the relative concentrations 
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of these chemokines, we found that monocyte extravasation was completely CCL2 

independent in mediastinal lymph nodes and was somewhat CCL2 dependent in 

inguinal lymph nodes. One published study has shown that the extravasations of 

monocytes from blood into lymph nodes can be CCL2 dependent (32). As reported in 

that paper, we found little CCL2 mRNA in inflamed lymph nodes (data not shown). 

Because most CCL2 protein in lymph nodes is produced remotely, lymph node CCL2 

concentrations and the contribution of CCL2 to the extravasations of monocytes from 

blood into lymph nodes probably depend on the specific inflammatory stimulus, the 

time after stimulation and the peripheral tissue being drained. Based on our ELISA 

results, CCL8 may be the substitute ligand in mediastinal LNs for CCR2-dependent 

migration. Direct proof that CCL8 stimulates the extravasations of monocytes from 

blood into lymph nodes will probably require the examination of mice lacking this 

chemokine.  

 

Table 2. Model of Th1 responses: Regulation by the balance of different DC subsets 
in chemokine deficient mice 

Genotype moDC Other DC Th1 responses 

plt Normal Decreased Increased 

CCR2-/- Absent Slightly decreased Decreased 

CCL2-/- Normal Normal Normal 

 

 

8.6 The implications of T cell responses in CCR2-/-, CCL2-/-, and 
plt mice.  

We found that although CCL2 was not the major CCR2 ligand recruiting 

monocytes migration to the draining LNs, CCL2 was the main CCR2 ligand expressed in 
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inflamed footpads and that the migration of inflammatory monocytes to footpads was 

CCL2 dependent. For this reason, CCR2-/- and CCL2-/- mice had similar defects in the 

accumulation of moDCs in footpads and, presumably, similar alterations in lymph node 

DC populations derived from peripheral tissues. Thus, the presence of blood-derived 

inflammatory DCs seems to be the only substantial difference in the lymph node DC 

populations of CCR2-/- versus CCL2-/- mice. This difference is closely associated with 

the ability to develop Th1 responses, which shows that blood-derived inflammatory 

DCs provide a T cell–polarizing activity that is sufficient for a robust Th1 immune 

response. Blood-derived inflammatory DCs are probably also necessary for such 

responses in the conditions we used, as no other lymph node DC subtype showed a 

similar Th1-stimulatory activity. However, it is possible that both CCR2-/- and CCL2-/- 

mice lack a peripheral DC type that would be sufficient to stimulate Th1 polarization in 

the absence of blood-derived inflammatory DCs. T cell–proliferative responses were 

normal in CCR2-/- mice, which shows that blood-derived inflammatory DCs are not 

necessary for T cell proliferation (162). 

The immune-response abnormalities of plt mice involved defects in both T cell 

polarization and the contraction phase of the T cell response. The lymph nodes of plt 

mice had normal numbers of blood-derived inflammatory DCs but were deficient in all 

other, CCR7-dependent DC types. The enhanced Th1 responses of plt mice provide 

additional evidence that blood-derived inflammatory DCs are sufficient for Th1 

polarization but also suggest that this response is normally modulated by one or more 

CCR7-dependent DC type(s). The plt mice had normal T cell–proliferative responses, 

which suggests that blood-derived inflammatory DCs can provide a stimulatory activity 

that is sufficient to drive T cell proliferation. That conclusion was supported by our 

finding that lymph node CD11b+Gr-1+ DCs stimulated T cell proliferation in vitro to an 

extent similar to that of other lymph node DC types. Previously, studies have shown 
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that plt mice also have considerable prolongation of T cell responses, more antigen-

specific T cells and a much lower percentage of antigen-specific lymph node T cells that 

undergo apoptosis after immunization (144, 145). Such findings suggest that a CCR7-

dependent DC population stimulates the contraction phase of T cell responses, perhaps 

by inducing the apoptosis of activated T cells (163).  

 

8.7 Antigen acquisition by DCs in the LNs 
Our findings indicate that inflammatory DCs capture antigen in lymph nodes, as 

we detected no antigen on circulating monocytes. This may occur through the capture of 

antigen in free form in lymph nodes or through transfer from other DCs (120, 164). On 

the basis of the different responses of plt and CCR7-/- mice, we speculate that 

inflammatory DCs may obtain antigen through transfer from migratory DC types. 

Studies have shown that plt mice have low expression of CCL21 on lymphatics and 

show some migration of Langerhans and dermal DCs to lymph nodes (142, 165). In 

contrast, CCR7-/- mice lack all CCR7 activity and have almost no detectable migration of 

these cell types (146). Because plt and CCR7-/- mice would be expected to have normal 

amounts of free antigen in lymph nodes, any differences in antigen trafficking to lymph 

nodes are probably due to transport by migratory DCs. The amount of antigen in lymph 

nodes needed to stimulate T cell activation is very low but has a sharp threshold that 

can be achieved with very few DCs (166). It seems that this threshold is reached in plt 

mice but in some cases is not reached in CCR7-/- mice. However, the lower T cell 

responses seen in CCR7-/- mice can be caused by diminished naïve T cell migration to 

LNs instead of antigen transport by migratory DCs to LNs. To prove that inflammatory 

DCs obtain antigen through transfer from migratory DC types, antigen acquisition by 

moDC in plt and CCR7-/- LNs have to be examined.  
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Soluble small antigens diffuse through lymphatics, and travel in LNs to DCs 

through a conduit system (164, 167, 168). They reach LN resident DCs 1~2 hours after 

immunization, much faster than migratory DCs which take at least 6 hours. However, 

the relative contribution of these two Ag transportation routes to T cell simulation is not 

clear. Moreover, the conduit system only transport Ag smaller than 70 kDa (164, 167), 

so live influenza virus cannot be transported this way. Viral HA protein, which is about 

200 kDa, will not be able to reach LN DCs on its own, while NA protein weighing only 

43kDa may diffuse through conduits. Therefore, inflammatory moDCs may capture 

different viral Ag in distinct ways. It is of interest to study if the transportation routes in 

LNs also affect immunogenicity of viral Ags.  

 

8.8 The implications of Th1-inducing moDCs in clinical settings.  
Our data in the murine model show that moDCs arise in the LNs during 

inflammation, and they are sufficient and necessary for the induction of Th1 responses. 

We show that they induce IFN-γ production from T cells by secreting large amount of IL-

12p70. Therefore we propose that this DC subset is the best candidate for human DC 

vaccines for tumor cellular therapy due to their ability to induce IFN-γ from T cells, and 

potentially resulting in the consequence of higher CD8 T cell cytotoxicity. Coincidently, 

current clinical grade DC vaccines are generated from blood monocyte-derived DCs by 

culturing monocytes in IL-4/GM-CSF for 5~6 days (169).  

MoDCs generated in this regimen have an immature phenotype (CD83-

CD86loMHCIIlo), and have failed to induce effective antigen-specific B cell or T cell 

responses in clinical trials (170). These moDCs require culture in renewed conditional 

medium for additional 3~4 days for maturation (170), or alternatively, stimulation with 

a cytokine cocktail (TNFα, IL-6, IL-1α and PGE2) for 2 days (171). These mature moDCs 
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have been used as tumor vaccines in melanoma trials, and it has proven to be feasible, 

non-toxic and effective in some cancer patients, but certainly there is a need for 

increased effectiveness (172). One noted shortcoming of the mature moDCs was that 

they produce very low IL-12p70. To improve their IL-12p70 production, one study 

proposes to use TLR3+TLR7/8 ligands to stimulate the maturation of moDCs (171). 

MoDCs matured by TLR3+TLR7/8 ligands, indeed, secret a high amount of IL-12p70, 

but display low motility and diminished chemotaxsis toward CCR7. Since migration of 

moDCs to LNs is also very important for generating immune responses, in this study, 

PGE2 was added to the culture to restore the CCR7 expression and the chemotaxis, 

however, PGE2 reduces IL-12p70 production by 80% in this system (171).  

In our murine model, we conclusively demonstrate that the accumulation of Th1-

inducing moDCs in inflamed LNs is dependent on CCR2, instead of CCR7. Although we 

suspect that they enter LNs through HEV as monocytes, we do not know if moDCs can 

still respond to CCR2 ligands. Our data on lung DCs and exMACs show that they still 

express CCR2, as do human moDCs that are derived from IL-4/GM-CSF culture (173). 

It is critical to investigate if human moDCs use CCR2 to enter LNs from the blood. If 

they do, then the culture cocktail/conditions that can maintain their CCR2 expression 

will prove more useful to make these moDCs migrate to the LNs. If human moDCs can 

enter LNs through HEV, then intravenous injection of DC vaccine may serve as a better 

route.  
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