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Abstract: Nitric oxide (NO) is important for combating bacterial infections in the lungs. Levels of NO in the lungs are 

regulated by L-arginine, arginases (ARG) and NO synthases (NOS). Expression levels of ARG and inducible NOS 

(iNOS) vary among different types of macrophages (M0, M1, M2). Several events including infection, inflammation and 

tissue repair/resolution polarize macrophages (M0) into either M1 or M2 types. In general, M1 and M2 macrophages 

express high levels of iNOS and ARG, respectively. Classically activated M1 macrophages that are related to killing 

intracellular pathogens release TH1 type cytokines (e.g., IFN , TNF , IL-1 , IL-12) whereas the alternatively activated 

M2 macrophages that are involved in humoral immune response release TH2 type cytokines (e.g., IL-4, IL-10). Based on 

the activating cytokines, M2 macrophages are further subdivided into M2a, M2b or M2c. Macrophage activation and 

polarization are also regulated by other soluble proteins such as the innate immune pattern-recognition collectins 

(collagenous lectins), surfactant protein (SP)-A and SP-D. These soluble defense molecules are known to recognize 

microbes, and agglutinate and/or form immune complexes to enhance pathogen clearance by macrophages. In the absence 

of SP-D, mouse alveolar macrophages show exaggerated M1-like phenotype. Certain microbial pathogens also modulate 

lung environment or macrophages to evade the nitric oxide-mediated immune response. In summary, interplay among 

microbes, cytokines, ARG, NOS and collectins regulate alveolar macrophage types and NO production in the lungs. The 

balance among these molecules appears to help eliminate microbial pathogens form the lungs with minimal inflammation. 
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INTRODUCTION 

 L-arginine is a cationic amino acid and its metabolism 
plays an important role in anti-microbial activity. It is 
transported into cells by the cationic amino acid transporter 
(CAT), and becomes converted to L-ornithine and urea by 
arginase (ARG). L-ornithine is a substrate for ornithine 
decarboxylase (ODC) for the production of polyamines, and 
for ornithine aminotransferase (OAT) for the production of 
L-proline. Polyamines are important for cell growth and 
differentiation, while L-proline is important for the synthesis 
of collagen. L-arginine is also consumed by nitric oxide 
synthase (NOS) that produces nitric oxide (NO). The relative 
expression of ARG and the inducible form of NOS (iNOS) is 
dependent on the presence of pathogens and the host innate 
immune response to those pathogens. In this review the role 
of arginase during host immune response during bacterial 
infection will be critically evaluated. In addition, the 
regulation of inflammatory responses by innate immune 
surfactant proteins, SP-A and SP-D, in response to bacterial 
pathogens will be discussed. 
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COMPETITION FOR L-ARGININE DURING BAC-

TERIAL KILLING 

 There are two isoforms of ARG: type I arginase (ARG1) 
and type II arginase (ARG2). ARG1 is a cytosolic enzyme 
and is primarily expressed in the liver, whereas ARG2 is a 
mitochondrial enzyme and is mainly expressed in 
extrahepatic tissues [1]. In the lungs, both isoforms are 
expressed in bronchial epithelial cells, fibroblasts and 
alveolar macrophages. L-arginine is also catabolized by 
nitric oxide synthase. NOS converts L-arginine into NO and 
citrulline. Subsequently, NO produces reactive intermediates 
such as peroxynitrite (ONOO

-
) and nitrogen dioxide (NO2

-
), 

collectively known as reactive nitrogen species that are 
important mediators of bacterial killing by the host immune 
cells [2]. There are three isoforms of NOS: neuronal NOS 
(nNOS or NOS1), endothelial NOS (eNOS or NOS3), and 
inducible NOS (iNOS or NOS2). nNOS and eNOS are 
regarded as the constitutive NOS, and are primarily involved 
in the regulation of airway and vascular smooth muscle tone. 
iNOS, on the other hand, is constitutively expressed at low 
levels, but becomes upregulated in activated cells during 
infection [3]. Both ARG and NOS compete for their 
common substrate L-arginine and regulate immune 
responses to bacterial infection. 

ROLE OF ARGINASE DURING BACTERIAL INFEC-
TION 

 The cytokines expressed in the presence of pathogens 
tightly regulate the expression of ARG and NOS. TH2 
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cytokines such as IL-4, IL-10, IL-13, transforming growth 
factor (TGF)- , and granulocyte monocyte-colony 
stimulating factor (GM-CSF) have been shown to induce the 
expression of ARG I [3]. In response to these TH2 cytokines, 
transcription factors such as CCAAT-enhancer-binding 
proteins (C/EBPs) and signal transducer and activator of 
transcription (STAT) 6 are activated [4, 5]. It has been 
shown that both C/EBP-  and STAT6 are required for IL-4 
mediated upregulation of ARG activity [6]. During bacterial 
infection, the balance between ARG and NOS activities are 
critical. Because ARG can compete with NOS for L-
arginine, its activity can limit the production of NO that is 
important for bacterial killing [7]. Intracellular 
microorganisms take advantage of this competition between 
ARG and NOS, and limit the host NO production (Table 1). 
Some bacterial pathogens express their own ARG and starve 
the host cell of L-arginine for the production of NO [7, 8]. 
Furthermore, NO produced by macrophage iNOS has been 
shown to be critical for H. pylori killing [9]. Other 
intracellular organisms have developed different strategies to 
reduce host L-arginine availability, where they directly 
sequester host L-arginine via increased arginine transporters 
once inside the host cell [10-13]. Furthermore, other 
bacterial species have been shown to induce TH2 response in 
the host cell, which results in increased host ARG activity 
[14-18]. 

ROLE OF NITRIC OXIDE SYNTHASE DURING 

BACTERIAL INFECTION 

 TH1 cytokines such as interferon  (IFN ), interleukin 
(IL)-1, tumour necrosis factor (TNF) have been shown to 
induce the expression of iNOS [19]. As such, iNOS is 
upregulated with the presence of bacterial antigens that 
stimulate classical activation of macrophages through the 
innate immune receptors. The requirement for NO in anti-
bacterial response by the macrophages, however, has been 
controversial. In an infection model with Burkholderia 
pseudomallei and B. cepacia mice lacking iNOS did not 
show increased susceptibility for infection with these 
pathogens [20, 21]. On the other hand, INF-  induced NO 
production from mouse macrophage cell line has been shown 
to enhance B. pseudomallei killing [22], and that mouse 
primary macrophages lacking iNOS exhibited poor anti-

Burkholderia activity [23]. It has also been shown that 
Bacillus anthracis evade host defense mechanism through 
utilization of ARG to limit NO production, and that NO 
mediated killing is important in B. anthracis infection [24, 
25]. In the lungs, it has been shown that NO is required for 
alveolar macrophage defense against Klebsiella pneumoniae 
infection [26] and Chlamydophila pneumoniae [27]. 

 While the control of expression of NOS and ARG by TH1 
and TH2 cytokines, respectively, are well established, this 
view may be too simplistic. LPS, which has been known as 
classic inducer of TH1 response has been shown to 
upregulate both iNOS and ARG [28]. Furthermore, IFN-  
can also induce the expression of ARG. Therefore, the 
relative expression and control of ARG and NOS may be 
dependent on the activation status of the macrophage cells. 
The roles for ARG and NOS in macrophage activation are 
discussed later. The exact role or relevance of NO mediated 
bacterial killing in human macrophage also remains elusive. 
In response to IFN-  and LPS, cationic amino acid 
transporter belonging to system y+, CAT2B is also 
upregulated, and is required for iNOS mediated NO 
production [29, 30]. Furthermore, it was recently shown that 
CAT2 deficient mice were more susceptible to infection by 
Toxoplasma gondii, a TH1 inducing pathogen due to 
defective NO production [31]. In human alveolar 
macrophages, however, CAT2B expression is minimal, and 
instead, L-arginine transport is mainly accompanied by 
system y+L transporter, SLC7A7, and may limit NO 
production [32]. On the other hand, CAT2B is active, and 
plays a significant role in rodent alveolar macrophage [33]. 
Furthermore, stimuli that induce iNOS activation (IFN-  and 
LPS) do not elicit the same response in human macrophage 
cells [34]. 

MACROPHAGE POLARIZATION 

 Macrophages show phenotypic heterogeneity depending 
on their microenvironment, and are thought to display 
polarized activation [35] (Fig. 1). While classically activated 
macrophages (M1) exhibit TH1 mediated antimicrobial 
response, alternatively activated macrophages (M2) show 
TH2 associated effector response related to tissue repair [36, 
37], immune modulation and resolution of inflammatory 
response [38]. As such, induction of iNOS and ARG-1 are 

Table 1. Strategies Used by Bacteria to Reduce Host NO Production 

Pathogen Strategy Cell Type Studied Ref 

Helicobacter pylori 
Bacterial ARG expression 

(rockF) M  (RAW264.7) 
[7, 8] 

Listeria monocytogenes M  (J774) [10] 

Giardia lamblia 

Sequestration of host L-

Arginine intestinal epithelial cells [11-13] 

Mycobacterium bovis (BCG) M  (AM, J774) [16, 17] 

M  (AM, Peritoneal/ 
Toxoplasma gondii 

Bone marrow derived) 
[15, 17] 

Mycobacterium tuberculosis 

Host ARG-1 upregulation 

M  (AM ) [14, 17] 

Salmonela enterica Host ARG-2 upregulation M  (RAW264.7) [18] 
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thought to be the defining characteristics for macrophage 
polarization into M1 and M2 phenotype, respectively [37]. 
M2 macrophages are further divided into M2a, M2b, and 
M2c: M2a phenotype can be induced by IL-4 and IL-13; 
M2b phenotype is induced by TLR and IL1 receptor agonists 
(IL-1ra); M2c is induced by IL-10 and glucocorticoid 
hormones [35]. Therefore, it is thought that M1 phenotype 
marks the acute phase of antimicrobial response, while M2 
phenotype is associated with chronic infection [35]. For 
example, chronic Q fever is caused by Coxiella burnetii, an 
intracellular bacterium that is capable of surviving within 
macrophages by interfering with the microbicidal activity of 
macrophages. Infection by C. burnetii causes mixed M1/M2 
phenotype, but is predominantly M2 including the induction 
of TGF-beta1, IL-1 receptor antagonist (IL-1ra), CCL18, the 
mannose receptor, and arginase-1 [39]. This skew towards 
M2 polarization is thought to be responsible for C. burnetii 
persistence [39]. 

SP-A-AND SP-D-MEDIATED BACTERIAL CLEAR-
ANCE 

Pulmonary Collectins 

 In the airways, the inflammatory response is tightly 
regulated by soluble innate immune proteins, SP-A and SP-
D (Fig. 2), and can influence cytokine secretion that affects 
ARG and NOS activity. The effects of SP-A and SP-D on 
inflammatory responses and bacterial infection in the lungs 
are discussed below. SP-A and SP-D are soluble pattern 
recognition receptors or proteins (PRR) that recognize 
pathogen associated molecular pattern (PAMP), which can 
recognize specific non-native molecular patterns [40, 41]. 
SP-A and SP-D are known as “ante-antibodies” [42, 43], 
because they predate antibodies and large quantities of them 
are present at lung mucosa, comprising >90% (w/w) of 
surfactant proteins [40]. These proteins are secreted by nasal 
epithelium [44], upper airway non-ciliated cells [45], and 

alveolar epithelial type II cells [46]. Multimeric assemblies 
of collectins enable them to recognize repeating molecular 
patterns present on various microbes (i.e., lipopolysaccharide 
and peptidoglycan) and glycoproteins present on allergens 
with high avidity [47]. Unlike antibodies, such as IgG, 
collectins pre-assemble their ligand-binding domains as 
multiples of trimeric subunits [47, 48]. 

 SP-A and SP-D belong to the collectin family, and 
contain a collagenous region and a lectin or carbohydrate 
recognition domain (CRD). The basic unit of a collectin 
consists of a short cystine-rich interchain-disulfide bond 
forming N-terminal segment, a long fibrillar collagen-like 
region, a trimerizing amphipathic -helical coiled-coil 
hydrophobic neck domain and a globular CRD [49-52]. 
Native SP-A and SP-D appear as bouquet of “tulip flowers” 
(6 trimers) and “X” (4 trimers) or “asterisk-like” structures 
(>10 trimers), respectively [53]. SP-A forms supraquaternary 
structures as uni- and multi- dimensional fibers [54], and 
interacts well with carbohydrate ligands such as mannose 
[55]. The globular domains of collectins recognize 
carbohydrate, whereas the rest of the molecule is thought to 
be primarily involved in structural organization and 
interactions with receptors and other molecules [50, 53]. 
This carbohydrate binding ability of collectins allows for the 
recognition of carbohydrate molecules on glycoproteins 
present on the surfaces of bacteria, viruses, and fungi, and 
thus, act as antimicrobial defense molecules. 

MICROBICIDAL ACTIVITY OF THE PULMONARY 
COLLECTINS 

 As the major protein present in the airways, SP-A and 
SP-D play a significant role in the innate immune response 
to bacterial infection. Through its CRD, SP-A and SP-D are 
able to recognize and bind a diverse array of bacterial 
pathogens such as Pseudomonas aeruginosa, and 
Escherichia coli by binding to their lipopolysaccharides 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Macrophage polarization. 

Macrophages activation is polarized into classical activation, or M1 and alternative activation, or M2 phenotypes. M2 phenotype is further 

subdivided into M2a, M2b, and M2c according to the cytokines they produce [35]. Macrophages from mice deficient in SP-D express 

exaggerated amount of IL-1, IL-6 and TNF , suggesting SP-D may have a role in suppressing M1 polarization.  
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(LPS) [56], as well as Streptococcus pneumoniae and 
Staphylococcus aureus [57] through their lipoteicoic acid 
and peptidoglycan [58]. It has been shown that SP-A and SP-
D directly enhance the uptake of bacteria by the alveolar 
macrophage and enhance their clearance [59]. Furthermore, 
studies using knock out mice for SP-A and SP-D have shown 
that these mice are susceptible for infection by the bacterial 
pathogens and have reduced pulmonary clearance [60, 61]. 
SP-A and SP-D also have direct microbicidal activity upon 
binding to the invading pathogen. SP-A and SP-D can inhibit 

the bacterial growth of gram-negative bacteria by increasing 
their membrane permeability [62-64]. 

REGULATION OF INFLAMMATORY RESPONSE BY 
THE COLLECTINS 

 SP-A deficient mice infected with Mycoplasma pulmonis 
not only had increased bacterial load, but also had increased 
NO production in the lungs, suggesting a role for SP-A in the 
suppression of NO production [65]. Mice deficient in SP-D 
also has increased NO content and upregulation of iNOS, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Collectin molecules. 

Surfactant protein (SP) -A and SP-D are referred to as pulmonary collectins (collagenous lectin), and are capable of binding to carbohydrate 

molecules present on various bacterial species. Both collectins have a basic functional unit made of a trimer, which can then assemble into 

higher oligomers (See references [100] and [51] for detailed review of collectin structure and function). 
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which was associated with decreased bacterial clearance [66, 
67]. Collectin mediated control of NO production also seems 
to have regulatory effect on SP-D function. It was recently 
shown that SP-D becomes S-nitrosylated by NO, and that the 
S-nitrosylation of SP-D (SNO SP-D) results in disruption of 
dodecameric structure into individual trimers in vitro [68]. In 
this study, the authors suggested that the SNO-SP-D is 
responsible for the pro-inflammatory function of SP-D via 
CD91 mediated signaling [68]. The presence of SNO-SP-D 
in vivo during Pneumocystis lung infection has also been 
documented by this group [69]. It was also recently shown 
that SP-D treated with ONOO

-
 becomes nitrated, and this 

nitration of SP-D results in non-reducible cross-linking 
between SP-D monomers and the loss of agglutinating 
activity of SP-D [70]. These studies demonstrate that SP-D 
not only participates in the induction of pro- and anti-
inflammatory response, but its action may be regulated by 
the post-translational modifications. 

 Aside from its antimicrobial activity, a growing body of 
literature suggests a crucial role for innate immune lung 
collectins, SP-A and SP-D, in the regulation of inflammatory 
response [71]. Gene knockout studies show that SP-D 
regulates multiple functions in the lungs. Neutrophils and 
macrophages accumulate in the lungs of SP-D deficient mice 
[72-74]. Most of these macropahges are apoptotic [73], laden 
with lipid vesicles, and eventually become foamy [74, 75]. 
These macrophages secrete matrix metalloproteases 
(MMPs), cleave surface molecules including CD14 [76] and 
cause damage to the lung parenchyma and destroy alveoli 
[77]. Furthermore, SP-D binds to, and enhances the 
clearance of DNA in the lungs and reduces the generation of 
autoantibody against DNA [78]. This is particularly of 
interest for diseases such as cystic fibrosis characterized by 
increased DNA in the airway, lupus, as well as for neutrophil 
extracellular traps (NETs) [79]. SP-D deficient mice do not 
show signs of inflammation in the lungs at birth [74, 77]. 
However, at around the age of 8 weeks, these mice develop 
airway destruction, associated with pulmonary infiltration of 
foamy macrophage and monocytic cells [74]. In addition, 
there is a high level of superoxide production and increased 
NF- B activity [80]. A truncated form of recombinant SP-D 
(n/CRD) reduces macrophage activation and release of pro-
inflammatory cytokine. The n/CRD consists of a short 
collagenous region, neck, and the CRD region and it can also 
reduce alteration of lung parancyma in SP-D deficient mice 
[81, 82]. Conditional replacement of SP-D transgene, 
(tetO)7-rSP-D, in SP-D deficient mice restores lung 
abnormalities [83]. Furthermore, SP-D has been shown to 
reduce pulmonary inflammation caused by endotoxins such 
as LPS and LTA in mice [84] and prevent endotoxin induced 
shock in newborn preterm lambs [85]. 

 Although many studies have described putative receptors 
for SP-A and SP-D, a clear picture on the receptor and 
receptor-mediated signaling is yet to be elucidated. It has 
been suggested that SP-A (and SP-D) have both pro- and 
anti-inflammatory roles [86] and some mechanistic insight 
has been proposed for the control of inflammatory response 
mediated by the surfactant proteins. When pathogens or 
foreign particles (i.e. allergens) come in to the lung, SP-A 
binds these pathogens/allergens and interacts with the 
CD91/calreticulin receptor complex [86-88]. SP-A was 
shown to bind signal regulatory protein (SIRP)  through its 

CRD, and induce SHP-1 mediated inhibition of p38 MAPK 
pathway [86]. On the other hand, SP-A was suggested to 
bind to calreticulin/CD91 [88], and was shown to induce a 
pro-inflammatory response via MAPK pathway and NF B 
signaling [86]. SP-D has also been shown to bind certain 
other proteins or putative receptors present in the lungs, 
including CD14 [89] and, toll like receptor (TLR) 4 [90]. SP-
A has also been found to suppress lipopolysaccharide (LPS) 
induced TNF-  release by alveolar macrophages [91]. SP-D 
can also directly down regulates LPS-induced pro-
inflammatory response by binding to TLR4 and MD2 [90, 
92]. A recent report also suggests a role for SP-D in the 
modulation of alveolar macrophage polarization. The authors 
found that the alveolar macrophages from SP-D deficient 
mice expressed higher levels of M1 markers [93]. These 
studies suggest a role for SP-A and SP-D in preventing the 
induction of M1, or classically activated macrophages. 
Precise role(s) for the collectins in the macrophage 
polarization, however, is not yet determined. It is possible 
that the collectin molecules regulate macrophage 
polarization via ARG. Although some studies suggest that 
SP-A and SP-D modulate NO production, the role of SP-A 
and SP-D on ARG activity has not been described.  

 Many studies involving the role for SP-D in regulation of 
inflammatory response by the macrophages thus far has used 
both primary macrophages as well as cell lines, which may 
have skewed some of the interpretations. Most cell lines used 
have been peritoneal macrophage cell lines, and there has 
been many reports describing differences in the immune 
responses between alveolar and peritoneal macrophages. It 
has been long known that alveolar macrophages differentiate 
in response to GM-CSF, while peritoneal macrophages 
differentiate in response to M-CSF [94]. GM-CSF induces 
alveolar macrophage differentiation via induction of PU.1 
[95, 96]. There is also differences in the expression of 
surface receptors between peritoneal and alveolar 
macrophages [97], whose expression have been shown to be 
mediated by both SP-A [98] and SP-D [99]. Furthermore, 
functional difference has also been described where alveolar 
macrophages are better able to macropinocytose small 
molecules [97]. Therefore, caution must be made in making 
conclusions regarding the role of the collectins on 
inflammatory responses by the alveolar macrophage. 

CONCLUSION 

 L-arginine metabolism plays an important role during an 
inflammatory response, and a correct balance between iNOS 
and ARG is critical for proper antimicrobial response. Many 
bacterial species have evolved ways to thwart host arginine 
availability for NO production. Furthermore, the balance 
between iNOS and ARG also are characteristic of 
macrophage activation status, where M1 phenotype 
predominated by the induction of iNOS expression, and M2 
phenotype predominantly expresses ARG. Innate immune 
proteins SP-A and SP-D also are thought to play a role in 
regulation of inflammatory response by macrophage cells. In 
particular, alveolar macrophages from mice deficient in SP-
D show exaggerated upregulation of proinflammatory 
cytokines that are reminiscent of M1 phenotype. Therefore, 
these innate immune collectins seem to maintain the alveolar 
macrophages in a non-polarized phenotype. 
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