
Review series

530	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 117      Number 3      March 2007

Infectious disease, the innate  
immune response, and fibrosis

Alessia Meneghin and Cory M. Hogaboam

Immunology Program, Department of Pathology, University of Michigan Medical School, Ann Arbor, Michigan, USA.

The	unrelenting	and	destructive	progression	of	most	fibrotic	responses	in	the	pulmonary,	cardiovascular,	integu-
mentary,	and	alimentary	systems	remains	a	major	medical	challenge	for	which	therapies	are	desperately	needed.	The	
pathophysiology	of	fibrosis	remains	an	enigma,	but	considerable	research	and	debate	surrounds	the	question	of	
whether	chronic	inflammation	is	the	key	driver	of	unrestrained	wound	healing	(i.e.,	the	fibrotic	response)	in	these	
and	other	organ	systems.	This	Review	describes	how	infectious	pathogens,	chronic	inflammation,	and	unrestrained	
fibroproliferation	are	likely	to	be	part	of	a	dynamic,	unrelenting	process	propelling	human	fibrotic	diseases.

Tissue repair: to heal or pathologically scar
Tissue repair normally occurs very quickly after mechanical trau-
ma, thermal trauma, or infection causes tissue injury. The reso-
lution of tissue injury involves sequential and well orchestrated 
phases of immune cell recruitment and formation of granulation 
tissue; secretion of growth factors, cytokines, and chemokines; 
formation of new ECM; angiogenesis; and, finally, the return of 
the tissue to its pre-injury state (1–4). Fibroblast activation and 
proliferation are key components in the tissue repair process, and 
activation of these cells is characterized by the de novo production 
and deposition of ECM proteins such as collagen type I, collagen 
type III, fibronectin, elastin, proteoglycans, and laminin (5, 6). A 
delicate balance between ECM deposition by fibroblasts and ECM 
degradation by recruited leukocytes is necessary for a healthy out-
come during the tissue repair process (7). Several MMPs and tis-
sue inhibitors of metalloproteinases (TIMPs) are expressed during 
wound healing and control ECM remodeling by degrading exist-
ing ECM in and around the wound edge and by creating a path for 
cell migration as new ECM is deposited (8). The balance between 
ECM formation and degradation is key during the normal wound 
healing process. Indeed, ECM degradation leads to the generation 
of protein fragments that provide important biological activities 
needed to facilitate normal tissue repair at an injury site (8). A 
dynamic balance between proliferation and apoptosis normally 
regulates the number of fibroblasts at an injury site and thereby 
regulates ECM turnover (9). All of these processes normally com-
bine to return tissues and organs to their pre-injury state, able to 
function without impairment.

Should any feature of this elaborate resolution process be dis-
rupted or remain overly exuberant, abnormal tissue repair or 
pathological scarring occurs (5, 9, 10). In most human tissues, a 
pathological consequence of an inappropriate or poorly regulated 
tissue repair process is described as fibrosis (1, 5, 11–15). Fibro-
proliferation is a complicated montage of various mechanisms 

involving the sustained interaction between activated immune 
and structural cells, a myriad of soluble and cell-associated bio-
logical factors, pronounced impairment of tissue or organ func-
tion, and perhaps even death of the affected individual. The main 
subject of this Review is that the persistence of exogenous and 
endogenous stimuli provided or induced by infectious pathogens 
such as bacteria, viruses, fungi, and multicellular parasites is a 
major promoter of fibrosis in many organs, including those asso-
ciated with the pulmonary, cardiovascular, integumentary, and 
alimentary systems (Figure 1). A partial listing of major microor-
ganisms that have been associated directly and/or indirectly with 
organ fibrosis is summarized in Table 1. The persistence of these 
infectious stimuli and the sustained injury that results might 
drive fibrosis because their presence induces marked alterations in 
a number of immune and structural cells. This Review highlights 
experimental and clinical findings surrounding the unique acti-
vation status of fibroblasts and macrophages in fibrotic lesions 
characterized by the presence of some of these pathogens and/or 
their byproducts (Figure 1).

Important cellular culprits of fibrosis
Fibroblasts. The fibroblast clearly has a necessary and fundamental 
role in tissue homeostasis and normal wound repair through its 
production of ECM proteins (16). However, this cell is clearly also 
the culprit in chronic fibrosing diseases: their dynamic and seem-
ingly unregulated activity during chronic inflammatory responses 
is well documented (17), and activated fibroblasts, often demarcat-
ed by their increased expression of α-SMA (hence the term “myo-
fibroblast”), are present in fibrotic tissue (18). Fibroblasts exhibit 
heterogeneity (in terms of their cellular phenotype and origin) in 
(19, 20) and between different organ systems (21). The developmen-
tal origin of fibroblasts is not disputed — they are of mesenchymal 
origin during embryonic organogenesis. However, there is grow-
ing evidence that these cells might be derived from other cellular 
sources in the adult (22). Several groups have compelling evidence 
that new fibroblasts can arise in the lung, liver, and kidney from 
epithelial structures as a result of a process known as epithelial-
mesenchymal transition (reviewed in ref. 23). Other studies indi-
cate that BM-derived fibrocytes represent another potential cellular 
origin for collagen-producing cells (24, 25). These cells seem to gain 
entry to damaged tissues such as the skin and lung through chemo-
kine-dependent mechanisms (26, 27). Once in these tissues, BM-
derived fibrocytes seem to mature into myofibroblasts and secrete 
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ECM proteins to promote wound healing (28). Therefore, in the 
adult, fibroblasts seem to be derived from at least three sources: 
locally by proliferation or transdifferentiation and distally from the 
BM. Current research challenges involve effectively demarcating the 
relative quantity of each fibroblast type in a given fibrotic lesion 
and determining whether one, two, or all three of these sources of 
fibroblasts actually contribute to the pathology of fibrosis during 
chronic infectious diseases. This challenge is particularly daunting 
in light of the absence of distinct lineage-specific markers associ-
ated with each fibroblast type.

Macrophages. Activated macrophages have a prominent role in 
the  innate  immune  response  to  infection  and/or  tissue  injury 
through their ability to phagocytose particles such as bacteria and 
to secrete proinflammatory cytokines. It was initially thought that 
all macrophages were active during inflammation, due to the pres-
ence of proinflammatory stimuli and Th1 cytokines, and quiescent 
during tissue resolution, due to the presence of glucocorticoids and 

Th2 cytokines such as IL-4 and IL-13 (29, 30). However, several stud-
ies now show that macrophages are alternatively activated under 
conditions predominated by Th2 cytokines, so that, similar to Th1- 
and Th2-polarized T cells, macrophages activated in the presence 
of Th1 and Th2 cytokines have distinct phenotypes. In particular, 
classically activated macrophages produce large amounts of oxygen 
free radicals that participate in the acute inflammatory process. As 
alternatively activated macrophages synthesize and/or induce the 
production of many profibrotic factors, this macrophage subtype is 
strictly related to tissue fibrosis in the course of inflammation (29). 
Mantovani et al. (30) have proposed a nomenclature system for polar-
ized macrophages, referring to classically- and alternatively-activated 
macrophages as M1 and M2, respectively. Classically activated (M1) 
macrophages result from exposure to the Th1 cytokine IFN-γ, LPS, 
and TNF-α, and as producers of large amounts of IL-12 and NO, they 
effectively kill various microbial pathogens. M1 macrophages are the 
prototypical macrophages characterized by features such as phago-

Figure 1
Persistent infectious stimuli initiate and sustain the fibrotic process. Pathogens such as bacteria, viruses, fungi, and multicellular parasites 
represent major tissue injurious signals. The host response, mediated by the innate immune system, is intricately directed toward recognizing 
PAMPs through a myriad of PRRs. The concerted inflammatory and immune efforts of several immune and nonimmune cell types, including 
(but not limited to) classically activated macrophages (M1 macrophages), T cells, eosinophils, B cells, DCs, neutrophils, epithelial cells, and 
fibroblasts, contribute to the chronic inflammatory response. A dominant Th1 cytokine response normally characterizes an effective immune 
response against most pathogens, except most multicellular and extracellular parasites. Should pathogens and their byproducts be effectively 
cleared, the affected tissue often heals appropriately and the inflammatory process resolves. However, pathogens use various survival strategies 
to avoid elimination, and this leads to their persistence or the persistence of their byproducts in the host. The cytokine pattern associated with the 
ineffective response is often skewed toward the Th2 cytokine pattern. The resulting fibrotic response might be a consequence of the actions of 
unique cells such as the ECM component–synthesizing myofibroblast and the alternatively activated macrophage (M2 macrophage). The fibrotic 
response, in turn, might facilitate the persistence of pathogens and their byproducts, thereby allowing this vicious cycle to continue.
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cytosis, antigen processing and presentation, and T cell activation. 
More importantly, M1 macrophages express iNOS (also known as 
NOS2), which metabolizes l-arginine to generate the large amounts 
of NO that are involved in intracellular pathogen killing. Alterna-
tively activated (M2) macrophages secrete the regulatory cytokines 
IL-10 and TGF-β as well as the soluble IL-1 receptor antagonist 
(IL-1Ra) and express the type II IL-1 decoy receptor on their surface 
(30). All these characteristics enable M2 macrophages to efficiently 
inhibit the M1-driven inflammatory process. This is due, in part, 
to the fact that these cells express high levels of arginase 1 (ARG1), 
which directly competes with iNOS for l-arginine. M2 activation 
results in increased expression of factors that cause tissue fibrosis 
(that is, TGF-β, fibronectin, proline, and TIMPs) (31) and cytokines 
such as IL-10 and CC chemokine ligand 17 (CCL17). CCL17 binds 
CC chemokine receptor 4 (CCR4), and the interaction between these 
two has been shown to drive fibrogenesis in several mouse models of 
pulmonary disease (32, 33). In healthy individuals, M2 macrophages 
are predominantly found in the placenta and lung, where they pro-
mote tolerance to self antigens and curb inflammation, but these 
cells have an increasingly understood role in pathologic processes 
such as tumorigenesis, asthma, allergy, and fibrosis (30).

From pathogens to the chronic inflammatory  
response and pathological tissue fibrosis
Although the nature of the infecting pathogen influences the type 
of immune response that the host generates, many endogenous 
and exogenous factors, including genetic, physical, chemical, meta-

bolic, and immunological factors, 
represent important mechanisms 
of  defense  too,  by  influencing 
the  efficiency  of  the  immune 
response. A combination of phys-
ical (such as an epithelial barrier), 
chemical  (such  as  mucoid  and 
protein secretions), and  immu-
nological defenses  (such as  tis-
sue-resident  macrophages  and 
DCs) is particularly active at sites 
where  injury  and/or  infections 
pose the greatest threat — organs 
that are exposed to the external 
environment,  such  as  the  skin, 
gut,  lungs,  and  genito-urinary 
tract. In general, the initial host 
response to a pathogen is rapidly 
generated by the innate immune 
system, and this response often 
leads to the successful elimina-
tion of the microorganism. This 
rapid  response  system  largely 
depends on a sophisticated array 
of  pattern  recognition  recep-
tors  (PRRs),  which  recognize 
conserved  pathogen-associated 
molecular patterns (PAMPs) (34). 
Three major families of PRRs have 
been  discovered:  intracellular 
and extracellular TLRs (35, 36), 
intracellular nucleotide-binding 
oligomerization  domain–like 

receptors (NLRs) (37), and intracellular retinoic acid–inducible 
gene I (RIG-I) receptors (38). Many cells of the immune system, 
including macrophages, T cells, eosinophils, B cells, DCs, NK 
cells, mast cells, and neutrophils, express PRRs, but these recep-
tors have also been detected in structural cells such as fibroblasts, 
epithelial cells, and adipocytes (39). PAMPs include pathogen 
byproducts such as lipoproteins and lipopeptides, peptidoglycans, 
lipoteichoic acid, LPS, double-stranded RNA, flagellin proteins, 
and hypomethylated DNA (15, 37, 40). More recently, it has been 
shown that TLRs can also recognize endogenous proteins that 
have been modified by oxidation or nitration (41) as well as heat 
shock proteins that are released during acute inflammation and 
from damaged or dying cells (42). It is plausible that the coop-
eration of several PRRs in the recognition of PAMPs initiates the 
first line of defense against infection and/or injury, including 
the production of proinflammatory cytokines, the synthesis of 
chemotactic cytokines that recruit cells of the immune system, 
enhanced phagocytosis, and the release of antimicrobial peptides 
(36). The intricate interactions between the host and pathogen 
dictate the natural history of many infectious diseases, and the 
persistence of many infectious pathogens is a consequence of the 
ability of these microorganisms to modulate the immune response 
through various ingenious effector mechanisms (36). The failure 
to clear the pathogen and/or its byproducts consequently provides 
a persistent source of tissue injury and chronic inflammation. This 
results in fibrosis, which is therefore an undesirable outcome of an 
overactive innate immune system.

Table 1
Main pathogens associated directly and/or indirectly with organ fibrosis

Microorganism	 M2	macrophages		 Target	organ	 Reference	
	 present	and/or		
	 involved?

Bacteria	 	 	
Mycobacterium tuberculosis yes L, Li, Sp, B, K 43
Mycobacterium leprae yes L, Li, Sp, S 115
Pseudomonas aeruginosa no L, Gu 116

Viruses	 	 	
HCV no Li 63, 65, 66
HBV no Li 117
Respiratory syncytial virus no L 118
Herpesviruses (EBV, CMV, HHV8, MHV-68) yes L, Li, K, B 69–74, 119

Parasites	 	 	
Schistosoma mansoni yes L, Li, Sp, H 103–105, 112, 120–122
Toxoplasma gondii yes L, Li, Sp, B, K 113
Pneumocystis carinii yes L 123
Cryptosporidium parvum yes L, G 114
Leishmania spp. yes Li, Sp, G, S 113
Trypanosoma spp. yes H 113
Trichinella spiralis unknown Gu, H, L 113
Brugia malayi yes Gu 113
Taenia spp. yes Gu, H 113

Fungi	 	 	
Aspergillus fumigatus yes L 81, 83–85, 90–98
Candida albicans yes L 124
Cryptococcus neoformans yes L, B 125

B, brain; G, gut; Gu, genito-urinary tract; H, heart; L, lungs; Li, liver; K, kidneys; S, skin; Sp, spleen.
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Pathogen byproducts modulate the fibrotic process. Little is presently 
known about the expression and role of PRRs in the progression 
of bacterially induced chronic fibrosing diseases such as pulmo-
nary tuberculosis, which is characterized by the presence of M2 
macrophages and activated  fibroblasts  in  lesions or granulo-
mas that contain Mycobacterium tuberculosis (43). Similar to M1 
macrophages,  M2  macrophages  express  TLRs,  but  activation 
through these PRRs seems to promote M2 macrophages to produce 
cytokines and chemokines such as IL-10 and CCL17, as opposed 
to the proinflammatory stimuli produced by M1 macrophages 
(44). IL-10 and CCL17 work to limit the inflammatory response 
of M1 macrophages (45). One intriguing explanation for the inap-
propriate tissue repair that causes fibrosis during persistent bac-
terial infections (such as pulmonary tuberculosis) might be that 
tissue-resident structural cells acquire and maintain the ability to 
respond to antigen-independent danger signals normally reserved 
for cells of the immune system (46). Generally, expression of PRRs 
by immune cells such as M1 macrophages serves a protective role 
following infection. Structural cells such as type II alveolar epithe-
lial cells (47), airway smooth muscle cells (48), airway epithelial 
cells (49), and fibroblasts express TLRs, including TLR2, TLR3, 
TLR4, and TLR9, and are activated by specific TLR ligands. Less 
is known about the expression and activation of other PRRs in 
these cell types. The activation of TLRs in structural cells might 
also contribute to the immune and antiinflammatory processes 
during infection but, as described below, TLR activation in these 
cells might lead to pathological tissue scarring.

Emerging data suggest that PAMPs might provide a major acti-
vating signal to fibroblasts through TLRs and possibly through 
NLRs and RIG-I. For example, myofibroblasts isolated from the 
gut of patients with Crohn disease showed robust expression 
of TLR2, TLR3, TLR4, TLR6, and TLR7 and expressed MyD88, 
which is the adaptor molecule that links many TLRs to their 
downstream signaling pathways (50). A major consequence of 
TLR activation of gut myofibroblasts was the secretion of CXC 
chemokine ligand 8 (CXCL8). CXCL8 was initially characterized 
as a neutrophil chemotactic factor, but its biological properties 
extend to angiogenesis and fibrosis (51). Chemokine secretion 
has also been studied in the context of rheumatoid arthritis syno-
vial fibroblasts (52). Following TLR2 activation by peptidogly-
can, these primary fibroblasts released large amounts of CC and 
CXC chemokines including CCL5, CCL8, and CXCL6 (52). In an 
experimental mouse model of myocardial infarction, TLR2 was 
found to exert a major role on the development of myocardial 
fibrosis but not on the size of the infarct or the degree of inflam-
matory cell infiltration into the infarct (53). Fibrogenesis and the 
consequent ventricular tissue remodeling is a major complication 
following myocardial infarction, and this process contributes to 
long-term cardiac dysfunction and mortality in this patient pop-
ulation (54). Intracellular TLR3 activation by double-stranded 
RNA caused synovial fibroblasts to produce CXCL10 (55), and 
CCL5 generation by a respiratory syncytial virus–infected fibro-
blast cell line was induced directly by TLR3 signaling pathways 
(56). In an experimental in vivo system, TLR9 activation by CpG 
DNA was shown to drive interstitial fibrosis during lupus nephri-
tis (57). More recently, TLR activation of embryonic and trans-
formed fibroblast cell lines led to sensitization for apoptosis (58) 
and stimulated cell cycle entry (59), respectively. Whether these 
consequences of TLR activation apply to primary fibroblasts 
during the resolution of tissue injury and/or the development of 

pathological tissue fibrotic scarring has yet to be determined, as 
has their role in the development of fibrosis.

Preliminary unpublished data in our laboratory have revealed 
intriguing differences in TLR expression and activation between 
normal fibroblast  lines and those derived from patients with 
severe pulmonary fibrotic forms of idiopathic interstitial pneu-
monia  (idiopathic  pulmonary  fibrosis  [IPF]  and  nonspecific 
pneumonia [NSIP]). For example, we have observed that TLR9 
activation  through  hypomethylated  DNA  in  fibroblast  lines 
derived from lung biopsies of patients affected with IPF and NSIP 
promotes the de novo generation of profibrotic signals such as 
CCL2 (our unpublished findings). CCL2 is a potent profibrotic 
chemokine, levels of which have been shown to be elevated in 
the context of various fibrotic diseases, including those affecting 
the renal (60), cardiovascular (61), and pulmonary (62) systems. 
Therefore, compelling evidence shows that fibroblasts from vari-
ous chronically diseased tissues can express TLRs and respond 
to PAMPs in a manner that can activate fibroblasts during inap-
propriate fibroproliferative responses. Together, these findings 
provide clear impetus for pursuing studies directed at further 
elucidating the effects of TLR ligands on cytokine-activated fibro-
blasts from various tissue sources.

Persistent viral infections promote and enhance fibrosis. Viruses are 
highly disruptive to tissues by nature of their cytopathic effects, 
particularly during the lytic phase of viral replication. Associat-
ed with the digestive system, HCV is one example of a virus that 
chronically infects hepatocytes, causing chronic inflammation that 
can lead to organ fibrosis. Liver pathology during the course of 
HCV infection is characterized by portal tract and lobular mono-
nuclear cell inflammation (63), and the recurring tissue repair in 
the liver parenchyma involves fibrogenesis leading to the loss of 
organ architecture and function (64). The collagen and ECM pro-
teins that are required for fibrosis to occur are largely produced by 
activated hepatic stellate cells that have taken on a myofibroblast 
phenotype (14). The presence of activated fibroblasts in the HCV-
infected liver is a direct consequence of increased amounts of the 
highly profibrotic mediator TGF-β, derived from cells rendered 
necrotic during the lytic phase of HCV infection (65). HCV is also 
able to directly promote fibrogenesis, as some of the HCV core 
proteins promote hepatocytes to secrete oxygen free radicals (66) 
and block normal liver regeneration (67).

Both the lytic and latent phases of the life cycle of a virus can pro-
vide major stimuli for tissue fibrosis. During viral latency, a small 
percentage of infected cells, including fibroblasts, can express 
distinct viral antigens on their cell surface.  In several organs, 
including the lung, the persistence of these and other foreign anti-
gens promotes the development of a Th2 cytokine environment  
(68, 69). Within this polarized Th2 tissue environment, the organ 
seems to be at particular risk for a secondary viral infection, and 
this second hit might then trigger amplification of innate immune 
and tissue remodeling events (Figure 2).

Debate surrounds the contribution of viruses to clinical fibrotic 
diseases. EBV and certain herpesviruses, such as human herpesvi-
rus 7 (HHV7) and HHV8 (also known as Kaposi sarcoma–associat-
ed herpesvirus), have been detected in patients with IPF, the most 
common (and, alas, severe) form of primary pulmonary fibrosis 
(70). Interestingly, alveolar content samples from patients with IPF 
contain M2 macrophages (71, 72), and it has been suggested that 
the upregulation of the alternative activation pathway	in these 
cells might	contribute to the fibrotic process because these cells 
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inhibit the pulmonary antiviral response (72). When mice lack-
ing the receptor for IFN-γ (Ifngr–/– mice) were challenged with the 
murine homolog of HHV8, murine γ-herpesvirus-68 (MHV-68),  
they exhibited multi-organ fibrosis  (73). The development of 
multi-organ fibrosis in these mice might reflect the persistence 
and dissemination of  this virus within this knockout mouse, 
which has an immune response heavily skewed toward a Th2-type 
cytokine response. More recently, it has been shown that chronic 
infection of Ifngr–/– mice with MHV-68 promotes the recruitment 
of macrophages into the lung, and these cells undergo alternative 
activation (72). Although the examination of fibrotic events in a 
mouse completely lacking the potent antifibrotic effects of IFN-γ 
signaling can be interpreted as contrived, other investigators have 
shown that MHV-68 promotes bleomycin-induced pulmonary 
fibrosis in BALB/c mice, a mouse strain that is normally resistant 
to the profibrotic effects of this anti-neoplastic antibiotic (74). One 
explanation for the appearance of fibrosis in mice concomitantly 
challenged with bleomycin and MHV-68 is that infection with 
MHV-68 skews the pulmonary immune response toward a Th2-

type cytokine pattern, which results in dysregulation of the repair 
process (possibly through alternative activation of macrophages) 
and the development of pathologic lung scarring.

Current data from our laboratory suggest that MHV-68 exac-
erbates the tissue fibrotic response in mice by contributing gene 
products that can neutralize specific proinflammatory cytokines 
(for example, the cytokine-binding protein M3; Figure 2) or induce 
rapid cell proliferation (for example, the constitutively active viral 
G  protein–coupled  receptor  [vGPCR];  Figure  2)  (our  unpub-
lished observations). Similar mechanisms might occur in clinical 
fibrosing diseases. For example, open reading frame 74 of HHV8 
encodes vGPCR, which is a constitutively active chemokine recep-
tor involved in the tumorigenesis and cytokine production associ-
ated with Kaposi sarcoma (75). In cells transfected with vGPCR, 
the constitutive activity of this receptor induces the expression 
of proinflammatory cytokines (such as IL-1β, IL-6, and TNF-α),  
chemokines (such as CXCL2 and CCL2), and growth factors (such as 
FGF-β) (76). Our quantitative PCR analysis has shown that mRNA 
encoding the HHV8 vGPCR is present in the biopsy and fibroblast  

Figure 2
A defective host response facilitates chronic pulmonary fibrosis. Similar to other organ systems directly exposed to the external environment, 
the lung confronts infectious agents on a continual basis. Should transcript and protein components of these infectious pathogens persist, the 
immune response appears to skew to a Th2 cytokine profile (i.e., increased IL-4 and IL-13). Secondary or repetitive exposure to infectious 
agents in this immunoregulated environment might then exacerbate the fibrotic response due the lack of an effective Th1 immune response. This  
scenario can be observed in the context of a secondary viral insult in the form of a herpesvirus. Experimentally, MHV-68 markedly enhanced 
fibrosis in a Th1-deficient environment (73). Current data suggests that MHV-68 exacerbates the tissue fibrotic response in mice by contributing 
gene products that can neutralize necessary innate immune cytokines (through cytokine-binding proteins such as M3) or induce rapid cell pro-
liferation (through the viral chemokine receptor vGPCR) (our unpublished observations). Therefore, the fibrotic response might be exacerbated 
by secondary and repeated pathogen insults. Viral byproducts might be particularly important in perpetuating fibrosis.
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cultures  derived  from  patients  with  either  UIP  or  NSIP  (our 
unpublished observations). Furthermore, we have observed that 
it is expressed at markedly higher levels in these samples than in 
lung biopsies and human fibroblast cell lines derived from healthy 
individuals (our unpublished findings). Therefore, further investi-
gation of the profibrotic implications of the expression of vGPCR 
and other gene products by viruses that establish a persistent infec-
tion in immune and structural cells is certainly warranted.

Persistence of fungal antigens and peribronchial fibrosis. Asthma is char-
acterized by a Th2 cytokine–driven airway inflammatory response 
that  encompasses  all  cellular  components  of  the  airway  wall  
(77, 78). Postmortem studies reveal that airway wall thickening, due 
in part to subepithelial fibrosis, is present in asthmatic patients, 
and this observation seems to correlate with the severity of airway 
hyperresponsiveness and airflow obstruction (79, 80). Collagen 
deposition in the airway subepithelial space is essentially an inap-
propriate wound healing response due to chronic inflammation in 
the airway and is characterized by the activation of cells that form 
the structural and support elements of the airway, including epi-
thelial cells, smooth muscle cells, fibroblasts, and endothelial cells 
(81, 82). One consequence of this fibrotic response is that it creates 
an ECM-rich environment that favors the survival and persistence 
of recruited immune cells around the asthmatic airway, thereby 
contributing to the chronicity and severity of the disease.

Triggers for allergic and asthmatic diseases are many and var-
ied, but growing data suggests  that exuberant  fungal growth 
associated with dwellings, schools, and places of employment 
present a growing health hazard to individuals in all age groups 
(83).  Pulmonary  responses  to  Aspergillus fumigatus  spores  and 
conidia span a wide clinical spectrum, including rapid clearance 
of the conidia without lung injury, allergic lung disease with or 
without fungus colonization (84), and lung destruction due to 
invasive pulmonary aspergillosis (85). The coordinated activi-
ties of alveolar macrophages, infiltrating platelets, and infiltrat-
ing neutrophils effectively prevent the retention of A. fumigatus in 
the airways of immunocompetent individuals (86, 87), but aller-
gic responses to A. fumigatus involve a number of immunologic 
abnormalities, including elevated levels of IgE, increased amounts 
of Th2 cytokines (88), eosinophil- and T cell–mediated inflam-
mation, and marked airway remodeling (89, 90). Experimentally, 
the allergic responseto A. fumigatus, which is dominated by Th2 
cytokines and chemokines, markedly compromises neutrophil and  
macrophage function, allowing intact conidia and degraded fungal 
components to persist for many weeks in M2 macrophages from 
allergic mice (91). Strategies directed toward the elimination of 
fungal material in the lungs of allergic mice through attenuation 
of the Th2 inflammatory response (92–96) or promotion of M2 
macrophage apoptosis (97, 98) have proved very effective at revers-
ing established experimental fungal asthma and the airway remod-
eling associated with this model. Therefore, the allergic responses 
to A. fumigatus conidia observed in atopic individuals and asthmat-
ics seems to promote chronic airway remodeling through a skewed 
immune response that fails to adequately clear this pathogen from 
the pulmonary system.

Parasites and their hosts both exploit the tissue fibrotic process for sur-
vival. One of the major pathological features of most multicellular 
parasites is their ability to persist and establish a chronic infec-
tion. This leads to chronic inflammation, which in turn can lead 
to severe fibrotic modification of infected tissues and organs. 
Parasite and host seem to both contribute to the fibrotic process. 

This response is advantageous to the parasite because it walls it 
off from the host’s immune system, thereby allowing the parasite 
to persist and survive in a hostile environment. Unlike the other 
fibrotic conditions described above, this response is also advan-
tageous to the host because it walls off the offending secretory 
products produced by the parasites, thereby preventing them from 
modulating and suppressing the host’s immune response.

Although several parasites have documented effects on the 
fibrotic response in a number of organs (Table 1), Schistosoma 
mansoni provides a well studied example of a multicellular para-
site that induces prominent fibrotic responses in the alimentary 
system during the natural course of infection and in the pulmo-
nary system when eggs from this parasite are administered i.v. in 
experimental models (reviewed in ref. 99). The early response to 
infection with S. mansoni is associated with the activation of Th1 
cells, and this causes the production of large amounts of IL-1β,  
TNF-α,  IFN-γ,  and NO (100). The cytokine response eventu-
ally switches to a Th2 cytokine profile as eggs from this parasite 
are deposited and becomes dominated by IL-4, IL-5, IL-10, and  
IL-13 (101). Several cytokine-based intervention studies have 
shown  that  the  Th1  cytokines  (102)  dampen  the  fibrotic 
response, whereas the Th2 cytokines (103, 104) and chemokines 
(32) promote this response. During various phases of schisto-
somiasis,  tissue-resident  macrophages  are  a  major  source  of 
leukocyte chemotactic  factors  (105),  cytokines  (106), growth 
factors (107), and free radicals (108). However, prolonged expo-
sure of macrophages to Th2 cytokines and Th2-associated fac-
tors during S. mansoni–induced immunopathology (109) induces 
macrophages to become alternatively activated (that is, to become 
M2 macrophages) (29). This ultimately leads to their involve-
ment in the tissue destructive fibrotic response (99). In the Th2 
cytokine environment of a parasitic infection, l-arginine is pre-
dominately metabolized by ARG1, which is highly expressed by 
M2 macrophages (108). l-arginine metabolism by ARG1 gener-
ates urea and l-ornithine, which leads to the production of poly-
amines and proline, factors that exert prominent effects on cell 
growth; to collagen formation; and ultimately to tissue fibrosis 
(110, 111). More recently, M2 macrophages have been shown to 
be essential for host survival during the chronic inflammatory 
response to infection with S. mansoni, because in their complete 
absence the egg-induced inflammatory response is lethal (112). 
Therefore, M2 macrophages exert a prominent role in the pro-
fibrotic response during persistent infection with the parasite  
S. mansoni and possibly in similar fibrotic responses during infection 
with other parasites such as Cryptosporidium parvum (113, 114).

Summary and clinical therapeutic considerations
The magnitude and intensity of the immune response against an 
infective pathogen dictates the course and, therefore, the outcome 
of the infection. The virulence and survival of microorganisms in 
host tissues depend on their evasion of the immune system. The bi-
directional interaction between the immune system and the patho-
gen is characterized by a dynamic balancing act between host mech-
anisms aimed at promoting tissue repair and pathogen strategies 
keenly tuned toward survival and persistence. The importance of 
this balance is highlighted by the Th2-type cytokine inflammatory 
response, which is aimed to repair tissue injury that results from 
viral and bacterial infection, but this cytokine environment can be 
exploited by and allow the persistence of these pathogens. Our major 
point is that this persistence might ultimately lead to debilitating 
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tissue fibrosis. The fibrotic response might also be directly elicited 
by the response of activated fibroblasts to pathogen byproducts 
acting through PRRs and possibly other PAMP-detection mecha-
nisms. Lytic and latent virus infection leads to major tissue injury 
and fibrosis both directly and possibly through the expression of 
viral gene products such as vGPCR in immune and structural cells 
within various organ sites, including the lung. The persistence of 
pathogens and/or their byproducts, such as those associated with 
fungal and multicellular parasite infections, also precipitates a 
fibrotic process. The exact mechanism(s) leading to fibrotic changes 
in the context of fungal and parasite infection is not presently clear, 
but both types of infection share the common feature of a demon-
strable skewing of the cytokine response toward a Th2-type cytokine 
profile, thereby leading to the increased presence and activity of 
fibroblasts of various origins (that is, derived from resident cells, BM 
cells, or epithelial-mesenchymal transition) and M2 macrophages  
(Figure 1). Although the fibrotic response during nearly all challeng-
es with a pathogen is often mediated by Th2 activation or activity, it 
is now clear that the complete absence of the Th2-mediated fibrotic 
response is not always desirable, in that its absence can increase the 
susceptibility of the host to the deleterious effects of parasitism.

The hallmark therapy for chronic inflammation is the group of 
immunosuppressive agents known as corticosteroids. Clearly, sup-
pressing the immune response is unlikely to be a good approach to 
preventing the fibrotic tissue damage that occurs during chronic 

inflammation if, as seems increasingly probable, the stimulus for 
fibrosis is provided by the byproducts of these infectious agents or 
by cells such as M2 macrophages and activated fibroblasts, both of 
which are unaffected by this form of therapy. Alternatively, strat-
egies directed toward eliminating these byproducts and/or their 
effects might prove highly beneficial in the context of fibrosis dur-
ing chronic inflammation, as their elimination would presumably 
diminish the concomitant chronic inflammatory and fibrotic 
mechanisms. Therefore, increased understanding of the impor-
tance of the interplay between pathogens and their byproducts in 
the tissue healing process might provide novel treatment interven-
tions in chronic fibrosing diseases in numerous organ systems.
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