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Chapter 6
The Role of Immunity and Inflammation
in IPF Pathogenesis

Marcus W. Butler and Michael P. Keane

There has been a revolution in the prevailing concensus regarding the pathogenesis
of IPF over the course of the past couple of decades, with a retreat from paradigms
solely based on IPF as an immune-mediated disorder involving chronic inflamma-
tion of the lower airways which progresses to fibrosis, towards a view of IPF as a
disease of abnormal pulmonary fibroproliferation/disorganised matrix deposition in
the face of repetitive injury to an ageing alveolar epithelium that is genetically pre-
disposed to UIP formation [1-4] (Fig. 6.1). The historical term “cryptogenic fibros-
ing alveolitis” used interchangeably with IPF encapsulates the thinking decades ago
when much of the available evidence pointed to a likely dominant role for chronic
alveolar epithelial inflammation progressing to injury and dysregulated repair
resulting in fibrosis, not least of all because alveolar inflammation appeared to pre-
cede fibrotic lesion development [5]. Initial enthusiasm for a chronic inflammatory
basis for IPF also stemmed from observations of an excess of neutrophils within
alveolar walls and the alveolar epithelial surfaces in IPF [6]. In addition, immune
complexes of mainly IgG were found in the epithelial lining fluid of IPF individuals
[7]. In an older study, alveolar inflammation was found to occur in approximately
half of clinically unaffected family members who are at risk of inheriting autosomal
dominant idiopathic pulmonary fibrosis, termed familial interstitial pneumonia
(FIP) [8]; however a more recent larger study (FIP defined as at least two family
members with IIP including IPF in at least one affected individual per family) failed
to replicate this finding, with no difference seen in inflammatory cell proportions in
BAL fluid among at-risk (asymptomatic first-degree relatives of FIP patients) and
healthy control subjects [9]. Part of the shift away from the notion of chronic inflam-
mation as a basis for IPF came with the tighter concensus surrounding the patho-
logic classification of the disease two decades ago, which up to then had included
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Fig. 6.1 A proposed pathogenetic model of idiopathic pulmonary fibrosis. (From Ref. [4])

what are now widely accepted as being separate forms of idiopathic interstitial
pneumonia such as non-specific interstitial pneumonia and acute interstitial pneu-
monia, for which anti-inflammatory treatments may show more benefit [10-12]. A
sentinel event in shaping the current prevailing view that immunomodulatory thera-
pies are to be avoided in IPF came with the discovery in the PANTHER study that a
then standard-of-care though unproven therapy for IPF, the combination of oral
corticosteroid, azathioprine and N-acetylcysteine was not only inefficacious in IPF
but led to higher mortality and hospitalisation within a mean of only 32 weeks of
treatment versus placebo [13]. The dawn of a new era of therapeutic options for
what was until then an untreatable disease arrived on May 18, 2014, with the simul-
taneous publication of phase III studies of two very different disease modification
compounds, pirfenidone and nintedanib, which both share antifibrotic properties
and have highly pleiotropic mechanisms of action, suggestive of a need in IPF to
address multiple redundant wound-healing pathways in order to control what is a
complex polygenic disorder [14, 15]. Nearly all of the compounds currently in
development for the treatment of IPF involve mechanisms relating to lung tissue
repair, regeneration, inhibition of epithelial cell apoptosis and inhibition of collagen
deposition, with little interest in an anti-inflammatory/immunosuppressing approach
[2], given the unequivocal failures of such approaches in the past [13, 16]. Within
these few years, long-held theories of IPF pathogenesis had been overturned.

The delight that universally accompanied the long-awaited emergence of IPF
medications with some disease-modifying effects needs to be tempered against the
ongoing unmet needs of these patients, who are far from cured by current antifi-
brotic strategies. Somewhat at odds with a more dismissive view of an immunologic
and inflammatory role in IPF pathogenesis are a wealth of data that provides the
smoking gun to an immunobiological role in either the initiation or progression of
IPF, which remains incompletely understood and, arguably therefore, unsuccess-
fully addressed in treatment approaches. Such a role may be more important for
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subtypes of IPF that await elucidation, though it is also plausible that the association
of immunologic abnormalities with IPF are a process that is downstream from fibro-
sis-driven biology [2, 17]. Strongly pointing towards a chronic immune process in
IPF are the replicated observations in IPF lung tissue of lymphoid aggregates, sug-
gestive of lymphoid neogenesis [17-20]. These are found in close proximity to
fibroblastic foci and are composed of mainly activated CD3* T lymphocytes and
mature dendritic cells, with a subset of activated CD20" cells, with some evidence
also pointing to chemokine receptor (CCR)6 expression in these infiltrates, as found
on memory T cells, Th-17 cells, B cells and dendritic cells [18, 20] (Fig. 6.2). These
aggregates were seen in increasing numbers in IPF explants versus less advanced
IPF lung surgical biopsy specimens, suggestive of a sustained role for such lym-
phoid tissue in progressive IPF [19]. The picture is confused however by the obser-
vation that these tertiary lymphoid structures (TLS) contain non-proliferating and
non-apoptotic mature CD45RO* T and B cells [18, 19], which has led to a hypoth-
esis of these cells homing to the lung from the systemic circulation, although data is
lacking to support such an origin [19].

Another difficulty in dismissing an important role for the immune system in IPF
lies in the repeated observation of areas of histopathologic UIP and non-specific
interstitial pneumonia (NSIP) in the same patient when biopsies are obtained from

Fig. 6.2 Idiopathic pulmonary fibrosis inflammatory infiltrates. All photomicrographs show the
tissue stained with Fast Red and haematoxylin counterstain. (a—f) The photos have a magnification
of x200. (g, h) The photos have a magnification of x400. (From Ref. [20])
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Fig. 6.2 (continued)

different lobar locations, a phenomenon thought to occur in 13-26% of cases [21,
22]. NSIP can have varying degrees of alveolar wall inflammation by predomi-
nantly lymphocytes and plasma cells in addition to fibrosis and has a better progno-
sis than UIP, but individuals with discordant UIP and NSIP on their multiple biopsies
have a poor prognosis similar to those with concordant UIP on multiple biopsies
[21, 22]. In support of an endotypic difference among the two diseases, NSIP fibro-
blasts appear to behave more like normal fibroblasts than is seen in IPF fibroblasts,
where the latter exhibit greater contractility and secrete greater amounts of fibronec-
tin and TGF-P1 [23]. There is a great need to further improve our understanding of
the potential for an evolution of NSIP into fibrotic NSIP and later into UIP, as
immunomodulatory therapy for NSIP, a putative early treatment strategy for IPF,
demonstrates some efficacy versus being ineffective in UIP [24]. Some have sug-
gested that a greater understanding of rheumatoid arthritis-associated interstitial
lung disease, where the undoubtedly inflammatory disease of rheumatoid arthritis
can result in either an NSIP or UIP pattern, offers a good model for gaining further
insight into the pathogenesis of both of these related interstitial pneumonias [25].
Lending support of such a model, a recent study that established and validated a role
for a biomarker index of three plasma molecules, MMP-7, surfactant protein D and
osteopontin in discriminating IPF from alternative interstitial lung diseases (adjusted
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area under the curve of 0.766, excluding RA-ILD), could not distinguish IPF from
RA-ILD [26]. Of interest in such an IPF model is the shared risk factor of chronic
tobacco smoke exposure in both idiopathic and RA-associated UIP. In recent times,
the contributory role of immune mediators and inflammatory cells have once again
gained more acceptance in schemata of IPF pathogenesis, though far more ques-
tions than answers are found [27]. The remainder of this chapter will discuss the
evidence that implicates a variety of inflammatory and immunologic processes in
contributing to the pathogenesis of IPF.

Innate Immunity and Altered Host Defence Mechanisms

In IPF, a repetitive cycle of local micro-injury to ageing alveolar epithelium by vari-
ous factors and processes including cigarette smoke, environmental exposures,
microbial colonisation/infection, microaspiration, endoplasmic reticulum stress
and oxidative stress is believed to underpin the development of disease, with resul-
tant aberrant wound healing [1]. A prototypic example of how such a diverse array
of stressors can mediate tissue injury via innate immune mechanisms is the Toll-
like receptor family of pattern-recognition receptors that recognise pathogen-asso-
ciated molecular patterns (PAMPs) from microbes or danger-associated molecular
patterns (DAMPs) from damaged tissues (Fig. 6.3) [28]. In the case of IPF, a front-
line cell in this process is the type II alveolar epithelial (AEC2) cell, a pulmonary
form of stem cell capable of long-term self-renewal, and in IPF, the majority of
such cells exhibit evidence of apoptosis [29, 30]. In healthy innate immune sys-
tems, these AEC2 cells are recognised and phagocytosed in a non-inflammatory
process known as efferocytosis [31]. Critical to the regulation of lung-injury
response is the interaction of the evolutionarily conserved danger recognition
receptor termed Toll-like receptor (TLR) 4 with the DAMP known as hyaluronan, a
glycosaminoglycan that maintains structural integrity of the lung extracellular
matrix but which is elevated in BAL fluid in IPF patients where it correlates with
disease severity [32, 33]. A widely used model of experimental IPF is the use of the
cancer chemotherapy agent bleomycin, instilled into mice to bring about oxidative
DNA damage, cell death of alveolar macrophages and airway epithelial cells with
ensuing fibrosis. In a bleomycin-induced lung fibrosis model where organoids were
created from highly purified AEC2 cells, the hyaluronan-TLR4 axis was shown to
play a key role in lung stem cell renewal, and perturbation of this axis by deletion
of the hyaluronan synthase 2 (HAS2) enzyme led to worsened fibrosis. The same
authors also demonstrated that AEC2 cells from IPF patients studied in organoid
cultures had reduced HAS2 and hyaluronan expression and reduced renewal capac-
ity (See Fig. 6.4) [33, 34].

A familial form of IPF has been linked to damaged AEC?2 cells associated with a
mutation in the surfactant protein C gene [35]. Ineffective repair of damaged alveo-
lar epithelium leading to pulmonary fibrosis is supported by the observations made
in a transgenic mouse model expressing human diphtheria toxin receptor on AEC2
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Fig. 6.3 A detailed knowledge of how mammalian Toll-like receptors (TLRs) signal has devel-
oped over the past 15 years. TLRS, TLR11, TLR4, and the heterodimers of TLR2-TLR1 or TLR2-
TLR6 bind to their respective ligands at the cell surface, whereas TLR3, TLR7-TLR8, TLR 9 and
TLR 13 localise to the endosomes, where they sense microbial and host-derived nucleic acids.
TLR4 localises at both the plasma membrane and the endosomes. TLR signalling is initiated by
ligand-induced dimerisation of receptors. Following this, the Toll-IL-1-resistance (TIR) domains
of TLRs engage TIR domain-containing adaptor proteins (either myeloid differentiation primary-
response protein 88 (MYD88) and MY D88-adaptor-like protein (MAL) or TIR domain-containing
adaptor protein inducing IFNf (TRIF) and TRIF-related adaptor molecule (TRAM)). TLR4 moves
from the plasma membrane to the endosomes in order to switch signalling from MYDS88 to
TRIF. Engagement of the signalling adaptor molecules stimulates downstream signalling pathways
that involve interactions between IL-1R-associated kinases (IRAKs) and the adaptor molecules
TNF receptor-associated factors (TRAFs), and that lead to the activation of the mitogen-activated
protein kinases (MAPKs) JUN N-terminal kinase (JNK) and p38, and to the activation of transcrip-
tion factors. Two important families of transcription factors that are activated downstream of TLR
signalling are nuclear factor-kB (NF-kB) and the interferon-regulatory factors (IRFs), but other
transcription factors, such as cyclic AMP-responsive element-binding protein (CREB) and activa-
tor protein 1 (AP1), are also important. A major consequence of TLR signalling is the induction of
pro-inflammatory cytokines, and in the case of the endosomal TLRs, the induction of type I inter-
feron (IFN). dsRNA double-stranded RNA, IKK inhibitor of NF-xB kinase, LPS lipopolysaccha-
ride, MKK MAP kinase kinase, RIP1 receptor-interacting protein 1, rRNA ribosomal RNA,
ssRNA single-stranded RNA, TAB TAK1-binding protein, TAK TGFf-activated kinase, TBK1
TANK-binding kinase 1. (From Ref. [28])
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Fig. 6.4 In healthy AEC2 cells, regenerative capacity is maintained by hyaluronan synthase 2
(HAS2)-mediated production of HA, which interacts with Toll-like receptor 4 (TLR4). This in turn
results in the expression of IL-6 (either indirectly or directly). In IPF-derived AEC2 cells, HAS2
expression is reduced, which causes decreased regenerative and impaired response to injury.
NF-kB nuclear factor-kB, STAT3 signal transducer and activator of transcription 3, GP130 glyco-
protein 130, AEC2 type 2 alveolar epithelial cell. (From Ref. [33])

cells, where administration of diphtheria toxin to these animals resulted in AEC2
cell injury and pulmonary fibrosis [36]. Among the more developed compounds
currently being evaluated as investigational new drugs for IPF is a small molecule
BMS-986020 antagonising a lysophosphatidic acid receptor (LPA1) in an effort to
inhibit the airway epithelial cell apoptosis observed in IPF, among its many other
mechanisms of action (Phase II Trial number: NCT01766817) [2, 37].

Based on the fact that gut commensal bacteria are known to influence stem cell
renewal in intestinal epithelium through TLR4 interactions with microbiome com-
ponents, it is plausible that the lung microbiome could influence alveolar epithelial
homeostasis that is perturbed in IPF [33]. MUCS5B is a gel-forming mucin that con-
stitutes a major component of airway mucus, and along with MUCI is the most
highly expressed mucin gene in distal human airways [38]. It normally plays a key
role in innate defence of airway epithelial mucosa but is overexpressed in IPF lungs
[39]. A large-scale genome-wide association study [40] of idiopathic interstitial
pneumonia (IIP) cases (mostly IPF) versus controls revealed common genetic varia-
tions associated with risk for IIP, including a T/G SNP in the MUC5B promoter
(rs35705950), a region which has been identified previously as a risk locus for ITP
[39]. A meta-analysis has since shown that the MUCS5B rs35705950 polymorphism
confers susceptibility to IPF in those of European or Asian genetic ancestry, and the
same SNP is associated with progression of subclinical interstitial lung abnormali-
ties on serial CT scans, though conversely also associated with improved survival in
IPF [41-43]. A recent systems biology study incorporating a novel modified aptamer
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technology to study proteomic differences among blood of 60 IPF subjects and 21
normal subjects pointed to a host defence defect in IPF versus normals, with great-
est enrichment, among all downregulated proteins, for those governing host defence,
potentially indicative of attempts in IPF to restrict airway epithelial damage and
initiate reparative processes [44] (Fig. 6.5). In addition to the MUC5B SNP, other
polymorphisms in genes related to epithelial integrity and host defence have been

Enrichment downregulated proteome

Category Term Count % Fold enrichment  Bonferroni BH FDR Kappa
GO BP GO:0006952~defense response 25 22 4.87 2.25E-07 2.25E-07 2.56E-07
GO BP G0:0006916~anti-apoptosis 14 12 8.14 2.14E-05 1.07E-05 2.43E-05
GO BP GO:0006955~immune response 23 20 3.99 5.93E-05 1.98E-05 6.74E-05| 0.47
GO MF GO:0005125~cytokine activity 13 11 8.09 1.76E-05 1.76E-05 8.02E-05
GO BP G0:0009611~response to wounding 20 17 4.52 9.25E-05 2.31E-05 1.05E-04| 0.59
GO BP G0:0032101~regulation of response to external stimulus 12 10 9.04 1.15E-04 2.30E-05 1.31E-04
GO BP GO:0042127~regulation of cell proliferation 24 21 3.65 1.36E-04 2.27E-05 1.55E-04
GO BP G0:0042981~regulation of apoptosis 24 21 3.57 2.01E-04 2.87E-05 2.28E-04
GO BP G0:0043067~regulation of progeammed cell death 24 21 3.54 2.40E-04 3.00E-05 2.72E-04
GO BP G0:0010941~regulation of cell death 24 21 3.53 2.56E-04 2.84E-05 2.91E-04
b
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Fig. 6.5 Enrichment and network analysis of the downregulated IPF plasma proteome. (a) DAVID
enrichment analysis was employed to select the most significantly enriched terms within the sam-
ple of downregulated proteins (n = 116). Bonferroni-corrected P value, BH P value and FDRs are
reported. Kappa statistics reporting similarity to most significant term (low > 0.25, moderate 0.25—
0.5, high 0.5-0.75, very high 0.75-1). (b) ClueGO visualisation and analysis of biological role
(GO, Kegg pathways) was undertaken. GO terms are mapped in clusters by Kappa statistics.
[Hexagon = Kegg pathway, Ellipse = Gene ontology term, arrow depicts direction of association].
The major overview term (smallest P value within cluster) is depicted in colour. Node size depicts
Bonferroni-corrected P value < 0.0005 for all terms reported. Further details can be found in online
supplement. (From Ref. [44])
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identified as predisposing to IPF, such as the TOLLIP rs5743890 polymorphism
[39, 40, 43, 45]. TOLLIP, a key modulator of innate immune responses, activates
MYD88-dependent NF-kB to regulate TLR signalling and also antagonises TGF-f§
signalling, in addition to roles in intracellular trafficking via SMAD7 and a role in
governing antigen-specific proliferation of T cells and/or B cells [46—48]. TOLLIP
is also one of many gene regions that exhibit differential hypomethylation of CpG
islands in IPF lung tissues compared to control lungs assessed by CpG island micro-
array [49]. In a discovery genome-wide association study and subsequent indepen-
dent replication case-control studies with over a thousand IPF patients and over
1200 control subjects, three TOLLIP SNPs were among a handful of SNPs that
remained significantly associated with IPF susceptibility, including one SNP that
was also associated with IPF mortality (rs5743890), with these polymorphisms
regulating TOLLIP gene expression levels in IPF [45].

The links between Toll-like signalling and IPF pathogenesis have further grown
in recent years with the observation that the functional TLR3 polymorphism
rs3775291, which results in defective NF-xB and IRF3 activation, is associated with
increased mortality risk and accelerated decline in FVC in patients with IPF [50].
The same authors examined human IPF fibroblasts that were wild-type, heterozy-
gous or homozygous for the rs3775291 mutation in addition to utilising a murine
bleomycin model of lung fibrosis that included TLR3 knockout (TLR3—/—) mice
and demonstrated defective fibroproliferative responses and impaired interferon
gamma responses in the fibroblasts with alleles for rs3775291 and worsened lung
fibrosis and mortality in TLR3—/— mice [50].

Independent groups have shown associations among the lung microbiome and
IPF [51-54]. Han and co-investigators had obtained BAL fluid from 55 subjects
with moderately severe IPF in the prospectively recruited COMET-IPF study and,
in a manner not pre-specified, carried out subsequent bacterial 16 ribosomal RNA
pyrosequencing to characterise the microbiome, with IPF progression defined as a
composite of deteriorating pulmonary function tests (relative decrease in FVC or
DLCO of >10% or >15%, respectively), death, acute exacerbation or lung trans-
plantation. Using principal components analysis, they showed significant associa-
tions of IPF progression with increased relative abundance of a Streptococcus
operational taxonomic unit (OTU) and a Staphylococcus OTU [51]. The same
group more recently explored host immune responses in a given lung microbiome
context using paired samples of peripheral blood mononuclear cell (PBMC) gene
expression profiles and their BAL microbiome data, in addition to lung fibroblasts
cultured from transbronchial biopsies, and found that immune response pathways
including NOD-like receptor, TLR and RIG-like receptor signalling pathways
were downregulated in association with worse progression-free survival (PES).
Their data showed that lung microbes with increased abundance and decreased
community diversity were associated with decreased PBMC transcriptomic expres-
sion of immune pathways and shorter PFS. This study also provided data to sup-
port the idea that host-microbiome interactions might influence immune-mediated
resident fibroblast responsiveness to TLR9 stimulation using CpG oligodeoxynu-
cleotide [53].
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Herpesviruses, a highly prevalent group of viruses, have frequently been found
to be associated with the much rarer entity of IPF, suggesting a possible gene-envi-
ronment interaction, with plausibility coming from the known life-long latency in
the host that follows infection, potentially leading to a reactivation phenomenon in
old age as a potential aetiologic trigger in susceptible individuals [55]. Among the
evidence for this is the study from Kropski et al. that evaluated 75 asymptomatic
at-risk first-degree relatives of FIP patients alongside 12 sporadic IPF patients and
27 healthy control subjects, which found a 14% prevalence of early interstitial lung
abnormalities on high-resolution chest CT scanning and over 35% with abnormali-
ties such as peribronchiolar and interstitial fibrosis on transbronchial biopsies in the
at-risk subjects. In this study, quantitative polymerase chain reaction was used on
DNA isolated from cell-free BAL supernatant and demonstrated lowest quantities
of herpesviruses in normals, intermediate quantities in the at-risk subjects and high-
est copies of herpesviruses per millilitre of BAL fluid in those with IPF, suggestive
of ongoing viral replication in those with and at risk of a UIP lung disease and
compatible with a greater burden of virus mediating a greater extent of airway epi-
thelial cell injury. For at-risk subjects, a correlation was seen among endoplasmic
reticulum (ER) stress markers and herpesvirus antigens using immunohistochemi-
cal analysis of transbronchial biopsies, consistent with a mechanism of virus-medi-
ated epithelial cell injury [9]. None of these studies, though suggestive, can prove a
causal link between microbes and IPF but could support the hypothesis that dysbio-
sis plays a role in IPF pathogenesis, if, for example, host defence proteins are being
downregulated in a given microbiomic context.

Chemotactic Cytokines

Leukocyte infiltration is a universally recognised hallmark of inflammation. Once
recruited to lung tissues, leukocytes can contribute to the pathogenesis of chronic
inflammation and promote fibrogenesis via the elaboration of various cytokines.
Maintenance of leukocyte recruitment during inflammation requires the cell sur-
faces to express adhesion molecules and the production of chemotactic molecules
termed chemokines [56, 57]. Chemokines can be subdivided into four families—
CXC, CC, C and CXXXC—and these function as potent chemotactic factors for a
variety of cell types including neutrophils, eosinophils, basophils, monocytes, mast
cells, dendritic cells, NK cells and T and B lymphocytes (Table 6.1). The members
of the four chemokine families exhibit approximately 20-40% homology [58].
Chemokines are elaborated from an array of cells, including monocytes, neutro-
phils, alveolar macrophages, eosinophils, mast cells, T and B lymphocytes, NK
cells, platelets and various structural cells, including keratinocytes, epithelial cells,
mesangial cells, hepatocytes, fibroblasts, mesothelial cells, smooth muscle cells and
endothelial cells. The ability of both immune and nonimmune cells to produce these
chemokines supports the contention that such cytokines may play a pivotal role in
orchestrating chronic inflammation [59].
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Table 6.1 The four families of human chemokines: C, CC, CXC and CXXXC [57]

Systemic name

‘ Human ligand name

The C chemokines

XCL1 Lymphotactin

XCL2 SCM-1B

The CC chemokines

CCL1 1-309

CCL2 Monocyte chemotactic protein-1 (MCP-1)

CCL3 Macrophage inflammatory protein-1 alpha (MIP-1a)
CCL4 Macrophage inflammatory protein-1 beta (MIP-1§)
CCLS5 Regulated on activation normal T-cell expressed and secreted (RANTES)
CCL7 Monocyte chemotactic protein-3 (MCP-3)

CCLS8 Monocyte chemotactic protein-2 (MCP-2)

CCL9 Macrophage inflammatory protein-1 delta (MIP-18)
CCL11 Eotaxin

CCLI13 Monocyte chemotactic protein-4 (MCP-4)

CCL14 HCC-1

CCL15 HCC-2

CCL16 HCC-4

CCL17 Thymus and activation-regulated chemokine (TARC)
CCL18 DC-CK-1

CCL19 Macrophage inflammatory protein-3 beta (MIP-3f)
CCL20 Macrophage inflammatory protein-3 alpha (MIP-3a)
CCL21 6Ckine

CCL22 MDC

CCL23 MPIF-1

CCL24 MPIF-2

CCL25 TECK

CCL26 Eotaxin-3

CCL27 CTACK

CCL28 MEC

The CXC chemokines

CXCL1 Growth-related oncogene alpha (GRO-o)

CXCL2 Growth-related oncogene beta (GRO-f3)

CXCL3 Growth-related oncogene gamma (GRO-y)

CXCL4 Platelet factor-4 (PF4)

CXCLS5 Epithelial neutrophil-activating protein-78 (ENA-78)
CXCL6 Granulocyte chemotactic protein-2 (GCP-2)

CXCL7 Neutrophil-activating protein-2 (NAP-2)

CXCL8 Interleukin-8 (IL-8)

CXCL9 Monokine induced by interferon-y (MIG)

CXCL10 Interferon-y-inducible protein (IP-10)

CXCLI11 Interferon-inducible T-cell alpha chemoattractant (ITAC)

(continued)



108 M. W. Butler and M. P. Keane

Table 6.1 (continued)

Systemic name Human ligand name

CXCL12 Stromal cell-derived factor-1 (SDF-1)
CXCL13 B-cell-attracting chemokine-1 (BCA-1)
CXCL14 BRAK/bolekine

CXCL16

The CXXXC chemokine

CXC3CL1 ‘ Fractalkine

CXC Chemokines and Their Receptors

Within the CXC chemokine family, there are subdivisions on the basis of a struc-
ture/function domain reflecting the presence or absence of three amino acid residues
(Glu-Leu-Arg; ELR motif) that are located before the first cysteine amino acid resi-
due in the primary structure of these cytokines. CXC chemokines that are ELR posi-
tive are chemoattractants for neutrophils and have potent angiogenic activities. The
ELR negative CXC chemokines are highly induced by interferons, are chemoat-
tractants for mononuclear cells, and inhibit angiogenesis [60].

Seven CXC chemokine receptors have been identified, which are G protein-cou-
pled receptors. CXCR1 and CXCR?2 receptors are found on neutrophils, T lympho-
cytes, monocytes/macrophages, eosinophils, basophils, keratinocytes and mast cells
and endothelial cells, and these bind to ELR+ chemokines [61]. CXCR3 is expressed
on activated T lymphocytes and HUMVECs and is the receptor for CXCL9, CXCL10
and CXCL11. The CXCL12 receptor is CXCR4 and is the cofactor for lymphotropic
HIV-1, and in contrast to CXCR3, CXCR4 appears to be expressed on unactivated
T-lymphocytes [61]. There are other chemokine receptors that bind chemokines
without a subsequent signal-coupling event. The DARC receptor binds both CXC
and CC chemokines without apparent signal coupling. This receptor, first discovered
on human erythrocytes, is thought to represent a reservoir for chemokines, binding
pro-inflammatory chemokines when concentration levels are high during tissue
inflammation and releasing them when chemokine levels are lower [62, 63]. A sec-
ond nonsignalling chemokine receptor is the D6 receptor, which binds several CC
chemokines with high affinity, including CCL2, CCL4, CCLS5 and CCL7" [64].

The Role of CXC Chemokines in Pulmonary Fibrosis

IPF is characterised by the progressive deposition of collagen within the interstitium
and subsequent destruction of lung tissue [10, 12, 65]. While the mechanisms of cel-
lular injury and the role of classic inflammatory cells remain unclear, CXCLS is sig-
nificantly elevated in IPF, as compared with either normal or sarcoidosis patients, and
correlates with BALF presence of neutrophils. The alveolar macrophage is an impor-
tant cellular source of CXCLS in IPF [66]. In addition, BALF levels of CXCLS in IPF
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may correlate with a worse prognosis [67]. More recently, CXCL13, which mediates
B-cell trafficking in concert with its cognate receptor CXCRS and is implicated in the
pathogenesis of several immunologic disorders, was studied in the lung and plasma
from IPF, COPD and control subjects. By way of biomarker utility, plasma CXCL13
was shown to be higher in IPF and highest in IPF complicated by pulmonary arterial
hypertension or acute exacerbations. Interestingly, longitudinal measures of the che-
mokine over time (yearly) showing a relative rise of at least 50% from an earlier value
were predictive of respiratory failure. The specificity of the biomarker to IPF was
supported by less predictive abilities of the biomarker in COPD subjects [68].

Vascular Remodelling in Pulmonary Fibrosis: The Role
of CXC Chemokines

The first to identify neovascularisation in IPF was Turner-Warwick in 1963, who
demonstrated extensive neovascularisation within areas of pulmonary fibrosis, with
anastomoses between the systemic and pulmonary microvasculature [69]. Further
evidence of neovascularisation during the pathogenesis of pulmonary fibrosis has
been uncovered in the bleomycin model of pulmonary fibrosis [70]. An imbalance
in the levels of angiogenic chemokines (CXCL5, CXCLS), as compared with angio-
static chemokines (CXCL9, CXCL10, CXCL11), favouring net angiogenesis has
been demonstrated in animal models but additionally in tissue specimens from
patients with IPF [71]. Renzoni et al. have shown evidence of vascular remodelling
in both IPF and fibrosing alveolitis associated with systemic sclerosis [72]. Cosgrove
et al. demonstrated a relative absence of vessels in the fibroblastic foci of IPF, pro-
viding further support for the concept of vascular remodelling in IPF. They also
noted significant vascularity in the areas of fibrosis around the fibroblastic foci, with
numerous abnormal vessels in the regions of severe architectural distortion [73].
These findings are similar to those of Renzoni and support the concept of regional
heterogeneity of vascularity in IPF. This heterogeneity is an intuitive feature, as
usual interstitial pneumonia, which is the pathological description of IPF, is defined
by its regional and temporal heterogeneity [65].

CXCLI14 is another CXC chemokine family member, known to be involved in
the trafficking of various inflammatory mononuclear cells including immature den-
dritic cells, and can antagonise CXCL12-CXCR4 interactions [74—76]. Its expres-
sion in lung epithelium is modestly upregulated in healthy smokers and even more
so in COPD and lung adenocarcinoma [77]. CXCL14 is also a potent inhibitor of
angiogenesis, and recently it has been demonstrated to be elevated in IPF lung tissue
at the RNA and protein level and in blood, where it is postulated to have a role as a
biomarker of Hedgehog signalling [75, 78]. With the availability of effective IPF
therapeutic agents, there is now interest in clarifying the mechanisms of action of
these agents, and as a relevant example, nintedanib is known to inhibit tumour
angiogenesis in lungs by acting on endothelial cells, pericytes and smooth muscle
cells, though the role for nintedanib-mediated angiogenesis regulation in IPF awaits
further study [79, 80].
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Macrophages

Macrophages, highly plastic and diverse types of cell which arise from monocyte
lineage as part of the mononuclear phagocytic system, are important for host
defence including antimicrobial activities while also having a recognised role in
wound healing and fibrogenesis through the production and release of chemokines
capable of recruiting inflammatory cells and leading to the proliferation and activa-
tion of collagen-secreting myofibroblasts (Fig. 6.6). While much of the data linking
macrophages to IPF pathogenesis has centred on the use of imperfect models of
lung fibrosis such as the murine bleomycin model, such models provide important
insights that can be extended by supportive human biospecimen data, and the plau-
sibility of a macrophage role in IPF is suggested by various findings, not least of all
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the expansion of alveolar macrophages in BAL fluid in response to chronic smok-
ing, an IPF risk factor, and in IPF itself [81-83]. Before the vast diversity of cells
and functionality within the mononuclear phagocytic system was better appreci-
ated, working classifications were arrived at, such as term M1 or classically acti-
vated macrophages (“inflammatory phenotype”), to describe macrophages that
activate immune defences (e.g. TNF-a, IL-1, IL-6, ROS, NOS2) in response to
pathogens or tissue injury that elicit Th1 inflammation. In contrast, M2 or alterna-
tively activated macrophages are found in response to type II inflammation (e.g.
IL-4, IL-13) and mediate wound healing and fibrosis among other reparative and
homeostatic effects that can be subverted by recurring insults [84]. The complexity
of macrophage involvement in airway epithelial homeostasis is apparent from the
work of Cao and colleagues, who extended their previous discovery of a pulmonary
vascular niche (involving a platelet-derived CXCL12 homolog called SDF1 which
primes pulmonary capillary endothelial cells, or PCECs) that drives alveolar regen-
eration in mice, by studying this niche in models of lung fibrosis [85, 86]. They
identified a population of perivascular macrophages that interact with PCECs and
perivascular fibroblasts following repetitive lung injury, to obstruct normal lung

<
<

Fig. 6.6 Macrophages exhibiting unique activation profiles regulate disease progression and reso-
lution. Macrophages are highly plastic cells that adopt a variety of activation states in response to
stimuli found in the local milieu. During pathogen invasion or following tissue injury, local tissue
macrophages often adopt an activated or “inflammatory phenotype”. These cells are commonly
called “classically activated” macrophages (CAMs), because they were the first activated macro-
phage population to receive a formal definition. These macrophages are activated by IFN-y and/or
following Toll-like receptor engagement, leading to the activation of the NF-kf and Statl signal-
ling pathways, which in turn increases production of reactive oxygen and nitrogen species and
pro-inflammatory cytokines like TNF-a, IL-1 and IL-6 that enhance anti-microbial and anti-
tumour immunity, but may also contribute to the development of insulin resistance and diet-
induced obesity. Epithelial-derived alarmins and the type-2 cytokines IL4 and IL13, in contrast,
result in an “alternative” state of macrophage activation that has been associated with wound heal-
ing, fibrosis, insulin sensitivity and immunoregulatory functions. These wound-healing, pro-angio-
genic and pro-fibrotic macrophages (PfMg) express TGF-f1, PDGF, VEGF, WNT ligands and
various matrix metalloproteinases that regulate myofibroblast activation and deposition of extra-
cellular matrix components. Alternatively activated macrophages (AAMs) also express a variety of
immunoregulatory proteins like arginase-1 (Arg/), Relm-alpha (Remmla), Pd12 and 1110 that regu-
late the magnitude and duration of immune responses. Therefore, in contrast to CAMs that activate
immune defences, AAMs are typically involved in the suppression of immunity and re-establish-
ment of homeostasis. Although type-2 cytokines are important inducers of suppressive or immu-
noregulatory macrophages, it is now clear that several additional mechanisms can also contribute
to the activation of macrophages with immunoregulatory activity. Indeed, IL10-producing Tregs,
Fc gamma receptor engagement, engulfment of apoptotic cells and prostaglandins have also been
shown to preferentially increase the numbers of regulatory macrophages (Mregs) that suppress
inflammation and inhibit anti-microbial and anti-tumour defences. The tumour microenvironment
itself also promotes the recruitment and activation of immune inhibitory cells, including those of
the mononuclear phagocytic series such as myeloid-derived suppressor cells (MDSCs), tumour-
infiltrating macrophages (TIMs), tumour-associated macrophages (TAMs) and metastasis-associ-
ated macrophages (MAMs) that promote angiogenesis and tumour growth, while suppressing
anti-tumour immunity. (From Ref. [84])



112 M. W. Butler and M. P. Keane

regeneration and contribute to pulmonary fibrosis by suppressing PCEC-derived
CXCRT7 expression. Loss of CXCR7 on PCECs leads to recruitment of vascular
endothelial growth factor 1 (VEGFRI1)-expressing perivascular macrophages that
stimulate Wnt/p-catenin-dependent upregulation of Notch ligand Jagged 1, with
pro-fibrotic sequelae [85].

Abnormal persistence of pulmonary macrophages has also been found to have
pro-fibrotic potential. The homeostasis of such cells is regulated in part by mitoph-
agy (a type of autophagy with selective engulfment of dysfunctional mitochondria
by autophagosomes), a quality-control process that can be switched on by mito-
chondrial reactive oxygen species [87]. Larson-Casey and co-workers implicated
AKT1, one of the family of three serine/threonine protein kinases called AKT that
ordinarily regulates cell survival, proliferation and differentiation, in the mitochon-
drial ROS generation and macrophage dysfunction that can lead to impaired mitoph-
agy with resultant apoptosis resistance and the development of pulmonary fibrosis
versus controls, employing a bleomycin murine model with conditional deletion of
Akt] in macrophages. The authors additionally showed the alveolar macrophages
obtained from IPF patients had evidence of increased mitophagy and resistance to
apoptosis, consistent with a mechanistic role for these processes in IPF [88]. Another
member of the AKT family, AKT2, has been shown to be necessary for bleomycin-
induced pulmonary fibrosis and inflammation, and in the fibrosis-resistant Akt2—/—
mice, adoptive transfer of wild-type macrophages restored the fibrosis in a process
that also involved macrophage-specific production of TGF-f1 and IL-13, raising
interest in AKT?2 as a potential therapeutic target for IPF [82].

IPF is characterised by high expression of the protein chitinase 3-like 1(CHI3L1
or YKL-40; the mouse homolog is Brp39) in the lung and in the circulation [89, 90].
CHI3L1 has been found to augment expression of the alternative macrophage acti-
vation marker CD206 in response to IL-13, and CD206+ macrophages are present
at increased levels in IPF lungs [91]. CHI3L1 also tracks with CCL18 expression,
another marker of alternatively activated macrophages [90]. Zhou et al. also showed
that CHI3L1 exerts context-specific effects in IPF, with translational data showing a
potential inhibitory effect (low CHI3LI levels) on lung injury in the bleomycin-
induced mouse model injury phase, while also showing an apparent augmentation
of fibrogenesis (with high CHI3L1 levels) during the fibrotic phase in these animals.
A YKL-40 transgenic mouse model was used to show an increased collagen, mac-
rophage and lymphocyte accumulation in the lungs of the YKL-40-upregulated
mice in response to bleomycin administration, with M2 markers markedly increased
in lung tissue. The CD206" macrophages in the transgenic YKL-40 mice showed
in vitro evidence of stimulating fibroblasts to proliferate (but not transform into
myofibroblasts). When total lung macrophages were depleted in the transgenic mice
by liposomal clodronate, there was a significant reduction in bleomycin-induced
pulmonary fibrosis [90].

Subsets of circulating monocytes have been identified in efforts to simplify the
complexities of the mononuclear phagocytic system, including an “inflammatory
monocyte” which highly expresses Ly6C, among other cell surface markers, that is
recruited from the circulation in response to injury or infection [84]. In a study that
used multiple in vivo depletional strategies and adoptive transfer techniques, circu-
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lating Ly6C" monocytes were shown in separate models of pulmonary fibrosis to
facilitate progression of the fibrosis with evidence also provided from human IPF
BAL samples of markedly increased expression of the M2/alternatively activated
marker CD163 on IPF alveolar macrophages vs control subjects [92]. More recently,
an atypical monocyte has been characterised that shares features of a granulocyte
(bi-lobed segmented nuclear shape and many cytoplasmic granules) and has been
termed segregated-nucleus-containing atypical monocytes (SatM), bearing the
marker signature of Ceacam1+Msr1+Ly6C-F4/80-Mac1+, and appears to be critical
for fibrosis. The cells are regulated by CCAAT/enhancer binding protein 3 (C/
EBP), and Cebpb—/— chimaeric mice, lacking in SatM cells, were found to be pro-
tected from bleomycin-induced fibrosis, but not bleomycin-induced inflammation,
and adoptive transfer of SatM into Cebpb—/— mice restored fibrosis susceptibility
[93]. The lack of participation of this cell type in general inflammatory responses
sets it apart from other monocytes and emphasises the redundancy of the simplistic
M1/M2 classification, as multiple distinct phenotypes with disorder-specific behav-
iour are now being identified, creating an imperative for better understanding of how
monocyte/macrophage biology pertains to IPF pathogenesis [93, 94].

Neutrophils

The increased numbers of neutrophils in IPF lungs versus normals has been
described for decades, including a tendency for the cells to persist over time [5, 95].
Since the widespread adoption of idiopathic interstitial pneumonia classification
with a stricter definition of IPF, it has become apparent that neutrophilic infiltrates
are rare in IPF compared to the extent of fibrotic changes, with minimal interstitial
inflammation usually evident on histopathologic inspection, and usually more
mononuclear cells than neutrophils [5, 10, 20]. The mild degree of inflammation
observed histopathologically in the UIP lesion of IPF is composed of mainly small
lymphocytes, with scattered plasma cells, and occasional neutrophils and eosino-
phils. The location of the inflammation tends to be mainly in areas of collagen
deposition or honeycomb change and is rare to be seen in otherwise structurally
normal alveolar septa, and in contrast with historical opinion of IPF pathogenesis,
the presence of severe inflammation now leads pathologists to suspect an alternative
diagnosis other than UIP [10]. The neutrophil remains an important target in fibrotic
disorders, including IPF, with evidence that the cells are implicated in bleomycin-
induced pulmonary fibrosis, where resistance to the fibrotic process is observed
among neutrophil elastase-knockout mice [96]. Though originally approved in
Japan for ARDS therapy, the neutrophil elastase inhibitor sivelestat appeared to
increase the long-termmortality rate in mechanically ventilated patients with acute
lung injury and is not being developed for ILD [97].

A more successful therapy, pirfenidone, possesses antifibrotic and antioxidant
properties but also has anti-inflammatory effects, with the precise mechanism of
action in IPF still unclear [2]. It is possible that acute effects ascribed to the drug
may be relevant to the observed lower rate of IPF acute exacerbations with pirfeni-
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done. When rats are challenged with LPS, their BAL neutrophilia induced by LPS
is inhibited in a dose-dependent manner by pretreatment with pirfenidone [98].
Among the other pleiotropic capabilities of pirfenidone is the ability to inhibit
TNF-a secreted and cell-associated levels, although only at supratherapeutic doses
in animal models, and the pulmonary anti-inflammatory activity of the drug has
been shown to occur independently of TNF-« inhibition [98, 99]. There is also evi-
dence of it having an inhibitory effect on other Th1 inflammatory mediators includ-
ing IL-1, IL-6, IL-8 and IL-12 [100]. Much is still to be learned regarding the extent
of redundancy of pirfenidone’s many effects in mediating its benefit in IPF.

Balestro and colleagues took an interesting approach to exploring hypothetical
factors involved in IPF progression by performing pathologic quantification of cells
from the explanted lung in slow progressors (annual decline in % predicted FVC
<10%, n = 48) and rapid progressors (annual decline in % predicted FVC >10%,
n =25) who underwent lung transplantation for IPF. Morphometric analysis showed
the rapid progressors had a higher quantity of CD45* leukocytes/mm [2] than the
slow progressors (p = 0.01), with both innate (neutrophils p = 0.02 and macro-
phages p = 0.04) andadaptive (CD4* p=0.01, CD8* p =0.005 and B cells p = 0.003)
inflammatory cells expanded in numbers in rapid versus slow progressors [101]. It
can be argued that although such an approach has the limitation of looking at the
final pathway (consequences, not causes) of the disease, the “end stage” cannot
account for the observed differences among rapid and slow progressors. In contrast,
an earlier, smaller study that defined slow progressors by >24 months of symptoms
before first presentation, and rapid progressors by <6 months of symptoms before
first presentation, had 8 open lung biopsy cases from “rapid” progressors and 27
from “slow” progressors, with a semi-quantitative approach used to define various
histopathologic parameters, including extent of interstitial inflammation, with no
discriminative ability found among rapid versus slow progressors using histopathol-
ogy at the time of IPF diagnosis, or using BAL cell profile in rapid versus slow
progressors [102].

An intriguing new role for the neutrophil in mediating age-related pulmonary
fibrosis, and hence of potential relevance to IPF and/or acute exacerbations of IPF,
is a process termed NETosis, whereby activated neutrophils release their chromatin
as neutrophil extracellular traps (NETs) [103]. These traps/NETs are composed of
filaments of decondensed chromatin which extrudes from the dying neutrophil and
are covered in granular proteins including antimicrobial peptides that can entrap
pathogens [104]. A potentially protective role for such NETs is offset by the poten-
tial for tissue damage and inflammation from inappropriate NET release however,
as has been demonstrated in a mouse model of transfusion-related acute lung injury,
with NETs appearing in the lung microvasculature [105]. There is in vitro evidence
that in response to exposure to fibrogenic agents including cigarette smoke extract
and bleomycin, NET-derived components promote the differentiation of human
lung fibroblasts into a myofibroblast phenotype and ex vivo evidence of NETs in
close proximity to alpha-smooth muscle actin-expressing fibroblasts obtained from
NSIP lung biopsies [106]. NETosis appears to be dependent on the citrullination of
specific arginine residues on histone tails catalysed by the enzyme peptidylarginine
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deiminase 4 (PADI4). Using a padi4-deficient (padi4—/—) mouse model, Martinod
et al. found that the incidence of age-induced pulmonary fibrosis was reduced
(although not completely prevented) in padi4—/— mice than in wild-type mice.
PADI4 is known to be highly expressed in inflammatory cellsand weakly expressed
in lung tissue, leading the authors to surmise that reduced neutrophil NETosis is
likely responsible for the antifibrotic effect, supported by the observation that neu-
trophils were primed for NETosis (as defined by a high percentage of citrullinated
histone H3-positive neutrophils) in aged wild-type mice but not in aged padi4—/—
mice [107]. It is timely now for work to target PADI4 as a lung protection strategy
in acute exacerbations of IPF.

Adaptive Immunity

There is increasing awareness of roles for adaptive immunity in IPF, potentially in
initiation and/or disease progression. As mentioned earlier, lymphoid aggregates are
a recognised pathologic feature of IPF lesions and in most if not all other disease
settings are usually pathognomic for the presence of chronic immune responses [18,
19, 108]. From an immunity standpoint, there is a predominance of T cells in BAL
fluid and lung tissue from IPF patient, with CD3" T lymphocytes and mature den-
dritic cells found in the vicinity of fibroblastic foci and regions of high collagen
deposition [17-19, 68]. The aggregates also display CD20* B lymphocytes, which
form cohesive clusters in the centre of these aggregates (Fig. 6.7). In contrast with
COPD or idiopathic pulmonary arterial hypertension, these tertiary lymphoid struc-
tures have non-proliferating and non-apoptotic features and therefore are likely to
have already been activated when recruited to the lymphoid aggregate lesions [18].

Fig. 6.7 Accumulation of CD20* B-cell aggregates in the lung tissue of IPF patients around areas
of pulmonary fibrosis that are normally absent in healthy lungs. (a) Masson’s trichrome stain of the
lung tissue of an IPF patient. (b) Immunohistochemical stain of CD20* B cells in a serial section
of the same tissue. The CD20* aggregates accumulate in areas where there is fibrosis (blue areas in
a). (From Ref. [110])
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The tertiary lymphoid structures include mature dendritic cells, and because it is
known that activated T cells within the lung retain competency in effector cytokine
production, it is plausible that chronic pulmonary inflammation could result from
reactivation of memory T cells by maturing dendritic cells within IPF lymphoid
aggregates [18, 109, 110].

In a study of 53 IPF patients’ surgical lung biopsies, multivariate analyses
showed that increasing fibroblastic foci scores were independently associated with
greater declines in FVC and DL¢q at 6 and 12 months of follow-up, but unexpect-
edly at the time of this study, increasing interstitial mononuclear cell infiltrates were
also independently associated with lung function decline, though only at 6 months,
leading the authors to postulate that such active inflammation could have a role
early in the development of fibrosis, or represent an epiphenomenon related to fibro-
blastic activity [111].

In further support of immune mechanisms in IPF beyond the lung compartment,
circulating T lymphocytes are abnormally activated in IPF versus normal and exhibit
biased CD4 T-cell receptor -chain variable (TCRBYV) repertoires relating to oligo-
clonal proliferations that indicate the presence of cellular immune responses to anti-
gens in IPF [112]. This does not occur in health, where T lymphocytes do not react
to anatomically accessible self-antigens [113]. A prevalent feature of many chronic
adaptive immune response states is that repeated cycles of antigen-induced prolif-
eration will lead to the loss of cell surface CD28 expression in T lymphocytes [114].
Gilani and colleagues have demonstrated a similar form of marked differentiation of
circulating CD4"* T cells in IPF with striking downregulation of CD28. Furthermore,
these CD4* CD28~ cells had discordant expression of various activation and cyto-
toxic markers versus control cells and were also demonstrated in IPF lung tissues
and associated with poor clinical outcomes [115].

Interleukin 13 and its receptors have received attention as a potential inflamma-
tory target in IPF, given its secretion from Th2 lymphocytes, epithelial cells,
innate lymphoid cells-2 and macrophages and the recognition that IL-13 stimu-
lates fibroblast proliferation and extracellular matrix synthesis by inducing TGF-
B, platelet-derived growth factor, connective tissue growth factor, collagen 1 and
fibronectin production [95, 116]. Pulmonary tissue fibroblast cell lines from IPF
patients exhibit the highest expression of IL-13 receptor alpha 1 and IL-13 recep-
tor alpha 2 compared to similar cell lines from other idiopathic interstitial pneu-
monia patients and normals, and the proliferation of such IPF fibroblasts was
inhibited by a chimeric protein of human IL-13 and a truncated version of
Pseudomonas exotoxin [117].

There is controversy attached to a potential role for T-cell co-stimulatory cells in
regulating lung fibrosis, with discordant regulatory effects identified in inducible
T-cell co-stimulator (ICOS) depending on tissue compartment and species under
study [44, 118]. One study of IPF subjects utilised a discovery cohort (n = 45) and
a separate replication cohort (n = 75) to validate a PBMC gene expression profile
and found deceased expression of “the costimulatory signal during T-cell activa-
tion” Biocarta pathway in those who had a shorter transplant-free survival, with a
putative four-gene biomarker of ICOS, CD28, ICK and ITK proving most predictive
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of such an adverse course, and the proteins likely to arise from CD4+CD28+ T cells.
The biomarker showed an area under the (receiver operating characteristic) curve of
78.5% at 2.4 months for predicting death and lung transplant in the replication
cohort, representing a two- to fourfold increased risk of patients dying of IPF or
having a lung transplant [118]. Another study, which lacked a validation cohort,
showed an ostensibly opposing direction of expression for ICOS (i.e. upregulation)
in IPF versus normals. The authors speculated that in light of the known secretion
of ICOS by activated T lymphocytes in IPF [119], there could be a correlation of a
loss of ICOS expression on cells with elevated plasma ICOS levels and reduced
transcription [44].

The IPF therapy nintedanib was first developed as an anti-angiogenic anti-cancer
drug and functions as an ATP-competitive inhibitor of fibroblast growth factor
receptor (FGFR)-1 and vascular endothelial growth factor receptor (VEGFR)-2. Its
ability to inhibit platelet-derived growth factor receptor (PDGFR)-o and PDGFR-f
led to its therapeutic evaluation in IPF [80], and these mechanisms that diminish
fibroblast-/myofibroblast-mediated fibrogenesis are likely to be responsible for the
observed benefit of the drug in IPF. Nintedanib has also been shown in animal
model systems to possess potent anti-inflammatory effects [120]. In a bleomycin-
induced mouse model of lung fibrosis, lymphocyte counts in BAL fluid were signifi-
cantly lowered irrespective of the nintedanib dose delivered, in addition to reductions
of the pro-inflammatory cytokine IL-1f in lung tissue, while in another in vivo
model of silica-induced lung fibrosis, the injured mice that received nintedanib
exhibited reductions in both neutrophils and lymphocytes, but not in macrophages
in BAL, in addition to reduced lung tissue levels of IL-1f and another pro-inflam-
matory cytokine IL-6 [120].

Autoimmunity and IPF

The observations by independent investigators of lymphoid aggregates in peri-
fibrotic lung tissue coupled with various autoantibodies in serum have led to a
theory in IPF of a breakdown in immunological self-tolerance to antigens
derived from injured and ageing airway epithelial cells [17-20, 110] (Fig. 6.8).
The earliest descriptions of autoantibodies in what we now call IPF were
hypothesised and described in the pre-pathological-standardisation era, when
IPF/CFA included other IIP entities such as DIP and NSIP, with reactive IgG
autoantibodies (molecular weight 70-90 kDa) identified in CFA patients against
lung alveolar lining cells and DNA topoisomerase II o [121-123]. Nonetheless,
idiopathic UIP is recognised to have a multiplicity of associations with autoan-
tibodies, as outlined in Table 6.1 [124-136]. Both blood and BAL fluid of IPF
patients have decreased CD4+ CD25+ FOXP3+ regulatory T cells or Tregs ver-
sus healthy controls and may be central to IPF pathogenesis, given their key role
in the generation of immunologic tolerance which is a checkpoint to autoanti-
body production [137].
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Fig. 6.8 Model of disease pathogenesis of IPF due to breakdown in self-tolerance to lung-specific
protein antigens. (a) In the thymus, AIRE* mTECs can present self-antigens to developing thymo-
cytes and self-reactive T cells are eliminated by apoptosis. In patients with APS-1 with mutations
in which the Aire gene is faulty, mTECs fail to eliminate lung-specific T cells, and they complete
maturation in the thymus and migrate to the periphery. (b) In response to injury in the lung, den-
dritic cells (DCs) can pick up and process lung-specific Ag and migrate to regional lymph nodes or
spleen to present Ag to lung-specific Th cells. (¢) The activated Th cells can provide help to
Ag-specific B cells and both undergo clonal expansion, and Ag-specific B cells can mature as
plasma cells and secrete autoantibodies into the blood. (d) Autoreactive T and B cells migrate to
the lung to form TLSs, but they typically lack proliferating B cells and apoptotic cells in these sites,
which are hallmarks of active germinal centres [9, 12, 44]. Due to chronic tissue damage, fibrosis
develops and leads to IPF pathogenesis. (From Ref. [110])

Some of these associations of autoantibodies with IPF are plausibly pathogenic
due to high expression of the target antigen in lung parenchymal tissues and/or have
been linked to functional decline in IPF or other poor outcomes. For example, peri-
plakin, a component of desmosomes but also strongly expressed in bronchial and
alveolar epithelium, is one such target autoantigen, with circulating autoantibodies
directed against it over-represented in the serum of IPF subjects compared to CTD-
ILD, COPD or healthy subjects and associated with worse physiologic restriction
and gas exchange on pulmonary function testing [126].

Type V collagen, a relatively less abundant collagen of pulmonary interstitial
tissues compared to the major collagen in the lung, type I collagen, is ordinarily
sequestered within fibrils of type I collagen but can become exposed to immune
processes arising from lung remodelling of IPF, with subsequent development of
anti-collagen V antibodies. This increase in type V collagen in IPF lung is associ-
ated with extent of fibrosis and predicts survival [138]. Interest is beginning to rise
again in immunotherapies for IPF, exemplified by the knowledge that circulating
autoantibodies against type V collagen are found in approximately 40% of patients
with IPF [130], with even higher prevalence (60%) in IPF of anti-collagen V reac-
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tive T cells using a trans-vivo delayed-type hypersensitivity test [139]. Nebulised
type V collagen given in a murine bleomycin-induced fibrosis model prevented fur-
ther collagen deposition and fibrosis by suppressing TGF-$ superfamily of genes
[130]. A subsequent proof-of-concept phase I study using oral immunotherapy with
bovine type V collagen given once daily for 6 months to IPF patients (n = 30)
showed a suggestion of stabilisation of the IPF-progression marker MMP7, and a
decrease in Clq binding, consistent with a potential immunological effect of ther-
apy on anti-collagen V antibody binding and activity, when the lowest-dose cohort
was compared to the highest-dose cohort [140].

Also illustrative of the case for autoimmune dysregulation in IPF progression is
the identification of anti-heat shock protein (HSP)70 humoral and cellular
autoreactivity found in 30/122 (25%) IPF subjects versus 5/60 (3%) control subjects
and found to be associated with HLA allele biases, significantly worse FVC and a
worse 1-year survival of 40+10% versus 80+5% in controls (hazard ratio = 42;
95% confidence interval = 2.0-8.6; p < 0.0001) [127]. These antibodies were seen
in non-IPF ILD patients also but not linked to clinical progression in such patients.
In contrast, the circulating autoantibodies widely obtained for clinical use in con-
nective tissue disorders (including antinuclear antibody, extractible nuclear antigens
such as Jo-1, etc.) have been shown to be no more frequently found in IPF subjects
(22% prevalence) versus healthy control subjects (21%) and to be associated with a
more favourable survival in IPF [141]. Others have found a positive serologic test
rate in IPF subjects lacking clinical features of connective tissue disease, of 29%
[142]. The IPF subjects in these latter studies are distinct from subjects that are now
studied under the emerging label of interstitial pneumonia with autoimmune fea-
tures (IPAF), where criteria from both serologic domains and clinical domains of
connective tissue disorders would need to accompany the presence of ostensibly
idiopathic UIP in order to be considered IPAF [143].

Recently, a study employing whole-proteomic analysis (>7900 proteins) of 45
ILD tissues (including IPF) in addition to fibrotic scleroderma skin samples and
suitable controls for both organ types identified the most significant common factor
among different idiopathic ILD and skin fibrosis samples to be a protein MZBI,
localised to a terminally differentiated, antibody-producing tissue resident plasma
B-cell phenotype, MZB1*/CD38*/CD138*/CD27*/CD45/CD20-, in both lung and
skin fibrosis at high prevalence. These MZB1 plasma B cells were quite dispersed
beyond tertiary lymphoid structures, though with a perivascular abundance, and
levels correlated positively with tissue immunoglobulin G levels and DLCO, consis-
tent with a common involvement of antibody-mediated autoimmunity in pulmonary
and non-pulmonary fibrosis [136].

Other Immunologically Active Cells

Fibrocytes are bone marrow-derived mesenchymal cells of monocyte origin that
have features of both macrophages and fibroblasts and found in circulating blood as
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well as sites of tissue fibrosis in a variety of injured organs including the lungs,
where they have been postulated to be recruited through a CXCR4/CXCL12 axis
[144—147]. It has been established that chronic inflammatory stimuli mediate dif-
ferentiation, trafficking and accumulation of fibrocytes in autoimmune conditions
characterised by the additional presence of fibrosis, such as asthma with chronic
airflow obstruction due to subepithelial basement membrane fibrosis, or sclero-
derma, and several potential roles for the cell have been postulated in chronic
inflammatory disease states based on observations to date (Fig. 6.9) [144]. Fibrocytes
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Fig. 6.9 Using autoimmunity as a model, the possible roles of fibrocytes are proposed. In the set-
ting of autoantigen exposure or acute injury, or following stimulation by interleukin-1p (IL-1p),
serum factors and innate immune stimuli, fibrocytes adopt a pro-inflammatory phenotype charac-
terised by the secretion of interferon-y (IFNy), IL-6, IL-8, CC-chemokine ligand 3 (CCL3) and
CCLA4. Leukocyte trafficking is enhanced through the expression of intercellular adhesion mole-
cule 1 (ICAM1). Production of extracellular matrix (ECM) components is decreased, and antigen-
presenting capabilities are increased by the expression of CD80, CD86 and MHC class I and II
molecules. Tissue destruction may be increased by the expression of matrix metalloproteinases
(MMPs). As the local milieu begins to favour repair and remodelling (or perhaps concurrently with
ongoing injury in the right biological context), fibrocytes adopt a more reparative phenotype. In
this setting, transforming growth factor-p1 (TGFp1) stimulates fibrocyte development through
non-canonical pathways mediated by semaphorin 7A (SEMA7A) and p1 integrin, although other
TGFp1-mediated signalling pathways may also be involved. SEMA7A could activate monocytes
and dendritic cells (DCs) while dampening T-cell responses. ECM production is also stimulated by
T helper 2 (Ty2) cell cytokines (such as IL-4 and IL-13), as well as by exposure to apoptotic cells
and cellular debris. Myofibroblast transformation is promoted by TGFf1. Platelet-derived growth
factor-o (PDGFa), IL-10, vascular endothelial growth factor (VEGF), hepatocyte growth factor
(HGF) and basic fibroblast growth factor (bFGF) support neoangiogenesis, and recruitment to sites
of injury is promoted by the expression of chemokine receptors such as CXC-chemokine receptor
4 (CXCR4). aSMA a-smooth muscle actin, CXCL CXC-chemokine ligand, ERK extracellular
signal-regulated kinase, TLR Toll-like receptor. (From Ref. [144])
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gained increased attention in IPF with the finding of significantly higher levels of
circulating CD45+, collagen 1+ fibrocytes in stable IPF patients versus ARDS or
healthy control subjects, and in this study the levels of circulating fibrocytes
increased further during acute exacerbations of IPF, in addition to being associated
with worse survival [148]. Further proof for this biomarker principle came in a
study of patients with Hermansky-Pudlak syndrome, a group of autosomal recessive
disorders that result in oculocutaneous albinism, and (in the case of genotypes HPS-
1, HPS-2 and HPS-4) development of interstitial pneumonia of a UIP-like pathol-
ogy that can be slowed by pirfenidone [149, 150]. In a cross-sectional analysis of 66
patients with Hermansky-Pudlak syndrome and 12 age-matched controls, circulat-
ing fibrocytes (CD45+, Coll+) and activated fibrocytes (also positive for a—smooth
muscle actin) were markedly elevated in certain subjects with HPS who had ILD but
not in ILD-free HPS or controls. They also followed patients with longitudinal
fibrocyte estimations and showed episodic spikes in levels of fibrocytes that strongly
associated with death from pulmonary fibrosis [151]. Due to conflicting studies
regarding whether or not these cells can differentiate in vivo into myofibroblasts, it
is perhaps more likely that fibrocytes are contributing to fibrogenesis through para-
crine signalling, potentially influencing other inflammatory cells or resident lung
cells in the vicinity such as fibroblasts, endothelial or airway epithelial cells [147,
152, 153]. A proposed model of the potential role for fibrocytes in tissue injury,
repair and remodelling is shown in Fig. 6.10 [144]. A key issue that has muddied the
waters in the elucidation of fibrocyte pathobiology is the lack of consistency across
investigative laboratories as to what cell marker sets should be used to define fibro-
cytes and other technical factors that may affect reproducibility of findings [153].

Inflammation and Acute Exacerbations of IPF

The natural history of IPF can be interspersed by an acute, clinically significant
respiratory deterioration characterised by evidence of new, widespread alveolar
abnormalities, termed an acute exacerbation [154]. There is uncertainty as to the
aetiology of these deadly exacerbations, but the prevailing view is that acute factors
known to cause acute lung injury, such as microbial infection, microaspiration or
mechanical lung stretch, interact with chronic factors including the upregulated
population of fibroblasts and dysfunctional epithelial cells, to bring about the wide-
spread acute lung injury that typifies these exacerbations, with hyaline membrane
formation and interstitial oedema, in addition to a variable presence of neutrophils
[154, 155]. In the acute exacerbation of IPF setting, there has long been a theory that
viruses in particular play a key aetiologic role. In contrast, a study of 43 patients
who were experiencing an acute exacerbation found that the majority of such IPF
subjects appeared to have no evidence of viral infection when BALF and serum
were subjected to multiplex PCR, pan-viral microarray and high-throughput cDNA
sequencing for viruses. A significant minority, 28%, had evidence of torque teno
virus and significantly more so than in stable controls, with a similar rate of this
virus also found in acute lung injury controls [156]. The ability of nintedanib and
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Fig. 6.10 (a) Current models suggest that in response to injurious stimuli, classically activated
macrophages infiltrate diseased organs and mediate a programme of acute inflammation. As injury
ceases and repair begins, the macrophage phenotype shifts towards that of alternative activation to
dampen inflammation and promote repair. These macrophages stimulate resident fibroblasts to
adopt an activated effector state characterised by the expression of a-smooth muscle actin (¢®SMA)
and enhanced extracellular matrix (ECM) production. In the setting of severe or persistent injury,
or a profibrotic milieu, this response shifts towards excessive remodelling and fibrosis. (b) This
model of many cells acting together is contradicted by the finding that fibrocytes have properties
of both macrophages and fibroblasts. Thus, an alternative model of repair is proposed in which
fibrocytes traffic to injured organs, where they participate in the inflammatory events that are also
attributed to macrophages. As damage subsides, fibrocytes respond to local cues to downregulate
their inflammatory responses and adopt a fibroblastic phenotype to promote repair and, in some
pathological conditions, remodelling and fibrosis. (From Ref. [144])

pirfenidone to favourably impact on the incidence of acute exacerbations of IPF
may relate to some or all of purported mechanisms of action of these agents, includ-
ing potentially their anti-inflammatory effects. Pirfenidone also appears to have a
beneficial effect on respiratory-related hospitalisations in IPF patients, events that
are more common than purely acute exacerbations of IPF, and, for example, included
pneumonia events [157].

The prognosis for IPF acute exacerbations, which is poor, has been evaluated
alongside putative serum biomarkers, one of which is anti-heat shock protein 70
autoantibody level. In a study of 122 IPF patients and 60 controls, anti-HSP70 IgG
autoantibodies were found in 25% and 3%, respectively, and in IPF the autoanti-
body was associated with IPF CD4 T-lymphocyte and monocyte autoreactivity,
greater FVC reduction and a shorter 1-year survival [127]. A small trial of 11 criti-
cally ill IPF subjects with acute exacerbation, 7 of whom had autoantibodies against
HEp-2 cells, investigated outcomes following treatment with rituximab and thera-
peutic plasma exchanges and in some cases the further addition of intravenous
immunoglobulin. An intention-to-treat analysis (including the two withdrawals
prior to treatment) showed a 1-year survival advantage versus 20 historical controls
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(controls from within 2 years prior to the experimental therapy enrolment) of 39%
versus 0% (and 46+15% versus 0% for 11 treated subjects vs controls), although
the lack of a prospective control group and potential confounding limit interpreta-
tion of the results [158].

Future and Ongoing Work

The pleiotropic effects and substantial redundancy that constitute the various immu-
nomodulatory pathways implicated to date in IPF make for great difficulties in
reductionist approaches to deciphering cause or effect of a given pathway target
molecule. It is impossible with our present knowledge to conclusively state whether
or not the indisputably present immune dysfunction of IPF is a primary cause, a
cause of progressive disease, or a secondary response such as immunosenescence, or
a phenomenon downstream of more pathogenic initial injuries in ageing lungs.
There is a distinct possibility that immune-mediated IPF endotypes have been over-
looked in studies of unselected immunomodulatory therapies for IPF to date [159,
160]. Interest is now increasing again in therapies that attempt to address immune or
inflammatory mechanisms in IPF. From a microbiomic perspective, there are at least
two clinical trials planned or underway to evaluate the impact of co-trimoxazole or
doxycycline on IPF-relevant clinical outcomes in selected patients with IPF
(Clean-up IPF Trial, ClinicalTrials.gov identifier NCT02759120 and EME-TIPAC,
EudraCT number 2014-004058-32) [159]. Based on a recent methodologically
flawed but thought-provoking retrospective multicohort analysis of 11 IPF patients
treated with the well-tolerated mycophenolate modafinil (MME, a potent inhibitor of
lymphocyte purine synthesis and lymphocyte proliferation) who seemed to have a
weak signal towards reduced FVC decline and reduced mortality compared to 30
IPF patients receiving other historically ineffective/harmful therapies or no thera-
pies, the authors suggested a future trial of combination therapy of a licenced IPF
antifibrotic agent and MMEF, in a justifiable bid to better address inflammatory endo-
types missed by current antifibrotic agents [161]. Efforts to modulate neutrophil
function offer new promise in fibrotic disorders, including IPF. Inhibitors of NETosis
(e.g. a PADI4 inhibitor) could plausibly offer hope as a therapy in the setting of acute
exacerbations of IPF, where neutrophilia is a known feature [94]. An ongoing trial is
examining the role of rituximab as a B-lymphocyte depletion strategy for the reduc-
tion of autoantibodies implicated in IPF, in the hope that clinical benefits will also be
apparent, including the effect on acute exacerbations (ClinicalTrials.gov trial identi-
fier: NCT01969409). Recent developments in the re-engineering of chimeric antigen
receptor T cells specific for autoantigen-producing B cells, as a means of targeting
therapy for autoimmune disease, offer an intriguing new tool to deplete autoreactive
B-cell clones, while conserving normal adaptive immune processes, and an appro-
priate design may have utility in an autoimmune-mediated IPF [162]. Through
investigative approaches such as those outlined above, it may yet prove possible to
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Table 6.2 Putative autoantibodies of relevance to idiopathic pulmonary fibrosis

Name of

autoantigen Comment References

Annexin 1 The most abundant annexin in mammalian lung, expressed in [129]
alveolar epithelial type II cells and macrophages. Identified in
acute exacerbations of IPF

BPIFB1 12% of IPF patients had autoantibodies against BPIFB1 [125]

Collagen V Linked to fibrosis extent and survival [130]

Cytokeratin 8 Epithelial cell cytoskeleton filament. Antibody complexes found | [131]
in 29% of IPF patients

Cytokeratin 18 | Detected in sera of IPF patients [132]

Cytokeratin 19 | Detected in sera of IPF [133]

HSP70 Associated with poor prognosis in IPF [127]

Interleukin-la | Associated with rapidly progressive IPF [128]

KCNRG A bronchial epithelial antigen [134]

LPLUNCI1 A vomeromodulin-like protein expressed in human bronchiolar | [124]
epithelium. Linked with pulmonary fibrosis of autoimmune
polyglandular syndrome type I

MZBI1 Prevalent across ILD types and skin fibrosis, localised to B [136]
lymphocytes

Periplakin Found in IPF serum and BALE. Associated with more severe [126]
disease

Vimentin Autoantibody levels linked to serious adverse outcomes in two [135]
separate IPF cohorts

exploit immune and inflammatory pathways in IPF that have been partially deci-
phered but that have thus far eluded successful therapeutic intervention (Table 6.2).
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