J c I The Journal of Clinical Investigation

Immune dysregulation as a driver of idiopathic pulmonary
fibrosis

Kevin Shenderov, ..., Jonathan D. Powell, Maureen R. Horton

J Clin Invest. 2021;131(2):e143226. https://doi.org/10.1172/JC1143226.

Idiopathic pulmonary fibrosis (IPF) affects hundreds of thousands of people worldwide, reducing their quality of life and
leading to death from respiratory failure within years of diagnosis. Treatment options remain limited, with only two FDA-
approved drugs available in the United States, neither of which reverse the lung damage caused by the disease or
prolong the life of individuals with IPF. The only cure for IPF is lung transplantation. In this review, we discuss recent
major advances in our understanding of the role of the immune system in IPF that have revealed immune dysregulation
as a critical driver of disease pathophysiology. We also highlight ways in which an improved understanding of the immune
system’s role in IPF may enable the development of targeted immunomodulatory therapies that successfully halt or
potentially even reverse lung fibrosis.

Find the latest version:

https://jci.me/143226/pdf



http://www.jci.org
http://www.jci.org/131/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI143226
http://www.jci.org/tags/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/143226/pdf
https://jci.me/143226/pdf?utm_content=qrcode

The Journal of Clinical Investigation

REVIEW

Immune dysregulation as a driver of idiopathic

pulmonary fibrosis

Kevin Shenderov,"> Samuel L. Collins,"? Jonathan D. Powell,2 and Maureen R. Horton'

'Department of Medicine, Division of Pulmonary and Critical Care, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA. 2Bloomberg-Kimmel Institute for Cancer Immunotherapy,

Sidney Kimmel Comprehensive Cancer Research Center, Department of Oncology, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA.

potentially even reverse lung fibrosis.

Introduction
Major advances in understanding the immune system in recent
decades have enabled the development of exciting therapies for a
variety of diseases — from novel immunomodulators for autoim-
mune diseases to immune checkpoint inhibitors that have created
a paradigm shift in the treatment of many cancers. Our grasp of
the immune system’s role in the pathophysiology of many pulmo-
nary diseases remains limited, however. Further research in this
area may lead to the development of immune-targeted therapies
for diseases such as idiopathic pulmonary fibrosis (IPF).
Pulmonary fibrosis is not a single disease. Instead, it is the
result of various processes that cause widespread scarring in the
lungs. This scarring impedes the exchange of oxygen and carbon
dioxide between the alveoli (air sacs) and pulmonary blood ves-
sels, leading individuals with pulmonary fibrosis to experience
shortness of breath, dry cough, a requirement for supplementary
oxygen, and eventual respiratory failure if the condition progress-
es. Causes of lung fibrosis include autoimmune/connective tissue
diseases (such as rheumatoid arthritis or scleroderma), drugs
such as the antiarrhythmic amiodarone or the chemotherapeutic
bleomycin, radiation, occupational exposures such as coal or sil-
ica, and some allergens (e.g., pigeon fancier’s lung). An obvious
etiology for fibrosis will guide treatment — for example, stopping
the offending drug, avoiding the allergic or occupational expo-
sure, or treating the underlying autoimmune disease with immu-
nosuppressive medications. In many individuals, however, there
is no discernible cause of fibrosis. These individuals are referred
to as having idiopathic interstitial pneumonitis, the most com-
mon being IPF.
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IPF occurs primarily in individuals over 50 years of age, with
two-thirds over 60 at the time of diagnosis, and more commonly
in males than females (1). The prevalence of IPF has been estimat-
ed to be 10-20 per 100,000 individuals in the United States and
Europe (2, 3), but the true epidemiology is difficult to determine
because IPF initially presents with nonspecific symptoms, often
delaying diagnosis for years. Treatment of this condition has been
hampered by lack of understanding of disease pathophysiology
and true natural history. There are only two FDA-approved med-
ications for IPF — pirfenidone and nintedanib — and they do not
stop or reverse disease progression or reduce mortality; they only
modestly lower the rate of lung function worsening (4-6). These
medications are also often difficult for patients to tolerate due to
off-target effects leading to symptoms such as nausea, fatigue,
and diarrhea. The only cure for IPF is lung transplantation. The
pressing need for the development of novel therapies is reflected
in the poor prognosis for individuals with IPF — the median sur-
vival after diagnosis was originally estimated to be only 3-5 years,
although analyses of placebo groups in recent clinical trials and
earlier observational studies suggest this may be an underestimate
due to delays in diagnosis (7-10).

At its core, IPF can be thought of as a dysregulated wound
healing response in the lung (11). Normal wound healing involves
deposition of connective tissue such as collagen by fibroblasts at
sites of injury. This is typically a self-limited local reaction, for
example a laceration that heals with a small scar. In IPF, however,
this wound healing response is widespread and continues over a
prolonged time period, leading to diffuse deposition of connec-
tive tissue in the lung interstitium. It has been hypothesized that
there is an inciting lung epithelial injury in IPF caused by environ-
mental irritants such as cigarette smoke (smoking increases the
risk of IPF), pollutants, or dust (12). Infection with herpesviruses
such as EBV has also been suggested as a cause of epithelial injury
because herpesvirus DNA has been found more frequently in the
lungs of IPF patients than healthy controls (13). Damage to lung
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epithelial cells and extracellular matrix (ECM) leads to the release
of cytokines, chemokines, and growth factors that induce fibro-
blast activation and proliferation. One major paradigm of disease
pathophysiology proposes that aberrant interactions between epi-
thelial cells and fibroblasts or abnormal epithelial-mesenchymal
transition lead to uncontrolled myofibroblast activity and ECM
deposition (12, 14). This may be exacerbated by cellular senes-
cence in epithelial cells and fibroblasts, which results in increased
production of profibrotic mediators (15). Senescence in type 2
alveolar epithelial cells also limits their self-renewal capacity and
their ability to contribute to lung repair in the setting of epitheli-
al injury (16, 17). Another proposed mechanism is dysregulated
wound healing due to short telomeres. This suggestion stems from
the finding that families with short telomere syndromes are pre-
disposed to developing pulmonary fibrosis (18). Individuals with
nonfamilial IPF rarely have short telomeres, however, arguing
against telomere shortening as a generalized mechanism leading
to IPF (19). A third proposed paradigm of IPF pathophysiology is
that an inflammatory response causes dysregulated wound heal-
ing. This hypothesis has fallen out of favor in the last decade but
is worth revisiting.

The inflammatory hypothesis originated from observations of a
mild immune infiltrate in the lungs of individuals with IPF (although
less pronounced than in individuals with other causes of fibrosis,
such as connective tissue diseases) and increased levels of proin-
flammatory cytokines such as TNF-a and IL-8 in IPF lungs (20-22).
Moreover, TNF-o was shown to be important in mouse models such
as bleomycin-induced fibrosis (23). Disappointingly, a clinical trial
of TNF-o neutralization showed no clinical benefit for individu-
als with IPF (24). A broader strategy for immunosuppression was
attempted in the PANTHER-IPF clinical trial, where patients were
treated with prednisone, azathioprine, and the antioxidant N-ace-
tylcysteine. Alarmingly, patients who received this experimental
medication cocktail had increased rates of hospitalization and death
compared with those who received placebo (25). The discouraging
results from these studies were used to argue that the hypothesis of
inflammation driving fibrosis in IPF was incorrect. The failure of an
antiinflammatory therapy, however, does not mean that a disease
is not immune mediated; it may just mean that the wrong immu-
nomodulatory therapy was selected. For example, sepsis is due to
a dysregulated host immune response to infection, but corticoste-
roids have not been shown to be beneficial in most studies of this
disease (26). Similarly, although broadly suppressing inflammation
in IPF may be harmful, this does not mean the immune system is
irrelevant to the etiology or treatment of this disease.

Indeed, the importance of the immune response in IPF is sug-
gested by genetic studies showing increased risk for or severity of
disease associated with polymorphisms in the immune-related
genes encoding TLR3, Toll-interacting protein (TOLLIP), and
interleukin-1 receptor antagonist (IL-1RA), among others (27-30).
Given these associations as well as a multitude of studies show-
ing immune modulation of fibroblast activation and function,
improved understanding of the immune system’s role in IPF may
enable the development of targeted immunomodulatory therapies
that alter the course of the disease.

In this article, we will review the roles of various immune pop-
ulations in IPF based on studies in humans and murine models.
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We will primarily focus on macrophages and T cells, but will also
briefly mention neutrophils, eosinophils, and B cells. We will most-
ly discuss studies from the last decade while referring to older lit-
erature to provide historical context. A caveat for the animal mod-
els is that they may not fully mirror IPF pathophysiology. The most
widely used pulmonary fibrosis model is induced by bleomycin
administration, which causes acute inflammation that progresses
to fibrosis, whereas IPF is not known to have this early inflamma-
tory phase. Bleomycin also does not induce some of the hallmark
pathologic changes seen in IPF, such as lower-lobe-predominant
fibrosis and clustered cystic changes known as honeycombing
(31). Nevertheless, animal models provide detailed mechanistic
insights that are difficult to obtain in human studies.

Monocytes and macrophages

Macrophages are one of the most abundant immune cell types in
the healthy lung (32, 33). Alveolar macrophages (AMs) play a critical
role in lung homeostasis by clearing apoptotic cells and debris, reg-
ulating wound healing, and helping to initiate immune responses
to lung pathogens (34). In the presence of tissue injury, monocytes
are recruited into the lung and can differentiate into macrophages,
further augmenting the AM pool. Macrophages are quite plastic
and can adopt different functions depending on their microenvi-
ronment (35, 36). Historically, macrophage polarization has been
understood through the M1/M2 paradigm, which we will describe
below, although more recently this paradigm has been shown to
be an oversimplification that belies the complexity of macrophage
biology (37). In the setting of proinflammatory cytokines such as
IFN-y or microbial products such as lipopolysaccharide (LPS), mac-
rophages polarize into a classically activated (M1) phenotype. M1
macrophages produce proinflammatory cytokines such as IL-1p,
IL-6, and TNF-o as well as reactive oxygen species. These macro-
phages have importantroles in host defense against bacterial infec-
tions. In contrast, alternatively activated (M2) macrophages devel-
op in the presence of the Th2 cytokines IL-4 and IL-13. Subtypes
of M2 macrophages can also develop in the presence of regulatory
cytokines such as IL-10 or other antiinflammatory stimuli such as
glucocorticoids. M2 macrophages do not produce proinflamma-
tory cytokines and are instead characterized by expression of the
macrophage mannose receptor (CD206), arginase-1, and the chiti-
nase-like proteins Ym-1 and Ym-2. These macrophages are import-
ant for controlling helminth infections, regulating inflammatory
(Th1) responses, and modulating white and brown adipose tissue
metabolism (38-40). They can also contribute to wound healing by
producing cytokines, chemokines, and growth factors that recruit
and activate fibroblasts, stem/progenitor cells, and other cells
involved in tissue repair (41). Lung macrophages do not neatly fit
into the M1/M2 model, but the model is nevertheless helpful for
understanding the role of macrophages in IPF (42).

Multiple studies of individuals with pulmonary fibrosis have
shown the emergence of macrophage populations that are not
present in normal lungs and may promote fibrosis. Reyfman et al.
performed single-cell RNA sequencing of explanted lungs from
individuals receiving transplants for IPF or other types of intersti-
tial lung disease and compared them to biopsy samples from lung
transplant donors as controls. They found that AMs from fibrotic
lungs expressed higher levels of genes linked to fibrosis, such as
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ILIRN (encoding IL-1RA) and CHI3LI (encoding chitinase-3-like
protein 1). Interestingly, while AM populations from lung trans-
plant donors were relatively homogeneous, there was substantial
heterogeneity in the populations found in IPF patients (43). This is
consistent with the idea that IPF is not a single disease process and
that multiple pathophysiological mechanisms may lead to lung
fibrosis. Allden et al. performed bronchoalveolar lavage (BAL) in
individuals with IPF and healthy controls and found that BAL flu-
id (BALF) from IPF patients contained a population of AMs that
lacked the transferrin receptor (CD71), while AMs from healthy
individuals almost uniformly expressed this receptor. CD71-neg-
ative (CD71") AMs expressed high levels of the monocyte marker
CD14, suggesting that they may have differentiated from circulat-
ing monocytes. Notably, the frequency of CD71" AMs correlated
with subsequent mortality in these patients, suggesting that this
cell population may play a detrimental role (44). In another study,
BALF cells from IPF patients but not healthy controls were found
to spontaneously produce high levels of CCL18, which was pre-
viously shown to be produced by M2 macrophages (45). Culture
supernatants of AMs from IPF patients increased collagen pro-
duction by normal lung fibroblasts in a CCL18-dependent man-
ner. Moreover, an inverse correlation was demonstrated between
CCL18 concentration in BAL-derived cell supernatants and dif-
fusing capacity of the lungs for carbon monoxide (DLCO), a mea-
sure of lung function (46).

IPF tends to progress with a stepwise rather than continuous
decline in lung function. Individuals may have stable lung function
for months and then develop an event known as a flare or exacer-
bation with acutely worsening symptoms and an often permanent
reduction in lung function (47). The cause of these flares is not well
understood, and whether they are due to external stimuli such as
undetected infections or result from the pathophysiology of IPF
itself has been debated (48). Numerous studies have analyzed cell
populations and cytokine levels in BALF from individuals with
flares and observed evidence of increased inflammation, but it is
unclear whether the inflammation caused the flare, or whether it is
an epiphenomenon inresponse to another inciting event or the lung
injury occurring during the flare. Nevertheless, it is worth noting
that BALF cells obtained from IPF patients during flares produced
higher levels of IL-1RA, CCL18, and other M2-associated chemok-
ines compared with cells obtained from the same patients outside
of flares (49). Moreover, individuals whose BALF cells produced
higher amounts of CCL18 at baseline had a higher risk of future
flares in this study. There have been few animal studies modeling
IPF flares, but one study showed that mice with established pulmo-
nary fibrosis infected with a gammaherpesvirus developed worsen-
ing fibrosis (50). The study’s authors suggested that this occurred
due to increased chemokine production leading to recruitment of
circulating cells known as fibrocytes, which are monocyte-derived
mesenchymal cells with properties of fibroblasts.

Murine studies have provided further mechanistic insight into
the role of monocytes and M2 macrophages in pulmonary fibrosis.
Misharin et al. used lineage tracing to show that in addition to the
population of tissue-resident AMs (TR-AMs) that arise from fetal
progenitors (51, 52), lung injury leads to recruitment of mono-
cytes into the lung that differentiate into monocyte-derived AMs
(Mo-AMs). These Mo-AMs persist for the lifetime of the mouse.
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Through genetic deletion of caspase-8, which is necessary for dif-
ferentiation of monocytes into AMs, they found that the Mo-AMs
rather than TR-AMs were necessary for the development of fibro-
sis in response to intratracheal administration of bleomycin or
an adenoviral vector encoding active TGF-B (Ad-TGF-f). Nota-
bly, they also showed that corticosteroids, which had been used
unsuccessfully in the PANTHER-IPF trial, did not affect Mo-AM
differentiation (53). Supporting the importance of Mo-AMs, other
studies showed that systemic depletion of monocytes with liposo-
mal clodronate or prevention of monocyte trafficking to the lung
through genetic deletion of CCR2 protected mice from developing
lung fibrosis in response to bleomycin and Ad-TGF-f (54, 55).

How do Mo-AMs promote fibrosis? Multiple studies have
implicated M2-associated genes as being responsible. Deletion
of the small GTPase Rac2 in mice inhibited M2 polarization and
protected from bleomycin-induced lung fibrosis (56). Injecting in
vitro-polarized M2 but not M1 macrophages into Rac2-deficient
mice restored sensitivity to bleomycin (57). Ucero et al. showed
that mice transgenically overexpressing the AP-1 transcription
factor Fra-2 have increased expression of M2 markers on their
lung macrophages and spontaneously develop lung fibrosis. Con-
versely, Fra-2 deletion protected mice from development of bleo-
mycin-induced fibrosis and was associated with lower M2 marker
expression (58). Lung macrophages have been shown to produce
several profibrotic mediators. Multiple studies have shown that
TGF- is produced by AMs in the context of bleomycin-induced
fibrosis as well as in lung sections from IPF patients (59, 60). Zhou
et al. showed that the glycoprotein CHI3L1, which is produced by
M2 macrophages, contributes to bleomycin-induced pulmonary
fibrosis, possibly by promoting myofibroblast differentiation (61).
Another study showed that M2 macrophages promote differentia-
tion of lung-resident mesenchymal stem cells into myofibroblasts
via the Wnt/p-catenin pathway (62). In addition, macrophages
produce multiple matrix metalloproteinases (MMPs), and several
of these — including MMP3, MMP7, and MMP8 — contribute to
fibrosis in the bleomycin-induced mouse model (63-65). Inter-
estingly, in a model of vaccinia immunization that ameliorated
bleomycin-induced fibrosis, vaccination was associated with an
increase in M1 macrophage markers and a decrease in M2 mark-
ers in the lung (66).

Taken together, the human and mouse data suggest that mono-
cytes are recruited into the lung in response to tissue injury and
differentiate into long-lived AMs that promote fibrosis through
multiple mechanisms, including production of TGF-B, CCL18,
CHI3L1, MMPs, and activation of the Wnt/B-catenin pathway
that lead to fibroblast activation, myofibroblast differentiation,
and ECM remodeling. Many of these profibrotic mechanisms are
associated with M2 polarization, but Misharin et al. showed that
Mo-AMs coexpress M1- and M2-associated markers, reinforcing
the complexities of macrophage polarization in vivo (53).

What causes macrophages to produce profibrotic mediators
in response to lung injury? Why do only a tiny subset of individ-
uals develop IPF? Given the genetic associations with TLR3 and
TOLLIP, it is tempting to speculate that damage-associated
molecular patterns (DAMPs) produced during lung injury and
pathogen-associated molecular patterns (PAMPs) produced
during infections or by the lung microbiome play an important
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role. Indeed, TLR3-deficient mice displayed higher levels of the
M2-promoting cytokines IL-4 and IL-13, worsened pulmonary
fibrosis, and increased mortality in the bleomycin-induced fibro-
sis model (67). Studies of the lung microbiome in individuals with
IPF have shown that they have an increased total bacterial burden
compared with healthy controls and an increased prevalence of
certain bacteria, including Streptococcus species (68, 69). More-
over, BAL bacterial burden was found to correlate with the rate
of disease progression and mortality. Therefore, the lung micro-
biome and DAMPs produced during lung injury may predispose
some individuals to develop profibrotic M2-type responses lead-
ing to pulmonary fibrosis.

Given the major role of macrophages in promoting fibrosis,
future studies focused on understanding how to polarize these
cells away from the production of M2-associated cytokines and
chemokines toward an antifibrotic phenotype in vivo could pro-
vide promising avenues for the treatment of IPF.

Neutrophils

Kinder and colleagues studied a cohort of 156 biopsy-proven IPF
patients who had bronchoscopy with BAL performed on presen-
tation (70). They found that a subset of these individuals had ele-
vated BAL neutrophils and reported a direct correlation between
percentage of BAL neutrophils and mortality. Despite this asso-
ciation, it is unclear whether neutrophils themselves play a detri-
mental role or whether they are merely recruited in response to
a pathophysiologic process that leads to mortality. Supporting a
pathogenic role for neutrophils, mice deficient in neutrophil elas-
tase were somewhat protected from asbestos-induced pulmonary
fibrosis (71). On the other hand, neutrophil depletion in rats and
mice did not protect against bleomycin-induced pulmonary fibro-
sis (72, 73). In other models of tissue injury, neutrophils have even
been shown to protect against fibrosis (74). Therefore, the role of
neutrophils in IPF pathogenesis remains equivocal.

Eosinophils

Early studies of IPF patients showed that BAL eosinophilia was
relatively common and might correlate with negative outcomes
(75), but these studies were performed before there was a clear
diagnostic distinction between IPF and other causes of pulmonary
fibrosis such as connective tissue diseases, which are more closely
associated with eosinophilic responses. More recent studies have
not shown a correlation between BAL eosinophilia and mortali-
ty in IPF (70). Moreover, murine studies showed no evidence for
a role of eosinophils in bleomycin-induced pulmonary fibrosis,
although this could be due to bleomycin being a weak stimulator
of eosinophilic responses (76).

T cells

The role of adaptive immune cells in the development and pro-
gression of pulmonary fibrosis has been controversial. Numer-
ous studies have demonstrated an increase in CD4* and CD8" T
cells in the lungs and BAL of patients with IPF (77-79). As with
the eosinophil studies discussed above, however, some of these
studies were performed before IPF was clearly distinguished
from other causes of pulmonary fibrosis. Moreover, it is unclear
whether changes in the percentages and surface phenotypes of T
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cells in the BAL of IPF patients are functionally meaningful. As
with all studies of BAL, they do not necessarily reflect changes in
the lung interstitium. Studies relying on blood samples from IPF
patients have shown few reproducible alterations in T cell num-
bers or phenotype, indicating how localized this disease is to the
lung and the difficulty of identifying an easily measurable disease
biomarker. Animal models of pulmonary fibrosis have demon-
strated both pathogenic and protective roles for T cells, depending
on their phenotypes. Many of these studies focused on the early
inflammatory stage occurring after lung injury, however, and did
not address the slow progressive fibrotic process that occurs in
human disease. The animal models have shown conclusively that
limiting inflammation following lung insult improves fibrosis, but
this form of therapy is not applicable to IPF, which is diagnosed
long after initiation of lung injury. What is clear is that the role of
T cells in IPF is complex, with T cell subsets having the potential
to be profibrotic, antifibrotic, or have no effect at all. Targeting T
cells has fallen out of favor due to the failure of antiinflammatory
therapies in IPF patients, but these therapies were attempted with
an incomplete understanding of T cell subsets and the immune
environment of the lung.

Th1/Th2 CD4* T cells

Mouse models and human data have indicated that the ratio of
Th1 versus Th2 CD4* T cells in the lung may dictate the course
of lung injury and determine whether there is resolution or pro-
gression to fibrosis (80-82). Increased concentrations of IL-4 and
IL-13 and decreased concentrations of IFN-y have been observed
in BAL of IPF patients as well as in mouse models (83-85). IL-13
was shown to induce proliferation of lung fibroblasts and differ-
entiation of monocytes into collagen-expressing fibrocytes (86,
87). IL-4 and IL-13 also induce M2 macrophage polarization. In
contrast, IL-12- and IFN-y-producing Th1 cells inhibit fibrocyte
differentiation and promote generation of M1 macrophages (87,
88). Based on these data, a therapy that promotes differentiation
of Th1 over Th2 cells would seem promising. Unfortunately, clin-
ical trials that administered recombinant IFN-y or an anti-IL-13
monoclonal antibody failed to show any clinical benefit in IPF
patients (89, 90). These failures likely reflect the fact that T cell
differentiation does not simply result in the generation of a single
cytokine, but rather an entire metabolic, epigenetic, and pheno-
typic reprogramming of cell function. Decreased IFN-y-produc-
ing Th1 cells in the lungs of IPF patients do not represent a defect
in IFN-y production, but rather an altered lung environment that
skews T cells to alternate differentiation pathways, such as Th17
or regulatory T cells (Tregs). This immune dysregulation in turn
permits abnormal wound healing. Addition of exogenous IFN-y or
anti-IL-13 alone cannot cause the redifferentiation of lung T cells
into Th1 cells. To fully leverage the antifibrotic function of Thl
cells in IPF, a more immunologically relevant way to promote T
cell differentiation in vivo would be needed.

Th17 CD4* T cells

There are multiple studies regarding the role of Thi17 cells in
fibrosis. The consensus is that they are profibrotic and therefore
detrimental in IPF. Supporting this is the observation that con-
centrations of IL-17A and IL-1pB are elevated in the BALF of IPF
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Figure 1. In individuals with idiopathic pulmonary fibrosis, lung epithelial injury leads to production of profibrotic cytokines and chemokines such as
CCL18, CHI3L1, MMPs, Wnt, and TGF-p by alveolar macrophages. This results in activation of fibroblasts and differentiation into myofibroblasts, which
produce extracellular matrix leading to thickening of the lung interstitium. Abnormal epithelial-mesenchymal transition (EMT) also contributes to the pool
of myofibroblasts in the lung interstitium. Regulatory T cells inhibit Th1 cell activation, resulting in an altered Th1/Th2 balance in the lung. Production of
IL-4 and IL-13 by Th2 cells promotes polarization of alveolar macrophages into an M2 profibrotic phenotype and differentiation of circulating fibrocytes
into fibroblasts. IL-17 production by Th17 cells in the lung also promotes fibroblast activation. CD8* T cells and TRM CD4* T cells appear to protect against
fibrosis, although the mechanisms through which they do so are not well understood.

patients (91). Moreover, lung fibroblasts from IPF patients express
the IL-17 receptor and respond to IL-17 by producing ECM and
proliferating (92). Mouse models of bleomycin- or radiation-in-
duced fibrosis demonstrate increased lung CD4'IL-17* T cells and
IL-17-deficient mice have decreased pulmonary fibrosis (93, 94).
Alterations in lung commensal bacteria have also been reported to
promote pulmonary fibrosis through induction of Th17 cells (95),
which may help explain the lung microbiome changes observed
in individuals with IPF. Recently, it was reported that IPF patients
have increased expression of the checkpoint inhibitor PD-1 on
CD4' T cells in their blood and in pulmonary biopsies. Interesting-
ly, the majority of these PD-1* T cells expressed IL-17 and TGF-$
and failed to proliferate upon stimulation. PD-1 pathway blockade
decreased IL-17 and TGF-B production by these cells (96). These
data suggest that PD-1 blockade might redirect T cells away from
a profibrotic Thl7 response. Arguing against this therapeutic
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approach, however, are recent reports indicating that anti-PD-1
immunotherapy can cause interstitial lung disease through an
unclear mechanism (97).

Tregs

There are conflicting data regarding the role of Tregs in IPF. Ini-
tially, it was reported that IPF patients had decreased numbers of
Tregs in blood and BALF and that their Tregs were less suppres-
sive than those from healthy controls (98). Subsequent studies,
however, reported increased numbers of Tregs in the blood and
BALF of IPF patients and increased TGF- production by circulat-
ing Tregs upon stimulation (99-101). In several different mouse
models of pulmonary fibrosis, depletion of Tregs resulted in
attenuated fibrosis, while induction or transfer of Tregs resulted
in worsened fibrosis (102-104). Several of these reports suggest-
ed this was due to skewing of lung CD4* T cells away from Thl
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differentiation (102, 104). In the bleomycin-induced pulmonary
fibrosis model, Treg depletion was also associated with a decrease
in lung Th17 cells (103). These findings indicate that IPF may be
immunologically more similar to cancer than to an inflammatory
or autoimmune disease, with disease progression being due to a
dysregulated immune response rather than an overexuberant one.
Nevertheless, while the data on Tregs in animal models support
their profibrotic role, more studies are needed to clarify their
involvement in the progression of human IPF.

CD8" T cells

In fibrotic human lungs, CD4* T cells tend to aggregate near lym-
phoid follicles, while CD8* T cells are often found more diffusely
throughout the lung parenchyma and alveolar walls (105). This
spatial separation alludes to these cells having different roles in
the course of this disease. Increased CD8* T cells in lung biop-
sies of IPF patients were found to correlate with decreased total
lung capacity and forced vital capacity (105). Increased numbers
of CD28-negative CD8" T cells have also been observed in IPF
patient lung explants. These cells have a profibrotic and proin-
flammatory transcriptional profile and express increased levels
of PD-1, which together with the loss of CD28 suggests a state of
chronic activation (106). In the bleomycin-induced pulmonary
fibrosis model, CD8* T cells were shown to differentiate into profi-
brotic IL-13-producing cells through ligation of the IL-21 receptor.
Moreover, treating these cells with IL-4 and IL-21 caused them to
produce additional IL-21, promoting IL-13 production in an auto-
crine manner (107). Overall, the data on CD8" T cells point to their
detrimental role in the development and progression of pulmo-
nary fibrosis, indicating a potential therapeutic target.

Tissue-resident memory cells
Recently, there has been interest in the role of tissue-resident
memory (TRM) cells in disease. The available data on TRM cells
in pulmonary fibrosis are limited, but several important findings
have been made. The first was the observation that BALF from
IPF patients contains an increased number of TRM CD4* T cells
expressing the integrin CD103 (108). In addition, improved DLCO
and survival were observed in IPF patients who had an increased
number of circulating resting memory CD4* T cells (109). In a
mouse model of bleomycin-induced chronic fibrosis, a vaccina-
tion that induced an increase in tissue-resident CD4" T cells in the
lung was effective at reducing established fibrosis and improved
pulmonary function (110). These data indicate a potential bene-
ficial role for TRM cells and a possibility for tissue-specific ther-
apy, although more studies are necessary to fully understand
these cells’ complex functions. In contrast to these data, a recent
report identified a population of CD8" TRM cells that displayed an
exhausted phenotype following influenza infection. Rejuvenation
of these exhausted TRM cells with anti-PD1 therapy resulted in
increased lung hydroxyproline concentrations (111). While these
experiments were not performed in a traditional fibrosing model,
they indicate a potentially pathogenic role for CD8* TRM cells.
Taken together, studies examining the role of T cells in IPF
suggest that targeting a single T cell-derived cytokine is unlikely
to be sufficient to treat the disease. Rather, future studies should
focus on in vivo strategies for modifying T cell differentiation in
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the lung to promote Thl and TRM CD4* T cell responses, while
suppressing Th2 and Th17 responses after tissue injury.

B cells

Similarly to T cells, B cells are increased in the lungs of IPF
patients. Phenotypically, circulating B cells from IPF patients
have been shown to be more antigen-differentiated, have a
higher proportion of plasmablasts, and express fewer regulatory
markers. Additionally, serum levels of B lymphocyte stimulating
factor (BLyS) were significantly higher in IPF patients and cor-
related with decreased survival (112). In the bleomycin model,
loss of CD19 attenuated inflammation and reduced mortality,
while CD19 overexpression increased mortality (113). Consis-
tent with increased B cell activation, circulating IgG and IgA
antibodies are increased in IPF patients (114, 115). Surprisingly,
an increased percentage of these antibodies appear to be auto-
reactive, with autoreactive serum IgA levels correlating with a
decrease in forced vital capacity in one study (115). Converse-
ly, however, a recent report showed antibodies against Hsp72
in BALF of IPF patients, with higher concentrations correlating
with improved survival (114). The mechanism of this beneficial
effect is unclear, but the authors of the study postulated that the
antibodies modulate macrophage activation. Overall, these data
indicate that the quantity and phenotype of B cells are altered in
IPF, leading to an increase in serum and lung antibodies, some of
which are autoreactive. Whether activated B cells and autoanti-
bodies induce lung fibrosis or are induced as a result of inflam-
mation which then drives fibrotic progression is unclear.

TGF-B

Although it does not fit neatly into the sections above, any review
of fibrosis is incomplete without a discussion of TGF-B. This
cytokine is considered central to the pathophysiology of fibrosis
by promoting fibroblast proliferation, myofibroblast differenti-
ation, ECM production, and epithelial-mesenchymal transition
(116). Overexpression of TGF-f in the lung is sufficient to cause
pulmonary fibrosis (117) and mice with impaired TGF-f signaling
due to Smad3 deletion are resistant to bleomycin-induced pul-
monary fibrosis (118).

There are three mammalian isoforms of TGF-B, each encoded
by a different gene. TGF-p1 is the most abundantly and ubiqui-
tously expressed and has been extensively studied in pulmonary
fibrosis, but TGF-B2 and TGF-B3 signal through the same recep-
tors and may also have profibrotic roles (119). TGF-f1 is produced
by multiple cell types, including epithelial cells, fibroblasts/myo-
fibroblasts, macrophages, and Tregs. It is initially synthesized in
association with a latency-associated peptide (LAP) and latent
TGF-B-binding protein (LTBP), which form a complex that seques-
ters TGF-B1 from its receptors. The latent TGF-B1 complex binds
to ECM, forming a reservoir of TGF-B1 that can be rapidly activat-
ed. During lung injury or inflammation, proteases such as MMPs,
plasmin, and thrombin cleave the complex and proteins such as
aVB6 and aVB8 integrins bind to LAP and induce a conformational
change that liberates bioactive TGF-B1 (120).

Given the central role of TGF-p in fibrosis, directly targeting
this molecule might seem to be an obvious treatment approach,
but this is not a simple matter, as TGF-p is critical in immune
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regulation. Indeed, deletion of the Tgfbl gene leads to fatal mul-
tiorgan autoimmunity in mice (121). A TGF-Bl-specific neutral-
izing antibody showed no efficacy in treating scleroderma (122),
so an antibody that neutralizes all three isoforms of TGF-p was
developed. This antibody was tested in a small open-label trial
of scleroderma patients and did show some evidence of effica-
cy (123), but no follow-up trials have been published. A phase I
trial of this antibody performed in IPF patients (NCT00125385)
remains unpublished. An alternative approach was attempt-
ed in a phase II trial using an anti-aVp6 antibody to prevent
TGF-B activation, but the trial was halted due to safety con-
cerns (NCT03573505). It therefore remains uncertain whether
TGF-B can be safely targeted for the treatment of IPF. Future
studies examining lung-specific inhibition of TGF-§ (for exam-
ple through nebulized delivery of therapeutic agents) would be
helpful given the pleiotropic effects of this cytokine and poten-
tial adverse effects of inhibiting it systemically.

Conclusion
Studies in individuals with IPF and mouse models strongly sup-
port a role for immune dysregulation in promoting the develop-

REVIEW

ment of pulmonary fibrosis. M2 macrophages, Th17 cells, CD8*
T cells, and possibly Tregs promote fibrosis, while Thl and TRM
CD4" T cells appear to be protective (Figure 1). Although early
trials targeting inflammation in IPF were unsuccessful, a more
nuanced understanding of the role of the immune system in IPF
may lead to the development of targeted immune modulators that
are efficacious in this disease. For example, therapies that skew
macrophage polarization toward an antifibrotic phenotype, pro-
mote CD4" T cell differentiation into Thl or TRM cells, or inhibit
lung-specific TGF-B activation by modulating the local inflam-
matory milieu might be beneficial. Much as immune checkpoint
blockade and cellular therapies (e.g., CAR-T cells) have dramat-
ically changed the cancer treatment landscape, such approaches
hold great promise in potentially inhibiting and reversing the dys-
regulated processes leading to unremitting fibrosis in IPF.
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