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ABSTRACT

Fibrotic interstitial lung disease (ILD) is a group of heterogeneous conditions characterized

by progressive respiratory decline and early death. Current understanding of the disease

mechanisms depends on etiological and morphological classification of ILD subtypes. A

prevailing paradigm is that immune cells play a pathogenic role in immune-associated

ILDs, whereas their role in idiopathic pulmonary fibrosis (IPF) is controversial. However,

patients with fibrotic ILDs commonly have enlarged lung-draining lymph nodes (LLN),

which correlate with mortality. Our study revealed converging adaptive immune landscapes

in LLNs of end-stage fibrotic ILD patients, characterized by the enrichment of germinal

centers (GC), antigen-stimulated T cells, and regulatory T cells with an aberrant

phenotype. The presence of GC B cells in LLNs was associated with worse respiratory

decline in patients. A proteome-wide screening identified 17 novel auto-antigens to which

circulating antibodies in ILD patients are reactive. Autoantibody responses to ABLIM1, a

protein highly expressed in fibrotic lungs, correlated with frequencies of follicular helper T

cells and regulatory T cells in patients’ LLNs. These findings suggest that antigen-driven

immune responses could be a key immunopathology that is common to end-stage fibrotic

ILDs, even in IPF. Furthermore, we demonstrated that subtle differences in the gut

microbiome compositions have a large impact in lung injury response of mice in specific

pathogen-free barrier facilities. Presence of Proteobacteria, including Helilcobacter

hepaticus and Desulfovibrio sp., in the gut was associated with increased weight loss and

mortality during lung injury responses in mice. These data support the gut-lung axis and

highlight the potential benefit of specific alterations to the gut microbiome compositions to

control lung injury outcomes. Together, my dissertation developed a comprehensive

understanding of the human immune responses and the effect of the host-microbiota

interaction during lung injury and fibrosis. This work will inform the development of

models for mechanistic studies and patient endotypes for effective therapeutic intervention.
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CHAPTER 1

INTRODUCTION

1.1 Pulmonary physiology and immunology

1.1.1 The lungs

The lungs are vital organs in mammals required for gas exchange to supply oxygen and

remove carbon dioxide from the bloodstream. Lungs are organized into multiples lobes,

three on the right and two on the left in humans, and air travels through a series of

passages including the trachea, bronchial tubes, and bronchioles. At the end of bronchioles

are clusters of air sacs called alveoli, which are surrounded by blood capillaries and are

where gas exchange occurs. Connective tissue in the space between alveolar membranes

and capillary endothelium are collectively termed the lung interstitium. Most medical

conditions of the lungs affect either the airway (i.e. asthma and chronic obstructive

pulmonary disease) or the interstitium (i.e. pulmonary fibrosis and sarcoidosis).

In addition to facilitating breathing, the lungs are a mucosal organ that functions as

a primary barrier between the external environment and the body. With a total surface

area as large as a tennis court, lungs are one of the largest organs in direct contact with

the external environment(Ananda Rao and Johncy, 2022). Specialized epithelial cells lining

the airway provide frontline defense against inhaled insults through mucociliary clearance

and alarmin secretion. Furthermore, intricate functions played by multiple immune cells

through interconnections among the tissue, vascular, lymphatic systems are key to ensuring

the health of an individual.
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1.1.2 Innate immunity in lungs

The immune system is largely divided into two arms, innate and adaptive immunities, with

innate-like lymphocytes residing on a spectrum between the two systems. In general, the

innate immune system depends on germ-line encoded receptors to recognize pathogens and

provide immediate defense. Some innate immune cells such as alveolar and interstitial

macrophages, tissue-resident natural killer cells and innate lymphoid cells reside within the

lungs to function as phagocytes and secretors of soluble factors that instruct neighboring

cells. Other innate immune cells such as eosinophils and neutrophils are rapidly recruited

to the lungs in response to chemokines secreted upon insults.

Eosinophils play a major role in allergic airway inflammation. Activated by type 2

cytokines, especially by IL-5, eosinophils degranulate to release multiple pro-inflammatory

substances, including IL-13, TGF-β, eosinophil peroxidase and major basic protein, which

promote mucus hypersecretion, goblet cell hyperplasia, extracellular matrix secretion,

epithelial cell remodeling, and mast cell activation(McBrien and Menzies-Gow, 2017;

Travers and Rothenberg, 2015). Neutrophils clear extracellular pathogens and apoptotic

cells through phagocytosis and the release of granules and neutrophil extracellular traps

(Mantovani et al., 2011). Neutrophils are also a substantial source of matrix

metalloproteinases, which play a crucial role in extracellular matrix modeling (Cundall

et al., 2003; Ardi et al., 2007). Pro-inflammatory proteins released by eosinophils and

neutrophils are beneficial for clearing pathogens, but uncontrolled such response can also

induce tissue damage such as acute lung injury (ALI) and pulmonary fibrosis (Corbel

et al., 2001; Henry et al., 2002).

1.1.3 Adaptive immunity in lungs

Adaptive immune cells, consisting of T cells and B cells, are equipped with 107 – 108 unique,

somatically rearranged receptors that are antigen-specific and capable of imparting context-
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dependent mechanisms of protection (Qi et al., 2014; Soto et al., 2020). Initiation of an

adaptive immune response is spearheaded by antigen presenting cells, which pick up antigens

from the lungs and migrate to lymph nodes where they present the antigens as peptides

in the context of major histocompatibility complex (MHC) to T cells. Naïve T cells in

blood constantly circulate through lymph nodes via a specialized post-capillary venule, high

endothelial venules, until they encounter cognate antigens on an APC. Naïve T cells that

have received three signals: (1) T cell receptor (TCR) engagement, (2) co-stimulation, and

(3) cytokines from APC are programmed to perform specific effector functions, some of them

as memory cells. Effector T cells exit lymph nodes through efferent lymphatics and traffic

to the lungs via the thoracic duct to mount a response.

Effector T cells in the lungs come in many flavors. CD8+ T cells are cytotoxic and

promote viral clearance through secretions of IFN-γ, TNF, and granzymes. Following a

viral challenge, some CD8+ T cells become resident memory T cells (Trm) in lungs to

provide effective protection against secondary infections (Hogan et al., 2001; Jozwik et al.,

2015). For this reason, generation of CD8+ Trm cells has been a focus of vaccine

development against respiratory viruses in recent years (Lee et al., 2021b; Si et al., 2018).

Though necessary for protection from pathogens, the antiviral response of CD8+ T cells

can also cause immunopathology such as acute respiratory distress syndrome (ARDS).

TNF mediates weight loss and lung damage (Hussell et al., 2001; Rutigliano and Graham,

2004), and prolonged production of IFN-γ and TNF can trigger a cytokine storm, which

causes life-threatening systemic inflammation (Fajgenbaum and June, 2020; Walsh et al.,

2014).

CD4+ T cells play various effector functions after differentiating into one of the helper T

(Th) cell subtypes such as Th1, Th2, Th17, and follicular helper T cells (Tfh). Like CD8+

T cells, Th1 cells are cytotoxic but are also specialized in clearing intracellular microbes

that infect phagosomes such as Mycobacterium tuberculosis (Mogues et al., 2001; Tubo and

3



Jenkins, 2014). Differentiation of Th1 cells is orchestrated by the transcription factor T-bet,

which is induced by IL-12 and type 1 interferon signaling. Th2 cells differentiate in response

to epithelial damage often caused by allergens or injury in the lungs. Damaged epithelium

secretes alarmins, such as IL-33, and initiates a cascade of cellular events including the

secretion of IL-4 by ILC2 followed by GATA3 activation for Th2 cell differentiation (Kokubo

et al., 2022). In the lungs, Th2 cells are the main culprit of allergic airway disease since

IL-4, IL-5 and IL-13 produced by these cells activate eosinophils, goblet cells and promote

IgE class switching. Type 2 cytokines also promote tissue repair by enhancing extracellular

matrix production (Crosby and Waters, 2010). Th17 cells are defined by RORγt and are

specialized in protection from extracellular bacteria through secretion of IL-17. Specialized

lung dendritic cells promote Th17 differentiation via a IL-1β dependent mechanism when

there is a bacterial invasion through the intranasal route (Caucheteux et al., 2017; Linehan

et al., 2015; Pepper et al., 2010). Th17-mediated inflammation promotes neutrophilia for

the pathogen clearance, and it is also involved in neutrophilic asthma in the lungs. Finally,

the STAT3 pathway is activated via IL-6 and IL-21 signaling during antigen stimulation

and induces differentiation of Tfh cells, which are players in germinal center (GC) responses

required for generation of affinity matured and class switched antibodies (Ray et al., 2014).

Defined by the transcription factor FOXP3, regulatory T cells (Treg) play key roles

in maintaining tolerance to self-antigens and regulating effector T cell activities. General

mechanisms of immune suppression by Treg cells include the inhibition of CD80 and CD86

signaling by CTLA-4, absorption of IL-2 using a high affinity receptor to interfere with

conventional T cell proliferation/survival, and secretion of immune suppressive cytokines IL-

10 and TGF-β (Sakaguchi et al., 2020). Treg subpopulations can express other transcription

factors traditionally associated with effector T cells such as T-BET (Koch et al., 2009),

GATA3 (Wohlfert et al., 2011), and RORγt (Yang et al., 2016). These Treg subsets elicit

enhanced suppressive function against the Th cell type with matched transcription factor
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expression. For example, a loss of GATA3 from Treg cells resulted in increased Th2 cytokine

secretion in the skin, which led to spontaneous activation of fibroblasts and dermal fibrosis

(Kalekar et al., 2019). Similarly, other studies support anti-fibrotic roles for total Treg

cells in mouse models of kidney and cardiac injury and fibrosis (do Valle Duraes et al., 2020;

Kanellakis et al., 2011). In the lungs, it has been shown that Treg cells regulate inflammation

and injury response through modulating the infiltration of inflammatory myeloids such as

Ly6Chi cells via IL-13 secretion following the direct sensing of the alarmin IL-33 (Liu et al.,

2019). However, cytokines secreted by Treg cells including IL-13 and TGF-β have pro-fibrotic

properties (Lee et al., 2001), and Treg cells have been associated with pathogenic roles in

lung fibrosis (Birjandi et al., 2016; Kaviratne et al., 2004; Lo Re et al., 2011). Therefore,

further investigation is needed to understand the exact role of Treg cells during lung injury

and fibrosis.

One of the important roles of B cells is to generate antibodies. Antibody generation

requires the GC, which is a specialized microstructure maintained by chemokine gradients

established by stromal cells in secondary lymphoid organs. GCs are typically divided into

light zone and dark zone. The light zone is enriched with follicular dendritic cells, which

are antigen reservoirs, and Tfh cells that secrete cytokines that enable survival and

differentiation. GC B cells with high-affinity antigen receptors that can effectively acquire

antigens from follicular dendritic cells are selected by Tfh cells in the light zone through

secretion of IL-4 and IL-21 and engagement of co-stimulatory receptors including CD40,

ICOS, and PD-1 (Good-Jacobson et al., 2010; Ise et al., 2018; Liu et al., 2015; Weinstein

et al., 2016). Selected GC B cells enter the dark zone to undergo proliferation and somatic

hypermutation (Bannard et al., 2013). A dichotomy between cellular division and mutation

is important to prevent genomic instability in GC B cells. Dark zone is further

compartmentalized into specialized niches, a proliferation region rich with tingible body

macrophages and a differentiation region (Kennedy et al., 2020). After iterative selection
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and proliferation, B cells exit the GC and become either memory B cells or plasma cells to

respond rapidly in future GC responses or to secrete antibodies, respectively (Stebegg

et al., 2018).

Together with Tfh cells, follicular regulatory T cells (Tfr) are a key cell type found in

the GC. Tfr cells express markers shared with both Tfh and Treg cells including CXCR5,

PD1, BCL6 and FOXP3. Our current understanding of the origin and role of Tfr cells is

incomplete. Canonical Tfr cells primarily stem from Treg cells, and the TCR repertoire of Tfr

cells is shared with Treg but not with Tfh cells (Chung et al., 2011; Linterman et al., 2011;

Maceiras et al., 2017; Wollenberg et al., 2011). Tfr cells are generally thought to repress the

Tfh cells in GC, but the effect of Tfr cells seems to be multifaceted and includes the overall

suppression of antibody responses (Sage et al., 2014), the selection of antigen-specific, high-

affinity B cells (Linterman et al., 2011), and prevention of autoantibody production (Fu

et al., 2018). However, a recent study demonstrated that some Tfr phenotype cells arise

from Tfh cells during the resolution phase of a GC response, and these cells contribute to

GC contraction (Jacobsen et al., 2021). Though challenged by the lack of lineage specific

markers that can distinguish Tfr from Treg or Tfh cells, the role of Tfr cells needs further

investigation especially in the context of autoimmune disease.

1.2 Interstitial lung disease (ILD)

1.2.1 ILD subtype classification and treatment strategies

Interstitial lung disease (ILD) is an umbrella term that describes over 200 different clinical

conditions characterized by inflammation or fibrosis of the connective tissue between the

air sacs and lung capillaries, thereby compromising respiratory function (Kalchiem-Dekel

et al., 2018). The prevalence of ILD is estimated at 74 cases per 100,000 in the United

States (Noth et al., 2020). Risk factors for ILD are genetics, occupational exposures,
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Figure 1.1: ILD classification: from an immunologist’s perspective. Blue color
indicates an immune-associated ILD. HP: hypersensitivity pneumonitis, IPAF: interstitial
pneumonia with autoimmune features, CTD-ILD: connective tissue disease-associated ILD.
SOURCE, Kalchiem-Dekel et al. (2018) with some modifications.

radiation, chemotherapy, smoking, age, and autoimmunity. Despite heterogeneity in

diagnosis, patients with ILDs often present with a progressive fibrosing phenotype with

similar presentations on high-resolution CT scan, lung function decline, and early mortality

(Noth et al., 2020; Wijsenbeek and Cottin, 2020). A hallmark of fibrotic ILD is idiopathic

pulmonary fibrosis (IPF), which is one of the most common types of ILDs with a

prevalence of 8.3 cases per 100,000 in the United States. Up to 40% of other ILD

conditions can also develop overlapping clinical, genetic, and pathophysiological features

consistent with fibrotic ILD phenotypes (Cottin et al., 2018). Interestingly, ILDs that often

present with lung fibrosis include hypersensitivity pneumonitis (HP) and connective tissue

disease-associated ILD (CTD-ILD), which are immunologically mediated conditions

associated with reactivities to environmental antigens and self-antigens, respectively

(Figure 1.1).

IPF has no known cause and poor prognosis since 5-year survival is 56% despite the
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recent development of anti-fibrotic medications (Zurkova et al., 2019). Nintedanib and

Pirfenidone, a tyrosine kinase inhibitor and an inhibitor of the collagen synthesis and

fibroblast proliferation, respectively, can improve patients’ life expectancy on average by

2.5 years but are unable to reverse disease progression (Fisher et al., 2017). Further, these

drugs have side-effects that are difficult for many patients to tolerate. IPF is associated

with a characteristic radiologic feature, called usual interstitial pneumonia (UIP), but this

pattern alone is not sufficient for a definitive diagnosis since other ILD conditions may also

present with UIP. Therefore, IPF diagnosis requires exclusion of all known causes of

pulmonary fibrosis through multidisciplinary discussions among clinicians, radiologists,

pathologists, and other health care providers (Wuyts et al., 2014).

HP is mediated by inflammation of the lungs due to repeated exposure to inciting

agents which are usually protein antigens derived from microorganisms such as molds,

birds, and bacteria (Raghu et al., 2020). Patients with fibrotic HP have variable

radiological presentations, but often have signs of airway abnormalities and fibrosis in the

mid-zone of the lungs. Assessment of the exposure history is key to both diagnosis and

treatment of HP since avoiding antigens is an important intervention (Fernandez Perez

et al., 2013). It has been hypothesized that inflammation may be caused by some common

epitopes among environmental antigens and that sensitization to one antigen may result in

hypersensitivity to multiple agents. However, it is unknown why some patients with HP

develop irreversible fibrosis while others have non-fibrotic subtype.

CTD-ILD is defined by radiologic demonstration of pathology consistent with ILD in the

presence of an established connective tissue disease (CTD) (Solomon et al., 2020). Most

common CTDs associated with ILD are rheumatoid arthritis (RA) and systemic sclerosis,

which are autoimmune diseases with multi-organ involvement. CTD-ILD patients typically

have non-specific interstitial pneumonia, which is characterized by homogeneous infiltration

of the interstitium with inflammatory cells. CTD-ILD patients have a heterogenous degree
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of fibrosis, but they can also have UIP (Vij and Strek, 2013). The degree of fibrosis and the

symptoms of lung function impairment vary among CTD-ILD patients.

While anti-fibrotic therapies might commonly benefit fibrotic ILD patients (Maher

et al., 2020), potentially distinct underlying disease mechanisms for different ILDs could

have a large impact on patient outcomes. For example, immunosuppressive therapies such

as corticosteroids, azathioprine, and mycophenolate are often used for HP and CTD-ILD,

but they are detrimental for IPF patients (Idiopathic Pulmonary Fibrosis Clinical Research

et al., 2012; Vasakova et al., 2017). Therefore, understanding key cellular mechanisms that

underly initiation and progression of IPF in comparison to other fibrotic ILDs is critical for

developing more efficient diagnostic and therapeutic strategies.

1.2.2 Role of the immune system in development and progression of IPF

Fibrosis is defined by the thickening of tissues due to excessive accumulation of extracellular

matrix components, which is a result of a dysregulated wound healing process. It is believed

that chronic inflammation is typically linked to fibrosis, while there could be a wide range

of known and unknown triggers for the inflammation (Wynn, 2008). Therefore, a historical

perspective on IPF is that the disease initiation is likely mediated by some inflammation of

the lungs despite an unknown etiology. Multiple immunohistological studies of IPF patient

lungs have shown that T cells and B cells accumulate within the lung tissues (Daniil et al.,

2005; Marchal-Somme et al., 2006; Parra et al., 2007). The number of lung infiltrating

CD3 T cells and CD8 T cells have negative associations with patient survival and lung

function, indicating that T cells may be involved in IPF pathology. A study from our group,

demonstrating a significant association between the enlargement of lung-draining lymph

nodes and early deaths in fibrotic ILD patients, further supports that the adaptive immune

response may be involved in IPF and other fibrotic ILDs (Adegunsoye et al., 2019).

Unlike HP and CTD-ILD, the argument for IPF being an immune disorder has been
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weakened by the fact that various efforts to suppress the immune response, including

prednisone, azathioprine, N-acetylcysteine, and anti-TNFα, have been unsuccessful at

improving IPF patient survival (Douglas et al., 2000; Idiopathic Pulmonary Fibrosis

Clinical Research et al., 2012; Raghu et al., 2008). In fact, treating patients with three

immunosuppressants in combination resulted in a nearly ten-fold increase in mortality

compared with placebo treatments, suggesting that some immune responses may be

required for protecting IPF patients (Idiopathic Pulmonary Fibrosis Clinical Research

et al., 2012). Because attempted immunotherapies such as prednisone and azathioprine

suppress the immune system in non-specific manners, the outcome of these clinical studies

does not entirely rule out the involvement of specific immune cells in IPF pathophysiology.

For example, it was shown that specific depletion of B cells and plasma antibodies

improves pulmonary function and patient survival in a small cohort of IPF patients who

are undergoing acute exacerbation (Donahoe et al., 2015). To this end, it is critical to

delineate specific roles for different adaptive immune cells in IPF and to understand

whether they may be different from their roles in other fibrotic ILDs.

One current paradigm of IPF pathophysiology is that dysregulated alveolar epithelial

cell regeneration, but not inflammation, is a fundamental driver of lung fibrosis. It is

believed that alveolar type 1 cells (AT1), which are the building blocks of thin alveolar

walls, are lost due to some microinjuries, and subsequently dysregulated AT1 cell

differentiation leads to the replacement of AT1 cells with fibroblasts (Selman and Pardo,

2002). Epithelial cell-intrinsic dysregulation of regeneration has been demonstrated by Xia

et al. (2014), where the authors showed that mesenchymal progenitor cells (MPC) isolated

from IPF lungs present a distinct transcriptional profile compared to MPC from healthy

lungs. IPF patient-derived MPC could give rise to fibroblasts in immunodeficient mouse

lungs when injected intravenously (Xia et al., 2014). Furthermore, aberrant lung resident

cells that co-express lineage-determining transcripts for both epithelial and mesenchymal
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lineages have been identified through independent investigations of late stage IPF lungs via

single cell RNA sequencing (Adams et al., 2020; Habermann et al., 2020). Nevertheless, it

remains to be determined why AT1 cells are lost in the first place and what contributes to

pathogenic reprogramming of progenitor cells in IPF. Since immune cells are abundant

populations in the lungs in close contact with AT1 cells, it would be important to examine

the role of immune cells even after the epithelial cell dysregulation has been established.

1.2.3 Autoimmunity in ILD

Some ILDs are associated with autoimmunity, which range from a definitive connective

tissue disease to clinical autoimmune features. For example, RA is a type of connective

tissue disease that can co-manifest with the lung pathology as CTD-ILD. In fact, the lungs

are most frequently affected organs outside of joints in RA, and around 10% of RA patients

develop an ILD (Kadura and Raghu, 2021). Though smoking, inhalational exposures, and

genetic predisposition have been identified as risk factors for developing a CTD-ILD,

underlying immunological mechanisms involving the lungs are not well understood. In

addition, IPF patients, in the absence of a bona fide autoimmune disease, can show subtle

features of autoimmunity including antinuclear antibodies, clinical signs of Raynaud’s

phenomenon, and distal digital fissuring (Fischer et al., 2015). These ILD patients are

being increasingly recognized and classified as interstitial pneumonia with autoimmune

features (IPAF) according to the official guideline of the American Thoracic Society

(Fischer et al., 2015; Strek et al., 2016). Besides, around 29% of IPF patients tested

positive for autoimmune serologies, suggesting that a significant subset of IPF patients may

have underlying autoimmunity or a break in humoral tolerance as a result of ILD

progression (Moua et al., 2014).

Associations with human leukocyte antigen (HLA) alleles have been well established in

many autoimmune diseases, including rheumatoid arthritis, type 1 diabetes, celiac disease,
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and multiple sclerosis (Hollenbach and Oksenberg, 2015; Miyadera and Tokunaga, 2015).

Identifying disease-associated HLA haplotypes provides key insight for elucidating cellular

mechanisms of pathogenesis because molecular structures of MHC encoded by HLA genes

govern antigen peptide repertoires, which are presented to T cells for both establishing

tolerance and eliciting adaptive immunity. When combined with a known antigen

specificity, peptide-MHC pair can be identified and used as a tool for mechanistic research

and potentially for patient diagnosis. A genome-wide association study of over a thousand

non-Hispanic white patient population revealed that three HLA alleles, DQA1*01:02,

DQB1*06:02 and DRB1*15:01, are significantly associated with fibrotic idiopathic

interstitial pneumonia (Fingerlin et al., 2016). In particular, DRB1*15:01 association is

consistent with a previous study of a smaller IPF cohort recruited from multiple

institutions across the US, but not with a study of a patient population in Mexico

(Falfan-Valencia et al., 2005; Xue et al., 2011). Though more than one mechanisms may

lead to the pathology consistent with the current clinical definition of IPF, it is clear that

autoimmunity could be associated with at least a subset of IPF.

IPF patients do not share a common history of exposure to environmental antigens or

pathogens. Instead, studies suggest that reactivities to self-antigens could be contributing

to IPF pathogenesis. Antibodies in IPF patient plasma were shown to be reactive to

human cell lysates (Feghali-Bostwick et al., 2007). Few autoantigens, including HSP 70,

vimentin and BPIFB1, have since been identified and shown to be associated with IPF

patient survival, using targeted approaches (Kahloon et al., 2013; Li et al., 2017; Shum

et al., 2013). All autoantigens discovered to date in the context of IPF are summarized in

Table 1.1. Furthermore, IPF patients have increased complement deposition in lungs,

which could support a hypothesis that some autoantibodies bind to lung tissues and form

antibody-complement complexes to mediate tissue damage (Okamoto et al., 2018).

Alternatively, autoantibodies may arise during late-stage disease only as a result of tissue

12



Table 1.1: Previously described ILD auto-antigens

ReferenceMethodDiseaseAntigen

1, 2Immunoblot patient sera against lung fibroblast cell line extract (MRC5)IPF, NSIPVimentin

3, 4Screened sera using a cDNA phage library of AT II carcinoma cell line (A549)IPF, cryptogenic fibrosing alveolitisCytokeratin8

5Immunoblot patient sera against bovine CK18IPFCytokeratin18

6Immunoblot patient sera against recombinant huCK19IPFCytokeratin19

7Radioimmunoassay of patient sera against IL1aIPFIL1a

8Flow analysis using col V coated beadsIPFCollagen V

9ELISA against Hsp72 using serum and BALFIPFHsp72

10Screened sera against lung and lymphoblast cell line extract (K562)IPF, Acute exacerbationHsp70

10Screened sera against lung and lymphoblast cell line extract (K562)IPFGrp78

11Screened sera using a phage library of AT II carcinoma cell line cDNA (A549)IPF, Acute exacerbationAnnexin1

12First discovered in Aire-/- mouse and then RLBA using patient seraIdiopathic ILD, CTD-ILDBPIFB1

13Screened patient sera against a bovine cDNA library in phageAPS1 with lung diseaseKCNRG

14Immunoblot patient sera against A549 cell lysatesIPFPeriplakin

1. Yang, et al. Clin Exp Immunol. 2002, 2. Li, et al. JI 2017, 3. Kurosu, et al. JI 2008, 4. Dobashi, et al. Thorax 1998, 5. Dobashi, et al. Lung 2000, 6. 
Dobashi, et al. Lung 1999, 7. Ogushi, et al. J Med Invest 2001, 8. Vittal, et al. Plos One 2013, 9. Mills, et al. J Immunol Res. 2019, 10. Kahloon, et 
al. AJRCCM 2013, 11. Kurosu, et al. JI 2008, 12. Shum, et al. Science Trans Med 2013, 13. Alimohammadi, et al. PNAS 2009, 14. Taille, et al. 
AJRCCM 2011

damage. Even if the autoantibodies are not involved in disease initiation or progression,

they could serve as biomarkers to indicate important biological processes in patients.

Therefore, further studies are needed to determine the extent of lung autoantigens and

whether these autoantibodies are pathogenic in ILD.

1.3 Animal models of lung injury and fibrosis

Intratracheal instillation of bleomycin (BLM) in mice is a model of lung injury and fibrosis.

Bleomycin is an anti-cancer antibiotic that induces cell death by generating reactive oxygen

species and double-stranded DNA breaks (Burger et al., 1981). First reported as a side

effect during clinical trials for cancer therapy, lungs are susceptible to inflammation and

fibrosis in response to BLM (Sleijfer, 2001). BLM administration in an experimental model

induces neutrophilic alveolitis and increases lung permeability during the first few days

before the onset of fibrosis (Aeffner et al., 2015; Hrusch et al., 2018; Matute-Bello et al.,

2008). Though not a perfect recapitulation of human diseases, the acute phase of BLM
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response in mice models a lung injury response and the later phase models pulmonary

fibrosis. Furthermore, BLM-induced lung fibrosis in mice can be spontaneously resolved,

whereas patients experience irreversible lung fibrosis. Despite these limitations, the BLM

model is among the most commonly used models in studies of lung injury and fibrosis.

Though refined over the years, the BLM dosage used to perpetuate pathology in animals

varies widely among investigators (Scotton and Chambers, 2010). The need for a varying

amount of BLM even for the same strain of mice suggests that some environmental factors,

such as diet and microbiome, may contribute to the susceptibility to BLM-induced lung

injury.

Intratracheal BLM challenge primarily induces epithelial injury, while endothelial

damage is predominant in patients with lung injury such as acute respiratory distress

syndrome (ARDS) (Matute-Bello et al., 2008; Millar et al., 2016). Similarly, the incidence

and prognosis of ARDS among critically ill patients are heterogenous. The development of

ARDS is most often associated with respiratory infection induced-pneumonia,

non-pulmonary sepsis, aspiration of gastric and/or esophageal contents, and major trauma

(Matthay et al., 2019). However, the development and outcome of ARDS in patients are

highly unpredictable since only a third of hospitalized COVID-19 patients develop ARDS

(Tzotzos et al., 2020) and outcomes of ARDS can be 1) full recovery 2) irreversible lung

damage or 3) death (Herridge et al., 2016). Understanding the factors that determine lung

injury susceptibility using the BLM model could lead to improved prediction and

treatment strategies for ARDS.

1.3.1 Impact of the gut microbiota on lung injury and fibrosis

Increasing evidence based on both clinical and experimental studies suggests that the gut

microbiome is closely linked to many inflammatory pulmonary conditions. The term

gut-lung axis refers to the microbiota-mediated crosstalk between the two organs, which is
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exemplified by associations between occurrences and outcomes of inflammatory

gastrointestinal diseases and pulmonary conditions (Rutten et al., 2014; Sencio et al., 2021;

Yazar et al., 2001). Translocation of gut-trophic microbes to the lungs, even in the absence

of systemic bacterial infection, is a risk factor for developing ARDS (Dickson et al., 2016;

Panzer et al., 2018). The enrichment of lungs with enteric microbe Enterobacteriaceae has

been shown to correlate with ARDS development among mechanically ventilated patients

with severe trauma (Panzer et al., 2018). Furthermore, anaerobic gut commensals

including Bacteroides and Enterococcus faecalis were abundantly found in lungs and

correlated with survival in an experimental sepsis model (Dickson et al., 2016). Based on

the above data and others (Grier et al., 2018; Madan et al., 2012), the gut and lung

microbiota seem to be interconnected and to have a direct impact on health despite the

two organs having different anatomical and oxygen environments.

Alternative to the gut commensal microbes having a direct impact in the lungs, the

gut-lung axis may be facilitated by modulating the systemic immune response (Chiu et al.,

2017). Studies have shown that some immune cells, such as Th17 cells and inflammatory

neutrophils that are differentiated due to gut microbiota interactions can migrate and affect

the lung health during inflammation (Felix et al., 2018; Ivanov et al., 2009). Also, specific gut

microbiomes induce increased serum levels of short-chain fatty acids, which are metabolites

with beneficial effects on barrier integrity (Trompette et al., 2014). However, it has been

suggested that the local microbiome in the lungs, but not the gut microbiome, has more

eminent impact in lung inflammation and fibrosis (Yang et al., 2019). Therefore, specific

roles of the site-specific microbiota, as well as the impact of long-distance immunity, need to

be further delineated.
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1.4 Aims and significance

My dissertation project aims to understand immunopathology of lung injury and fibrosis

in both human and animal models. The first chapter of my thesis focuses on defining the

characteristics and specificity of adaptive immune responses in fibrotic ILD patients. We

established that activated T cells and germinal center B cells are highly enriched in the

enlarged lung-draining lymph nodes of fibrotic ILD patients, even in IPF patients. We tested

a hypothesis that adaptive immune activation is driven, in part, by self-antigens expressed

in the lung parenchyma. To our knowledge, our work is the first comprehensive investigation

of fibrotic ILD patients’ lymph node cells, as well as the first proteome-wide screening for

ILD autoantigens. The use of a robust methodology and an extensive biobank enable us to

identify novel antigens, as well as to define key cellular responses. As identifying antigen-

specific responses can have a substantial impact on understanding the disease mechanism,

this gain in knowledge can be used to improve prognosis prediction and targeted therapy

development. In the second chapter, we test a hypothesis that the gut microbiota can alter

immunologic responses to BLM-induced lung injury. We demonstrate that specific microbial

communities have dominant negative effects on the morbidity of lung injury and identified

candidate commensal species that may be responsible for such effects. This work provides

a better understanding of how the microbiota composition could be a determining factor

for the susceptibility and mortality outcomes of ALI, which are often unpredictable among

critically-ill patients.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Experiments using mice

2.1.1 Animal husbandry

C57BL/6 mice were bred and maintained in two designated animal housing facilities at the

University of Chicago. Both facilities were maintained at SPF barrier I level with the use

of positively pressurized and individually ventilated caging with automated reverse osmosis

watering system. Caging and bedding were autoclaved and changed in biological safety

cabinets. Facility A mice were provided with NIH-31 Modified Open Formula (7913, Harlan-

Envigo, Indianapolis, IN), and Facility B mice were provided with Teklad Global 18% Protein

Rodent Diet (2918, Harlan-Envigo, Indianapolis, IN). Male age-matched germ-free C57BL/6

recipient mice were bred in the University of Chicago Gnotobiotic Research Animal Facility.

All animal studies were performed in agreement with the approved IACUC Animal Care and

Use Protocol.

2.1.2 Bleomycin model

Bleomycin for Injection USP (Teva Pharmaceuticals USA, Sellersville, PA) was reconstituted

at 3U/mL in endotoxin-free PBS and stored at −80◦C until use. Mice were anesthetized

with intraperitoneal injection of ketamine and xylazine cocktail at 200–300mL (adjusted

based on body weight), and intratracheally administered 1U/kg bleomycin in 50µL volume.

Control mice received 50µL endotoxin-free PBS. Mice were monitored and weighed daily

and euthanized if weight loss surpassed 25% of the original weight or if their wellness scores

dropped.
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2.1.3 Fecal microbiota transfer

Conventionalization of germ-free mice in SPF facilities was done by adding dirty bedding

and feces from neighboring mouse cages in the respective SPF facilities, twice a week. For

FMT between SPF mice, fresh fecal pellets from donor mice were suspended in 1mL of PBS

per pellet (each fecal pellet weighed 60–70mg), and 0.2mL of fecal slurry from each donor

was combined and passed through an 18G needle 10 times. Mice received 0.2mL of pooled

fecal slurry via oral gavage, three times a week.

2.1.4 Flow cytometry analysis of mouse cells

Perfused mouse lungs were dissociated by mincing with scissors for 1 min, followed by

digestion with 150U/mL Collagenase D (Gibco, Waltham, MA) and 0.02mg/mL DNase I

(Worthington, Lakewood, NJ) in 10mL of DMEM (Gibco, Waltham, MA) plus 5% FCS

(X&Y Cell Culture, Kansas City, MO) for 1.5h. Following digestion, cell suspensions were

pipetted up-and-down for 50 times, filtered through nylon cell strainers, and washed.

Samples were treated with 1mL of ACK lysis buffer for 5 min and then washed with 9mL

of DMEM with 5% FBS to remove residual red blood cells.

For flow cytometry, 0.5–1×106 cells were suspended in 100µL of PBS and live/dead

stained using Zombie Fixable Viability dye at 1:2500–5000 (BioLegend, San Diego, CA) for

20 min at RT. Cells were washed with FACS buffer (PBS with 1% BSA, 0.1% sodium

azide), blocked using 10µL of 2.4G2 hybridoma supernatants (anti-CD16/32) and without

washing, stained with 50µL of the surface antibody cocktail containing 10µL of brilliant

stain buffer plus (BD, Franklin Lakes, NJ) for 30 min at 4◦C. For all intracellular staining,

cells were washed with FACS buffer twice and fixed with 50–100µL of fix/perm solution

from the Foxp3/Transcription Factor Staining Buffer Set (eBioscience, Waltham, MA) for 1

hour at dark in RT. Fixed cells were washed in perm buffer from the Foxp3/Transcription

Factor Staining Buffer Set twice at 350xG. The cells were blocked with 10µL of
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Table 2.1: Anti-mouse antibodies used for flow cytometry

Antigen Fluorophore Clone Company Dilution Factor

CD3 BUV395 17A2 BD 200

CD4 BUV805 GK1.5 BD 200

CD44 Pacific Blue IM7 BioLegend 400

CD8 BV510 53-6.7 BioLegend 200

CD45 BV605, BV785, BUV805 30-F11 BioLegend 200

CD62L BV711 MWL-14 BioLegend 200

CD25 BV786 3C7 BD 100

TCRgd APC-Fire750 GL3 BioLegend 200

Helios FITC 22F6 BioLegend 400

RORgt PerCP-Cy5.5 Q31-378 BD 100

EOMES PE Dan11mag Invitrogen 400

T-bet PE-Cy7 4B10 BioLegend 200

Foxp3 APC FJK-16s Invitrogen 400

GATA3 PE-CF594 L50-823 BD 50

NK1.1 FITC PK136 BioLegend 400

MHC II PerCP-Cy5.5 M5/114.15.2 BioLegend 400

Ter119 APC TER-119 BioLegend 200

F4/80 APC-eFluor780 BM8 eBioscience 200

NKp46 BV421 29A1.4 BioLegend 50

CD11B BV510, PE-dazzle M1/70 BioLegend 400

Ly6C BV605, APC-cy7 HK1.4 BioLegend 200

Ly6G BV711 1A8 BioLegend 200

CD19 BUV737 1D3 BD 200

Siglec F PE, BV421 E50-2440 BD 200

CD11C PE-cy7, APC N418 BioLegend 200

CD80 FITC 16-10A1 BioLegend 600

CD86 BV605 GL-1 BioLegend 200

PDCA1 BV650 927 BioLegend 100

PD-L1 BV785 10F.9G2 BioLegend 200

CD24 BUV396 M1/69 BD 400

CD103 PE 2E7 BioLegend 800
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heat-inactivated FBS, and then stained with intracellular antibodies in perm buffer

overnight at 4◦C. Antibody-stained cells were analyzed on an LSRFortessa (BD, Franklin

Lakes, NJ) or Aurora (Cytek, Fremont, CA), and data analysis was performed using

FlowJo (BD, Franklin Lakes, NJ). Antibodies and dilution factors used for staining are

listed in Table 2.1.

2.1.5 Metagenomics

Metagenomics sequencing analysis of fecal samples from unperturbed SPF mice were

performed by Transnetyx (Cordova, TN). Fresh mouse fecal samples were placed in

barcoded sample collection tubes containing DNA stabilization buffer and shipped to

Transnetyx where DNA extraction, library preparation, sequencing, and the initial analysis

were performed. Briefly, genomic DNA was extracted using DNeasy 96 PowerSoil Pro

QIAcube HT extraction kit (Qiagen, Germantown, MD) and was converted into sequencing

libraries using the KAPA HyperPlus library kit (Roche, Basel, Switzerland). Unique dual

indexed adapters were used to ensure that reads and/or organisms were correctly assigned.

After quality control, the libraries were sequenced on Illumina NovaSeq platform (Illumina,

San Diego, CA) using the shotgun sequencing method (a depth of 2 million 2x150 bp read

pairs), which enables species and strain level taxonomic resolution. Raw data files were

uploaded onto One Codex analysis software and analyzed against the One Codex database

consisting of >115K whole microbial reference genomes, assembled from both of public and

private sources. Sequence alignment and taxonomy classification were achieved using the

One Codex analysis software through the following three steps. First, every individual

sequence (NGS read or contig) was compared against the One Codex database by exact

alignment using k-mers where k=31 (Ames et al., 2013, 2014; Wood and Salzberg, 2014).

Second, based on the relative frequency of unique k-mers in the sample, sequencing

artifacts were filtered out of the sample. Third, the relative abundance of each microbial
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species was estimated based on the depth and coverage of sequencing across every available

reference genome.

2.1.6 16S rRNA gene sequencing

Sequencing of fecal samples from fecal microbiota transfer experiments was performed by

the DFI Microbiome Metagenomics Platform at the University of Chicago. DNA was

extracted from freshly frozen fecal pellets using the QIAamp PowerFecal Pro DNA Kit

(Qiagen, Germantown, MD), and the V4–V5 region of the 16S rRNA genes were PCR

amplified using barcoded dual-index primers. Illumina compatible libraries were generated

using the QIASeq 1-step amplicon kit (Qiagen, Germantown, MD), and sequencing was

performed on the Illumina MiSeq platform (Illumina, San Diego, CA) in the Functional

Genomics Facility at University of Chicago using 2×250 paired end reads, generating

5000–10,000 reads per sample. Raw V4–V5 16S rRNA gene sequence data was

demultiplexed and processed through the dada2 pipeline (Callahan et al., 2016) into

Amplicon Sequence Variants (ASVs). ASVs were identified with the Bayesian RDP

classifier up to the genus level and were BLASTed against RefSeq for species-level

identification.

Alpha and beta-diversity analyses were performed in R using the ‘phyloseq’ package

(McMurdie and Holmes, 2013). Alpha diversity was calculated by Shannon’s diversity

index (Peet, 1974). Principal coordinate analysis (PCoA) was performed based on weighted

UniFrac distances (Yang et al., 2013), and permutational multivariate analysis of variance

[PERMANOVA, R function adonis (vegan, 999 permutations)] was used to analyze paired

statistical differences in beta diversity (Anderson, 2001). Significantly different taxa were

determined using STAMP platform (Parks et al., 2014). Benjamini–Hochberg false

discovery rate correction was used to correct for multiple hypothesis testing (Storey, 2002).

21



2.2 Experiments using human tissues

2.2.1 Collection of human lung, lymph node, and blood samples

Lung-associated lymph node cells and lung tissue sections were collected from ILD patients

who underwent lung transplantation at the University of Chicago between August 2013 to

December 2019. Control samples were obtained from the Illinois Gift of Hope Organ & Tissue

Donor Network. Organs were processed within 48-hours of harvest. The lymph nodes were

isolated from lung tissues using scissors and dissociated by filtering through a piece of Nytex

mesh. Viable lymphocytes were purified through centrifuging the cells after being layered

onto Histopaque-1077 medium (Sigma Aldrich, St Louis, MO) at 1750rpm for 20 min without

break. The purified lymphocytes were aliquoted into cryovials and preserved using the Mr.

Frosty Freezing Container (Thermo Fisher Scientific, Waltham, MA) in −80◦C and stored

in liquid nitrogen until use.

For histology, both freshly-frozen and formalin-fixed, paraffin-embedded (FFPE) blocks

were prepared with ILD and control lung and lymph node tissues. Freshly-frozen tissue

blocks were prepared by embedding a small piece of lung or lymph node tissues in optimal

cutting temperature compound (OCT 4583, Fisher HealthCare, Waltham, MA) in a mold.

Tissue blocks were snap froze on dry ice and stored in −80◦C. For FFPE blocks, tissues were

placed in individual cassettes and fixed in 10% formalin (Azer Scientific, Morgantown, PA).

Fixed samples were washed in 70% ethanol and water and were embedded in paraffin wax

by the Human Tissue Resource Center at University of Chicago.

Blood samples for PhIP-seq study were collected in Vacutainer Blood Collection tubes

(BD, Franklin Lakes, NJ) from ILD patients during their clinic visits and at the time of

transplantation. Bloods were diluted 1:1 in PBS and layered onto Histopaque-1077 medium

(Sigma-Aldrich, St Louis, MO) and then spun at 1750rpm for 20 min without break. Plasma

and mononuclear cells were isolated from the layers and cryopreserved in −80◦C. Serum
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samples from GOH organ donors were cryopreserved in −80◦C. Control plasma samples

were obtained from blood banks in San Fancisco and New York by the Laboratory of Dr.

Joseph DeRisi.

The study is approved by the University of Chicago Institutional Review Board (IRB

14163A, IRB 14514A), and all patients included in the study signed informed consent.

2.2.2 Collection of clinical data

Diagnosis of ILD type was established at University of Chicago based on the

multidisciplinary discussion of pulmonologists, dedicated chest radiologist, rheumatologists,

and thoracic pathologist in concordance with the American Thoracic Society/European

Respiratory Society criteria(Fischer et al., 2015; Raghu et al., 2018, 2020). From consented

patients, race, ethnicity, date of birth, pulmonary function test, hospitalization records,

and lymphadenopathy information were collected. Lymphadenopathy larger than 10 mm in

diameter was noted in the radiology reports of high-resolution chest computerized

tomography scan. Information on lymphadenopathy status and frequency and cause of

hospitalization of patients that are included in this study were collected by pulmonologists

through patient chart review. Patient information was de-identified and maintained with a

randomly generated unique identifier specific to each subject.

2.2.3 Flow cytometry analysis of cryorecovered human cells

Cryopreserved human cells were thawed in a 37◦C water bath with constant swirling just

until some ice crystals float on top. Cells were resuspended in 4mL of HBSS (Gibco,

Waltham, MA) containing 2% FBS (X&Y Cell Culture, Kansas City, MO) and 10µg/mL

DNAse (Worthington, Lakewood, NJ) in a 15mL tube and layered on top of 3mL of

histopaque-1077 (Sigma-Aldrich, St Louis, MO). After spinning at 1750rpm for 20min

without break, live lymphocytes were collected from the interphase and washed once with
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RPMI (Gibco, Waltham, MA) containing 2% FBS.

For antibody staining, 0.5–1.0x106 cells from each sample were aliquoted into 5mL round

bottom tubes or 96-well U-bottom plates. Cells were washed with PBS and stained for

viability using Zombie NIR Fixable Viability stain (1:2500, BioLegend, San Diego, CA) in

PBS for 20 min at room temperature in dark. Cells were washed with FACS buffer, blocked

with Human TrueStain FcX (1:200, BioLegend), and immediately stained with the surface

antibody cocktail in FACS buffer for 30 min at 4◦C in dark. All antibodies and dilutions used

for staining are listed in Table 2.2 and Table 2.3. For intracellular staining, cells were fixed

and permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience,

Waltham, MA) as described in section 2.1.4. After staining, the cells were washed twice

with perm buffer, once with FACS buffer, and resuspended in FACS buffer for analysis.

Antibody-stained cells were analyzed on Cytek Aurora (Cytek Biosciences, Fremont, CA).

For spectral unmixing, two sets of single stained controls were prepared using cells and

UltraComp eBeads (Invitrogen, Waltham, MA) each. During analysis, single stained cells

were used to perform initial spectral unmixing, and some controls were swapped with single

stained beads as needed based on quality check on SpectroFlo (Cytek Biosciences, Fremont,

CA).

2.2.4 Computational analysis of flow cytometry data

FlowJo (BD, Franklin Lakes, NJ) was used for compensation, conventional gating analysis,

dimensionality reduction analysis (UMAP), and exporting specific cellular subsets. After

importing the data files into FlowJo, fluorescence spillover in each channel was compensated

by manually editing the compensation matrix based on single stained controls. Immune cell

populations were quantified by using conventional gating strategies as summarized in Table

2.5. Frequencies of immune cell populations were exported for statistical analysis. For UMAP

analysis, an equal number of cells was selected from every sample using the DownSample
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Table 2.2: Flow cytometry panel for human T cell analysis

Antigen Fluorophore Clone Company Dilution Factor

PD1 BV421 MIH4 BD 25

CD19 BUV395 HIB19 BD 100

CD38 eFluor450 HIT2 Invitrogen 100

CD3 BV480 UCHT1 BD 100

CD45RA BV510 HI100 Biolegend 400

CD8 BV570 RPA-T8 Biolegend 100

Va7.2 BV605 3C10 Biolegend 50

CD127 BV750 HIL-7R-M2 BD 100

HLA-DR BV785 L243 Biolegend 200

CD25 BB515 2A3 BD 200

CCR7 AF488 G043H7 Biolegend 50

ICOS PerCP-Cy5.5 C398.4A Biolegend 200

CD1d PBS-57 PE - NIH tetramer facility 200

CD137 PE-Cy5 4B4-1 Biolegend 100

Vd1 PE-Cy7 TS8.2 Invitrogen 50

Vd2 PE-Cy7 B6 Biolegend 100

CD4 AF700 OKT4 Biolegend 200

BCL6 APC-Cy7 K112-91 BD 2500

RORgt BV650 Q21-559 BD 50

GATA3 BV711 L50-823 BD 200

CD154 APC 24-31 Biolegend 50

FOXP3 AF647 206D Biolegend 50

Zombie NIR - BIolegend 2500
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Table 2.3: Flow cytometry panel for human B cell analysis

Antigen Fluorophore Clone Company Dilution Factor

CD3 PE-Cy5 HIT3a BD 200

HLA-DR APC-Fire 750 L243 Biolegend 333

CD10 BV711 HI10a Biolegend 100

CD14 BUV395 MΦP9 BD 100

CD16 BV650 3G8 Biolegend 333

CD19 PE-Cy7 HIB19 Biolegend 200

CD20 eFluor450 2H7 Invitrogen 100

CD24 BV510 ML5 Biolegend 200

CD27 APC-R700 M-T271 BD 100

CD38 APC HIT2 Biolegend 100

CD44 AF488 BJ18 Biolegend 1000

CD116 BV421 hGMCSFR-M1 BD 333

CD138 PE-Dazzle MI15 Biolegend 50

IgD PerCP-Cy5.5 IA6-2 BD 100

IgM BV785 MHM-88 Biolegend 333

ILT3 AF647 ZM4.1 BIolegend 333

ILT5 PE MKT5.1 Biolegend 333

CD71 BUV805 L01.1 BD 100

CXCR4 BUV737 12G5 BD 3333

CD172 BV750 SE5A5 BD 333

CD11C BUV661 B-ly6 BD 333

CD1C BV605 F10/21A3 BD 333

CD26 BV480 L272 BD 100

Zombie NIR - BIolegend 2500
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plugin (FlowJo Exchange) and concatenated into a single data file. UMAP was generated

using the UMAP plugin (FlowJo Exchange) and cluster analysis was performed using the

FlowSOM plugin (FlowJo Exchange). The resulting FlowSOM clusters were projected onto

UMAP for visualization and cellular frequencies exported using FlowJo functions.

For more multidimensional analysis and regression analysis, compensated channel values

of specific cell populations from every sample were exported in csv format and analyzed

using R. Principal component analysis (PCA) of flow cytometry data was performed using

the prcomp function in R 4.1.2. PCA was performed separately for each experimental batch,

and the statistical analysis of the median fluorescence intensity (MFI) of each parameter

was performed with samples from all batches together. The batch effect was corrected

by including batch terms when performing statistical tests using generalized linear models.

R packges ‘dplyr’ and ‘tidyverse’ were used for data-wrangling, and ‘ggplot2’, ‘ggpubr’,

‘ggrepel’ and ‘introdataviz’ were used for generating graphs. For heatmap visualization,

population frequencies were z-scored, separately in each experimental batch, using the scale

function in R. The z-scored cellular frequencies from every batch was combined, and a

heatmap was generated using the ‘ComplexHeatmap’ package in R.

2.2.5 Immunofluorescence staining of lung sections

Freshly frozen tissue blocks were cut into 8µm-thin slices to prepare serial tissue slides.

Tissue sections were fixed with 4% PFA for 10 min, permeabilized with 0.1% NP-40 for

10 min, quenched with freshly made 0.1mg/ml NaBH4 for 5 min, and blocked with 10%

normal donkey serum and Human TrueStain FcX (1:200, Biolegend 422302) for 30 min.

Tissues were stained with primary antibodies for overnight at 4◦C using rabbit anti-human

ABLIM1 (1:200, Proteintech 15129-1-AP) and mouse anti-human cytokeratin 17 (1:100,

Invitrogen MA 1-06325) diluted in PBS with 5% normal donkey serum. Tissues were washed

and stained with the secondary antibodies: Alexa Fluor 647-donkey anti-rabbit (1:1000,
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Invitrogen A31573) and Alexa Fluor 568-donkey anti-mouse (1:1000, Invitrogen A10037),

in PBS with 5% normal donkey serum for 1 hour at room temperature. After washing,

the sections were blocked with 10% mouse serum for 30 min, and then stained using a

directly conjugated Alexa Fluor 488-anti-alpha-smooth muscle actin monoclonal antibody

(1:250, Invitrogen 53-9760-82) for 2 hours at room temperature. The slides were washed

and nuclear stained with Hoechst 33342 (1:1000, Invitrogen H3570) for 30 min. Finally, the

slides were mounted with ProLong Gold Antifade Mountant (Invitrogen P36934) and cured

for 24 hours at room temperature. For every sample, an adjacent section was stained with

only secondary antibodies as a control. Slides were imaged by the University of Chicago

Integrated Light Microscopy Core. Olympus VS200 Slideview Research Slide Scanner with

a 40X objective was used to capture images. The images were analyzed using QuPath

(https://qupath.github.io/) (Bankhead et al., 2017) and ImageJ (https://imagej.nih.gov/ij/)

(Schneider et al., 2012).

2.2.6 Phage Immunoprecipitation-sequencing

Phage Immunoprecipitation-sequencing (PhIP-seq) was performed as previously described

to screen circulating patient antibodies against approximately 700,000 different linear

peptide segments, each at 49 amino acid length, spanning the entire human proteome

(Vazquez et al., 2020b; O’Donovan et al., 2020; Larman et al., 2011b). Plasma or serum

samples of ILD patients, rheumatoid arthritis patients, and individuals with no lung

disease were aliquoted into 96-well plates and shipped on dry ice to the laboratory of Dr.

Joseph DeRisi at UCSF, where PhIP-seq was performed. Another cohort of ILD sera (from

the laboratory of Dr. Anthony Shum, UCSF) were sequenced and analyzed simultaneously.

Briefly, the plasma/sera were incubated with phage library, and the phages recognized by

plasma antibodies were immunoprecipitated using protein A/G beads, PCR amplified, and

next-generation sequenced. For negative control for immunoprecipitation, phages were
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mock immunoprocipitated using only protein A/G beads and included for sequencing.

Non-diseased control sera included in the screening were sourced from New York blood

bank and were provided by the laboratory of Dr. Joseph DeRisi. From the next-generation

sequencing of immunoprecipitated phage genes, only sequencing reads with >100,000

counts were included in the downstream analysis. Patient antibody-bound peptide

sequence counts were quantified as fold change (FC) over mock immunoprecipitated (A/G

beads only, no serum) sequence counts. At this level to control for noise, we only

considered sequences with greater than 10 FC over beads only controls. Next, to

distinguish disease-relevant antigens, we normalized the FC values against the mean FC

value of non-diseased controls for each given peptide sequence as z-scores. We used a

z-score threshold at >50 to identify antigens that are strongly enriched in ILD patients

over non-diseased controls. Finally, peptide sequences were aligned to genes, and antigenic

genes that are positive in at least 2 ILD individuals but none in non-diseased controls were

defined as shared ILD antigens.

2.2.7 Radioligand binding assay

The following cDNA sequences were selected for cloning: ABLIM1 isoform j

(NM_001322888), CDHR5 isoform X2 (XM_011520188), and GIMAP1 (NM_130759),

based on results of blasting all epitope sequences identified from PhIP-seq against all

known splicing isoforms for each antigenic gene. Full length cDNA sequences led by the

Kozak sequence (GCCACC) were cloned into pTNT vector (Promega L5610), and the

constructs were validated using Sanger sequencing. Using the rabbit reticulocyte lysate

system (Promega TNT Quick Coupled Transcription/Translation System), proteins were

translated under the control of T7 promoter with 35S labels in vitro. Proteins were purified

by passing through Nap-5 column (GE 17-0853-01) and quantified using the MicroBeta

Trilux liquid scintillation counter (PerkinElmer). Translation of the full length proteins
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were confirmed based on size after running on SDS-PAGE gels.

To quantify binding of patient antibodies to radiolabeled protein antigens, 5µL of

plasma or serum samples were incubated with 5,000 – 20,000 counts of proteins for

overnight. On the next day, the antibody complex was immunoprecipitated using protein

A/G agarose beads at 4:1 A to G ratio (GE Healthcare) on 96-well plates with PVDF filter

membrane. After washing the plate for 4 times using a vacuum apparatus and air drying

for 30 min, the ionizing radiation from immunoprecipitated antibody-ligand complex was

quantified using the scintillation counter. Every plate included A/G beads only negative

controls and commercial antibody positive controls in triplicates. Commercial antibodies

used as positive controls are anti-CDHR5 (Invitrogen PA5-89483), anti-GIMAP1 (Novus

Biologicals, NBP159488), and anti-ABLIM1 (Novus Biologicals NBP198472).

The antibody index for each antigen for each plasma sample was calculated using the

following formula.

Antibody Index =
sample value − mean negative control

mean positive control − mean negative control

A samples was considered positive for having autoantibodies against an antigen if the

antibody index was at 3 standard deviations above the mean antibody index of

non-diseased controls for a given antigen.

2.2.8 Statistics

Statistical comparisons of specific cellular frequencies between disease groups and controls

were achieved by non parametric Mann Whitney Wilcoxon Test and also by one-way ANOVA

where there were three groups.

To test associations between having an ILD and immune protein expressions (MFI from

flow cytometry data), a binomial logistic regression analysis was performed for each flow
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parameter using the glm() function in R, where:

disease state = β0 + β1 ∗ MFI + β2 ∗ batch

Likelihood ratio test (LRT) for β1 was performed to test the significance of MFI of each flow

parameter, and p-values were adjusted using Benjamini-Hochberg (BH) method using the

p.adjust() function in R.

To test relationships between having an ILD and the enrichment of immune cell

populations in LLN , a generalized linear model for each population was built with a

Gaussian distribution, where:

ln(
cell frequency

1− cell frequency
) = β0 + β1 ∗ disease state + β2 ∗ batch

The p-value for β1 was calculated by LRT and adjusted for multiple testing by BH method.

To test whether the enrichment of germinal center B cells in LLN is associated with

changes in pulmonary function over time, a mixed effects model was built using STATA

(StataCorp, College Station, TX). The status of germinal center B cell enrichment in each

patient was converted into a binary response (GCB status: yes or no) using a cutoff of 1% of

live cells in LLN. Longitudinally collected forced vital capacity (FVC) from ILD patients was

used as a pulmonary function measurement. The amount of time between each pulmonary

function test was calculated in years and included in the model, where:

E[FVC|GCB status, year] = β0 + β1 ∗ GCB status + β2 ∗ year + β3 ∗ GCB status * year

The coefficient and p-value for the interaction term between GCB status and year were

reported to determine how much FVC change per year differs between GCB-positive and

GCB-negative patients.
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Simple linear regressions were performed to test relationships between the antibody index

against ABLIM1 and immune cell proportions in LLN. The Goodness of fit (R-squared value)

and p-value were obtained using GraphPad Prism (GraphPad Softwares, San Diego, CA).
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CHAPTER 3

RESULTS

3.1 Antigenic responses are hallmarks of fibrotic interstitial lung

diseases independent of underlying etiologies

3.1.1 Abstract

Interstitial lung diseases (ILD) are heterogeneous conditions that lead to progressive

fibrosis, which can result in death. Despite diversity in clinical manifestations, enlargement

of lung-associated lymph nodes (LLN) in all fibrotic ILD patients predicts worse survival.

Herein, we revealed a common adaptive immune landscape in LLNs of all ILD patients

including idiopathic pulmonary fibrosis (IPF), characterized by highly activated germinal

centers and antigen-activated T cells. T regulatory cells (Tregs) expanded in ILD LLN and

had an aberrant phenotype similar to phenotypes seen in some autoimmune diseases.

Proteome-wide screening, using phage immunoprecipitation sequencing, identified

reactivity to 17 novel auto-antigens in ILD patients’ sera. Autoantibody response to

ABLIM1, an actin-binding protein highly expressed in aberrant basaloid cells of fibrotic

lungs, correlated with LLN frequencies of T follicular helper cells and Tregs in ILD

patients. Together, we demonstrate that end-stage ILD patients have converging adaptive

immune mechanisms that may contribute to the disease.

3.1.2 Introduction

Fibrotic interstitial lung disease (ILD) is a heterogeneous group of conditions characterized

by inflammation and scarring of the lung parenchyma. Current diagnosis and treatment

strategies for ILD subtypes are largely based on the underlying etiology. The most

common type of ILD is idiopathic pulmonary fibrosis (IPF). IPF is diagnosed based on the
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presence of a specific radiologic pattern, usual interstitial pneumonia, in the absence of an

identifiable underlying cause (Raghu et al., 2022). In addition to IPF, several other ILDs

including hypersensitivity pneumonitis (HP) and connective tissue disease ILD (CTD-ILD)

can also progress to pulmonary fibrosis (Kern et al., 2015; Yusen et al., 2014). HP is clearly

driven by inflammatory responses against inhaled environmental antigens, such as molds

and bird droppings (Raghu et al., 2020). However, other pulmonary fibrosis patients have

either underlying CTD-ILD (Vij and Strek, 2013) or features of autoimmunity, including

serum autoantibodies, without meeting the full diagnostic criteria for an autoimmune

disease (Ghang et al., 2019; Oldham et al., 2016). Immunosuppressants are commonly used

to improve symptoms and disease progression in HP and other immune-associated ILD

patients. In contrast, broadly suppressing the immune system in IPF patients has been

ineffective at improving patient outcomes, and instead increased the risk for hospitalization

and death (Idiopathic Pulmonary Fibrosis Clinical Research et al., 2012). As a result, the

prevailing mechanistic paradigm is that IPF is driven by epithelial dysfunction, while HP

and CTD-ILD are proposed to be driven by immune mechanisms (Wolters et al., 2018).

While the immune system may not be the primary driver of IPF, there is growing evidence

of abnormal immune activation in fibrotic ILDs. For example, many immune-associated

receptors and ligands have been identified as biomarkers for IPF (DePianto et al., 2015;

Herazo-Maya et al., 2013; Parra et al., 2007; Vuga et al., 2014), and activated T cells and B

cells in IPF patient lungs correlate with patient survival (Marchal-Somme et al., 2006; Todd

et al., 2013). Furthermore, the enlargement of lung-draining lymph nodes (LLN) is prevalent

and predicts survival outcomes in all ILD patients, including IPF (Adegunsoye et al., 2019).

As lymph nodes are structures where adaptive immune cells are recruited and proliferated in

response to antigens from the tissues, the association between LLN size and patient survival

suggest that the adaptive immune response could contribute to the pathophysiology of IPF.

This idea is supported by findings that compared to healthy controls, IPF patients have
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higher levels of circulating autoantibodies (Heukels et al., 2019) that are reactive to various

proteins in cellular extracts (Feghali-Bostwick et al., 2007). While efforts at characterizing

patients with autoantibodies and no defined CTD-ILD are ongoing (Fischer et al., 2015),

the extent of autoantibody specificities and their functional implications in fibrotic ILD are

incompletely understood. Thus, determining specific immune pathways that impact disease

progression and the antigenic specificity of the response are critical for developing mechanistic

understanding of pathology and effective therapeutic strategies for IPF and other fibrotic

ILD.

To understand the complexity of immune responses in fibrotic ILD, we investigated

phenotypes of adaptive immune cells in LLNs isolated from explanted lungs of end-stage

ILD patients and age-matched controls. We hypothesized that the immune response in IPF

LLNs is distinct from immune-mediated ILD patients and that there are autoantigen

responses driving immune activation. To test this hypothesis, we first investigated cellular

composition and phenotypes of LLN cells by flow cytometry. Strong immune activation

profiles that are consistent with antigen-stimulation of T cells and germinal centers (GC)

were identified across all ILD LLN, including IPF. Furthermore, Tregs were elevated and

had unique phenotypes in ILD LLNs compared to controls, suggesting that failure to

control antigen responses in ILD is potentially due to Treg dysregulation. To identify

antigens that drive immune activation in ILD, we employed a human peptidome phage

library to screen patients’ serum antibodies against autoantigens. We discovered 17 novel

autoantigens that are shared among ILD patients regardless of subtypes. Strikingly, many

ILD patients have circulating antibodies against ABLIM1, an actin-binding protein that is

specifically upregulated in structural cells of the fibrotic lungs, suggesting a common

antigenic stimulation in fibrotic ILD patients. Thus, we demonstrate that all ILD patients’

enlarged lymph nodes contained evidence of antigen-induced activation that was

dysregulated, and we identified a novel autoantigen that could be a part of common
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immunopathology in pulmonary fibrosis.

3.1.3 Results

Distinct T cell and B cell landscapes in fibrotic ILD lung lymph

nodes compared to age-matched controls

To investigate the enlarged lung lymph nodes in ILD patients, we conducted

comprehensive profiling of adaptive immune cells in biobanked LLN from end-stage fibrotic

ILD patients and organ donors who were free of known lung disease. For this study, groups

were matched for age (median ages of 63 and 60) and sex (72% and 67% male) for ILD and

controls, respectively (Table 3.1). ILD subtype was determined via multidisciplinary

diagnosis using ATS/ERS criteria (Fischer et al., 2015; Raghu et al., 2018, 2020).

Idiopathic pulmonary fibrosis (IPF: n=30) was most prevalent in our study cohort,

followed by interstitial pneumonia with autoimmune features (IPAF: n=7), connective

tissue disease-associated ILD (CTD-ILD: n=5), hypersensitivity pneumonitis (HP: n=4),

and other ILDs (n=4). In the CTD-ILD group, 3 patients had rheumatoid arthritis (RA),

1 patient had anti-synthetase syndrome, and 1 patient had anti-neutrophil cytoplasmic

antibody-associated ILD. The other ILD group included patients with short telomeres,

pleuroparenchymal fibroelastosis, and unclassifiable ILD.

We designed two antibody panels for spectral flow cytometry to investigate

compositions and phenotypes of T cells and B cells. Due to the large number of samples,

the flow cytometry was performed in 4 batches on different days. Batches 1-3 consisted of

ILD samples with age matched controls, and batch 4 consisted of ILD samples only (IPF

and HP). We found that ILD patients and control donors had similar levels of total T cell

enrichment in their LLN (Figure 3.1a,b). However, principal component analysis (PCA)

using 19 T cell markers revealed a clear separation between ILD and control groups,
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Table 3.1: Demographics of the explanted LLN flow study cohort

Control (n=36)ILD (n=50)

24 (67%)36 (72%)MaleSex, n (%)

12 (33%)14 (28%)Female

60 (44 – 76)63 (43 – 72)Age, median (range)

8 (22%)6 (12%)African AmericanRace, n (%)

2 (4%)Asian

26 (72%)36 (72%)Caucasian

2 (6%)1 (2%)Hispanic

1 (2%)Other

4 (8%)Unknown

30 (60%)IPFDiagnosis, n (%)

7 (14%)IPAF

5 (10%)CTD-ILD

4 (8%)HP

4 (8%)Other ILD

consistently across batches (Figure 3.1c-e). To investigate which markers are associated

with the distinct T cell phenotypes, we performed logistic regression analyses across all

samples, with adjustments for batch effects, and found that expression of 11 markers were

significantly different between ILD and control groups (Figure 3.1f, Figure 3.2a).

Interestingly, a costimulatory molecule CD154 (CD40L), and a regulatory T cell (Treg)

marker FOXP3, were among the most significantly associated and highly expressed

markers in ILD patient T cells. Other markers that are associated with activation

(HLA-DR and ICOS) and Th2-lineage determining transcription factor GATA3 were also

upregulated in ILD T cells. In contrast, significantly lower CCR7 expression in ILD LLN T

cells suggested that these T cells are poised to exit lymph nodes traffic to the lungs.

Expressions of cytokine receptors, CD25 (IL-2R) and CD127 (IL-7R), were also
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downregulated in ILD T cells. To visualize protein expression patterns at the cellular level,

we performed a uniform manifold approximation and projection (UMAP) with T cells from

batch 1 (Figure 3.2b,c). We found that CD154 and FOXP3 were not co-expressed, while

FOXP3-high cells also expressed CD25, ICOS, HLA-DR, and CD137 (Figure 3.2c).

Furthermore, some ICOS-positive cells co-expressed PD1 and BCL6, which are consistent

with the follicular helper T cell (Tfh) phenotype. Overall, these data suggest that T cells

in ILD LLNs have unique phenotypes compared to controls.

Similar to T cells, there was no significant difference in the frequency of total B cells in

the LLN between ILD and controls (Figure 3.1g,h). PCA analysis of B cells based on 12

parameters demonstrated that distinct B cell phenotypes exist in ILD LLNs compared to

controls (Figure 3.1i-k). Based on regression models, we found 5 B cell markers are

significantly associated with ILD (Figure 3.1l, Figure 3.2d). Expression of CXCR4 was

the most significant association and also was the only marker downregulated in ILD

patients. Other markers upregulated in ILD patients included HLA-DR, CD10, IgD, and

CD1c. UMAP analysis of the B cells revealed differential islands of cells between the two

groups (Figure 3.2e,f). CD10 expression was confined to one region where there was high

expression for CD38, which is known to be highly expressed on germinal center (GC) B

cells and plasma cells in LN (Figure 3.2f). These data indicate that B cells also have

distinct phenotypes in ILD patients compared to controls.

Effector T cells and Tregs display activated phenotypes in fibrotic

ILD LLN

To interrogate which T cell subsets are driving the ILD phenotype, we analyzed CD4 and

CD8 T cells separately. We found no difference in frequencies of total CD4 T cells (Figure

3.3a) and CD8 T cells (Figure 3.3b), but interestingly there was a significantly higher ratio of

CD4 T cells to CD8 T cells (Figure 3.3c). The expression of several markers including HLA-
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Figure 3.1: Distinct T cell and B cell landscapes in LLNs from ILD patients
compared with matched controls. a. Representative flow cytometry gating for the total
T cells in LLNs. Cells were pre-gated on live cells. b. Frequencies of T cells in live cells in
control vs ILD LLNs. Statistical significance was tested by the Wilcoxon rank sum test. c-e.
PCA of total T cells based on fluorescence intensities of 19 parameters: CD154, FOXP3,
HLA-DR, CCR7, CD25, ICOS, CD127, GATA3, Vα7.2, PBS-57 loaded CD1d tetramer,
CD4, CD8, Vδ, PD1, RORγt, BCL6, CD38, CD45RA and CD137. An analysis was run
with 10,000 cells, 8,000 cells, and 10,000 cells for batch1, batch2, and batch 3, respectively.
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Figure 3.1: continued. f. Box plots comparing the median fluorescence intensity of individual
T cell markers between ILD and controls, based on all samples in batches 1-3. Fold change
was calculated relative to the mean values of control samples, separately for each batch.
Parameters that are significantly associated with ILD based on a likelihood-ratio test on each
logistic regression coefficient are shown. Non-significant parameters are shown in Figure 3.2.
P-values were adjusted by Benjamini-Hochberg correction. g. Representative flow cytometry
gating for B cells in LLNs. Cells were pre-gated on live cells. h. Frequencies of B cells in
live cells in control vs ILD LLNs. Statistical significance was tested by the Wilcoxon rank
sum test. i-k. PCA of B cells based on fluorescence intensities of 12 parameters: CXCR4,
HLA-DR, CD10, IgD, CD1c, CD44, CD138, CD11C, CD24, CD27, CD38, IgM. An analysis
was run with 10,000 cells for each batch, separately. l. Box plots comparing the median
fluorescence intensity of individual B cell markers between ILD and controls, based on all
samples in batches 1-3. Calculations of fold changes and adjusted p-values were done as
described above (f). P<0.05 (*), P<0.01 (**), P<0.001 (***), P<0.0001 (****).

DR on CD8 T cells were associated with ILD (Figure 3.3d-h). For CD4 T cells, we analyzed

CD4 T conventional cells (Tcon) (Figure 3.4a-f) and Tregs (Figure 3.4g-l) separately since

these two populations play opposite roles in immune response. Interestingly, PCA of CD4

Tcon cell phenotypes distinguished ILD patients from controls (Fig 2c-e), and ILD patients

showed higher expression of activation markers CD154, HLA-DR, and ICOS on Tcon cells

(Figure 3.4f, Figure 3.3i). Unlike Tcon and CD8 T cell populations in LLN, Treg proportions

were elevated in ILD LLNs compared to controls (Figure 3.4g,h). As recent studies showed

that Tregs can express a variety of effector transcription factors and activation markers

that identify their function, we performed PCA and found that Tregs from the LLN of ILD

patients have phenotypes that are distinct from control LLNs (Figure 3.4i-k). Intriguingly,

expression of 7 markers were associated with ILD, five of which are activation markers such

as PD1, HLA-DR, CD137, ICOS and CD154 (Figure 3.4l, Figure 3.3j). Surprisingly, CD25

was the most significantly associated with ILD and was downregulated in ILD patients’ LLN

compared to controls. These findings indicate that effector T cells and Tregs accumulate in

ILD LLNs at end-stage disease, have distinct phenotypes, and therefore may have different

functional roles compared to non-diseased organ donors.
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Figure 3.2: Expression of T cell and B cell markers in explanted LLNs from ILD
patients and controls.
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Figure 3.2: continued. a. Box plots comparing the median fluorescence intensity of individual
T cell markers between ILD and controls, based on all samples in batches 1-3. Fold change
was calculated relative to the mean values of control samples, separately for each batch.
b. Representative UMAP of T cells. Each group (control vs ILD) contains 130,000 T cells
concatenated from 13 individuals (10,000 cells per individual) in batch 1. c. Fluorescence
intensity of each T cell parameter overlayed on the UMAP plot. d. Box plots comparing the
median fluorescence intensity of individual B cell markers between ILD and controls, based
on all samples in batches 1-3. Fold change was calculated relative to the mean values of
control samples, separately for each batch. e. Representative UMAP of B cells. Each group
(control vs ILD) contains 130,000 B cells concatenated from 13 individuals (10,000 cells per
individual) in batch 1. f. Fluorescence intensity of each B cell parameter overlayed on the
UMAP plot.

Adaptive immune activation signatures define the ILD lymph node

landscape

Using conventional flow cytometry gating, we identified and quantified a total of 39 unique T

cell and B cell populations in LLNs (Figure 3.5, Figure 3.6). Hierarchical clustering based on

frequencies of individual immune cell populations demonstrated that almost all ILD samples

are clustered away from controls, suggesting specific immune cells are correlated with ILD

(Figure 3.7). Statistical comparisons of cellular abundance between ILD and control LLNs

determined that 25 cell populations were differentially enriched between the two groups

(Figure 3.8a). Immune populations upregulated in ILD LLNs with greatest significance

were Tcon cells expressing co-stimulatory molecules CD154, ICOS, and PD1. Consistent

with immune activation, T cells with effector and memory phenotypes were more abundant

in ILD LLNs. Furthermore, robust enrichment of Tfh cells, follicular regulatory T cells

(Tfr), and GC B cells indicate activated germinal center response in ILD LLN. Also, Tregs

and CD25low subset of Tregs were highly enriched in ILD LLN. Only 4 populations were

downregulated in ILD LLNs, and these include central memory CD4 T cells, naïve CD8 T

cells, switched memory B cells and Th2 cells. These data suggest that expansion of effector

memory T cell proportions was at the expense of central memory and naïve T cells, and
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Figure 3.3: T cell subpopulations in LLNs from ILD patients compared with
matched controls.
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Figure 3.3: continued. a. Comparison of CD4 T cell frequencies between control and
ILD LLNs. b. Comparison of CD8 T cell frequencies between control and ILD LLNs. c.
Comparison of CD4 to CD8 T cell ratio between control and ILD LLNs. d-f. PCA of
CD8 T cells based on fluorescence intensities of 15 parameters: CD154, HLA-DR, CCR7,
CD25, ICOS, CD127, GATA3, Vα7.2, PBS-57 loaded CD1d tetramer, Vδ, PD1, RORγt,
CD38, CD45RA and CD137. An analysis was run with 1,600 cells, 669 cells, and 1,100
cells for batch1, batch2, and batch 3, respectively. g-h Box plots comparing the median
fluorescence intensity of individual CD8 T cell markers between ILD and controls, based
on all samples in batches 1-3. i. Box plots comparing the median fluorescence intensity of
individual Tcon markers between ILD and controls, based on all samples in batches 1-3. j.
Box plots comparing the median fluorescence intensity of individual Treg markers between
ILD and controls, based on all samples in batches 1-3. For all split violin plots, fold change
was calculated relative to the mean values of control samples, separately for each batch.
Parameters that are significantly associated with ILD based on a likelihood-ratio test on
each logistic regression coefficient are shown. P-values were adjusted by Benjamini-Hochberg
correction.

such phenomenon can support a hypothesis that there are ongoing immune responses in the

lymph nodes of ILD patients.

T cell phenotypes are associated with clinical phenotypes

Given that the enlargement of LLNs at diagnosis is correlated with survival outcomes

(Adegunsoye et al., 2019), we next investigated whether the presence of lymphadenopathy

at the time of diagnosis was associated with accumulation of any specific adaptive immune

cell types in LLNs at end-stage disease. Surprisingly, we found that naïve T cells, both

CD4 and CD8 cells, are more abundant in LLNs of ILD patients who presented at

diagnosis with lymphadenopathy compared to patients who did not have enlarged lymph

nodes (Figure 3.8b,c). Increase in naïve T cells in enlarged LLN were accompanied by a

decrease in PD1 expression on T cells, which is a marker of activation and exhaustion

(McLane et al., 2019) (Figure 3.8d,e). Furthermore, another activation phenotype, which

is the co-expression of HLA-DR and CD38, was lower in ILD patients who presented with

lymphadenopathy compared to patients who did not have enlarged lymph nodes (Figure
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Figure 3.4: ILD patients have elevated Treg with unique phenotypes compared
to controls. a. Representative flow cytometry gating for Tcon cells in LLNs. Cells were
pre-gated on live, CD3+, CD4+ cells. b. Frequencies of Tcon cells in live cells in control
vs ILD LLNs. Statistical significance was tested by the Wilcoxon rank sum test. c-e. PCA
of Tcon cells based on fluorescence intensities of 16 parameters: CD154, CD25, CD127,
HLA-DR, CCR7, ICOS, GATA3, PBS-57 loaded CD1d tetramer, Vα7.2, RORγt, BCL6,
PD1, CD137, CD38, CD45RA, Vδ. An analysis was run with 10,000 cells, 2,300 cells, and
10,000 cells for batch1, batch2, and batch 3, respectively. f. Split violin plots comparing the
median fluorescence intensity of individual Tcon markers between ILD and control, based
on all samples in batches 1-3. Fold change was calculated relative to the mean values of
control samples, separately for each batch. Parameters that are significantly associated
with ILD based on a likelihood-ratio test on each logistic regression coefficient are shown.
Non-significant parameters are shown in Figure 3.3. P-values were adjusted by Benjamini-
Hochberg correction.
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Figure 3.4: continued. g. Representative flow cytometry gating for Treg cells in LLNs. Cells
were pre-gated on live, CD3+, CD4+ cells. h. Frequencies of Treg cells in live cells in control
vs ILD LLNs. Statistical significance was tested by the Wilcoxon rank sum test. i-k. PCA
of Treg cells based on fluorescence intensities of 12 parameters: CD25, CD154, HLA-DR,
CCR7, ICOS, GATA3, RORγt, BCL6, PD1, CD137, CD38, CD45RA. An analysis was run
with 1,000 cells, 269 cells, and 1,300 cells for batch1, batch2, and batch 3, respectively. l.
Split violin plots comparing the median fluorescence intensity of individual Treg markers
between ILD and controls, based on all samples in batches 1-3. Calculations of fold changes
and adjusted p-values were done as described above (f). P<0.05 (*), P<0.01 (**), P<0.001
(***), P<0.0001 (****).

3.8f). Thus, our data show that patients who had LLN enlargement at the time of

diagnosis accumulate more naïve T cells and less PD-1 expressing T cells in their LLNs by

the end-stage of the disease.

As the frequency and etiology of hospitalizations are linked with survival in fibrosing ILD

(Salonen et al., 2020), we tested whether ILD patients with history of hospitalization due to

respiratory causes have different LLN immune profiles than other ILD patients. ILD patients

with at least one hospitalization had significantly decreased Tγδ cells and ICOS+ CD4 T

cells compared to ILD patients who had never been hospitalized (Figure 3.8g-i). These data

suggest that Tγδ cell recruitment and ICOS+ CD4 T cells may be protective of respiratory

health, which is consistent with our previous studies that established a protective role for

ICOS during lung injury in mice (Hrusch et al., 2018), and an association of ICOS expression

on circulating CD4 T cells with patient respiratory function and survival (Bonham et al.,

2019).

IPF and immune-associated ILD patients’ LLN T cells are similarly

activated and expanded

The etiology of HP is known to be due to environmental exposures that induce immune

responses, and CTD-ILD and IPAF are caused by, or associated with, autoimmune

mechanisms. Therefore, the involvement of the LLNs in these immune-associated ILDs
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Figure 3.5: Gating strategies for T cell populations.
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Figure 3.6: Gating strategies for B cell populations.

(immune-ILD) is not surprising. However, whether IPF specifically is associated with a

dysregulated immune response, and whether the immune system plays any role in IPF

etiology or pathology remains controversial. To test the hypothesis that IPF patients’

LLNs have different immunophenotypes than immune-ILD patients, we compared different

T cell population frequencies between IPF and immune-ILD groups, as well as donor

controls. Surprisingly, CD4 T cells in both IPF and immune-ILD LLNs significantly

upregulated CD154 compared control LLNs (Figure 3.9a,b). Similarly, CD137 was

upregulated on CD8 T cells (Figure 3.9c,d) and Tregs (Figure 3.9e,f) of both ILD groups

compared to non-diseased control LLN. CD154 and CD137 are known to be upregulated in

response to recent antigen stimulation of T cell receptors (Frentsch et al., 2005; Wolfl et al.,

2007). Thus, both CD4 and CD8 T cells in the IPF LLNs were activated similarly to the

immune-ILD group, suggesting that T cell activation may be down-stream of

antigen-specific responses.

We found that the majority of Tregs in ILD patients, both IPF and immune-ILD, have

low expression of CD25 (Figure 3.9g,h). Low CD25 expression is a phenotype of T follicular

regulatory cells (Tfr), which can inhibit low affinity interactions between Tfh and GC B cells
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49



g ih

c

fe

b

d

a

0.3

0.6

0.9

1.2

no yes
hospitalization

%
 T

γδ
 c

el
ls

 o
f l

iv
e *

10

20

30

40

50

no yes
hospitalization

%
 IC

O
S

+  o
f C

D
4

**

0

5

10

15

20

25

no yes
hospitalization

%
 IC

O
S

+  P
D

1+  o
f C

D
4 *

0

20

40

60

80

no yes
Adenopathy

%
 N

ai
ve

 c
el

ls
 o

f C
D

8 **

0

20

40

no yes
Adenopathy

%
 P

D
1+  o

f C
D

8

*

0

10

20

30

no yes
Adenopathy

%
 D

R
+ C

D
38

+  o
f C

D
8

*

10

20

30

40

50

no yes
Adenopathy

%
 N

ai
ve

 c
el

ls
 o

f C
D

4 *

10

20

30

40

50

no yes
Adenopathy

%
 P

D
1+  o

f C
D

4

*

group

IPF
IPAF
CTD−ILD
otherILD
HP

−2

0

2
control ILD

Population Q-value
CD154+ of Tcon 1.8E-22
ICOS+ PD1+ of Tcon 1.7E-15
ICOS+ of Tcon 5.4E-15
Tfr of live 1.2E-14
ICOS+ of CD8 3.8E-12
CD137+ of Treg 2.0E-11
CD25low of Treg 1.3E-10
CD137+ of CD8 6.2E-10
Tfh of live 7.8E-10
GC of B cells 3.5E-08
TEMRA of Tcon 7.4E-08
CD10+ of GC 1.2E-06
EM of Tcon 1.8E-06
DR+ CD38+ of Tcon 3.0E-06
ICOS+ of Treg 3.3E-04
Treg of live 4.6E-04
EM of CD8 1.4E-03
DR+ CD38+ of CD8 6.5E-03
PD1+ of Tcon 1.0E-02
Tγδ of live 2.0E-02
PD1+ of CD8 2.8E-02
CM of Tcon 2.5E-05
Naive of CD8 2.4E-03
Switched memory of B 4.1E-03
Th2 of live 6.5E-03
IgD-CD27- of B 5.5E-02
TEMRA of CD8 1.3E-01
Naive of B 5.4E-01
Plasmablast of B 1.0
preGC of B 1.0
USW memory of B 1.0
CM of CD8 1.0
Tcon of live 1.0
CD4 of live 1.0
B cells of live 1.0
CD8 of live 1.0
Naive of Tcon 1.0
NKT of live 1.0
Vα7.2+ cells of live 1.0

z-scored
frequencies of
populations

Figure 3.8: Cells in LLNs of ILD patients have significant adaptive immune
activation signatures, some of which are associated with patients’ clinical history.
a. Heatmap visualizing batch-normalized z-scores of populational frequencies ranked in
the order of statistical significance in difference between ILD and control. A total of 39
populations were quantified by flow cytometry using gating strategies shown in Figure 3.5,
Figure 3.6. An associated with ILD was tested for each cellular population by a likelihood-
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are significantly different between ILD patients who had lymphadenopathy (yes) and ILD
patients who did not have lymphadenopathy (no) based on chest CT scans obtained at
diagnosis. g-i. Quantifications of immune cell populations that are significantly different
between ILD patients who had history of hospitalization due to respiratory cause (yes) and
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Figure 3.9: IPF and immune-mediated ILD patients have similar levels of
enrichments for antigen-stimulated T cells and Treg cells in their LLNs. a-b.
Gating strategies and quantification of frequencies of CD4 T cells expressing CD154(CD40L)
in control, immune-associated ILD (Imm-ILD), and IPF LLNs. Imm-ILD group includes
IPAF, CTD-ILD, and HP. c-d. Gating strategies and quantifications of frequencies of CD8
T cells expressing CD137(41BB). e-f. Gating strategies and quantifications of frequencies
of Treg cells expressing CD137. g-h. Histograms and quantifications of median fluorescence
intensity for CD25 on Treg cells. i-j. Gating strategies and quantifications of frequencies of
Treg cells that have follicular regulatory phenotype (CD25low, BCL6+, PD1+). Statistical
differences in each cell subset were tested between each ILD subtypes and control LLN, by
one-way ANOVA followed by Wilcoxon rank sum tests. P<0.05 (*), P<0.01 (**), P<0.001
(***).
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(Linterman et al., 2011) or prevent autoantibody production (Fu et al., 2018). Consistently,

Tfr cells were significantly increased in both IPF and immune-ILD LLNs (Figure 3.9i,j), but

Tfr cells accounted for only a small fraction of total Tregs. Altogether, these data suggest

that enrichments of activated T cells and CD25low Treg cells may be common characteristics

of all end-stage fibrotic ILD regardless of etiology.

Germinal center responses are activated and associated with

respiratory decline in ILD patients

CD154, which is highly upregulated on ILD CD4 T cells, is essential for helping B cells make

antibodies. We investigated whether T and B cells involved in GC response are also expanded

in LLN of all ILD patients. Frequencies of Tfh cells and GC B cells were significantly

increased in both IPF and immune-ILD LLNs compared to control LLNs, reflecting ongoing

GC responses in all ILD patients (Figure 3.10a-d). Surprisingly, IPF patients had the highest

amount of GC B cells, even more so than immune-ILD patients. We further interrogated GC

B cells for the expression of CD10, as it has been used to define human GC B cells in lymph

nodes (Clavarino et al., 2016). We found that CD10-expressing GC B cells are a significant

subset of total B cells in IPF LLNs, compared to both immune-ILD patient and control LLNs

(Figure 3.10e,f). Moreover, histology of IPF LLNs demonstrated the presence of many GC

structures, while in donor control LLN, few GCs were identified (Figure 3.10g,h). Therefore,

aberrant humoral immunity could be an important part of ILD pathology, especially for IPF.

Interestingly, variance in GC B cell enrichment was high among ILD patients. Indeed,

some patients had almost no GC B cells while others had as much as 10% of total B cells

in LLNs. We hypothesized that GC B cells could have functional impact and asked if there

was a relationship between the presence of an active GC response and pulmonary function.

Patients with CD10+ GC B cell accumulation greater than 1% in their LLNs experienced

worse decline in lung function as measured by the overall change in forced vital capacity
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Figure 3.10: Germinal center response is activated and associated with
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of Tfh cells in control, immune-associated ILD (Imm-ILD), and IPF LLNs. c-d. Gating
strategies and frequencies of GC B cells. e-f. Gating strategies and frequencies of CD10+ GC
B cells. g. A representative H&E staining of LLN from end-stage IPF patients demonstrating
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Mixed-effects ML regression                     Number of obs     =        274
Group variable: sampleID                        Number of groups  =         31

                                                Obs per group:
                                                              min =          2
                                                              avg =        8.8
                                                              max =         37

                                                Wald chi2(3)      =      54.83
Log likelihood =  -972.3637                     Prob > chi2       =     0.0000

--------------------------------------------------------------------------------
           fvc |      Coef.   Std. Err.      z    P>|z|     [95% Conf. Interval]
---------------+----------------------------------------------------------------
          year |  -1.453615   .3754472    -3.87   0.000    -2.189479   -.7177524
    GCB_status |   6.396411   5.580307     1.15   0.252     -4.54079    17.33361
      GCB*year |   -1.99864   .6660458    -3.00   0.003    -3.304066   -.6932146
         _cons |   55.72422   3.998668    13.94   0.000     47.88697    63.56146
--------------------------------------------------------------------------------

------------------------------------------------------------------------------
  Random-effects Parameters  |   Estimate   Std. Err.     [95% Conf. Interval]
-----------------------------+------------------------------------------------
mrn: Identity                |
                  var(_cons) |   224.9574   59.48363      133.9751    377.7257
-----------------------------+------------------------------------------------
               var(Residual) |   47.42213   4.303841      39.69441    56.65427
------------------------------------------------------------------------------
LR test vs. linear model: chibar2(01) = 340.84        Prob >= chibar2 = 0.0000

Figure 3.11: Relationship between the lung function changes over time and GC
B cell status in explanted LLNs. Mixed-effects regression modeling with a random
intercept was used to analyze changes in forced vital capacity (FVC) over time (year) by
germinal center B cell status (GCB_status) in explanted LLNs.
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(FVC) over time (Figure 3.10i). The association between CD10+ GC B cells and lung

function was further confirmed using the mixed effects regression model (Figure 3.11). The

GC B cell status and time interaction coefficient suggests that patients with GC B cells

experienced a further decline of FVC at about 2% per year compared to patients who did

not have GC B cells (β -1.999, 95% CI -3.304 – (-0.693), p < 0.003). These data suggest

that antibodies generated from activated GC responses may have negative impact on lung

function in ILD patients.

Proteome-wide screening of circulating antibodies revealed novel

ILD autoantigens

Given the significant activation of adaptive immune cells and GC formation in the majority

of ILD patients, we tested a hypothesis that the lymphocyte activation is driven in part by

endogenous antigens. To elucidate potential auto-antigens, we performed phage

immunoprecipitation sequencing (PhIP-seq) using a library spanning the entire human

proteome (Larman et al., 2011a; O’Donovan et al., 2020; Vazquez et al., 2020a) (Figure

3.11a). We screened serum and plasma samples collected in two medical centers, University

of California San Francisco (UCSF) and University of Chicago, from 398 ILD patients at

various stages of the disease, as well as 138 non-diseased control plasma samples from

blood bank collections (Table 3.2). The most common type of ILD among this study

cohort was IPF (27% of patients), followed by CTD-ILD (17%) and HP (17%). Other ILD

types represented included undifferentiated CTD-ILD (UCTD), sarcoidosis, familial ILD,

and unclassifiable ILD. From screening, we used a stringent threshold (z-score > 50) to

identify antigens that are specific to ILD and not reactive in any control individual. We

identified 17 novel antigens that have not been reported elsewhere in any ILD subtype.

Around 25% (101/398) of all ILD patients had autoantibodies against at least one of the 17

shared ILD antigens (Figure 3.11b,c). Interestingly, each patient was positive for no more
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Table 3.2: Demographics of the serum/plasma PhIP-seq study cohort

Samples (n)Subjects (n)Diagnosis or Group

150138Control (Blood Bank Samples)

4646Non-ILDᵃ

10480Connective Tissue Disease-ILD

8770Hypersensitivity Pneumonitis

136102Idiopathic Pulmonary Fibrosis

1210Interstitial Lung Abnormalityᵇ

9781Otherᶜ

3428Unclassifiable

3827Unknown Connective Tissue Disease ILD

704582Total

Age (mean ± s.d.)Subjects (n)SexSelf-Identified Race/Ethnicity

63.3 ± 11.9137Female
White

67.0 ± 11.6170Male

61.4 ± 11.042Female
Black

53.6 ± 15.18Male

58.5 ± 13.322Female
LatinX¹

66.2 ± 11.114Male

70 ± 11.43Female

Unknown² 68.2 ± 9.85Male

82²9NA

59.4 ± 12.016Female
Asian

68.5 ± 9.813Male

77 ± NA1Female
American Indian

68 ± 02Male

63 ± NA1MaleAmerican Indian/LatinX

63 ± NA1MaleOther Identity3

ᵃNon-ILD group includes patients with rheumatoid arthritis who do not have ILD symptoms (n=15) and
age-matched controls with no known lung disease (n=31 subjects) from University of Chicago.
ᵇInterstitial lung abnormality reflected a diagnosis where underlying lung abnormalities were present
(e.g. broncheictasis or inflammation) though not felt to reflect ILD. ᶜOther reflected a constellation of
diagnoses not otherwise represented on this table and were a heterogeneous group of disorders (e.g.
sarcoidosis, asbestosis etc.) ¹LatinX indicated individuals that did not self identify with race but identified
with ethnicity as Hispanic or Latino at UCSF or Hispanic at University of Chicago. ²Individuals without
known race or ethnicity information were categorized as Unknown. One individual that did not specify
Race/Ethnicity or Sex was documented as being 82 years old. Data on age not available for n=20 other
members of this group. 3One individual identified as other identity without further specification. Data on
race or ethnicity was not available for 138 subjects used as the screening reference group.
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Figure 3.12: Phage-immunoprecipitation sequencing identifies novel and shared
autoantigens for ILD. a. Using the phage library containing 700,000 unique phages,
each displaying 49AA segments across the entire human proteome, a total of 398 ILD
plasma/serum samples from University of Chicago and UCSF medical centers and 138
healthy control samples from the NY Blood Bank were screened. Shared autoantigens
were determined where z-scores calculated relative to healthy control is above 50. Caption
continued on the next page
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Figure 3.12: b-c. Proportions of ILD patients who were seropositive for at least one of
the shared antigens, plotted as percentage (b) and count (c). ILD individuals were grouped
based on subtypes, IPF, HP, CTD-ILD (CTD), undifferentiated CTD-ILD (UCTD; includes
IPAF), sarcoidosis (Sarcoid), and other ILDs. d. Distribution of ILD patients who were
seropositive for shared ILD antigens, ranked in the order of prevalence from top to bottom.
Each column is one of the 101 ILD individuals that tested positive. None of the healthy
controls had positivity against these antigens.
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Figure 3.13: Longitudinal analysis of autoantibody amounts in ILD plasma. a-
o. Autoantibody signals based on PhIP-seq results (RPK: reads per 100k) were compared
between longitudinally paired plasma samples from ILD patients (n=51). Intervals between
the first and later timepoints range between 98 to 2952 days. Paired Wilcoxon p-values are
displayed for each of the 15 ILD antigens.
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than three antigens, and the antigen specificity was heterogeneous with no apparent link to

ILD subtypes (Figure 3.11d). Within the University of Chicago cohort, 51 patients were

sampled more than once. We compared the first and last sample banked for each patient

and found that there was no difference over time (Figure 3.13).

ABLIM1, a widely expressed cytoskeletal protein, is a target for

auto-antibody responses in many ILD patients

We sought to investigate whether newly discovered antigens are expressed in lung tissues of

ILD patients. Using publicly available single cell RNA sequencing data and protein data,

we confirmed that many of the antigenic genes or proteins are detected in lungs, but none

were exclusive to the lungs (not shown). Immunofluorescence staining of explanted IPF

lungs revealed a large area of lungs positive for alpha-smooth muscle actin

(α-SMA)-expressing fibroblasts (Shinde et al., 2017), and the presence of small airway

architectures with strong cytokeratin-17 (KRT-17) expressions, which is consistent with the

recently reported phenotype for dedifferentiated airway basal cells (Jaeger et al., 2022)

(Figure 3.14a). Importantly, staining of IPF lungs showed strong ABLIM1 expression,

which was present throughout the lungs with clear co-localization with KRT-17+ cells

(Figure 3.14b). KRT-17 is a canonical basal cell marker, which becomes upregulated in

fibrotic lungs due to the expression in aberrant basaloid cells. Indeed, interrogation of the

publicly available scRNAseq data demonstrated that ABLIM1 is highly expressed in these

aberrant cells of IPF patients’ lungs (Neumark et al., 2020). Immunofluorescence staining

of control lungs showed a different expression pattern where expression of α-SMA and

KRT-17 were restricted to large airways, but ABLIM1 was still widely expressed (Figure

3.15).

Next, we validated the binding of circulating patient antibodies to the full-length

ABLIM1 protein by radioligand binding assay (RLBA), in the University of Chicago
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Figure 3.14: ABLIM1 is a common ILD autoantigen with high expression in
fibrotic lungs. a. Representative immunofluorescence staining of explanted IPF lungs
for Hoechst, alpha-smooth muscle actin (α-SMA), cytokeratin 17 (KRT-17), and ABLIM1.
Images were taken with an 40x objective, and the scale bar is 100um. b. Close-up view of
a region of IPF lung where there is the co-localization of ABLIM1+ cells and KRT-17+ de-
differentiated airway basal cells. The scale bar is 100um. c. Quantification of plasma/serum
antibody bindings to the full-length, radio labeled ABLIM1 protein. The horizontal line
is placed at three standard deviations above the mean value for healthy controls (HC),
which was used as a cutoff to determine positivity. Samples from rheumatoid arthritis (RA)
patients with no symptoms of lung disease, and type 1 diabetes patients (T1D) were included
as comparison groups, and healthy controls (HC) are samples donated through NY Blood
Bank. d. Comparison of anti-ABLIM1 index among ILD subtypes. e-f. Linear regression
between anti-ABLIM1 index in serum and Tfh cell (d) and Treg cell (e) proportions in ILD
LLNs (n=11; 6 IPF and 5 non-IPF ILD).
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Hoechst α-SMA KRT-17 ABLIM1

Figure 3.15: Immunofluorescence analysis of ABLIM1 in control lungs.
Representative immunofluorescence staining of organ donor control lungs for Hoechst, alpha-
smooth muscle actin (α-SMA), cytokeratin 17 (KRT-17), and ABLIM1. Images were taken
with an 40x objective, and the scale bar is 100µm.

cohort. The majority of ILD patients (142/189), regardless of the disease subtype, tested

positive for having anti-ABLIM1 antibodies in blood plasma (Figure 3.14c,d). To

elucidate a potential immunodominant epitope on ALBIM1, we searched for hotspots

based on multiple sequence alignment of the individually immunoprecipitated phage

sequences. Since all known splicing isoforms were represented in our phage-displayed

library, we used NCBI BLAST and determined that 21 out of 22 immunoprecipitated

phage sequences aligned to either the ABLIM1 isoform a (NP_002304) or isoform j

(NP_001309817) (Figure 3.16). Intriguingly, over 50% of the immunoprecipitated

sequences aligned to a specific region of the isoform j (amino acid position 193 – 217), a

proline-rich portion of the linker domain, suggesting that this could be an

immunodominant epitope in ILD patents. To test whether the anti-ABLIM1 response was

specific for ILD, we included a small cohort of rheumatoid arthritis (RA) patients who had

no symptoms of lung disease (n=15), and type 1 diabetes patients (n=96) (Figure 3.14c).

Interestingly, 80% of RA patients had anti-ABLIM1 autoreactivity, while only 5% of type 1
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diabetes patients tested positive. Thus, we found reactivity in a systemic connective tissue

disease, which often affects the lungs, but not in an organ-specific autoimmune disease.

Figure 3.16: Immunodominant peptide epitopes on ABLIM1. Phage-displayed
library sequences (epitope sequences) that were immunoprecipitated by ILD patient plasma
antibodies were aligned to ABLIM1 isoform a (NP_002304) and isoform j (NP_001309817).
Number of patients that had reactivity to each epitope sequence is indicated on the figure.
Highlighted region indicates the proline-rich region, which is commonly represented in a total
of 12 phage-immunoprecipitated sequencing hits.

Finally, we investigated whether the amount anti-ABLIM1 antibodies in blood correlated

with GC response in LLNs. We had both plasma PhIP-seq and LLN flow cytometry data

from 12 individuals. We measured whether there was a linear relationship between anti-

ABLIM1 index and frequency of each of the cells involved in GC response in LLN. Although

we did not find a correlation between GC B cell proportion in LLN and anti-ABLIM1 in

plasma (p=0.72 and R2=0.013), we discovered a positive linear relationship between Tfh
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cell proportion in LLN and anti-ABLIM1 index that was nearly significant (Figure 3.14e).

Moreover, we tested whether accumulation of anti-ABLIM1 antibody is related to the Treg

cell proportions since these regulatory cells are responsible for suppressing autoantibody

production. Surprisingly, we found a strong correlation between Treg cell proportion in

LLN and anti-ABLIM1 index (Figure 3.14f) suggesting that there may be unproductive

suppression of GC response against ABLIM1 by Treg cells. Overall, antibody responses

against common antigens expressed in fibrotic lungs suggest that these autoantigens may

indeed drive adaptive immune activation that could lead to uncontrolled inflammation in

lungs and lung lymph nodes.

3.1.4 Discussion

Our study provides, for the first time, comprehensive insight of the adaptive immune

landscape in the LLNs of fibrotic ILD patients at the end-stage of disease. ILD patients’

LLNs had increased GC response regardless of their diagnosis. Importantly, IPF patients

had immune responses as robust as patients with immune-associated fibrotic ILD, and even

had significantly more GC B cells, which displayed an association with reduced lung

function. In this active LLN environment, we hypothesized that regulatory responses

would be present at low levels; however, all ILD patients had increased percentages of total

and activated Tregs. As LLN T cells in the ILD patients expressed markers of recent

antigen activation, we investigated whether auto-antigen responses were present in these

patients. We identified serum reactivity to a novel auto-antigen, ABLIM1, and determined

that anti-ABLIM1 responses were associated with LLN frequencies of Tfh and Treg in ILD

patients. Together, these data underscores the significance of prevalent immune responses

in ILD and the potential roles in pathogenesis of disease.

Regardless of clinical subtypes, LLN cells from all ILD patients presented

antigen-stimulated phenotypes characterized by upregulation of co-stimulatory molecules.
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In previous work, we demonstrated that high expression of ICOS on peripheral CD4 T cells

predicted favorable survival outcomes for IPF patients (Bonham et al., 2019). In this

study, we further demonstrate the importance of high ICOS expression on T cells in the

LLNs. ILD patients with history of hospitalization due to respiratory cause had

significantly lower percent of ICOS-expressing CD4 T cells at the end-stage of disease in

LLNs, compared to patients without a history of hospitalization. Thus, ICOS on T cells is

not only predictive of survival but could also be a phenotype relevant for the clinical course

of the disease such as acute exacerbation.

In the presence of active immune responses in the LLN of ILD patients, we

hypothesized there would be lower, if not the same, frequency of Tregs compared to

controls. Surprisingly, we found Tregs were elevated in all ILD patients. A significant

aspect of this finding was distinguishing Tregs as Foxp3+CD127−. While previous studies

on Tregs in IPF use CD25-high expression to designate Tregs, this strategy may have

overlooked CD25low expressing Tregs (Adegunsoye et al., 2016; Galati et al., 2014; Hou

et al., 2017; Kotsianidis et al., 2009). We identified that a subset of CD25low Tregs in ILD

patients are Tfr cells, which regulate B cell responses by maintaining self-tolerance and

downregulating ineffective GC B cell interactions (Fu et al., 2018; Linterman et al., 2011;

Lu and Craft, 2021). However, Tfr responses do not seem sufficient to control auto-reactive

GC B cells since we observed prevalent autoantibody responses in ILD patients.

Interestingly, similar accumulation and clinical significance of CD25low FOXP3+ T cells

have been reported in the context of autoimmune diseases such as systemic lupus

erythematosus (SLE) (Bonelli et al., 2009; El-Maraghy et al., 2018; Zhang et al., 2008),

multiple sclerosis (Fransson et al., 2010), and rheumatoid arthritis (de Paz et al., 2012). It

is possible that Tregs in ILD patients are playing a pro-fibrotic role via ICOS, CD137, or

PD-1 dependent mechanisms. For example, PD-L1 ligation transforms fibroblasts into

myofibroblast (Guo et al., 2022), thus PD-1 expressing Tregs may directly promote PD-L1
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signaling. Thus, the origin(s) and function(s) of CD25low FOXP3+ T cells in ILD remain

to be explored in future studies.

Enrichment of GC B cells in LLNs was associated with respiratory decline in ILD

patients, suggesting a potentially pathogenic role for the humoral immunity in pulmonary

fibrosis. This is consistent with previous studies that showed a negative relationship

between circulating IgA and lung function in IPF patients (Heukels et al., 2019) and the

benefit of B cell and antibody depletions in IPF patients with acute exacerbation (Donahoe

et al., 2015). Furthermore, anti-CD20 therapy using Rituximab has shown to be efficacious

in preserving lung function in autoimmune disease-associated ILD patients (Atienza-Mateo

et al., 2020). Our findings extend the B cell impact on lung function to other subtypes of

ILD and could support potential therapeutic benefit for treating GC B cell-high ILD

patients with B cell-targeted therapies such as rituximab and anti-CD19 CAR T therapy.

The presence of germinal center responses led us to determine whether ILD patients

also had antibody responses. While there may be environmental reactivities in ILD

patients, we focused on auto-antigen reactivities, as there is current literature that many

IPF patients have detectable levels of circulating autoantibodies to various proteins and

cellular extracts. (Feghali-Bostwick et al., 2007; Heukels et al., 2019). Despite IPF not

being considered an autoimmune disease, approximately 35 percent of IPF patients are

seropositive for autoantibodies without meeting the full diagnostic criteria for an

autoimmune disease (Ghang et al., 2019; Oldham et al., 2016). In this study, we

distinguished IPAF from IPF patients, yet still found that some autoantibodies are

common across all ILD including IPF patients without any sign of autoimmune features. In

a recent manuscript (Upadhyay, Yoon, et al. manuscript submitted), we performed the first

PhIP-seq analysis on the serum and plasma of ILD patients and identified reactivity to 17

auto-proteins. We highlighted ABLIM1, a protein highly expressed in aberrant basaloid

cells in fibrotic ILD lungs. Interestingly, we found that there was a break in B cell
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tolerance to ABLIM1 in the majority of our ILD patients, although the impact of this

autoimmune response in disease pathogenesis remains unknown.

ABLIM1, consists of an actin binding headpiece domain at carboxy-terminal and a zinc-

binding LIM domain at amino-terminal, is an intracellular protein that mediates interactions

between actin and cytoplasmic targets (Roof et al., 1997). While the protein is ubiquitously

expressed across many tissues, some splicing isoforms have been linked to tissue-specific

function or pathology of skeletal muscles (Ohsawa et al., 2015), retinal neurons (Lu et al.,

2003), and osteoclasts (Narahara et al., 2018). In our PhIP-seq data, peptide epitopes

for over 50% of anti-ABILM1+ ILD patients mapped to a region that only exists in the

isoform j (NP_001309817), which is a shorter isoform (455AA) compared to others. Further

study is needed to determine exon-splicing profiles of the ABLIM1 expressed in fibrotic

lungs. Interestingly, we did not find a correlation between anti-ABLIM1 index and ILD

subtypes, as distributions of ILD subtypes were nearly identical between the full cohort and

the seropositive subset. This is consistent with our findings from the flow cytometry analysis

of LLN, which revealed lymphocyte activation including germinal center response across all

ILD types.

Antibodies to ABLIM1 were also detected in RA patients, but not in type 1 diabetes

patients, suggesting that the break in tolerance against ABLIM1 might be due to some

shared pathology between ILD and RA. In fact, pulmonary involvement is one of the

common extra-articular manifestation of RA (Yunt and Solomon, 2015), and even patients

without symptoms of lung disease can have radiographic lung abnormalities (Bilgici et al.,

2005). Though investigation of a larger RA cohort is needed, it is possible that

anti-ABLIM1 response are specific to lung pathologies. The lack of response in type 1

diabetes patients further supports that ILD-specific mechanisms rather than chronic

inflammation likely contribute to autoantibody response.

While PhIP-seq screening covers the entire human proteome, this method is limited to
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linear peptides which would exclude complex epitopes and post-translational modifications

of an entire protein. In fact, the anti-ABLIM1 prevalence turned out to be greater when we

performed RLBA using the full-length protein compared to PhIP-seq analysis, suggesting

strong immunogenicity of 3-dimentional epitopes. In addition, we now know that smoking,

a risk factor in ILD, also induces a post-translational modification called citrullination

(Makrygiannakis et al., 2008). Citrullination can result in major structural changes

including charge shift, hydrogen bond formation, and protein denaturation (Alghamdi

et al., 2019). Thus, with PhIP-seq, we may have missed reactivity of citrullinated peptides.

Studies on RA patients, demonstrate that presence anti-citrullinated protein antibodies in

the sera resulted in susceptibility to ILD (Xie et al., 2021). These caveats of PhIP-seq may

explain why we did not detect previously published auto-antigen reactivities.

The initial trigger leading to enlarged lymph nodes remains an outstanding question.

Although we provide a compelling data on auto-antigen reactivities in ILD, it is entirely

possible that there are also environmental antigens or even inhaled atmospheric particulate

matter (Ural et al., 2022) participating in the activation of immune responses in the LLN.

Further, acute exacerbations in ILD patients expedite decline of lung function in patients,

thus infectious pathogens may also contribute to our findings. Finally, although we had a

large number of explanted lung lymph node samples, we did not have enough power to include

drug history as a variable. Thus, the relative increase in GC B cell enrichment in LLNs of IPF

patients compared to immune-ILD patients could reflect differences in immunomodulatory

treatments between the two groups.

Together, these data provide an interesting new avenue for research on human ILD. We

provide evidence that there is an antigen response occurring in ILD patients and importantly,

there is a commonality amongst IPF and immune-associated ILDs at end-stage of disease.

With these data, we can hypothesize that auto-antigens may be driving germinal center

responses and activation of lymphocytes that are contributing to pathogenesis of disease.
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However, autoantibody production could be either a driver or byproduct of the disease.

Although our analysis of paired samples nullified a hypothesis that there is an increasing

autoantibody response over time, ILD patients become seropositive at various stages of the

disease. In contrast to the view that end-stage fibrotic ILD is a burnt-out fibrosis, our work

implies that autoimmunity remains ongoing even at the time of lung transplantation. This

suggests that break in humoral tolerance is a widespread phenomenon and that there seems

to be uncontrolled immune responses against common autoantigens in fibrotic ILDs, even

in IPF patients who do not present autoimmune features. An autoantibody panel based on

our study could be used as a molecular tool that informs clinical decisions. Future studies

on clinical phenotype and prognosis of patients who are seropositive for ILD autoantigens

could potentially define new endotypes that inform clinical decisions.

3.2 Gut microbiota modulates bleomycin-induced acute lung

injury response in mice

3.2.1 Abstract

Airway instillation of bleomycin (BLM) in mice is a widely used, yet challenging, model for

acute lung injury (ALI) with high variability in treatment scheme and animal outcomes

among investigators. Whether the gut microbiota plays any role in the outcome of

BLM-induced lung injury is currently unknown. To investigate ALI, intratracheal

instillation of BLM into C57BL/6 mice was performed. Fecal microbiomes were analyzed

by 16s rRNA amplicon and metagenomic sequencing. Germ-free mice conventionalization

and fecal microbiota transfer between SPF mice were performed to determine dominant

commensal species that are associated with more severe BLM response. Further, lungs and

gut draining lymph nodes of the mice were analyzed by flow cytometry to define

immunophenotypes associated with the BLM-sensitive microbiome. As a result, mice from
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two SPF barrier facilities at the University of Chicago exhibited significantly different

mortality and weight loss during BLM-induced lung injury. Conventionalizing germ-free

mice with SPF microbiota from two different housing facilities recapitulated the respective

donors’ response to BLM. Fecal microbiota transfer from the facility where the mice had

worse mortality into the mice in the facility with more survival rendered recipient mice

more susceptible to BLM-induced weight loss in a dominant negative manner.

BLM-sensitive phenotype was associated with the presence of Helicobacter and

Desulfovibrio in the gut, decreased Th17-neutrophil axis during steady state, and

augmented lung neutrophil accumulation during the acute phase of the injury response.

Overall, we demonstrated that the composition of gut microbiota has significant impact on

BLM-induced wasting and death suggesting a role of the lung-gut axis in lung injury.

3.2.2 Introduction

Increasing evidence based on both clinical and experimental studies suggest that the

microbiome plays an essential role in inflammatory pulmonary conditions such as acute

lung injury (ALI) and acute respiratory distress syndrome (ARDS). Characterized by acute

and diffuse lung inflammation, ARDS development is most often associated with

respiratory infection induced-pneumonia, non-pulmonary sepsis, aspiration of gastric

and/or esophageal contents, and major trauma (Force et al., 2012; Johnson and Matthay,

2010; Matthay et al., 2019). In recent studies, the enrichment of specific commensal species

in the lung microbiome community was shown to be closely linked to development and

outcome of ARDS among critically ill patients (Dickson et al., 2020, 2016; O’Dwyer et al.,

2019). Enteric bacteria Enterobacteriaceae were found in lungs of ARDS patients even in

the absence of systemic bacterial infection, suggesting that translocation of commensal

bacteria from gut to lung can alter the lung microbiota and affect lung health (Dickson

et al., 2016; Panzer et al., 2018). Furthermore, anaerobic gut commensals including
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Bacteroides and Enterococcus faecalis were abundantly found in lungs and correlated with

survival in an experimental sepsis model (Dickson et al., 2016). Therefore, understanding

the effect of microbiome on lung injury and inflammation could lead to improved

prediction and treatment strategies for ARDS patients.

Intratracheal instillation of bleomycin (BLM) in mice is a commonly used model of lung

injury and fibrosis. Unlike systemic bacterial infection, BLM model induces sterile injury

without the use of any infectious agent or bacterial components. BLM is an anticancer

antibiotic, which was originally isolated from the actinomycete Streptomyces verticillus

(Matute-Bello et al., 2008). It induces cell death by generating reactive oxygen species and

double-stranded DNA breaks, which primarily leads to epithelial injury (Burger et al.,

1981; Matute-Bello et al., 2008; Millar et al., 2016). The response to intratracheal

administration of BLM in animals is characterized by two phases, acute and fibrosis.

Neutrophilic alveolitis and increased lung permeability take place during the first 7 to 11

days of the acute phase after injury, followed by a fibrotic phase with the contraction of

inflammation (Aeffner et al., 2015; Hrusch et al., 2018; Matute-Bello et al., 2008). Even

though the BLM model has been refined over the years, the BLM dosage used to induce

pathology in animals varies widely among investigators (Scotton and Chambers, 2010).

The need for a varying amount of BLM even for the same strain of mice suggests that some

environmental factors, such as diet and microbiome, may contribute to the susceptibility to

BLM-induced lung injury.

Previous studies showed that germ-free animals are protected from BLM-induced

mortality, suggesting that the microbiome plays a pivotal role in the BLM model (O’Dwyer

et al., 2019; Todd et al., 2013). However, in the context of BLM challenge, the effect of the

spontaneous difference in the composition of commensal microbes in specific pathogen-free

(SPF) environments remains unknown. Herein, we investigated the hypothesis that

spontaneous differences in gut microbial communities between genetically similar animals
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could contribute to variability in response to BLM challenge. Our findings suggest that the

presence of specific gut commensal microbes may be a risk factor for having more severe

inflammatory lung diseases and additionally highlight the need for defining microbial

environments in laboratories for improving the reproducibility of experimental lung injury

studies.

3.2.3 Results

C57BL/6 mice housed in two SPF animal facilities respond

differently to BLM-induced lung injury

Previous work from our group has shown that intratracheal administration of BLM induces

lung injury, including weight loss, lung edema, and neutrophilia, in C57BL/6 mice (Hrusch

et al., 2018). We found that C57BL/6 mice and wild-type (WT) littermates of the

B6.ICOS-/- strain survived BLM challenge at a dose of 1 U/kg when the experiments were

performed in one of our University of Chicago animal housing facilities (Facility A).

However, WT littermates from multiple strains on a C57BL/6 background (B6.PHIL and

B6.PLZF-/- strains) died at a significantly higher rate when we performed experiments in a

different housing facility (Facility B) (Figure 3.17A). Both facilities are maintained at the

SPF Barrier I level by the same Animal Resource Center of the University. To ensure the

exclusion of certain pathogens, these facilities are equipped with directional airflow and

provided with irradiated diets and autoclaved caging and bedding. Since both facilities are

at the same barrier level, the transfer of animals between the two facilities are allowed, and

researchers can enter these facilities in any sequence. Therefore, it was surprising to

observe vastly different survival in animals between the facilities. The different colonies of

WT littermates on the C57BL/6 background were all born and raised in the respective

rooms where the animals were BLM challenged and subsequently monitored. The BLM
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model is sensitive to the sex and age of the mice and the source of BLM (Lamichhane

et al., 2022; Redente et al., 2011). For example, male mice are significantly more

susceptible to weight loss, pro-inflammatory response, and fibrosis in the BLM model

(Lamichhane et al., 2022; Voltz et al., 2008). Consistent with this known phenomenon, the

facility-dependent difference in BLM susceptibility was prominent in adult male mice while

female mice rarely died in both facilities during the present study. Next, we used the same

BLM stock and personnel to challenge age- and sex-matched male C57BL/6 mice in both

facilities on the same day. Again, we observed a striking difference in survival among

matched mice between the two facilities (Figure 3.17B). Furthermore, the differential

susceptibility to lung injury between mice in the two facilities was observed in a second

lung injury model using LPS (Figure 3.18). These data suggest that the phenomenon we

observed is relevant for some common pathways induced during lung injury.
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Figure 3.17: WT mice housed in two SPF housing facilities exhibit differential
survival in response to lung injury. The response to bleomycin was measured in
WT mice that are all on a C57BL/6 background but born and raised in separate SPF
animal housing facilities at the University of Chicago. Mice received 1.0U/kg bleomycin
intratracheally and were monitored daily for weight loss and survival. Mice were euthanized
if they lost 25% or more of the original weight. (A) Survival data compiled from multiple
experiments. (B) Survival of age matched male B6 mice in two facilities after being challenged
with the same stock of BLM on the same day. P-values were obtained from log-rank test.
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Figure 3.18: Intratracheal LPS-induced ALI responses in mice housed in the two
facilities. Mice were challenged with 1mg/kg LPS. 2-way ANOVA was performed to assess
statistical significance.

Conventionalizing germ-free mice recapitulates the respective

donors’ responses to BLM challenge.

We hypothesized that the difference in microbiota in our two animal housing facilities

could be responsible for the difference in susceptibility to the BLM challenge. To test this

hypothesis, germ-free (GF) C57BL/6 male littermates were conventionalized in either of

the two facilities by adding dirty bedding and feces from neighboring cages housing WT

SPF mice in respective facilities twice a week. The mice were conventionalized for 2 weeks

according to a published study design that demonstrated that the horizontal transfer of

bacteria and differentiation of host immune cells are achieved after 2 weeks of cohousing of

animals (Ivanov et al., 2008).

The conventionalized ex-GF mice were challenged with BLM (Figure 3.19A). We

monitored body weight as an indicator for the degree of lung injury since there is a

significant correlation between body weight loss and lung injury for the BLM model

(Cowley et al., 2019). Mice that lost 25% or more of their starting weight were euthanized

even if the mice had sufficiently high wellness scores. Similar to the response of SPF mice,

only one of the ex-GF mice in Facility A succumbed to BLM-induced lung injury (10%
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mortality), while 5 out of 11 (45%) succumbed in Facility B (Figure 3.19B). Furthermore,

the mice had already lost significantly more weight in Facility B by day 3, suggesting that

the early response to lung injury was affected. Weight loss was significantly different

throughout the experiment (Figure 3.19C). A limitation of our findings in Figure 3.17 was

that while all the mice were of the C57BL/6 background, the origin of each strain was

unknown, thus there could have been some genetic differences in mice. However, these

results from conventionalized ex-GF C57BL/6 mice suggest that the weight loss during

BLM-induced lung injury is influenced by the microbiota, independent of genetics of the

mice.
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Figure 3.19: Conventionalizing germ-free littermates in two SPF facilities
modulate the severity of lung injury response. (A) Germ-free C57Bl/6 male
littermates were transferred into either of the two SPF facilities and conventionalized
for 14 days by adding dirty bedding and feces from neighboring cages twice a week.
Conventionalized ex-GF mice were treated with 1.0U/kg intratracheal bleomycin and
monitored daily for survival and weight loss. (B) Survival and (C) weight loss of
conventionalized ex-GF mice after bleomycin challenge. P-values were obtained from
log-rank test and 2-way ANOVA, respectively, and depicted as P<0.05 (*), P<0.01(**),
P<0.001(***).
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Figure 3.20: Gut microbial community structures are different between the two
SPF facilities. (A) Following the 14-day conventionalization, fecal samples were collected
from ex-GF mice at before (D0) and after (D7) bleomycin challenge (n=7 per condition).
Gut microbial structures were analyzed by 16S rRNA gene (V4 region) sequencing of the
fecal samples. (B) Weighted UniFrac analysis of similarity coefficients were calculated from
16S rRNA gene sequences of each mouse. Permutational multivariate analysis of variance
was done to analyze paired statistical differences in beta diversity.
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Figure 3.20: continued. (C) The within-sample richness and evenness (alpha diversity) were
measured by Shannon diversity index (A0 vs. B0 (p-value = 0.0003); A7 vs. B0 (p-value =
0.0267)). (D) Differential abundance of microbial taxa between the two facilities at D0 was
analyzed using the Statistical Analysis of Metagenomic Profiles (STAMP) package. P-value
of 0.05 was used as a cutoff.

Conventionalized ex-GF mice in two SPF housing facilities harbor

unique fecal microbiomes

To investigate whether the difference in BLM susceptibility among conventionalized ex-GF

mice in the two SPF facilities can be attributed to microbial communities, we performed 16S

rRNA gene amplicon sequencing of fecal samples obtained either at the time of (A0 and B0)

or 7 days after (A7 and B7) the BLM challenge (Figure 3.20A). Weighted UniFrac analysis

of the amplicon sequence variants (ASV) showed that there was a significant difference in

community structures of the fecal microbiomes in animals in the two facilities (Figure 3.20B).

The difference in weighted UniFrac distance between the two facilities was evident on the

second principal component (PCoA2), independent of BLM challenge. Shannon index, which

is a measure of total ASV number and the abundance of each ASV, was significantly higher

in the samples from Facility B mice at baseline compared to that from Facility A mice at

both baseline and 7 days after BLM challenge (Figure 3.20C). These data suggest that

not only are the overall structures of microbial communities different, but also the species

diversity is greater in the microbial community in Facility B mice compared to Facility A

mice.

To investigate whether specific taxa drive the difference in gut microbial diversity and

structure, we compared the relative abundance of ASV by performing statistical analysis of

metagenomic profiles (STAMP) on data from unperturbed animals. We found that

members of Ruminococcaceae (family), Lachnospiraceae (family), Oscillospira (genus),

Rikenella (genus), and Desulfovibrionaceae (family) were significantly more abundant in

Facility B, whereas Bacteroides (genus) and Turicibacter (genus) were significantly
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enriched in Facility A (Figure 3.20D). Three taxa with relatively high abundance in

Facility B mice at baseline, including Ruminococcaceae, Lachnospiraceae and Oscillospira,

are all members of the order Clostridiales. Additionally, some unclassified members of

Clostridiales2 were among the most differentially enriched taxa in Facility B mice.

Interestingly, we observed a shift in the abundance of Clostridiales after BLM

treatment. Analyses of samples collected on day 7 after the BLM challenge revealed that

the abundance of Clostridiales2 was no longer significantly different, whereas some

unclassified members of Clostridiales1 (order) became significantly less abundant in

Facility B mice compared to Facility A mice (Figure 3.21). Furthermore, there was

enrichment of Bifidobacterium (genus), Adlercreutzia (genus), and Turicibacter (genus) in

Facility A mice after BLM challenge. Interestingly, the significant enrichment of some

members of bacterium F16 (family) and Desulfovibrionaceae (family) among mice in

Facility B was maintained even after BLM treatment (Figure 3.21). Overall, our analyses

of the 16S rRNA gene sequence showed that the community structures and relative

abundance of specific taxa are significantly different between genetically similar littermate

mice that are conventionalized in two different facilities.

Transfer of fecal microbiota between SPF mice in one housing facility

to another modulates susceptibility to intratracheal BLM

Given that unique microbiomes are maintained in each housing facility, we sought to

determine whether each facility’s microbiome is associated with the promotion or

prevention of lung injury. Although the differential BLM susceptibility phenomenon was

initially observed throughout multiple inbred mouse strains in our animal facilities, some

heterogeneity in the microbial community even in the same facility is inevitable due to the

vertical transmission of mammalian gut microbiota from different ancestral origins (Moeller

et al., 2018). To control for a possible impact of the ancestral microbiome, the progeny of
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Figure 3.21: 16S rRNA sequencing of conventionalized ex-GF mice on D7 after
BLM challenge. Differential abundance of fecal microbial taxa between animals in the
two facilities at 7-days post BLM treatment was analyzed using the Statistical Analysis of
Metagenomic Profiles (STAMP). P-value of 0.05 was used as a cutoff.

conventionalized ex-GF littermates in each animal facility were maintained as stable SPF

colonies for multiple generations and used for all following experiments in this study. To

investigate whether the transfer of fecal microbiota from mice in one facility into mice

housed in another facility can modulate susceptibility to BLM-induced lung injury, we

performed fecal microbiota transfer (FMT) in these SPF mice. Without prior manipulation

of the endogenous microbiome, SPF littermates in both facilities received FMT from

animals in either the same facility or another facility via oral gavage 3 times, and then the

mice were challenged with BLM. Strikingly, introducing the Facility B microbiota was

sufficient to increase the weight loss of SPF animals in Facility A, compared to their

littermate controls, in response to the BLM challenge (Figure 3.22A). However, the

Facility A microbiota did not change the BLM-induced weight loss of animals in Facility B

(Figure 3.22B). These data suggest that some components of Facility B microbiota are

responsible for worsening the BLM-induced weight loss in mice in a dominant-negative
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manner.

Colonization of Helicobacter and Desulfovibrio species are associated

with increased weight loss during ALI response

To ensure the colonization of transplanted microbiome, we characterized fecal microbiomes

of the mice at both baseline and after FMT by 16S rRNA gene amplicon sequencing. Alpha-

diversities of the microbiome in FMT recipient animals were comparable to those of control

animals, despite the introduction of additional microbial species (Figure 3.22C). Unweighted

UniFrac analysis revealed that the microbial community structures of mice from the two

facilities were distinct at baseline, but they became more similar to the respective donor

microbiomes after FMT (Figure 3.22D). Facility B microbiota recipients (Fac B→A FMT),

which showed the most significant change in lung injury response, had the greatest shift

in PCoA1 of their fecal microbiomes. Since UniFrac takes the phylogenetic distance into

account (Lozupone and Knight, 2005), the drastic difference in the beta diversity could be

driven by the engraftment of some phylogenetically distant lineages by FMT.

Using 16S rRNA gene analysis, we investigated whether the Facility B donor-specific

taxa can successfully colonize the FMT recipients in Facility A. Based on the percent

sequence reads, we found that two members of proteobacteria, Helicobacter and

Desulfovibrionaceae, were among the most consistently colonized genera (Figure 3.22E and

Figure 3.23) across biological replicates. Importantly, several donor-specific taxa also

showed successful engraftment in the Facility A microbiota recipients (Fac A→B FMT)

despite driving a small shift in PCoA1. The newly introduced microbes from Facility A

were assigned to multiple phyla, including Vampirovibrio, Ruminococcus, Alloprevotella,

Allobaculum, and Akkermansia (Figure 3.24). These findings suggest that the Facility A

microbiota is unable to suppress the negative effect of pre-existing microbiota in Facility B

mice, but Facility B microbiota can dominantly worsen the BLM-induced weight loss in
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Figure 3.22: Additive fecal microbiota transfer from Facility B to A renders the
recipients more susceptible to the lung injury response.
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Figure 3.22: continued. (A-B) Littermate progenies of the conventionalized ex-GF founders
that were born and raised in each SPF facility were separated into two cages. One cage of
mice received the pooled fecal slurry from themselves (A→A or B→B), and another cage
of mice received the pooled fecal slurry from mice housed in different facility (A→B or
B→A), via 3 oral gavages in a week. 10-days after the first dose of gavage, the mice were
challenged with 1 U/kg of intratracheal bleomycin. Weight curves showing the effect of fecal
microbiota transfer from the Facility B to A (A), and from the Facility A to B (B). Overall,
around 70% of the mice from all groups survived with no statistically significant difference,
and datapoints were censored upon death. P-values were obtained from the mixed-effects
analysis of the data and depicted as P<0.001 (***) or non-significant (ns). (C-E) Fecal
samples collected from FMT recipients at before and after gavaging were sequenced for 16S
rRNA genes (V4-V5 region). (C) The within-sample richness and evenness (alpha diversity)
were measured by Shannon index. Four groups are A: samples were collected from Facility
A mice prior to FMT (n=7), B→A: samples were collected from Facility A mice at 10 days
after the first dose of Facility B microbiota transplant (n=7), B: samples were collected from
Facility B mice prior to FMT (n=6), A→B: samples were collected from Facility B mice
at 10 days after the first dose of Facility A microbiota transplant (n=6). (D) Unweighted
UniFrac analysis of similarity coefficients were calculated from 16S rRNA gene sequences
of each mouse. (E) Heatmap of the percent sequence amplicons measured from a list of
commensal taxa that were present in donor mice in Facility B but absent in recipient mice
in Facility A at baseline. Fecal samples from donor mice were pooled and sampled on days
of gavage treatment. Fecal samples from 7 recipient mice were collected longitudinally at
baseline, 10-days after the first dose of gavage (FMT), and 7-days after bleomycin challenge
(FMT+BLM). (F-G) Shallow shotgun metagenomics analysis of fecal samples from progenies
of the conventionalized ex-GF founder mice in the two facilities. The samples were collected
from naïve mice without any treatment. Total 268 unique taxa were identified using k-mer
based classification on One Codex databse (Transnetyx), (F) Venn diagram showing the taxa
that were exclusively present in each facility. (G) Read counts for species within Helicobacter
and Desulfovibrio genera in 10 mice sampled for metagenomic sequencing analysis.

Facility A mice.

To further elucidate the microbes that may be responsible for promoting severe weight

loss in Facility B mice, we performed shotgun metagenomic sequencing of fecal microbiota

from naïve mice in the two facilities. A total of 268 taxa were identified from fecal sample

sequences. The normalized reads for virus, fungi, archaea, and protists were less than 0.005%,

and there was no observable difference in compositions of these non-bacterial taxa between

animals from the two facilities. Similar to the results of differentially colonized taxa in

FMT recipients, we found members of both Desulfovibrio and Helicobacter genera to be
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Figure 3.23: Full list of taxa resolved from fecal samples from donor and recipient
mice in the Facility B-to-A FMT experiment.
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Figure 3.23: continued. Heatmap visualizing percent sequences of all the taxa resolved to
genus level. Fecal samples from donor mice of Facility B microbiota were pooled and sampled
on each day of gavage treatment. Fecal samples from 7 recipient mice in Facility A were
collected longitudinally at baseline, 10-days after the first dose of gavage (FMT), and 7-days
after bleomycin challenge (FMT+BLM).

exclusively present in Facility B microbiota at baseline (Figure 3.22F). With the greater

resolution provided by metagenomic sequencing, we were able to identify candidate microbes

at the species level. The microbial species associated with severe weight loss in Facility B

included Desulfovibrio sp. (Tax ID 885), Helicobacter hepaticus (Tax ID 32025), H. ganmani

(Tax ID 60246), H. typhlonius (Tax ID 76936), and H. UBA716 (Tax ID 1946589), all of

which were absent in the Facility A microbiota (Figure 3.22G). Thus, our results from both

16S rRNA gene and metagenomic sequencing suggest that Desulfovibrio and Helicobacter

species are candidate microbes that modulate the degree of weight loss during BLM-induced

lung injury.

Naïve SPF mice housed in Facility A and Facility B have unique

immunophenotypes

The gut microbiota plays an essential role in the development and maintenance of the host’s

immune system, which can determine the health of not only the gut, but also distant organs

including the lungs. To test the hypothesis that SPF mice housed in the two facilities have

distinct baseline immunophenotypes, we designed comprehensive flow cytometry panels for T

cells, dendritic cells, B cells, innate immune cells, and innate-like lymphocytes and analyzed

gut-draining lymph nodes (gLN), spleens, and lungs of age- and sex-matched naïve animals

from the two facilities. First, we focused on investigating phenotypes of T cells in the

gLN as some commensal microbes in our housing facilities are known to regulate T helper

cell differentiation. As H. hepaticus is a pathobiont, WT mice have adapted a tolerance

mechanism, which is induction of RORγt+Foxp3+ regulatory T (Treg) cells that suppress
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Figure 3.24: Unchanged lung injury outcome in Fac A microbiome recipients is
not due to the lack of colonization of additional species.
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Figure 3.24: continued. Heatmap visualizing percent sequences of all the taxa resolved to
genus level. Fecal samples from donor mice of Facility A microbiota were pooled and sampled
on each day of gavage treatment. Fecal samples from 6 recipient mice in Facility B were
collected longitudinally at baseline, 10-days after the first dose of gavage (FMT), and 7-days
after bleomycin challenge (FMT+BLM).

pro-inflammatory T helper 17 (Th17) cells (Kullberg et al., 1998; Xu et al., 2018). Consistent

with this, we found that RORγt+ Treg cells were increased and Th17 cells were decreased

in gLN of the H. hepaticus-harboring mice in Facility B compared to the Facility A mice at

baseline (Figure 3.25A-B, Figure 3.26A). However, compositions of adaptive immune cells

in the lungs were comparable between naïve mice in the two housing facilities (Table 3.3).

Next, we performed FlowSOM clustering analysis to compare overall landscapes of the

innate immune cells in the lungs of naïve mice in the two facilities. We found that FlowSOM

population 8 was increased, and population 9 was decreased in Facility B mice compared

to Facility A mice (Figure 3.25C). Cells in population 8 expressed markers consistent with

NK cells, and neutrophil markers were expressed in population 9 (Figure 3.25D). Based

on the manual gating, we confirmed that the proportion of NK cells was increased, and

neutrophils were decreased in the lungs of Facility B mice (Figure 3.25E-F, Figure 3.26B-

C). Interestingly, the frequency of neutrophils was also lower in the spleens of Facility B

mice, further corroborating our results (Figure 3.26D). This suggests that granulopoiesis

during homeostasis might be differentially regulated in these SPF mice with distinct gut

microbiota. Overall, our data demonstrate that mice housed in the two facilities have distinct

immunophenotypes, such that the gut lymph node Th17 cells and systemic neutrophils are

downregulated in Facility B mice at baseline.
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Figure 3.25: Differential colonization of commensal species corresponds with
specific immunolandscapes of the lungs in naïve animals. Gut-draining LN and lungs
of unperturbed progenies of the conventionalized ex-GF founders were immunophenotyped.
(A) Frequencies of RORγt+ Treg (CD25+ Foxp3+) cells in gLN. (B) Frequencies of Th17
(RORγt+ Foxp3−) cells in gLN. (C-D) Non-adaptive immune cell population (CD45+ CD3−

CD19−) in the lungs were analyzed using the FlowSOM clustering algorithm. Total 128,000
cells were analyzed from n=8 mice from each facility (Down sampled to 8,000 cells per
mouse). FlowSOM generated 10 clusters with unique phenotypes. (C) Proportion of cells
in each cluster is compared between mice in the two facilities. Multiple unpaired t-tests
using the two-stage step-up method were performed for statistical analysis. (D) Heatmap
of expressions of 9 markers in each cluster. (E) Frequencies of NK cells in the lungs based
on manual gating (NK1.1+ lineage−). (F) Frequencies of neutrophils in the lungs (Ly6G+

CD11b+ lineage−). P-values were obtained from student t-tests and depicted as P<0.05 (*),
P<0.01(**), P<0.001(***).
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Table 3.3: Frequencies of immune cell populations in the lungs of unperturbed
mice raised in the two SPF housing facilities. (n=8 per facility, 15-17 weeks of age,
values are the percent of CD45+ cells (± standard deviation), and p-values are from t-test.)

Lung immunophenotypes at baseline. Values as percent of CD45+ (± standard deviation)

Cell population Fac A Fac B P-value

Neutrophils 7.86 (±2.94) 4.78 (±0.71) 0.01

Eosinophils 2.87 (±0.66) 3.39 (±1.17) 0.29

DC 5.13 (±1.45) 6.46 (±1.47) 0.09

Monocyte 12.07 (±1.86) 13.76 (±0.97) 0.04

NK cells 7.88 (±1.46) 9.46 (±1.27) 0.04

B cells 36.45 (±7.57) 36.04 (±4.27) 0.90

Tγδ cells 5.16 (±0.75) 5.33 (±0.54) 0.62

Tαβ cells 19.58 (±4.06) 20.04 (±2.26) 0.78

CD8 T cells 4.14 (±0.49) 4.78 (±1.01) 0.13

CD4 T cells 10.06 (±2.64) 9.23 (±1.19) 0.43

Tconv 8.60 (±2.32) 7.85 (±1.17) 0.43

Th1 1.29 (±0.53) 1.40 (±0.60) 0.69

Th2 0.42 (±0.23) 0.42 (±0.17) 0.93

Th17 0.53 (±0.47) 0.23 (±0.07) 0.10

Treg (all Foxp3+) 1.41 (±0.36) 1.31 (±0.22) 0.53

TBET+ Treg 0.13 (±0.04) 0.15 (±0.09) 0.52

GATA3+ Treg 0.17 (±0.09) 0.18 (±0.07) 0.79

RORγt+ Treg 0.07 (±0.04) 0.07 (±0.03) 0.91

CD25+ Treg 0.65 (±0.18) 0.60 (±0.11) 0.52

TBET+ CD25+ Treg 0.04 (±0.02) 0.05 (±0.06) 0.49

GATA3+ CD25+ Treg 0.08 (±0.05) 0.08 (±0.04) 0.83

RORγt+ CD25+ Treg 0.03 (±0.02) 0.04 (±0.02) 0.29
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Figure 3.26: Examples of flow cytometry gating strategies and frequencies of
spleen neutrophils in naïve animals. (A) Gating strategies for RORγt+ CD25+ Treg
and Th17 populations, using gLN cells as representative. (B) Gating strategy for NK cells
in lungs. Cells were pre-gated on CD45+, TCRb-, CD19-, non-AM, non-neutrophil, non-
Eosinophil, non-DC population. (C) Gating strategy for neutrophils in lungs. Cells were
pre-gated on CD45+, TCRb-, CD19-, non-AM population. (D) Frequency of neutrophils in
spleens of unperturbed animals housed in the two facilities. T-test was done to obtain the
p-value.

Neutrophil recruitment to the lungs is more robust in Facility B mice

during BLM-induced lung injury response

To investigate whether the cellular responses during BLM are different between animals

housed in the two facilities, we immunophenotyped lungs of mice at 3 days post-BLM

administration. Facility B mice were more sensitive to BLM treatment and recruited more

neutrophils to the lungs during the acute phase of injury, even though control PBS treated

mice in Facility B maintained neutrophils at lower levels than Facility A control mice

(Figure 3.27A). On day 3 after BLM treatment, lung neutrophils were increased by over

1.5-fold after BLM treatment in Facility B mice, compared to little change in Facility A

mice (Figure 3.27B). By day 6 post-BLM, neutrophils were recruited at similar levels in
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Figure 3.27: Relatively increased neutrophil recruitment to the lungs during lung
injury coincides with worse weight loss in mice in Facility B. Lungs were harvested
from progenies of the conventionalized ex-GF founders in the two facilities after bleomycin
(1U/kg) or PBS (vehicle control) challenge. (A) Normalized frequencies of neutrophils in
the lungs on day 3 post-BLM. Data from three independent experiments were combined,
and experimental values were normalized by the group variance for each experiment. The
cells were gated based on Ly6G+ CD11b+ lineage− as shown in Figure 3.26C. P-values
were obtained from Sidak’s multiple comparisons test after confirming P<0.05 from one-way
ANOVA. (B) Fold change of neutrophil accumulations in lungs on 3 days after bleomycin
challenge compared to PBS treatment in each facility. P-values are depicted as P<0.05 (*),
P<0.01(**), P<0.001(***).

lungs of mice in both housing facilities (data not shown). Histopathological analysis of lung

sections showed that BLM-treated lungs of mice in both facilities have similar patterns of

patchy neutrophilic alveolitis as previously described (Matute-Bello et al., 2008) (Figure

3.28). Therefore, increased neutrophil numbers at homeostasis may confer protection from

BLM-induced weight loss, while a rapid fold increase in neutrophils during BLM response

is detrimental.

3.2.4 Discussion

Our study demonstrates that the composition of commensal fecal microbiota impacts the

severity of BLM-induced weight loss in C57BL/6 mice. Using various mouse strains that we

maintain in two animal housing facilities on campus, we observed that BLM-challenged WT
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Figure 3.28: Hematoxylin and eosin (H&E) staining of a mouse lung section on
day 3 post-BLM challenge. An example of patchy neutrophilic alveolitis that are found
in BLM-treated mice in both housing facilities. The image shown here is from a Fac B
mouse, but a similar histopathological pattern was observed in Fac A mice. For staining, left
lungs harvested from mice on day 3 post-BLM treatment were formalin fixed and paraffine
embedded. Lung blocks were sectioned at 5µm thick and stained with H&E. Slides were
imaged with a 40x objective using the CRi Pannoramic SCAN. The scale bar is 50µm long.

littermate control mice have strikingly high mortality in one facility (Facility B), compared to

the mice in another facility (Facility A). We determined that WT mice maintain distinct gut

microbial communities based on housing facilities in which the mice were born and raised,

despite both facilities having the same SPF protocols. Further, unperturbed WT mice in

Facility B had lower Th17 and neutrophil levels compared to Facility A mice. During the

BLM challenge, Facility B mice responded with a greater fold increase in lung neutrophils,

indicating a more severe inflammatory response. We demonstrate that the BLM-highly-

susceptible phenotype is transferrable by the fecal microbiota. When the two microbial
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communities are combined, the Facility B-associated microbiota exerts a dominant-negative

effect. We identify members of Helicobacter and Desulfovibrio genera as candidate microbes

that contribute to the increased susceptibility to BLM-induced weight loss.

While the initial observation was on survival difference between various B6 strains housed

in the two facilities, the effect of the microbiota on genetically identical animals and their

progenies became largely evident by the degree of weight loss rather than survival. Weight

loss and survival are directly linked because animal death in our survival study was mostly

due to excessive weight loss. The less dramatic phenotypes in conventionalized GF mice and

their SPF progenies are likely attributable to changes in microbiota compositions over the

years of this study. Both facilities are maintained as level I barriers, which require constant

monitoring for pathogens, personal protective equipment, and biosafety cabinet usage. Since

there is no hierarchical entry restriction for these facilities, the relative abundance of some

taxa could have been shifted over time. Therefore, we defined candidate microbes for body

weight modulation during BLM-challenge by identifying the consistent differences between

the two facilities in three independent sets of fecal microbiome sequencing data, which were

collected at three different time periods. Notably, Desulfovibrio and Helicobacter always

remained excluded from Facility A, and their presence in Facility B consistently correlated

with aggravated weight loss following BLM during the past several years of the study period.

Our data suggest potential pro-inflammatory roles for Desulfovibrio sp. and some

Helicobacter species during the lung injury response. Desulfovibrio sp. is an unknown

species of the Desulfovibrio genus, which is a group of sulfate-reducing bacteria found in

the gastrointestinal tracts of many animals including humans (Fox et al., 1994; Gibson

et al., 1988). Little is known about this commensal species, but other related species of

Desulfovibrio have recently been discovered to be associated with rare cases of bacteremia

(Goldstein et al., 2003; Hagiya et al., 2018; Nasreddine et al., 2019). On the other hand,

the immune impact of H. hepaticus has been well-documented in the context of gut health
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and disease. H. hepaticus is a pathobiont, which can cause colitis in IL10-deficient mice

only in specific microbial environments (Kullberg et al., 2001, 1998; Whary et al., 2011;

Yang et al., 2013). Interestingly, gut colonization with H. hepaticus has been shown to

promote persistent lung injury after Mycobacterium tuberculosis infection in mice

(Majlessi et al., 2017), suggesting that crosstalk between H. hepaticus and the host

immune system can modulate immune responses in the lungs. In support of this idea, we

found that the proportion of RORγt+ Treg cells is increased in gLN of naïve mice in

Facility B, where Helicobacter species are present. Furthermore, the relative proportion of

neutrophils is decreased in both lungs and spleens of BLM-highly-susceptible animals at

baseline. IL-17A signaling via G-CSF is a key mediator of granulopoiesis and neutrophil

recruitment (Schwarzenberger et al., 2000, 1998), and RORγt+ Treg cells can specifically

suppress Th17 cells, which secrete IL-17A Xu et al. (2018). Therefore, the systemic

decrease in neutrophils that we observed in BLM-highly-susceptible animals at homeostasis

could be explained by the expansion of Th17-specific immunoregulatory cells.

The implication of a decreased Th17-neutrophil axis at homeostasis in

BLM-highly-susceptible mice is puzzling. Activated neutrophils during ALI play

pathogenic roles by releasing proinflammatory cytokines and cytotoxic products, including

granular enzymes, reactive oxygen species, and neutrophil extracellular traps (Albaiceta

et al., 2010; Hayashi et al., 2002; Kellner et al., 2017; Lefrancais et al., 2018). Our finding

that the Facility A mice showed no increase in lung neutrophils, while Facility B mice had

over 1.5-fold increase in lung neutrophils in only 3 days after the BLM challenge is

consistent with the known role of neutrophils in lung injury. However, the Facility B mice

had relatively smaller proportions of neutrophils in the lungs at both baseline and during

intratracheal PBS vehicle treatment. We postulate that increased neutrophils at

homeostasis might be protective, and the gut microbiota may modulate neutrophils at

homeostasis. It has been shown that the level of granulopoiesis during steady state is
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influenced by the microbiota (Balmer et al., 2014; Tada et al., 1996). Further, some gut

commensals can promote change in lung neutrophil phenotypes to provide protection from

lung infection (Deshmukh et al., 2014; Felix et al., 2018). Thus, while mechanisms involved

in the potentially protective role of neutrophils remain unclear, it’s possible that the gut

microbiota modulate granulopoiesis and neutrophil functions.

The effect of fecal microbiota transplant on lungs could be both systemic and lung

specific. Since we transferred entire fecal contents, the effect may be systemic partially due

to some metabolites and other secretory factors present in the slurry. For example,

bacterial metabolites called short-chain fatty acids are known to maintain epithelial barrier

integrity and protect against allergic inflammation in the lung (Trompette et al., 2014).

Further, the level of fecal secretory IgA, which can be regulated by members of Sutterella

genus microbes in the gut, determines the severity of dextran sodium sulphate-induced

intestinal injury (Moon et al., 2015). These secretory factors in circulation could impact

health of structural cells throughout the body, including the lungs. On the other hand,

perturbation of the gut microbiota could affect the lungs via the gut-lung axis.

Correlations observed between gut microbiome composition and respiratory disease

development support the idea of crosstalk between the two organs (Budden et al., 2017;

Huffnagle, 2010). Microbial communities in the gut and lungs have shown to be

interconnected from the time of embryonic developmental in both health and disease (Grier

et al., 2018; Madan et al., 2012). Furthermore, some gut microbes are abundantly found in

the lungs and correlated with severity or development of ALI/ARDS in experimental

models of sepsis and studies of mechanically-ventilated patients, respectively (Dickson

et al., 2016; Panzer et al., 2018). Finally, while we delivered the fecal microbiota directly

into the gut by oral gavage, we cannot eliminate the possibility that we also introduced gut

microbes to the lungs through translocation and aspiration of the donor microbiota.

One factor that may explain the difference in the overall microbial community
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structures between the two housing facilities is that the mice were on different standard

chow diets. This difference in diets were already in place prior to the present study, and

hence, could be contributing to our findings. BLM-highly-susceptible mice in Facility B

were on Teklad Global 18% Protein Rodent Diet (2918, Harlan-Envigo) throughout their

lifetime including during fetal development. However, breeders in Facility A were on a

high-fat diet, and all other mice were given NIH-31 Modified Open Formula (7913,

Harlan-Envigo) after weaning. Both standard non-high fat diets 2918 and 7913 consist of

similar macronutrient compositions and are irradiated. Differences between the two diets

are that the 7913 diet (Facility A) contains ground oats, fish meal, and dehydrated alfalfa

meal, whereas the 2918 diet (Facility B) contains L-lysine and DL-methionine. While diets

would not be the source of new commensal species, the subtle differences in ingredients

could select for specific taxa and contribute to maintaining the unique microbial

communities between the two facilities.

Our results support the role for microbiota in controlling the BLM-induced injury

response. Of note, the impact of gut microbiota on response to BLM challenge seems to be

most significant during the acute phase of BLM treatment, while a previous work has

shown that the gut-specific depletion of microbiome has a negligible impact on

development of BLM-induced pulmonary fibrosis (Todd et al., 2013). We demonstrate the

need for controlling the presence of Proteobacteria in mice microbiota during the study of

lung injury response. Notably, H. hepaticus and Desulfovibrio are not among the excluded

pathobionts in specific pathogen-free facilities and vendors unless specifically requested.

Our study highlights a need for reporting the composition of commensal microbiomes in

laboratory animals, in order to improve reproducibility in research using the BLM model

across institutions. Our data also impacts the potential use of BLM in cancer patients as it

is a chemotherapy that is effective but less-often used due to infrequent, but serious side

effects including lung pneumonitis and fibrosis. As the development of lung complications
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is also unpredictable in cancer patients, understanding whether the microbiome of each

patient affects their chances of developing pneumonitis may influence clinical

decision-making.
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CHAPTER 4

CONCLUSION AND FUTURE DIRECTION

4.0.1 Discussion

In the first chapter, I established that antigen-driven adaptive immune activation could be

a critical immunopathology for all fibrotic ILD subtypes by the end-stage of the disease

(Figure 4.1). We found that uncontrolled humoral immunity against self-antigens is a main

immune pathway active in fibrotic ILD patients, and we discovered 17 novel autoantigens

to which ILD patients were commonly reactive. Furthermore, auto-antibody response was

accompanied by the accumulation of Treg cells that express CD25low phenotype in ILD

patients’ lung-draining lymph nodes, suggesting a potential dysregulation of self-reactive

T and B cells in fibrotic ILD. Importantly, our findings support the notion that adaptive

immune activation, including auto-antibody response, may contribute to the progression of

not only immune-associated ILDs but also IPF. In the second chapter, I demonstrated that

the composition of gut microbiota has significant impact on wasting and death of animals

during the lung injury response (Figure 4.2). I identified that members of Proteobacteria,

such as Helicobacter and Desulfovibrio, are the gut microbes associated with an increased

sensitivity to the bleomycin-induced lung injury. These data support the role for the gut-

lung axis in lung injury. Taken together, my work elucidates characteristics and specificities

of immune responses during lung injury and fibrosis, and it brings novel insight into human

immunology in fibrotic lung diseases.

Our work inspires the reevaluation of how the autoimmune feature is assessed in ILD

patients. The American Thoracic Society guidelines recommend routine testing for

circulating autoantibodies via anti-nuclear antibody, rheumatoid factor, anti-cyclic

citrullinated peptide antibodies, and anti-myositis panels. Based on these panels,

autoantibody positivity has been reported in up to 40% of IPF patients, and IPAF
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Figure 4.1: A model of common antigen-driven immune activation in human
fibrotic ILDs. Fibrotic ILD patients have ongoing activation of T cells and GC responses
at the end-stage disease, regardless of etiology. Break in tolerance against an endogenous
protein, ABLIM1, could be an underlying immunopathology common to fibrotic ILDs.
Exposure to specific microbes from the environmental and commensal sources contribute
to modulating lung injury and fibrosis, but their involvement in antigen responses is yet to
be established.

designates a group of patients with distinct clinical characteristics but without a consensus

on diagnosis and treatment guidelines (Mackintosh et al., 2021). Based on the

anti-ABLIM1 index, we now know that autoantibody production in ILD patients is likely

more extensive than previously reported. Although the presence of autoantibodies may not

be sufficient to indicate an autoimmune response, it has been suggested that

autoantibodies have clinical significance in fibrotic ILD patients (Ghang et al., 2019;

Kirgou et al., 2022). Our discovery of ILD autoantigens can contribute to improving the

current autoantibody panels, which will further our understanding of the effect of
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autoantibodies in ILD progression and treatment. To begin with, we need to understand

how ABLIM1-seropositive patients differ from ABLIM1-seronegative patients. Future

studies can aim to test whether there are genetic, molecular, or inhalational factors that

underly anti-ABLIM1 responses across many ILD subtypes.

Figure 4.2: Gut microbiome modulates the severity of bleomycin-induced lung
injury response in mice. Mice housed in two different SPF facilities had different gut
microbiome compositions. Presence of Helicobacter and Desulfovibrio in the gut microbiome
(Facility B) was associated with more severe lung injury response characterized by wasting
and death. Compared to mice in Facility A, bleomycin-highly-susceptible mice in Facility B
showed relatively diminished Th17-neutrophil axis at steady state, but an increase in lung
neutrophil infiltration upon intratracheal bleomycin challenge.

Even though most ILD subtypes are not considered autoimmune conditions, our fibrotic

ILD patient data revealed an interesting parallel to an autoimmune disease regarding
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CD25low FOXP3+ T cells in that these cells are overrepresented and correlated with

anti-ABLIM1 titers in ILD patients. Accumulation of CD25low FOXP3+ T cells have been

reported in the context of autoimmune disease such as systemic lupus erythematosus (SLE)

(Bonelli et al., 2009; Todd et al., 2013), multiple sclerosis (Fransson et al., 2010), and

rheumatoid arthritis patients (de Paz et al., 2012). In the case of SLE, the level of CD25−

FOXP3+ T cells is directly associated with disease severities including renal function and

anti-dsDNA antibody titer (El-Maraghy et al., 2018; Zhang et al., 2008). CD25, which is

the alpha chain of the high-affinity IL-2 receptor complex, is critical for the

immunoregulatory function of Treg cells. For instance, a specific ablation or disruption of

CD25 function is sufficient to trigger autoimmunity in mice or to increase susceptibility to

autoimmune diseases in humans, respectively (Goudy et al., 2013; Matesanz et al., 2007;

Willerford et al., 1995).

The origin and function of CD25low FOXP3+ T cells in ILD remain to be determined.

A possible origin of CD25low FOXP3+ T cells in ILD patients is the T effector lineage,

since activation of T effector cells induces de novo Foxp3 expression without acquiring

immunoregulatory function (Allan et al., 2007; Kmieciak et al., 2009). Alternatively, these

cells may originate from a stable Treg lineage and downregulate CD25 due to some

dysregulation. An approach to test this possibility is investigating demethylation status of

a region on FOXP3 called the Treg-specific demethylated region, which is associated with

stable FOXP3 expression (Polansky et al., 2008). Moreover, human FOXP3 encodes two

major isoforms, and the shorter FOXP3 isoform, which is only present in humans but not

mice, lacks the exon 2 and is the dominant isoform expressed in Tregs of patients with

some autoimmune diseases including antineutrophil cytoplasmic antibody-associated

vasculitis (Free et al., 2013) and celiac disease (Serena et al., 2017). A recent study showed

that the specific deletion of Foxp3 exon 2 in mice results in lower CD25 expression on Treg

cells, as well as increased Tfh and GC B cell responses with dsDNA and anti-nuclear
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autoantibody production (Du et al., 2022). This data could support a possibility that

CD25low FOXP3+ T cells in ILD patients are instable Tregs that accord to increased

germinal center and autoantibody production in ILD.

In our flow cytometry study, we used the antibody clone 2A3 to assess CD25 expression.

The monoclonal 2A3 binds to an epitope on the p55 subunit at or near the IL-2 binding

site (Watson et al., 1988). Given that activated T cells are a potent source of IL-2, ILD

LLN would be an IL-2-rich environment. Hence, it is possible that IL-2 molecules preoccupy

the antibody binding sites and result in a lower detection efficiency for CD25. However,

this possibility is only valid if IL-2 protein can stay stably bound to CD25 throughout the

cryopreservation and thawing of LLN cells. Such assumption seems unlikely, but further

experiments need to be done to distinguish the two possibilities.

Though we had hypothesized that ILD patients’ autoantibody levels would change over

time and correspond to specific disease phases at which break-in-tolerance might take place,

we found a high degree of variability in autoantibody trajectories during the analysis of

paired plasma samples. Autoantibody levels increased, decreased, or unchanged over time,

and the trajectory did not depend on the length of interval between blood draws. This data

reflects the complexity of the pathobiology, including varying etiology, exposure history, and

importantly treatment strategies. We were unable to include the medication as a variable

in the present study, but it is possible that the downward trend in autoantibody trajectory

observed in a few ILD patients is driven by immunomodulatory drugs or steroids.

Surprisingly, anti-ABLIM1 antibodies were readily detected in ILD plasma samples even

from the earliest timepoints after the study enrollment. Due to the complexity of diagnosis,

many patients have delayed access to a tertiary care center, thereby the exact onset of the

disease is difficult to examine in our patient cohort. Nonetheless, we observed anti-ABLIM1

responses in patient samples obtained years before the lung transplantation, suggesting that

GC response is active during not only the end-stage but also the early-stage of the disease.

100



Since ABLIM1 is an intracellular protein, the initiation of the response would likely require

a release of antigens through necrotic cell deaths. Interestingly, anti-ABLIM1 responses

were observed in both ILD and RA patients without symptoms of a lung disease. Since RA

patients often develop ILD or radiographic lung abnormalities (Bilgici et al., 2005; Yunt and

Solomon, 2015), it would be interesting to test whether anti-ABLIM1 production precedes

lung function decline by comparing the autoantibody serology and lung radiopathology in

RA patients. Furthermore, controlled future study investigating autoantibodies throughout

the full course of ILD would help addressing unanswered questions. For instance, at which

point in fibrotic process do immune activation and autoantibody production become common

to all ILD?

Post-translational modifications can have dramatic impact on structural and

immunological properties of proteins. Citrullination, the enzymatic conversion of arginine

into citrulline, is a prime example. Citrullination can turn innocuous proteins into

autoantigens through modifying proteolytic cleavage for antigen presentation (Curran

et al., 2023). Conversion of antigen repertoire and induction of autoimmune response are

considered key mechanisms by which citrullination is involved in the pathogenesis of RA.

Furthermore, the citrullination pathway is shown to be upregulated in ILD patients

(Samara et al., 2017) and is induced by cigarette smoking, a risk factor for lung fibrosis

(Margaritopoulos et al., 2015). A recent study showed that soluble citrullinated vimentin

can directly induce collagen and α-SMA expression in lung fibroblasts via TLR4 dependent

mechanisms (Li et al., 2021). Therefore, citrullination may promote fibrosis directly by

modulating fibroblasts and indirectly by modulating the adaptive immunity.

While most adaptive immune responses are initiated and sustained in lymph nodes,

understanding of an immunopathology is not complete without the study of lung tissues.

Explanted lungs from ILD patients have been extensively investigated using both scRNA

sequencing and CYTOF methods by several groups, and these data are complementary to
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our work. Single cell analysis identified multiple populations that are uniquely present in

fibrotic lungs such as an alveolar macrophage subset expressing high SPP1 and MERTK, a

phenotype with profibrotic and proliferative properties (Morse et al., 2019; Reyfman et al.,

2019). Another cell population consistently found in fibrotic lungs is aberrant structural cells

that express markers for both epithelial and basal cells, KRT5, KRT17 and KRT15, along

with senescence phenotypes (Adams et al., 2020; Habermann et al., 2020). Furthermore, a

recent study demonstrated that IPF patient lungs were enriched with memory T cells subsets,

both effector memory and resident memory cells, as well as antigen processing dendritic cells

that show immune activation transcription profiles (Serezani et al., 2022). This could support

a notion that expanded and activated T cells found in the draining lymph nodes are in fact

targeting the lungs.

Our work in an animal lung fibrosis model highlights the effect of the gut microbiome in

modulating the severity of lung injury response. This result supports the gut-lung axis, a

phenomenon of the gut microbial environment having a long-reaching effect on lung health,

which is observed in both acute and chronic lung conditions for years. Excitingly, a group

at Vanderbilt University recently reported a similar finding, in which mice housed in

animal biosafety level (ABSL)2 developed more severe lung fibrosis after the bleomycin

injury compared to mice housed in ABSL1 with enhanced STAT3/IL17-A signaling in lung

T cells of ABSL2 mice (Chioma et al., 2022). Association between IL-17A and increased

lung fibrosis severity is in line with the phenotype we observed where

bleomycin-highly-susceptible mice had increased neutrophil recruitment during lung injury

compared to less susceptible mice, since IL-17A induces neutrophil recruitment (Miyamoto

et al., 2003). However, there was a difference in the fibrosis phenotype since Chioma et al.

observed increased lung fibrosis in ABSL2 mice compared to ABLS1 mice while we did not

find conclusive effects on lung fibrosis. In fact, we noticed a slight shift in the microbial

composition over years, which coincided with the loss of effect in fibrosis. Due to the lack
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of historic samples, we were unable to determine which factors caused such difference, but

comparing the 16s rRNA sequencing data from the two institutions could lead to new

insight in this front.

Impact of the lung microbiome in human ILD is increasingly recognized. For many

years, lungs were considered sterile, but recent studies proved otherwise with significant

advances in sequencing techniques. Although much lower in biomass than the gut (103–105

bacteria per gram of lung tissue (Mathieu et al., 2018) versus 1011–1012 bacteria per gram

of gut tissue (Guarner and Malagelada, 2003)), it has been demonstrated that the lung

microbiome is established during the postnatal period (Pattaroni et al., 2018) and

maintained heterogeneously based on the local environment of different anatomical spaces

within the lungs (Dickson et al., 2015). Although antimicrobial therapy using

co-trimoxazole or doxycycline do not improve morbidity or mortality of IPF patients, lung

dysbiosis has been linked to ILD (Martinez et al., 2021). For example, both the overall

microbial burden and the presence of specific microbes in the lungs are associated with IPF

patient survival (Molyneaux et al., 2014; Han et al., 2014). Moreover, the bacterial burden

of IPF patients undergoing acute exacerbation was four times higher than that of stable

IPF patients, with Proteobacteria sp. being one of the microbes present at relatively higher

abundance in exacerbated IPF patients (Molyneaux et al., 2017). Therefore, specific

microbiomes may contribute to the disease pathogenesis through modulating epithelial and

immune cell function or through being antigenic sources for adaptive immune activation in

the lungs of ILD patients.

4.0.2 Future Direction

Given that antigen-experienced T cells are overrepresented in lungs and lymph nodes of

fibrotic ILD patients, future ILD studies can focus on three main areas: 1) investigating

antigen targets of activated T cells in patients through understanding the clonal diversity,
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2) further identifying classes of antigens such as environmental antigens to improve our

mechanistic understanding of the disease, and 3) developing an understanding of whether

auto-antibodies or Tregs in fibrotic ILD are pathogenic. Moreover, to better understand the

impact of the microbiome, future mouse studies can focus on mechanistic understanding of

the role of specific gut microbes in modulating lung injury and fibrosis.

We found that T cells are one of the main cell types activated and/or dysregulated in

fibrotic ILD. Determining antigens that drive T cell activation can be tackled using two-

pronged approaches: ex vivo antigen stimulation and T cell receptor (TCR) sequencing.

First, leveraging the information we have produced on novel auto-antigens, the response of

LLN cells to antigen stimulation can be studied using an ex vivo culture system (Wagar

et al., 2021). Candidate antigens based on PhIP-seq data could be translated and purified

as endotoxin-free proteins and then used to stimulate ILD patients’ LLN cells, which include

endogenous antigen presenting cells and T cells. Antigen-responding T cells can be identified

based on the surface expression of CD154 or the intracellular expression of Nur77, both of

which are known to be upregulated in response to TCR stimulation. Challenges to this

approach are that many T cells from ILD patients’ LLNs already upregulate CD154 and

that antigen presenting cells from LLNs may continue to present antigens from the reservoir

established in the patient’s body prior to explantation. Therefore, the cells may require a

resting period in culture prior to the antigen stimulation. A non-stimulated control should

be included for each patient sample and used as a benchmark when determining whether

there are antigen-specific T cells after the ex vivo stimulation.

A secondary approach to investigate antigen-specific T cell responses is to perform TCR

repertoire sequencing of activated T cells. Unlike the first approach, both LLN and lung

T cells can be investigated by TCR sequencing. T cells of interest, including CD154+

CD4 T cells and CD25low Treg cells in LLNs and memory T cells in the lungs, would be

flow sorted and single-cell sequenced. Clonal diversity would be investigated based on V
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gene usage, distribution of CDR3 lengths, and paired TCR alpha and TCR beta sequences.

Furthermore, individuals’ HLA types should be accounted for when determining public T cell

clones with shared antigen reactivities because HLA molecules shape the antigen repertoire

and directly interact with the TCR during an antigen recognition (Francis et al., 2022). As

a reference group, human T cells from known HLA backgrounds can be stimulated with

candidate antigens in the ex vivo culture system using tonsil or other secondary lymphoid

organs, and antigen-specific T cells can be isolated based on surface CD154 expression and

TCR sequenced. TCR sequences from these reference controls would be compared to TCR

sequences of ILD patients to test whether they match. Computational tools such as the

Immune Epitope Database (https://www.iedb.org/) can be used as an additional reference

to investigate TCR specificities. Expected findings are that there would be common antigen

specificity between lung and LLN T cells within an individual. Public T cell clones could

be discovered based on shared TCR motifs if a group of ILD patients have the same HLA

types. In the case of having distinct HLA types in the patient cohort, a common antigen

reactivity would be determined based on matched TCR sequence to the antigen stimulated

reference TCR. I anticipate that a significant portion of patients would have shared T cell

reactivity to candidate antigens.

Furthermore, comparing TCR repertoires of Tcon, CD25+ Treg, and CD25low Treg cells

in LLN of each individual would provide information on the lineage of CD25low FOXP3+

cells in ILD patients. The presence of overlapping TCR clones in either Tcon or CD25+ Treg

populations would indicate that CD25low FOXP3+ cells originate from either the activated

Tcon cells or dysregulated Treg cells. It is possible that the TCR repertoire of CD25low

FOXP3+ cells would be either completely unique or shared with both Tcon and CD25+

Treg TCR repertoires. A unique TCR repertoire would suggest that CD25low FOXP3+ cells

differentiate via an antigen-independent mechanism. The latter outcome could also support

an antigen-independent differentiation of CD25low FOXP3+ T cells.
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Continued future effort in identifying disease-promoting antigens is critical. While my

work significantly improved the understanding of self-antigen repertoire in ILD patients,

the immunological impact of inhaled antigens remains to be an important area of

investigation. A recent multicenter study reports that over 60% of all fibrotic ILDs have

history of inhalational exposures relating to mold, bird, asbestos, silica, and other inorganic

dust (Lee et al., 2022). While the existence of a relationship between exposures and patient

outcomes supports the implication of the identified exposure sources in pulmonary fibrosis,

it remains to be established whether certain exposure histories are overrepresented in ILD

compared to matched non-diseased controls. Given that inhaled particles build up in

lung-associated LN over time and interfere with immune function even in individuals

without lung disease (Ural et al., 2022), it is imperative to include age-matched controls in

future studies investigating non-self antigens.

Exposure sources for ILD patients are often broken down to two categories: organic and

inorganic. Organic exposures, such as molds, bacteria, and bird droppings, contain proteins,

which can be processed as both T cell and B cell antigens. In contrary, inorganic particles

cannot be recognized by T cell receptors but instead may act as haptens, which elicit immune

responses in the presence of carrier proteins. The established PhIP-seq platform can be

extended to elucidate environmental antigens. In future studies, new phage-display libraries

can be designed using sequences of candidate environmental immunogens and used to screen

patient serum antibodies. Since remediating antigen exposures is increasingly recognized as

an effective intervention to improve pulmonary function and survival in fibrotic ILD patients

(Fernandez Perez et al., 2013; Lee et al., 2021a), completing the knowledge of antigens beyond

autoantigens will ensure the full benefit of such intervention.

An inevitable limitation of human studies is that we are unable to establish the causal

relationship between the adaptive immune activation and pulmonary fibrosis. While the

use of animal models allows experimental interventions and definitive evidence, currently
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available mouse models, such as the bleomycin model, do not faithfully recapitulate the

disease. Bleomycin causes direct oxidative damage to the lungs, which leads to acute

inflammation and subsequent fibrosis of the tissues near airways instead of the

parenchyma. New animal models can be tested based on findings from our human study. I

propose to generate monoclonal antibodies against ILD autoantigens in mice and test

whether the infusion of these autoantibodies is sufficient to induce lung fibrosis. Additional

studies using Foxp3 exon2 mutant mice (Du et al., 2022) combined with the monoclonal

injection might accelerate the lung pathology if dysregulated Treg cells contribute to

disease pathogenesis.

Understanding the role of Treg cells, including CD25low FOXP3+ cells, in fibrotic ILD is

an important goal for future studies. I hypothesize that CD25low FOXP3+ cells have unique

molecular pathways compared to both CD25+ Treg cells and Tcon cells and function to

promote lung fibrosis via failing to suppress auto-reactivity and/or secreting cytokines that

activate lung myofibroblasts. First, whether there are CD25low FOXP3+ cells in the lungs of

fibrotic ILD patients could be investigated utilizing publicly available lung scRNA sequencing

data. If present in the lungs, the proposed analysis can be done for both lung and LLN cells.

CD25low/+ FOXP3+ T cells and Tcon cells from patients’ LLNs would be scRNA sequenced.

I would propose a paired scRNA sequencing of T cells from LLNs to get information on

both gene expression and TCR repertoire as discussed above. Differentially expressed genes

(DEG) can be determined between CD25low FOXP3+ cells and CD25+ Treg cells, and

between CD25low FOXP3+ cells and Tcon cells from patient samples. Molecular pathways

specifically upregulated or downregulated in CD25low FOXP3+ cells can be identified by

finding the overlapping DEGs from the two comparison sets. In addition, DEG between

Tregs of ILD patients and Tregs of non-diseased controls could be determined. Since CD25low

Tregs are rarely found in control LLNs, the comparison between ILD and controls can be

made at the total FOXP3+ cell level. The focus of analysis would be to identify the overall
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pathways that are differentially regulated, as well as to determine whether pro-fibrotic genes

are upregulated in CD25low FOXP3+ cells.

Using the 16s rRNA sequencing and computational approaches, I identified candidate

commensal bacteria that are associated with excessive weight loss and death in bleomycin

lung injury model. Future studies can address whether the presence of specific Proteobacteria

is sufficient to worsen the lung injury response in mice. Several strains of Helicobacter and

Desulfovibrio genera are candidates that could be tested by mono-association studies. With

access to a gnotobiotic facility where the microbial composition can be maintained without

any contamination, specific pathogen free mice from a vendor or Altered Schaedler Flora

mice could be colonized with one candidate strain at a time and tested for their response

to bleomycin in comparison to mock colonized controls. Some candidate bacteria such as

Helicobacter hepaticus are available from other laboratories and others would require the

isolation and development of specific culture conditions using an anaerobic chamber.

However, the effect of the microbiome is likely imparted through complex interactions

among multiple bacteria and their products. In that case, a mono-association of individual

bacterial species may not be sufficient to elicit a phenotype. A process of elimination can be

used instead by first establishing a bacterial consortium based on the core members of the

microbiome in bleomycin-highly-susceptible mice. After confirming that the colonization of

germ-free mice with the consortium can recapitulate the response of the highly susceptible

mice, the effect of removing one strain at a time can be tested by colonizing fresh germ-free

mice with modified consortia and treating with bleomycin. I anticipate that the mice will

become less susceptible to bleomycin when the culprit strain is lost. Whether the disease-

promoting property of specific commensal bacteria in bleomycin model is also applicable

to other models of lung injury and fibrosis could be tested. Therefore, the exact microbial

contents need to be carefully monitored and reported even in specific pathogen free conditions

when developing and studying animal models of pulmonary fibrosis.
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4.0.3 Conclusion

Overall, I propose a model of common antigen-driven immune activation in human fibrotic

ILDs. Though clinical and mechanistic significance of the adaptive immune response requires

further examination, our work offers important new insight to the current understanding

of the disease. We demonstrate that despite having a distinct ILD diagnosis, which is

largely instructed by radiologic patterns and inhalational exposure history, many fibrotic

ILD patients present common phenotypes of activated T cell and GC responses. Strikingly,

the immune activation and autoantibody production are ongoing even at the time of lung

transplantation in fibrotic ILD patients. Adaptive immune activation is driven, in part,

by auto-antigens expressed in the lungs. Furthermore, specific gut microbiomes can have

dominant negative effect on the morbidity of lung injury and fibrosis as we demonstrated in

a mouse model. While the impact of the microbiome in lung health may be through shaping

the baseline immunity via soluble factors, the commensals could elicit antigenic responses

that are relevant for lung fibrosis in both mice and humans. Importantly, our model that

antigen-driven immune responses are common features of fibrotic ILDs and are ongoing

even in the end-stage diseases challenges the current paradigm of the ILD. Our data could

support a potential benefit of specific immunomodulatory therapies such as B cell targeted

medication in a broader subset of fibrotic ILD patients regardless of etiology. However,

there were individual variations in the degree of GC responses among ILD patients, which

correlated with lung function, suggesting that GCs or antibody responses could inform a

new grouping of ILD patients. Establishing biologically meaningful endotypes would pave

the way for the development of mechanistic studies and effective treatment.
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