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Viral and bacterial lung infections place a significant burden on public health. Versican, an
extracellular matrix (ECM) chondroitin sulfate proteoglycan, is a critical coordinator of the
innate immune response. Versican’s potential as an immunomodulatory molecule makes it a
promising therapeutic target for controlling the host's immune response to lung infection.
However, versican’s contribution to lung inflammation, injury, and immune cell activity during
influenza A virus (IAV) infection represents a critical knowledge gap. In the following work, we
characterized the spatiotemporal accumulation of versican in the lungs of wild-type (C57BL/6J,
WT) mice in response to AV and found that versican accumulation correlates with mouse acute
lung injury scores and pulmonary inflammatory cell infiltration. We found that versican
expression is increased in both mononuclear phagocytic cells and stromal cells in the lungs in
response to IAV in WT mice and discovered that the expression of versican in stromal cells is
partially mediated by type I interferon receptor signaling. These data from WT mice raised
intriguing questions about the role of versican in the early host response to [AV.

To rigorously investigate the potential of versican to modulate lung inflammation, we
developed a complete protocol combining spectral flow cytometry with in vivo compartmental
analysis, for the precise localization of multiple immune cell populations participating in the
pulmonary host response to IAV. The lungs have high autofluorescence (AF) compared to other
tissues, which complicates the analysis of pulmonary leukocytes by flow cytometry. In the
following work, we described changes in the AF characteristics of control and IAV-infected

lungs during the transition from innate to adaptive immunity. We meticulously assembled a



broad panel of 20 antibody-fluorophore conjugates compatible with these AF characteristics and
spectral flow cytometry. Additionally, our studies validated that incorporating multiple
heterogeneous AF signatures from the lungs improves the resolution and identification of
fluorescence signals, particularly when alveolar macrophages are a component of the immune
response. The methodology presented includes a robust gating strategy for the identification of B
cells, T cells (cytotoxic T, T helper, and yd T cells), NK cells, macrophages (alveolar, recruited
and monocyte-macrophages), monocytes (Ly6C" and Ly6C™), dendritic cells (CD103* and
CD11b"), neutrophils, and eosinophils in combination with dual in vivo CD45 labeling to
facilitate identification of these immune cell populations in four pulmonary compartments.
Finally, our studies implemented informed gating and dimensionality reduction algorithms to
visualize the recruitment and migration of leukocytes from the vasculature, across the lung
interstitium, and into the alveolar airways at 9 days post-infection with IAV.

Our robust spectral flow cytometry panel and in vivo intravascular CD45 labeling technique
were applied to studies investigating the role of versican in lung inflammation, injury, and
immune cell activity during IAV infection. To address our central hypothesis that fibroblast-
derived versican is pro-inflammatory and enhances the innate immune response to [AV
infection, we generated a tamoxifen-inducible mouse strain that is deficient in fibroblast-derived
versican (B6. Colla2-CrefRT"/Vean™! 1 Colla2/Vcan'"). We reported that fibroblast-derived
versican plays a critical role in neutrophil, monocyte, mono-macrophage, dendritic cell, and
eosinophil migration into the lungs and airways early in [AV infection. Intriguingly, fibroblast-
derived versican deficiency had the most substantial impact on neutrophil emigration into the
lungs. We found that Col1a2/Vcan” mouse lung fibroblasts (mLFs) have reduced cell-associated
hyaluronan (HA) and that neutrophils were less adhesive to the versican/HA ECM of
Colla2/Vcan”- mLFs compared to WT controls. These findings suggest that fibroblast-derived
versican and associated HA are necessary for the adhesion of neutrophils to the lung fibroblasts
as they transit into the lung interstitium and airways from the pulmonary vasculature. Our
findings demonstrate that fibroblast-derived versican is a key integrator of the early host immune

response to [AV.
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Chapter 1. Introduction

This chapter will introduce the motivation for investigating the role of fibroblast-derived

versican during influenza A virus infection.
1.1 Influenza A Viral Infections and Human Health

Viral respiratory disease places a significant burden on global health, with an estimated
145,000 to 645,000 annual deaths attributed to influenza A virus (IAV) lower respiratory tract
infections alone.>* Although recently overshadowed by the SARS-CoV-2 pandemic, seasonal
influenza virus infection is a top cause of hospitalization among patients with community-
acquired pneumonia in the United States.** Severe disease outcomes such as hospitalization,
pneumonia, acute respiratory distress syndrome (ARDS), and death are more common in high-
risk patient populations.® These high-risk populations include very young (< 2 years old), elderly
(> 65 years old), pregnant, immune-compromised, and obese patients, as well as those that have
been exposed to cigarette smoke, and have chronic illnesses, such as heart disease, chronic
obstructive pulmonary disease, and asthma.® Additionally, pandemic influenza virus strains can
cause severe disease in patients that lack these high-risk factors.” An estimated 62-85% of the
influenza-related deaths during the 2009 HINT1 influenza A pandemic occurred in patients under
65 years old.® The disease burden from seasonal and pandemic influenza A viruses, and the
growth of high-risk patient populations, underscores the need for continued influenza A research
and the development of therapies for influenza A virus infection.

Influenza viruses belong to the Orthomyxoviridae family and are enveloped viruses that have
zoonotic potential.”® They are classified into four types, A, B, C, and D.”? Influenza A viruses
are responsible for the majority of seasonal influenza illnesses and have caused all influenza
pandemics.”!” They have a segmented genome consisting of eight negative-sense, single-
stranded RNAs.%7 IAVs are subtyped according to two surface viral glycoproteins,
haemagglutinin and neuraminidase.” There are 18 and 11 different haemagglutinin (H1-H18) and
neuraminidase (N1-N11) subtypes respectively.’ In addition to humans, many species are
infected with influenza A viruses including pigs, dogs, cats, ferrets, horses, bats, and marine
mammals.’ Spillover events have resulted in zoonotic IAV strains becoming the predominant

circulating seasonal influenza strains and being the causative agents of influenza pandemics.'°



The broad host range and segmented genome of IAV allow for genetic rearrangement in co-
infected cells, enabling potential zoonotic spread.®”® Birds are the primary reservoir for IAVs.®
Nearly all influenza A subtype combinations have been identified in avian species, except for
H17N10 and H18N11, which have only been identified in bats.® It is increasingly common for
spillover events of IAVs that originate from animals to impact human health.'” In 2013, avian
influenza H7N9 caused hundreds of human infections due to multiple spillover events in China.!!
Additionally, pandemic strains of IAV have been determined to be of avian or swine origin.'°
With the potential to develop antigenically novel viruses of zoonotic origin, influenza A viruses
pose a significant threat to human health.

IAV infection is challenging to treat as it can undermine conventional prophylaxis and
therapies. Through its ability to rapidly mutate and undergo genetic drift via the activity of its
error-prone RNA-dependent RNA polymerase, [AV requires that influenza A vaccines be
seasonally redesigned.” Antigenic drift that occurs between vaccine design and administration
has the potential to reduce vaccine efficacy further.'> Meanwhile, antigenically novel pandemic
IAV strains are typically not covered by seasonal vaccines and therefore can potentially place
large populations at risk of severe infection.®!? Taken together, vaccination alone cannot
effectively control influenza, emphasizing the need for efficacious therapeutics. Currently,
neuraminidase inhibitors, which block the release of new virions from infected cells, are the most
common type of antiviral medication used to treat influenza infection. Neuraminidase inhibitors
are particularly effective when given early in the clinical disease course and have demonstrated
some efficacy against severe infections.'*!'* However, viral resistance to neuraminidase
inhibitors has been reported.!®> Other available therapies include antivirals against viral RNA-
dependent RNA polymerase and monoclonal antibody therapy against haemagglutinin.'®!” While
it has not been observed, there is potential for viral resistance to develop against these
therapeutics.!® Additionally, not all of these therapeutics are widely available and their
performance beyond the treatment of acute, uncomplicated influenza infection is poorly
characterized.” The limitations of currently available antiviral treatments emphasize the need to
develop additional therapeutics for severe influenza infections and influenza disease-associated
lung injury.

Both the intrinsic viral pathogenicity of IAV and the host immune response to [AV infection

contribute to patient morbidity and mortality.” A comparison of severe influenza disease with



the clinical syndromes of other respiratory viruses such as SARS-CoV-1, SARS-CoV-2, and
MERS-CoV, revealed shared deleterious clinical and pathological sequelae, including respiratory
failure from acute respiratory distress syndrome (ARDS) and diffuse alveolar damage, the
histopathological hallmark of ARDS.!? These viruses are intrinsically diverse with unique virion
structures, genomic material, host cell receptor targets, and replication methods.®!® The fact that
they have shared clinical syndromes suggests that the host inflammatory response to viral lung
infection is principally responsible for patient morbidity and mortality.!® Several additional
observations support immunopathology as the principal driver of severe influenza illness. In both
clinical patients and in studies investigating influenza infection using animal models, there is a
poor correlation between viral load, disease severity, and disease outcome.?*-* Additionally, in
cases of fatal influenza infections, death typically occurs long after viral clearance.?>?> Antiviral
therapies are also less efficacious in these patients, particularly when given late in the clinical
disease course.?>?® The specific mechanisms by which host immunopathology is initiated and
regulated are incompletely understood. Therefore, modulation of the host immune response is an
important target for therapeutic interventions and has the potential to improve patient outcomes
in cases of severe influenza pneumonia.'®27-2°

The host immune response to influenza pneumonia is carried out in the tissue
microenvironment of the lung. The host extracellular matrix (ECM) is a key contributor to
defining the pulmonary microenvironment by conferring mechanical and biological
characteristics which impact cellular phenotype.®3! The pulmonary ECM is dynamic and is
remodeled considerably during lung development, infection, and injury to support select
microenvironments required for specific biological activities.*?** Increasingly, the ECM is
recognized for being inextricably linked to the host immune response and for its potential as a
target for host-directed therapies of pulmonary disease.?%*3-3% However, how the ECM regulates
and modulates pulmonary innate immunity is not well understood. Investigation of the
mechanisms by which the ECM alters the host innate immune response to pulmonary pathogens,
such as influenza A virus, could lead to the development of novel host-directed therapies that

limit immunopathology during influenza infection.



1.2 The Pulmonary Extracellular Matrix

The extracellular matrix is the non-cellular portion of a tissue, has a dynamic composition,
and is made up of diverse components.*® The two major tissue structures comprised of ECM are
the basement membrane and the interstitial matrix.>® Basement membranes are thin, dense sheets
of ECM that are in immediate proximity to the basal aspect of airway epithelium, alveolar
epithelium, and vascular endothelial cells.>® The interstitial matrix is a porous lattice which
forms in the pulmonary interstitium.3® In mammals, approximately 300 proteins have been
identified as making up the core matrisome.3” The core matrisome includes collagens,
proteoglycans, and ECM glycoproteins.’” Additionally, there are matrisome-associated proteins
which include ECM-affiliated proteins, ECM-regulators, and secreted factors.?” ECM-affiliated
proteins are those that are affiliated structurally or functionally with core ECM proteins.’” ECM-
regulators include proteins that cross-link the ECM, enzymes that modify the ECM, and ECM-
associated proteases and their inhibitors.3” Finally, secreted factors are soluble proteins that may
interact with ECM components, and include chemokines, cytokines, and growth factors.?’

The extracellular matrix is continually turned over and renewed during both homeostasis and
disease progression, requiring the proteolysis of matrix proteins.3>3* Fragmentation of matrix
proteins by proteases generates peptides known as matrikines, which have biological properties
that may differ from those of their intact parent protein.*® Predominant ECM proteins such as
collagen, elastin, and fibronectin, all have associated matrikine peptides.*® Matrikines have been
shown to modify cell growth, proliferation, migration, and survival.’® The relative abundance
and activity of matrikines is challenging to capture by transcriptomic approaches as intact parent
proteins may yield a variety of matrikines via sequential or differential cleavage by proteases.?*4°
For this reason, proteomic approaches are especially important for understanding the
contribution of matrikines to ECM composition and function.*°

In addition to proteins and peptides, glycosaminoglycans (GAGs) are crucial components of
the ECM.*!*> GAGs are linear polysaccharides made up of repeating disaccharide units in which
one of the saccharides has a hydroxyl replaced by an amine.***? The majority of GAGs are
present in the ECM as part of a proteoglycan (PG).*® PGs are complex proteins that consist of a
core protein with one or more GAG side chains that are covalently attached to a GAG-binding
domain in the core protein.*® PGs are classified by the contents of their GAG side chains into

three groups, heparan sulfate/heparin PGs, chondroitin sulfate/dermatan sulfate PGs, and keratan



sulfate PGs.?%424 Proteoglycans are additionally classified by their cellular location as
intracellular, cell-surface, pericellular, and extracellular.** Hyaluronan is another important ECM
GAG but is distinguished from GAGs of proteoglycans as it is not associated with a core protein
and is not sulfated.*>44

The physical properties of GAGs impact the structure and biological activity of the ECM.
They are highly negatively charged due to the sulfate and carboxyl groups present on their
repeating disaccharides.*> Osmotically active cations are drawn to these negative charges and
bring large amounts of water along with them.3®¢ GAGs are able to form gels at low
concentrations and their expansive conformations result in the formation of porous hydrated gels
which provide both structural support to the ECM and a specialized microenvironment for
biological activities.*’

GAG:s interact with a wide array of molecules, including growth factors, morphogens,
chemokines, ECM proteins, and their bioactive fragments, receptors, lipoproteins, and
pathogens.*? This extensive collection of binding partners mediates diverse GAG functions from
ECM assembly to immunomodulation in various contexts, including embryonic development,
homeostasis, angiogenesis, cancer, neurodegenerative diseases, and infection.*? The GAG
interactome detailing GAG-protein interaction and interaction networks has recently been
published.*? Additional versatility is conferred to GAG interactions with molecules through
various processes that alter GAG structure. These include hyperelongation of GAG chains,
epimerization of acids, and changes in the sulfation patterns.*®*” Regarding secreted factors,
GAGs can impact the availability and mobilization of secreted factors for receptors, control the
development of secreted factor gradients, and sequester factors from proteolytic degradation.*8->
The model by which chemokines are presented to leukocytes by GAGs has recently been refined
by evidence that chemokines are presented in solution while sequestered within the glycocalyx,
instead of being exclusively GAG-bound.*® The versatility of GAG structure and function and
their predominance within the ECM, underscores the need to further understand the contributions

of PGs and hyaluronan to the host immune response to pulmonary pathogens, such as influenza

A virus.



1.3 Versican, An Extracellular Matrix Proteoglycan

Versican is a large extracellular chondroitin sulfate PG that is an important component of the
extracellular matrix during health and disease. Versican is known to interact with hyaluronan and
lectins; therefore, it is classified as being part of the hyalectan family of proteoglycans.*>!
Chondroitin sulfate GAG chains comprise of repeating disaccharides made up of glucuronic acid
and N-acetyl-galactosamine. Glucuronic acid can be converted to iduronic acid by epimerases
and when this occurs, PGs are classified as chondroitin sulfate/dermatan sulfate PGs due to the
heterogenous content of disaccharide units. Versican GAG side chains contain up to 10%
iduronic acid.?’

Versican is the largest member of the hyalectan proteoglycans and alternative splicing of
versican mRNA produces five versican isoforms that are different in size and chondroitin sulfate
GAG content (Figure 1.1). The versican gene has 15 exons that correspond to the N-terminal G1
domain (exons 2-6), the a-GAG binding domain (exon 7), the B-GAG binding domain (exon 8),
and the C-terminal G3 domain (exons 9-15). The G1 domain contains an immunoglobular (Ig)-
like motif and link module structure which are known to bind hyaluronan and hyaluronan
proteoglycan link protein 1 (HAPLNT1).5%3 The G3 domain contains two epidermal growth
factor (EGF)-like repeats, a carbohydrate recognition domain (CRD) or lectin-like domain, and a
complement binding protein (CBP)-like motif. Alternative splicing occurs at exons 7 and 8
impacting the two GAG-binding domains. VO possesses both the a-GAG and B-GAG binding
domains and is the largest isoform (~370 kDa).’*% V1 (~263 kDa) contains only the B-GAG
domain, while V2 (~180 kDa) only has the a-GAG domain.3?*¢ V3 (~74 kDa) is unique in that
is lacks both GAG-binding domains. Finally, V4 (~135 kDa) contains only the first 1194 base-
pairs of the N-terminal of the B-GAG domain.>>>78 All versican isoforms, with the exception of
V3, have chondroitin sulfate attachment sites located on the GAG binding domains. The
consensus sequence sites for GAG attachment on human versican suggest that the number of

GAG chains is 17-23 for V0, 12-15 for V1, 5-8 for V2, and none for V3.
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Figure 1.1 Isoforms of versican

Adapted from Tang et al.' The five isoforms of versican binding to hyaluronan through link modules
in the G1 domain. VO possesses both the a-GAG and B-GAG binding domains, V1 only has the 3-
GAG domain, V2 only has the a-GAG domain, V3 lacks GAG-binding domains, and V4 contains

only the first 1194 base-pairs of the N-terminal of the f-GAG domain.



There are two signaling pathways that are responsible for versican expression. The canonical
Wnt/B-catenin/T-cell factor (TCF) pathway has been shown to control the versican promoter in
smooth muscle cells and B-catenin signaling was identified as being required for transforming

growth factor-B1 (TGFB1) -induced versican expression. %!

In macrophages, Trif-dependent
and type I-interferon (IFN) -dependent signaling regulates versican expression, identifying
versican as a type I IFN-stimulated gene.®? Additionally, versican is necessary for type I IFN
production by macrophages following exposure to toll-like receptor (TLR) agonists.®? Increases
in versican expression are therefore regulated in both a type I [IFN-dependent and a type I IFN-
independent manner. These signaling pathways are not exclusive to the cell types that they were
initially demonstrated in, as both type I IFN-dependent and type I IFN-independent pathways
have been shown to control versican expression in platelet-derived growth factor receptor 3
(PDGFRp) positive stromal cells during IAV infection.®

Similar to other ECM molecules, degradation of versican by proteolysis generates bioactive
matrikines. The cleavage of versican by proteases is thought to be sequential and yields bioactive
fragments with distinct functions.®*%3 The majority of enzymes known to cleave the protein core
of versican belong to the matrix metalloproteinase (MMP) and the A disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS) families of proteases.’® Both of these
types of proteases require a zinc ion for catalytic activity, are synthesized as latent enzymes
requiring activation, are active at neutral pH, and are known to catalyze the turnover of the ECM
during development, homeostasis, and various disease conditions.?**7-7% Four endogenous tissue
inhibitors of metalloproteinases (TIMPs) have been identified that inhibit the activity of MMPs
and ADAMTS proteases.>*7!:72

Versican has multiple cleavage sites in its core protein that are known to be cleaved by

ADAMTS proteases, including ADAMTS-1, -4, -5, -9, -15, and -20.7>"7¥ ADAMTS-8 is also
predicted to cleave versican as it has been shown to cleave aggrecan and shares homology with
the ADAMTS proteoglycanases that have activity against versican.®* In the VO isoform,
ADAMTS cleavage sites are located at Glu***-GIn*%¢ in the a—GAG domain and at Glu'4?3-
Ala'*? in the B-GAG domain (VO human sequence enumeration).”®’8 These cleavage sites
correspond to single sites in the V1 and V2 isoforms at locations Glu**'-Ala**? and Glu*®-GIn*®®,
respectively.”>”® Both cleavage sites have been validated in vivo using antibodies against the

neoepitopes generated by ADAMTS cleavage with anti-DPEAAE441 (V1 human enumeration)



corresponding to a fB—~GAG domain cleavage site and anti-NIVSFE405 (V0/V2 human

enumeration) corresponding to the a-GAG domain cleavage site.”*7

The versican fragments generated from cleavage at these locations have been studied in

various contexts.’>04783 The cleavage product of V1 at Glu*!-Ala**?

generates a versican
fragment with the neoepitope DPEAAE, which has been named versikine, and is conserved
between humans and mice.%*”® The cleavage product of V0/V2 at Glu*®-GIn** that generates a
versican fragment with the neoepitope NIVSFE has been named glial hyaluronate-binding
protein (GHAP). This neoepitope has only been identified in humans and is found predominately
in brain tissue.”®# In mice, the neoepitope NIVNSE, which corresponds to the Glu*%-GIn?*®
ADAMTS cleavage site within the mouse sequence was recently validated and will enable the
researcher to better understand the bioactivity of GHAP in future studies.®! Several other
ADAMTS versican cleavage sites have been predicted from in vitro studies and computational
modeling but still await in vivo validation.?3-3

Versican’s core protein is known to be cleaved by MMPs, including MMP-1, -2, -3, -7, -
8, -9, and-12, but unfortunately, specific versican fragments and neoepitopes have not always
been identified in these studies.?*37%° Versican derived from rabbit lungs with hydrostatic edema
was shown to be sensitive to both MMP-2 and MMP-9 degradation, with the activity of MMP-2
being greater than that of MMP-9.%° In atherosclerotic lesions, MMP-7 expression and positive
immunostaining for versican were colocalized. Additionally, MMP-7 degraded versican in vitro
more efficiently than MMP-1, -2, -3, and -9.%% A versican cleavage site is known for MMP-1, -2,
-3, and -9. These MMPs have been shown to cleave versican extracted from the bovine brain at
Glu*%-GIn*% and generate GHAP as this is a cleavage site shared with ADAMTS proteases. In
addition, MMP-8 and MMP-12 have been demonstrated to generate a bioactive versican
degradation product named VCANM. VCANM is cleaved at position Tyr**% in the G3 domain
and has the neoepitope KTRFGKMKPRY.#” VCANM is a potential biomarker for
atherosclerotic disease, with high plasma levels correlating to patients with acute coronary
syndrome; however, low levels of VCANM were associated with acute exacerbation of chronic

obstructive pulmonary disease and idiopathic interstitial pneumonia.?790%!

Very little is known
about the bioactivity of VCANM in different disease contexts. Therefore, more research is

needed to better understand the role of VCANM in lung health and disease.



In addition to being cleaved by MMPs and ADAMTS, versican GAG side chains can bind
directly with MMPs, ADAMTSs, and TIMPs, allowing their activity to be directly regulated by
versican.8292%* This regulatory effect is in part through the colocalization of protease with
activators or inhibitors, some of which are members of the versican interactome, such as
fibronectin or fibulin-1.!41959 GAG side chains also indirectly regulate the function of proteases
toward their chemokine and cytokine substrates which can be bound and sequestered by
versican’s GAG side chains, concealing them from proteolysis.”®7 Cleavage of the versican
protein core generating matrikines possessing GAG side chains may contribute to chemotactic
gradients for these secreted factors and play an important role in inflammatory contexts.

The binding of secreted factors, such as chemokines, to versican is multifaceted due to
the alternative splicing of GAG domains across versican isoforms. The work of Hirose et al.
demonstrated that versican binds select chemokines and regulate their chemokine function. This
work showed that versican binds to CCL2/MCP-1, CCL8/MCP-2, CXCL10/IP-10, CXCL4/PF4,
CXCL12/SDF-18, CCL5/RANTES, CCL20/LARC, and CCL21/SLC but not to CXCL5/ENA-
78, CXCL1/GROa, CXCLS8/IL-8, CCL7/MCP-3, CCL3/MIP-1a,, CCL4/MIP183, CCL18/PARC,
CCL17/TARC, or CCL19/ELC.°” Work by Tanino et al. showed that dermatan sulfate (also
known as chondroitin sulfate-B, CS-B) inhibited the binding of mouse CXCL1/KC to
immobilized heparin, suggesting that in mice, this key neutrophil chemotactic factor could bind
to the versican side chain under certain conditions. In addition, they investigated how the kinetics
of chemokine-GAG interactions contribute to chemokine functions and found that in the lungs,
rapid association and disassociation of CXCL1/KC from heparin contributed to higher plasma
CXCLI1/KC levels and more effective neutrophil recruitment.>® GAG chain sulfation pattern has
also been shown to impact chemokine binding to versican with over-sulfated chains
demonstrating inhibited binding of CCL21/SLC, CXCL-10/IP-10, CXCL4/PF-4, and
CXCL12/SCF-1pB compared with control versican.’® The inhibition of KC binding to heparin by
CS-B and the inhibition of chemokine binding due to altered sulfation are possible mechanisms
by which versican may impact the kinetics of chemokine-GAG interactions and therefore
chemokine activity in the lungs.

Beyond proteases and chemokines, versican interacts with many other important
matrisome molecules. These include core matrisome proteins such as thrombospondin-1,

tenascins, fibulin-1, fibulin-2, fibrillins, type I collagens and fibronectin; hyaluronan-associated
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factors such as tumor necrosis factor stimulated gene-6 (TSG-6), heavy chains (HC), and
HAPLNI1; adhesion molecules such as CD44, L-selectin, P-selectin glycoprotein ligand-1, and
beta-1 integrins; and cell surface receptors such as TLR2, TLR4, and epidermal growth factor
receptor (EGFR).! The diversity of versican’s binding partners aligns with the diversity of
biological activities that versican can influence. Previous studies have demonstrated that versican
is able to modulate host immune responses by impacting leukocyte adhesion and chemotaxis, the

83.97.99-101 These studies

biological activity of chemokines, and by altering macrophage phenotype.
also demonstrate that the influence of versican over the host immune response is not only
versatile but also contextual in nature. Biological outcomes related to versican may differ due to
different cellular sources of versican, the signaling pathways involved in versican expression, the
available versican binding partners within the ECM, and the inflammatory agonist under
investigation. Studies of pulmonary inflammation utilizing conditionally versican-deficient mice

show great promise in progressing our understanding of the contextual nature of versican-

enriched ECM.
1.4 Contextual Role of Pulmonary Versican in Health and Disease

During embryonic development, versican is present throughout the lungs but is largely absent
from mature, healthy lungs.!? During pulmonary inflammation, versican reaccumulates in the
lungs in both human patients and mouse models of lung injury.?7:66:8%:100.102-111 Vergican is
expressed by a variety of cells involved in the pulmonary immune response including stromal
cells, immune cells, and epithelial cells.!?1%3-195 To understand better versican’s role in lung
inflammation and injury, preclinical studies must be conducted using conditionally versican-

tml.1Cwf mouse

deficient mice because versican is required for embryonic development. The Vcan
strain (Vcan™™) has loxP sites in introns 3 and 4. When these mice are exposed to Cre-
recombinase, Vcan exon 4 is deleted and a resulting frameshift mutation creates a premature stop
codon in exon 5. When Vcan™? mice are crossed with various Cre-recombinase expressing mice,
versican can be deleted in a time and cell-specific manner.

Studies using conditionally versican-deficient mice exposed to polyinosinic:polycytidylic
acid (poly(I:C)), a synthetic analog of double-stranded RNA, and well established TLR-3
agonist, demonstrated the connection between the cellular source of versican and its

100,103

immunomodulatory role in pulmonary inflammation. These studies showed that mice with
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a global deficiency in versican (Rosa26/Vcan™) treated with poly(I:C) have a decreased recovery
of inflammatory leukocytes in the bronchoalveolar lavage (BAL) fluid (Figure 1.2A).'% This
suggests that versican plays a critical role in initiating leukocyte migration within the lungs,
likely as part of a provisional pro-inflammatory matrix. In contrast, mice lacking versican in
myeloid cells and type II epithelial cells (LysM/Vcan™) had an increased recovery of
inflammatory leukocytes in BAL fluid after instillation with poly(I:C) (Figure 1.2B).!%° This
suggests an important role for macrophage and/or epithelial-derived versican during the period of
resolution of lung injury and inflammation as part of a provisional pro-resolving matrix.
Additionally, both Rosa26/Vcan™ and LysM/Vcan™" versican-deficient mice had significantly
decreased levels of Type I IFN and IL-10 in lung tissue and BAL fluid following poly(I:C)
exposure when compared to controls.!® This highlights a critical role for versican in the pro-
resolving matrix and links the production of these anti-inflammatory cytokines to versican
expression in macrophages. Another study by Kellar et al. utilized airway epithelial cell
versican-deficient mice (SPC/Vcan™) infected with respiratory syncytial virus. Those data
revealed increased migration of neutrophils and monocytes into the BAL fluid and lungs in
SPC/Vcan™ mice with elevated expression levels of chemokines CCL2, CCL3, and CCL4,
suggesting that epithelial-derived versican attenuated leukocytes through chemokine mediated

mechanisms (Figure 1.2C). 1%
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Figure 1.2 The role of versican in lung injury and inflammation

A summary of studies investigating the role of versican in lung injury and inflammation using
mice that are deficient in versican in a time and cell specific manner. (A) RosaVcan”™ mice are
globally deficient in versican and when exposed to poly(I:C) demonstrated a pro-inflammatory
role for versican in lung injury while (B) LysM/Vcan™ mice exposed to poly(I:C) demonstrated an
anti-inflammatory role for myeloid-derived versican. (C) SPC/Vcan™ mice infected with

respiratory syncytial virus suggested an anti-inflammatory role for epithelial cell-derived versican.
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Taken together these studies demonstrated both pro-inflammatory and anti-inflammatory
roles for versican in lung injury and inflammation. The differential roles of versican from
different cellular sources in the recruitment of immune cells and alteration of chemokines and
cytokines highlight versican’s potential as a modulator of host immunity in both the pro-
inflammatory and pro-resolving provisional ECM during influenza infection. Additionally, this
emphasizes that the cellular source implicated in versican expression is an important factor
influencing versican’s contextual control over immune cell migration into the lungs. One cellular
source of versican that has not been specifically investigated in previous studies is fibroblast-
derived versican. The phenotype of poly(I:C) instilled Rosa26/Vcan™ mice likely captured some
of the contributions of fibroblast-derived versican to the modulation of innate immunity but even
when compared to poly(I:C) instilled LysM/Vcan" mice it is difficult to completely understand
the role of fibroblast-derived versican in this model. Finally, additional factors such as the
signaling pathway responsible for versican expression during lung injury and the agonist of lung
inflammation under investigation should also be considered when evaluating the contextual
nature of versican’s role in pulmonary injury and inflammation.

In addition to studies leveraging mice that are conditionally deficient in versican, studies that
utilize mice deficient in ECM proteases known to cleave versican give additional insight into
versican’s role during pulmonary injury and inflammation. Two important studies have
investigated the role of ADAMTS proteases in the remodeling and degrading of the versican-
enriched ECM in pulmonary organs during influenza infection. Boyd et al. investigated the role
of ADAMTS-4 in the lungs. They found that mice lacking ADAMTS-4 had higher levels of
versican accumulation combined with fewer CD8 lymphocytes, less alveolar inflammation, and
less protein accumulation in the airways compared with wild-type controls at 9 days post
infection (dpi) with influenza.!'?> In ADAMTS-4-null mice, there was no change in the amount of
gene expression of other known ADAMTS versicanases, thus identifying ADAMTS-4 as the
primary ADAMTS protease in the lungs during influenza infection.!'!? In addition, it was shown
that ADAMTS-4-competent fibroblasts promoted T-cell migration across a versican barrier
compared with ADAMTS-4-deficient fibroblasts in vitro.!!?

In contrast, McMahon et al. found that ADAMTS-5 was the primary ADAMTS protease
responsible for the degradation of the versican-enriched ECM in the mediastinal lymph nodes

during influenza infection.!'!® Similar to the effect of ADAMTS-4 deficiency in the lungs, T-cell
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migration from the lymph nodes was impaired in influenza-infected ADAMTS-5-deficient
mice.!!® In addition, versikine was decreased in the mediastinal lymph nodes of ADAMTS-5-
deficient mice, suggesting that versican proteolysis by ADAMTS and/or the bioactivity of
versikine may be necessary for T-cell migration in the context of influenza infection in
pulmonary organs.'!'* Although Boyd and colleagues did not assess versikine accumulation in the
lungs, versikine accumulation has been shown to peak from baseline at 6 dpi with influenza in
wild-type mice.®

Finally, a study by Bradley et al. identified neutrophils as the predominant pulmonary
cellular source of MMP-9 during influenza infection. It was shown that the MMP-9-deficient
mice had impaired neutrophil migration into airways, resulting in improved weight loss from
severe influenza infection.''* Although the activity of MMP-9 toward versican was not
considered in this study, MMP-9 secretion by neutrophils was shown to be induced by TNF.!!4
To investigate a possible mechanism between MMP-9, neutrophil migration, and versican during
influenza infection, the predominant MMP-9 cleavage site on the versican core would need to be
elucidated and any resulting versican fragments would need to be defined.

The findings of studies utilizing mice deficient in ECM proteases known to cleave versican
underscore the complexity of the ECM during lung inflammation. Additionally, they highlight
the potential for differences in available versican binding partners to influence the
immunomodulatory properties of a versican-enriched ECM. Little is known about how temporal
alterations in versican and its binding partners alter the host pulmonary immune response. As a
versatile immunomodulatory integrator of the ECM, versican is an important potential target of

host directed therapy for pulmonary inflammation.
1.5 Summary

Seasonal and pandemic influenza A virus strains remain a threat to human health globally.??
As part of a classic host-pathogen arms race, influenza demonstrates the ability to undermine
current prophylactics and therapeutics, especially those directly targeting viral replication and
virion survival.'?>!> Additionally, the host immune response to IAV infection contributes to
patient morbidity and mortality independently of viral burden, emphasizing that therapies which
modulate the host immune response to IAV infection have potential for reducing the burden of

severe influenza disease.!'®?%?° The host immune response is closely integrated with the
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pulmonary microenvironment of which the extracellular matrix is a critical component.30-33-33

Our understanding of how the ECM regulates host innate immunity represents a critical
knowledge gap and underscores the untapped potential of ECM targets for host-directed therapy
in pulmonary injury and inflammation.

Versican is an immunomodulatory chondroitin sulfate proteoglycan that is a critical
component of the host response to pulmonary inflammation and injury. As an integrator of the
ECM, versican demonstrates potential as a host-directed target for immune modulation during
pulmonary infection. Prior to the work of this thesis, the spatial-temporal changes in versican
expression and accumulation during IAV infection in versican-competent mice were unknown.
Additionally, studies utilizing conditionally versican-deficient mice infected with IAV had not
been previously performed. Studies of poly(I:C) instilled globally versican-deficient mice and
mice deficient in myeloid-derived versican are supportive of versican’s potential to be a

100,103

therapeutic target for IAV infection. However, the role of fibroblast-derived versican in

pulmonary innate immunity is a critical knowledge gap in our understanding of versican-
enriched ECM.

This thesis aims to investigate the role of fibroblast-derived versican during the pulmonary
immune response to IAV infection. Single-cell RNA sequencing data generously provided by
David Boyd (University of California Santa Cruz, Santa Cruz, CA, Figure 1.3) revealed that
versican is primarily expressed by cells that also have high expression of Colla2 in the lungs of
C57BL/6J mice prior to IAV infection. This data strongly supports that the utilization of mice
that are versican-deficient in Colla2 expressing cells will be important for testing the central
hypothesis that fibroblast-derived versican is pro-inflammatory and enhances the innate immune

fl mice were crossed with mice

response to IAV infection. To establish this mouse strain, Vcan
carrying a transgene for a tamoxifen-inducible Cre-recombinase under the control of the Colla2
promoter (B6.Cg-Tg(Colla2-cre/ERT,-ALPP)7Cpd/J, Jackson Laboratory, Stock No: 029567) to
generate B6. Colla2-CrefRT-/Vcan™! 1O mice (Colla2/Vcan™). In addition to characterizing
the spatiotemporal changes in versican expression and accumulation during IAV infection in
versican-competent mice and investigating the role of fibroblast-derived versican during [AV
infection, this thesis describes methodology for enhancing immune cell localization and

characterization by combining dual in vivo CD45 labeling of leukocytes with spectral flow

cytometry. Together the following chapters provide important insight into the role of versican
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during the innate immune response to IAV infection and present methodology that enhances the

rigor and reproducibility of those findings.
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Figure 1.3 Expression of Colla2 and Vcan in Lung Cells

10x genomics single-cell RNA sequencing datasets of C57BL/6J mice infected with influenza A
virus (A/Puerto Rico/8/1934), graciously provided by David Boyd. (A) Aggregate of datasets from
day 0, 1, 3, 6, and 21 post-infection and key to numbered cell populations (B) In vehicle instilled
mice (day 0), Colla2 expression is predominant in Mfap5+ fibroblasts (Pdgfra, Mfap5), damage-
responsive fibroblasts (Pdgfra, Wtl), airway smooth muscle (Hhip, Acta2), microvascular
endothelial cells (Pecam1, Gpihbp1), myofibroblasts (Pdgfra, Acta2), neutrophils (Ptprc, Mmp9),
alveolar fibroblasts (Pdgfra, Wnt2), mesothelial (Msln, Wt1), Epcam+Colla2+ cells, vascular
smooth muscle cells (Actal, Pdgfrb, Notch3), and AT1 (Epcam, Akap5, Ager). (C) In vehicle
instilled mice (day 0), Vcan expression is predominant in Mfap5+ fibroblasts (Pdgfra, Mfap5),
damage-responsive fibroblasts (Pdgfra, Wtl), and Epcam+Col1a2+ cells.
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Chapter 2. Type I Interferon Signaling Increases Versican Expression

and Synthesis in Lung Stromal Cells During Influenza Infection

2.1 Introduction

Versican, a chondroitin sulfate proteoglycan, is an ECM molecule that is abundantly
expressed in the lungs during embryonic development and is minimally expressed in the healthy
lungs of adult mice and humans.’”%192 There are five isoforms of versican with different
glycosaminoglycan (GAG)-binding domains: VO containing a-GAG and B-GAG domains, V1
containing only the B-GAG domain, V2 containing only the a-GAG domain, V3 containing no
GAG-binding domains, and V4 which contains a portion of the B-GAG domain.3*>7-58102 Re-
expression and accumulation of versican in the mature lung is a consistent finding in the study of
various inflammatory lung diseases in human patients and studies using mouse models of
pulmonary disease.?”:40:94.101,102,104,106-108, 115,116 Vergican is increasingly recognized as a critical
component of the immune response, particularly regarding the interactions of the versican-
enriched ECM with immune cells as they move from circulation to sites of pulmonary
inflammation.3152:9%:100.103,105,112,113 Vergjcan interacts with immune cell surface receptors and
impacts immune cell phenotype, adhesion, migration, activation, and retention within the
inflamed lung.#2:66-99-10LI7.118 Versican also retains, releases, and interacts with cytokines,
chemokines, and growth factors, which further inform immune cell activity and direct the host
inflammatory response.*3°7-!!% Two signaling pathways, previously identified in vitro in specific
cellular lineages, are responsible for versican expression. In smooth muscle cells, the canonical
Wnt/B-catenin/T-cell factor (TCF) pathway controls versican promoter activity, and B-catenin
signaling is required for transforming growth factor-B1-induced versican expression.60-61:120.121
Our previous work demonstrated that Trif-dependent and type I interferon (IFN)—dependent
signaling regulates versican expression, identifying versican as a type I [FN—stimulated gene in

103

macrophages.'*> In addition, our studies showed versican is necessary for type I IFN production

103 Type 1 IFNSs play a critical

by macrophages following exposure to toll-like receptor agonists.
role in regulating the immune response to viral infection and establishing the host antiviral
state.!?2123 Taken together, these data indicated that type I IFN-stimulated versican likely plays

an essential role in coordinating the immune response in viral pneumonia.
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However, little is known about the expression and accumulation of versican in the context of
viral pneumonia. In addition, the cellular specificity of the production of type I IFN—stimulated
versican during lung infection is unknown. Studies using versican-deficient mice exposed by
oropharyngeal instillation to polyinosinic:polycytidylic acid [poly(I:C)], a synthetic analog of
double-stranded RNA, and toll-like receptor-3 (TLR3) agonist showed that versican is an

immunomodulatory molecule, %193

These studies demonstrated that mice lacking versican in
macrophages (LysM/Vcan ") have an increased recovery of inflammatory leukocytes in
bronchoalveolar lavage (BAL) fluid after instillation with poly(I:C), suggesting an anti-
inflammatory role for type I IFN signaling—stimulated versican expression by macrophages. In
contrast, mice with a global deficiency in versican (Rosa26/Vcan™") treated with poly(I:C) had a
decreased recovery of inflammatory leukocytes in the BAL fluid, suggesting that versican
produced by stromal cells plays a critical role in initiating leukocyte migration within the lungs.
The versatile activities of versican produced by different cell types in coordinating the host
immune response to pulmonary infection and inflammation warrant further investigation into its
roles in the host response to viral pneumonia pathogenesis.

Therefore, this study established the time course of changes in versican expression, versican
accumulation, and leukocyte migration into the lungs during severe influenza A virus (IAV)
infection. In addition, the study characterized the role of type I IFN signaling and identified the
cellular source of type I IFN—stimulated versican during influenza infection in the lungs. The
study encompassed a 12-day time frame after infection to focus on the entire disease phase (0-9
days post-infection) and a limited portion of the recovery phase (10-12 days post-infection). We
observed the accumulation of versican and inflammatory cells from myeloid and lymphoid
lineages in all lung compartments throughout influenza infection using immunohistochemical
techniques and quantitative digital pathology.'>* We investigated the role of type I IFN during
influenza infection and identified another cellular source, in addition to macrophages, in which
type I IFN stimulates versican expression. Day 9 is a critical time point as this is when the
transition from the disease to the recovery phase occurred and there was an increased
accumulation of myeloid immune cell infiltration into the lungs. We used novel image analysis
techniques to accomplish this work, and employed artificial intelligence and machine learning to
perform high-quality quantitative digital pathology (QDP). These studies demonstrated that (1)

versican mRNA expression and protein accumulation peak in influenza-infected lungs on 6 days
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post-infection (dpi) and 9 dpi, respectively, in concert with various immune cell populations; (2)
versican expression correlates closely with type I IFN expression, particularly on 3 and 6 dpi;
and (3) stromal cells contribute significantly to type I [FN—stimulated versican in the transition
from the disease phase to recovery phase on 9 dpi. Our findings provide the basis for the

development of future mechanistic studies.

2.2 Materials and Methods

2.2.1 Animal Model

Eight- to 10-week-old male C57BL/6J wild-type (WT) and B6(Cg)-Ifnar1™!2Ees/J (Ifnarl")
mice (The Jackson Laboratory; Bar Harbor, ME) housed under standard conditions and on a
10:14 hr dark:light cycle were infected with mouse-adapted IAV. The lungs were collected for
immunohistochemistry, mRNA isolation, and in situ hybridization. In all experiments, the
sample size (n) is the number of mice per group. All procedures were performed as part of an
approved scientific protocol in accordance with the University of Washington Institutional

Animal Care and Use Committee (IACUC).
2.2.2 Induction of IAV Pneumonia

Mouse-adapted influenza A/Puerto Rico/8/34 (A/PR/8/34; HIN1) was grown in the allantoic
fluid of research-grade-specific pathogen-free (SPF) embryonic chicken eggs (Charles River
Avian Vaccine Services; Norwich, CT), and a hemagglutination assay was performed to
determine the viral titer.'>> Male mice were infected with 20 plaque-forming units (PFU) in 50
uL PBS by oropharyngeal aspiration under isoflurane anesthesia.!?¢ Our lab had previously
found that a dose of 20 PFU caused severe influenza pneumonia in which mice approach humane
euthanasia endpoint criteria but ultimately recover from infection. In addition, 20 PFU was an
intermediate dose compromising 40% of the euthanasia dose 50, which was 50 PFU for
C57BL/6J male mice infected with mouse-adapted influenza A/PR/8/34 HIN1.'2” Control mice
received PBS alone. Mice were sacrificed at 3, 6, 9, and 12 dpi by exsanguination under

isoflurane anesthesia.
2.2.3 Versican, Versikine, and Leukocyte Marker Quantitative Immunohistochemistry

Lungs for immunohistochemistry experiments were inflated with 10% neutral buffered

formalin at 21 cm H>O pressure and, along with the heart and mediastinal lymph nodes,
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immersed in 10% neutral buffered formalin for 24 hr, transferred to 70% ethanol, and embedded
in paraffin.®>!28 A cutting instrument with trimming blades was used to section the mouse lungs
into 2 mm sagittal sections to ensure uniform random sampling of all lung lobes.'?* Five to six
sagittal lung sections were embedded per paraffin block and placed on corresponding slides.

All immunohistochemistry staining procedures including deparaffinization for 30 min at 72C
were performed on the Leica Bond Automated Immunostainer (Leica Biosystems; Buffalo
Grove, IL). For all protocols, except versican immunohistochemistry, deparaffinization was
followed by antigen retrieval at 100C and peroxide block for 5 min at room temperature before
combining with the primary antibody. The versican immunohistochemistry staining protocol
includes an additional digestion step before peroxide block. Primary and secondary antibodies
were applied as described for the specific protocol, followed by DAB detection, hematoxylin
counterstain, and mounting as directed by the manufacturer for the BOND Polymer Refine
(DAB) Detection system (Leica Biosystems).

Versican immunohistochemistry was performed using an anti--GAG antibody with
reactivity to VO and V1 versican isoforms based on the presence of B-GAG found in each
isoform (V0 a-GAG and B-GAG, V1 B-GAG only). VO and V1 isoforms predominate in
inflamed lungs.'*° All lungs were pretreated with heat-induced epitope retrieval solution-1
(HIER1), a citrate-based buffer and surfactant (Leica Biosystems), for 10 min and then with 0.2
U/ml chondroitinase ABC (cat. no. C3667; MilliporeSigma, Burlington, MA) in 18 mM Tris, 1
mM sodium acetate, and 1 mg/ml BSA pH 8.0 for 1 hr at 37C as previously described.!%
Peroxide block was performed before combining with a polyclonal rabbit anti-mouse B-GAG
antibody (cat. no. AB1033, lot no. 3050782; MilliporeSigma, Burlington, MA) at 1:250 in Leica
primary antibody diluent for 30 min at room temperature to detect versican accumulation.

Versikine immunohistochemistry was performed using an anti-DPEAAE antibody with
reactivity to the versican VO/V1 neoepitope degradation product. All lungs were pretreated with
heat-induced epitope retrieval solution-2 (HIER2), an EDTA-based buffer and surfactant (Leica
Biosystems), for 10 min before incubating with a polyclonal rabbit anti-mouse DPEAAE
antibody (cat. no. PA1-1748A, lot no. MB153302; Invitrogen, Carlsbad, CA) at 1:800 in Leica
primary antibody diluent for 60 min at room temperature.

For Ly6b, F4/80, CD3, and CD8 immunohistochemistry of lung tissue, antigen retrieval was
performed with HIER2 for 10 min with Ly6b and 20 min with F4/80, CD3, and CDS. For CD68
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and CD4 protocols, antigen retrieval was performed with HIER1 at 10 and 20 min, respectively,
before incubating with a primary monoclonal antibody. The following primary monoclonal
antibodies were used: rat anti-mouse Ly-6b.2 alloantigen antibody, clone 7/4 (cat. no.
MCAT771G, lot no. 1801; Bio-Rad, Hercules, CA) at 1:10,000; rat anti-mouse CD68 antibody,
clone FA-11 (cat. no. MCA1957, lot no. 1807; Bio-Rad) at 1:1500; rabbit anti-mouse F4/80
antibody, clone D2S9R (cat. no. 700768, lot no. 5; Cell Signaling, Beverly, MA) at 1:500; rat
anti-mouse CD3 antibody, clone CD3-12 (cat. no. MCA1477, lot no. 1708Bio-Rad) at 1:100; rat
anti-mouse CD8 antibody, clone 4SM15 (cat. no. 14-0808-80, lot no. 2144532; eBioscience, San
Diego, CA) at 1:1000; and rat anti-mouse CD4 antibody, clone 4SM95 (cat. no. 14-9766-80, lot
no. 4342629; eBioscience) at 1:800. All primary antibodies were diluted in Leica Primary
antibody diluent for 30 min at room temperature except for the primary F4/80 antibody, which
was diluted in Signal Stain(R) Ab Diluent (cat. no .8112L, lot no. 30; Cell Signaling) for 30 min
at room temperature. For Ly6B, CD68, CD3, CD4, and CD8 protocols, the primary antibody was
followed by a rabbit anti-rat [gG(H+L), Mouse Adsorbed, Unconjugated secondary antibody
(cat. no. AI-4001, lot no. ZF-0513; Vector, Burlingame, CA) at 1:300 in 5% normal goat serum
and tris-buffered saline (TBS) for 8 min at room temperature. For F4/80, the primary antibody
was followed by a goat anti-rabbit polymer-HRP-IgG in 10% animal serum and TBS for 8 min at
room temperature. Negative controls were performed using purified Rabbit IgG (cat. no. AB-
105-C, lot no. ER1314071; R&D Systems, Minneapolis, MN) at 1:1000 or purified Rat IgG2b
Isotype (cat. no. 553986; BD Pharmingen, San Jose, CA) at 1:1000 in Leica primary antibody
diluent for 30 min at room temperature.

Image analysis was performed following immunohistochemistry using whole-slide digital
images and automated image analysis. Bright-field whole-slide digital images were created using
a 20x objective and the Nanozoomer Digital Pathology slide scanner (Hamamatsu; Bridgewater,
NJ). Analysis of the whole-slide digital images was performed using Visiopharm software
(Visiopharm; Hoersholm, Denmark). Regions of interest (ROIs) were manually defined by
drawing around the visible area of the lung, excluding any cardiac or mediastinal lymph node
tissue present on the slide. Digital features RGB-G, RGB-B, HDAB-DAB, H&E Eosin, and
Chromaticity Red were trained to label positive staining for versican or leukocyte markers and
the background tissue counterstain (hematoxylin) using project-specific configurations based on

a threshold of pixel values. Images were processed to generate desired outputs (area of positive
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staining for leukocyte markers or versican as a ratio of positive staining to total tissue area). All
ROIs were sampled at 100%. Based on the output for each slide analyzed, the mean value for
percentage positive staining for each day post-infection was calculated by averaging the results

for mice collected on particular days post-infection.
2.2.4 Acute Lung Injury Scoring

Histological assessment of lung inflammation and injury was completed using formalin-fixed
paraffin-embedded lung tissue stained with hematoxylin and eosin (H&E).'? The lung injury
score was performed using a modified version of previously described semiquantitative scoring
systems.!3%-133 The analysis was performed by a comparative pathologist (C.W.F.) who was
blinded to the treatment group. Assessment of lung inflammation and injury included the extent
and severity of the following parameters: (1) lung involvement (%), (2)
bronchiolitis/peribronchiolitis, (3) vasculitis/perivasculitis, (4) alveolitis and interstitial
pneumonia, and (4) chronic active fibrosis, including dysplastic alveolar regeneration.!2%-134-136
The score for each parameter was given a value from 0 to 3, with 0 being normal and 3 being the
most severe. Due to the significance of lung involvement and chronic-active fibrosis to long-term
health, the scores for these two parameters were weighted. The score was doubled for lung
involvement and tripled for chronic-active fibrosis, resulting in the maximum lung injury score

of 24. The complete scoring system used to evaluate lesions observed in H&E-stained lung tissue

is described in Table 2.1.

Parameter Measured 0 2 3
Lung involvement % None <10% 10-55% 56-100%
Bronchiolitis and peri- None Early epithelial changes Mild epithelial flattening, loss of cilia, Flattened epithelium with
bronchiolitis and loosely formed and club cells with moderate cuffs of epithelial loss (necrosis).
cuffs of leukocytes leukocyte Well-formed cuffs of leukocytes
Vasculitis and perivasculitis None Mild Moderate Severe
Alveolitis and interstitial  None Mild Moderate Severe
pneumonia
Chronic-active fibrosis None Mild, focal to multifocal Moderate, locally extensive to multifocal Severe, multifocal to coalescing

Table 2.1 Lung Injury Score
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2.2.5 Quantitative Real-time Reverse-transcription PCR

The left lung lobe was used for mRNA isolation and was cut into small pieces with no
dimension greater than 0.5 cm before being placed in 5 ml of RNAlater (Invitrogen). RNAlater
solution containing lung pieces was gently rotated at 4C overnight. RNA was extracted using
RNAeasy Mini Kit with on-column DNase digestion (Qiagen; Valencia, CA). RNA quality was
measured, and an RNA integrity number (RIN) was determined for each sample (Bioanalyzer
RNA 6000 Nano Kit; Agilent, Wilmington, DE). All samples had a RIN between 8.2 and 9.7.
cDNA was reverse-transcribed using random primers with the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative real-time reverse-
transcription polymerase chain reaction (PCR) was performed on an ABI Prism 7900HT Fast
Real-Time PCR System (Applied Biosystems) using PrimeTime Gene Expression Master Mix
(Integrated DNA Technologies, Coralville, IA). Gene-specific TagMan primer-probe mixes were
used for quantitative real-time PCR of versican (Mm01283063 m1), interferon beta (IFN-)
(MmO00439552 sl), and TATA-box protein (Mm01277042 _m1) mRNA (ThermoFisher
Scientific; Grand Island, NY). The primer-probe mix spanning the junction of versican exon 3—4

was used to detect the expression of all five versican isoforms.
2.2.6 Versican, PDGFR, and CD68 Quantitative In Situ Hybridization

Lungs for in situ hybridization experiments were inflated with 10% neutral buffered formalin
at 21 cm H>O pressure, immersed in 10% neutral buffered formalin for 16-24 hr, washed in
molecular-grade PBS, transferred to 70% ethanol for up to 48 hr, and embedded in paraffin. A
cutting instrument with trimming blades was used to section the mouse lungs into 2 mm sagittal
sections to ensure uniform random sampling of all lung lobes.!>* Five to six sagittal lung sections
were embedded per paraffin block and on corresponding slides. Blocks were stored at 4C with
desiccant. Instruments, work surfaces, gloves, and blades associated with microtomy were
treated with RNAse Away, and RNAse free water was used for the floatation bath.

All in situ hybridization staining procedures were performed on the Leica Bond Automated
Immunostainer (Leica Biosystems) with ready-to-use (RTU) 2.5 LS duplex target probes for
mouse platelet—derived growth factor receptor beta (PDGFR) (cat. no. 411388, lot no. 19142A),
CD68 (cat. no. 316618, lot no. 19142A), and versican (cat. no. 486238-C2, lot no. 19142A) at
1:50 in PDGFRP RTU LS Probe or CD68 RTU LS Probe, control probes PPIB(C2) (cat. no.
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313918-C2, lot no. 1914A) at 1:50 in POLR2A(C1) (cat. no. 320768, lot no. 19036A) RTU,
negative control bacterial gene DapB-C2 (cat. no. 312038-C2, lot no. 19142A) at 1:50 in Duplex
Negative Control Probe C1 (cat. no. 320758, lot no. 18344A) RTU, and the 2.5 LS duplex
reagent kit (cat. no. 322440) as directed by the manufacturer (ACDBio; Newark, CA). Briefly,
slides were baked and deparaffinized on the Leica Bond Automated Immunostainer, pretreated
with HIER2 for 15 min at 95C, and underwent protease III digestion for 15 min at room
temperature before combining with positive, negative, or test probes for 120 min at room
temperature. In situ hybridization amplification steps specific to the protocol were followed by
peroxide block, Leica bond mixed red detection (cat. no. DS9390, lot no. 64002), staining with
ACD Cl green stain, counterstaining with hematoxylin, and baking at 60C for 30 min according
to the manufacturer’s instructions.

Image analysis was performed following immunohistochemistry using whole-slide digital
images and automated image analysis. All slides were scanned in bright field with a 20x
objective using a Nanozoomer Digital Pathology slide scanner (Hamamatsu). Whole-slide digital
images were imported for analysis into Visiopharm software (Visiopharm). ROIs were manually
defined by drawing around the visible area of the lung. The digital feature contrast red-green was
used to label positive staining for versican (red) or cell markers CD68 and PDGFRp (green), and
the digital feature RGB-R with a mean filter was used to label background tissue counterstain
(hematoxylin) using project-specific configurations based on a threshold of pixel values. Images
were processed to generate desired outputs (total pixels of positive staining for PDGFRp, CD68,
and versican as a ratio of positive staining to total tissue area). All ROIs were sampled at 100%.
Next, a digital feature to identify nuclei was created using the Deep Learning module in the
Visiopharm APP Author software. This module was given examples of manually segmented
nuclei and trained for 24,373 iterations to develop the algorithms used to identify nuclei. The
machine learning algorithms were then used to identify and label nuclei in image ROIs randomly
sampled at 20%. The labeled nuclei were then processed using a range of digital features and
postprocessing steps to generate desired outputs, which included the number of nuclei that were
single-positive for versican mRNA and double-positive for PDGFRp/versican and
CD68/versican mRNA, and the percentage of PDGFR nuclei that were double-positive for
PDGFRp/versican mRNA. Based on the output for each slide analyzed, the mean values were

calculated and reported by mouse strain or cell marker of interest.
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2.2.7 Stromal Cell Culture

Mouse lung fibroblasts were isolated from whole lung explants by digestion as previously
described.'?” Lungs were aseptically removed from the thorax, minced, and transferred into a 15-
ml conical tube with 2.5 ml digestion solution consisting of Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12) high-glucose medium, 1000 U/ml Liberase TL,
and 1000 U/ml DNase I. Lung digests were incubated in a shaking water bath for 60 min at 37C.
Then digest was filtered through a 100-pum cell strainer with DMEM/F-12 containing 10% fetal
bovine serum (FBS), and the red blood cells were lysed by suspending the cells in sterile water
for 30 sec. The fibroblasts were then washed and plated in DMEM/F-12 with 20% FBS, 2 mM L-
glutamine, 100 IU/ml penicillin, and 100 pg/ml streptomycin and incubated at 37C with 5%
COs. The cell culture medium was changed every 3—4 days and fibroblasts were passaged once
confluent. At each subsequent passage, FBS content was reduced by 5% through passage 2.
Fibroblasts were maintained in DMEM/F-12, 10% FBS, 2 mM L-glutamine, 100 [U/ml
penicillin, and 100 pg/ml streptomycin. For experiments, fibroblasts were used between passages
4 and 6. Fibroblasts were serum-starved with DMEM/F-12 medium containing 1% FBS for 24 hr
before stimulation with IFN-f and lipopolysaccharide (LPS). Confluent cells were stimulated
with LPS from Escherichia coli serotype 0111: B4 (lot no. 2014641; List Biological
Laboratories, Campbell, CA) at 100 ng/ml and IFN- (PBL Interferon Source; Piscataway, NJ) at
100 units/ml. After 4 hr of stimulation, the medium was removed, cells were washed with PBS,

and RNA was extracted using RNAeasy Plus Mini Kit (Qiagen).
2.2.8 Statistics

Statistics and images were generated using GraphPad Prism (La Jolla, CA). For PCR
analyses of gene expression, normalized mRNA levels were expressed as -fold of levels in
untreated or vehicle-treated controls using the comparative cycle threshold (Ct) method
compared with the housekeeping gene TATA-binding protein (TBP).!%!3 Quantitative PCR
(qPCR) analyses were performed with two technical replicates. Comparisons of qPCR and
quantitative immunohistochemistry and in situ hybridization data were analyzed by one-way
ANOVA followed by Bonferroni’s posttest for multiple comparisons, with the mean of every
influenza-treated group compared with the mean of vehicle-treated groups. Comparisons for

acute lung injury scoring were analyzed by Kruskal-Wallis followed by Dunn’s posttest for
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multiple comparisons, with the mean of every influenza-treated group compared with the mean
of vehicle-treated groups.'*® In vitro qPCR data were analyzed by one-way ANOVA followed by
Bonferroni’s posttest with all possible comparisons performed. Statistical results with a value

of p<0.05 were considered statistically significant.
2.3 Results

2.3.1 Versican B-GAG Accumulation and Acute Lung Injury Scoring Correlated During IAV

Infection

Versican accumulation was measured and correlated with weight loss and acute lung injury
from IAV infection. Disease progression was monitored daily in mice infected with [AV by
measuring changes to body weight. Mice infected with IAV had significant weight loss as
measured by percentage of initial weight beginning on 3 dpi (98.3% + 0.3%) and reached their
maximum weight loss (73.0% =+ 0.9%) at 10 dpi (Figure 2.1A). After 10 dpi, mice regained
weight but maintained a significant percentage of weight loss compared with PBS-treated
controls (Figure 2.1A).

The maximum percentage of versican protein accumulation coincided closely with the
maximum weight loss time point and was observed on 9 dpi (34.3% + 1.0%). In addition,
versican accumulation was significantly increased on 6 dpi (31.5% =+ 2.0%) and 12 dpi (31.0% =+
2.5%) in [AV-infected mice compared with PBS controls (Figure 2.1B).

The accumulation of versikine, a degradation product of versican after cleavage by A-
Disintegrin-like and Metalloproteinase with Thrombospondin-1 motifs (ADAMTS) proteases, as
measured by the detection of the anti-DPEAAE neoepitope was significantly increased on 6 dpi
(0.64% = 0.08%) in IAV-infected mice compared with PBS controls (Figure 2.1C).

Acute lung injury scores were increased similarly to trends observed in versican
accumulation. Maximum lung injury scores were observed on 12 dpi (17.3 = 1.1) and were
significantly increased on 6 dpi (11.2 + 0.3) and 9 dpi (12.8 + 0.6) in [AV-infected mice
compared with PBS controls (Figure 2.1D). Using a simple linear regression model, the
correlation between versican accumulation and acute lung injury scoring was significant through

12 dpi (7 = 0.4643, p<0.0001; Figure 2.1E).
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Figure 2.1 Weight loss, versican and versikine accumulation, and acute lung injury scores during

influenza A virus infection

(A) Mouse percentage of initial body weight following infection with IAV over 12 days post-
infection (dpi). Infected mice reached their maximum weight loss by 10 dpi. Values are mean + SEM
with n=24-6 per time. (B) Percentage of versican protein accumulation and (C) percentage of
versikine accumulation in the lungs during IAV infection shown on days 3, 6, 9, and 12 after
infection and in vehicle (PBS)-treated controls. Accumulation of versican and versikine was
determined using immunohistochemistry and quantitative digital pathology. Values are mean + SEM
with n=6 per time. Asterisks show groups that are statistically significantly different (**p<0.005;
*#%%p<0.0001) from PBS-treated controls using a one-way ANOVA with Bonferroni’s multiple
comparison test. (D) Acute lung injury scores during IAV infection shown on days 3, 6, 9, and 12
after infection and in vehicle (PBS)-treated controls. Values are mean + SEM with n=6 per time.
Asterisks show groups that are statistically significantly different (¥*p<0.05; **p<0.005;
***%p<0.0001) from PBS-treated controls using a Kruskal-Wallis followed by Dunn’s posttest for
multiple comparisons. (E) Percentage of versican protein accumulation correlation with acute lung

injury score. Mice collected on 12 dpi demonstrated variable lung injury and versican accumulation

as demonstrated by poor clustering of @ data points. Abbreviations: IAV, influenza A virus.
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2.3.2 Versican b-GAG Accumulation Corresponded With Inflammatory Cell Infiltration in the
Lungs of Mice During AV Infection

To measure changes in versican accumulation in lungs infected with IAV, we performed
immunohistochemistry using a polyclonal antibody developed to the B-GAG domain of versican.
The accumulation of versican was measured using image analysis of whole-slide digital
images.!?* Versican staining was observed in bronchiolar epithelial cells in the PBS-treated
control mice. Alveolar septa in PBS-treated mice showed minimal immunoreactivity (Figure
2.2A and 2.2B) Throughout AV infection, versican immunopositivity transitioned from being
primarily associated with bronchiolar epithelial cells in controls to accumulations in
peribronchiolar, perivascular, and alveolar septal regions in mice infected with IAV. Significant
increases in total accumulation were observed beginning on 6 dpi when compared with PBS-
treated mice (Figures 2.1B, 2.2F, 2.2H, and 2.2J).

At 3 dpi, there was intense positive staining for versican in the peribronchiolar spaces with a
mild decrease in intensity of the positive staining of bronchiole epithelial cells compared with
PBS controls. Staining of the perivascular areas was also strongly positive at 3 dpi. Multifocal
areas of increased positive staining for versican in alveolar septa were seen at 3 dpi (Figure
2.2D) compared with the minimal immunoreactivity of alveolar septa observed in PBS controls.
Increased versican accumulation in peribronchiolar, perivascular, and alveolar septal regions was
associated with mild increases in inflammatory cell infiltrates on 3 dpi. Compared with PBS-
instilled controls, there was no change in total versican accumulation measured in the lungs of
mice 3 dpi (Figure 2.1B). A review of the tissues showed the location of intense versican
staining shifted from being primarily in airway epithelial cells and smooth muscle cells of major
vessels in PBS-treated mice to increased immunostaining staining for versican in the alveolar
septa of influenza-infected mice 3 dpi.

On 6 dpi, increased intensity and expansion of the areas of positive staining for versican
around bronchioles and pulmonary vessels contributed to statistically significant increases in
versican accumulation as a percentage of total lung measured by QDP (Figures 2.1B and 2.2F).
Densely packed and markedly increased numbers of inflammatory cells expanded
peribronchiolar and perivascular spaces. Versican accumulation in the alveolar septal was

multifocal and coincided with areas of inflammation. Compared with that observed on day 3
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after infection, there was an increased intensity and moderate thickening of the alveolar septa in
regions positively stained for versican.

On 9 dpi, the overall intensity of the staining of the endothelial basement membrane of the
pulmonary vessels was reduced compared with 3 and 6 dpi (Figure 2.2G and 2.2H).
Perivascular, peribronchiolar, and interstitial areas remain markedly expanded with
inflammatory cells, with cells less densely packed into these spaces compared with 3 and 6 dpi.
Positive staining of alveolar septa for versican on 9 dpi remained multifocal with thickened
septa, closely associated with increased inflammatory cell infiltrates.

The alveolar spaces surrounded by positive versican staining appeared markedly expanded
on 12 dpi (Figure 2.2J). The positive staining for versican surrounding expanded alveoli was
closely associated with loosely packed inflammatory cell infiltrates. In addition, in comparison
with earlier times, the versican staining adjacent to pulmonary blood vessels and bronchioles was
of lower intensity. Versican accumulation in alveolar septa remained multifocal and associated
with inflammatory cell infiltrates on 12 dpi. The changes in the accumulation of versican from
being predominantly epithelial in PBS controls to developing strong immunopositivity in
perivascular, peribronchiolar, and alveolar septal regions throughout influenza infection
culminating in expanded alveoli surrounded by versican reflect the dynamic and fluid nature of

the versican-enriched ECM.
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Figure 2.2 Versican p-GAG accumulation in the lungs of mice during IAYV infection

Hematoxylin and eosin staining (A, C, E, G, 1) and versican B-GAG accumulation (B, D, F, H, J) in
PBS-treated mice at 3, 6, 9, and 12 dpi with [AV-infected lungs. For immunohistochemistry
images, brown indicates positive staining for versican f-GAG domain; blue, hematoxylin
counterstain. Scale (A—J) =25 um. Abbreviation: A, = alveolus, B = bronchiole lumen, By = blood

vessel; GAG = glycosaminoglycan; IAV, influenza A virus; dpi = days post-infection.
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2.3.3 Accumulation of Myeloid and Lymphoid Lineage Leukocytes During IAV Infection

Versican immunohistochemistry showed a close association of versican with inflammatory
cell infiltrates in [AV-infected lungs. Therefore, further characterization of changes to select
populations of inflammatory cells throughout IAV infection were pursued using
immunohistochemistry and QDP.!'?* Neutrophils, mononuclear phagocytes, lymphocytes, and T-
cells subsets were investigated using antibodies to cell-specific markers described below.

Ly6b is a differentiation antigen associated with mature and immature neutrophils and
immature monocytes expressed in C57BL/6 mouse strains. The antigen is lost as monocytes
differentiate into mature tissue-resident macrophages.!4? Positive staining for Ly6b demonstrated
the relatively early influx of neutrophils into the lungs, compared with other leukocytes, during
IAV infection. Mice infected with IAV had significant increases in Ly6b-positive staining
beginning on 3 dpi (2.9% + 0.5%). When compared with mice treated with PBS, the maximum
percentage of positive staining for Ly6b occurred on 6 dpi (10.8% + 0.9%) with significant
increases on 9 dpi (2.5% + 0.4%) but not on day 12 after infection (Figure 2.3A).

CD68 antigen is a glycoprotein associated with lysosomes in the cytoplasm of most cells
from the mononuclear phagocyte lineage. Positive staining for CD68 captured the presence of
macrophages and dendritic cells in the lung during IAV infection. Mice infected with IAV had
significant increases in CD68-positive staining on 9 dpi (9.5% + 1.7%) with no significant
increases appreciated on any other days (Figure 2.3B).

F4/80 antigen is a glycoprotein with surface membrane and cytoplasmic expression by
resident tissue macrophages, including alveolar and interstitial macrophages, and it is also
present on a subset of recruited monocytes. Significant increases in F4/80-positive staining were
seen on 6 dpi (6.0% + 0.5%), 9 dpi (11.1% = 0.7%), and 12 dpi (13.4% = 0.4%) in [AV-infected
mice compared with PBS-treated mice (Figure 2.3C). Recruited monocytes likely account for
the continued increase in F4/80-positive staining even as CD68-positive staining declines on 12
dpi.

The CD3 antigen is a pan-T-cell marker present on the surface of mature T-lymphocytes and
in the cytoplasm of immature T-lymphocytes. CD3-positive staining that was significantly
increased compared with PBS-treated animals was seen on 6 dpi (2.5% + 0.2%), 9 dpi (7.3% +
0.3%), and 12 dpi (7.3% =+ 0.3%) in [AV-infected mice (Figure 2.3D). The increases in CD3-

positive staining were consistent with the combined percentage of positive staining of CD4 and
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CD8 antigens, which were measured to characterize the type of T-lymphocytes recruited into the
lungs. CD4 and CDS8 antigens are surface membrane glycoproteins primarily of mutually
exclusive, functionally different T-cell populations. CD4 is highly expressed on helper T-cells,
whereas CD8 antigen is highly expressed on cytotoxic T-cells and subsets of natural killer cells.
CD4-positive staining did not demonstrate significant increases in IAV-infected mice on any day
post-infection. Significant elevations in CD8-positive staining mirrored the pattern of significant
CD3-positive staining with significant increases seen on 6 dpi (2.2% + 0.3%), 9 dpi (5.7% +
0.8%), and 12 dpi (5.9% =+ 0.4%) in [AV-infected mice compared with PBS-treated mice (Figure
2.3E). These results document the temporal changes in subpopulations of inflammatory cell
infiltration into the lungs in response to influenza infection. These findings suggest increased
versican accumulation in concert with inflammatory cell infiltration into the lungs is a feature of
acute inflammatory response to IAV, spanning both the disease and recovery phases of our

model of AV infection.
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Figure 2.3 Accumulation of leukocytes during IAV infection

(A) Ly6b, (B) CD68, (C) F4/80, (D) CD3, (E) CDS, and (F) CD4 accumulation in the lungs during

IAV infection shown on days 3, 6, 9, and 12 after infection and in vehicle (PBS)-treated controls.

Accumulation was determined using immunohistochemistry and quantitative digital pathology.

Values are mean + SEM with n=5-6 per time. Asterisks show groups that are statistically

significantly different (*p<0.05; ***p<0.0005; ****p<0.0001) from PBS-treated lungs using a one-

way ANOVA with Bonferroni’s multiple comparison test. Abbreviations: AV, influenza A virus.
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2.3.4 Versican Expression Correlates With IFN-f3 Expression During IAV Infection

Type I IFNs are key contributors to effective antiviral responses, particularly in the acute
response to viral infection. Versican is an IFN-stimulated gene in macrophages, and versican is

103 Therefore, we compared changes to

necessary for type I IFN production by macrophages.
versican and IFN-B mRNA expression in the lungs of mice infected with IAV by qPCR.
Maximum versican expression was observed on 6 dpi (8.5 = 0.6). Versican expression was also
significantly increased on 3 dpi (5.2 £ 0.8), 9 dpi (4.2 £ 0.4), and 12 dpi (3.7 = 0.3) in [AV-
infected mice compared with PBS-treated controls (Figure 2.4A).

In mice infected with IAV, the maximum expression of IFN-B mRNA was observed on day 6
after infection (1593.3 + 139.6). In addition, IFN-f expression was significantly increased on 3
dpi (511.0 £ 91.1) in [AV-infected mice but not on any other days measured compared with
PBS-treated control mice (Figure 2.4B). A simple linear regression model shows that the
expression of IFN-B and versican mRNA was positively correlated up through 6 dpi (#* = 0.8621,
regression line not shown) compared with the correlation through 12 dpi (72 = 0.7424; Figure
2.4C).

Previous studies show that the activation of type I IFN receptor signaling increases versican
expression in macrophages treated with poly(I:C).!%* Therefore, we investigated whether the
increased pulmonary expression of versican mRNA in response to influenza depended on type |
IFN receptor signaling. This was achieved by using B6(Cg)-Ifnar1™!-2E¢s/J (Ifnar1~) mice which
produce type I IFNs such as IFN-f but have a non-functional type I IFN receptor. Versican
expressed in response to [AV infection in the lungs of Ifnar]™ mice would indicate an alternative
pathway regulating versican expression. Versican mRNA was detected by in situ hybridization in
wild-type and Ifnarl™ mice that were 9 dpi with IAV and in PBS-treated controls. Image analysis
was performed to quantify versican mRNA as a percentage of the total lung (Figure 2.4D).
Wild-type IAV-infected mice had significantly more versican (0.66% + 0.11%) compared with
wild-type PBS-instilled (0.16% + 0.02%) mice. Ifnarl™ IAV-infected mice had significantly less
versican mRNA detected (0.24% + 0.07%) compared with wild-type IAV-infected mice as a
percentage of total lung on 9 dpi. These findings show that the temporal pattern of versican
expression was closely mirrored by the pattern of IFN-B expression throughout IAV infection
and that increased versican expression in response to influenza in the lungs is partially mediated

by type I IFN receptor signaling.
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Figure 2.4 Versican expression correlation with IFN-f expression during influenza A virus (IAV)

infection

(A) Total Vcan expression in the lungs by days post-infection (dpi) with influenza A virus shown

on days 3, 6, 9, and 12 after infection and in vehicle (PBS)-treated controls. (B) Total IFN-f3

expression in the lungs by dpi with IAV shown on days 3, 6, 9, and 12 after infection and in PBS-

treated controls. Change in the amount of mRNA was determined using mRNA collected from lung

homogenates and quantitative real-time PCR. Values are mean + SEM with n=6 per time. Asterisks

show groups that are statistically significantly different (**p<0.005; ***p<0.0005; ****p<0.0001)

from PBS-treated lungs using a one-way ANOVA with Bonferroni’s multiple comparison test.

(C) Vcan expression correlation with IFN-f expression. (D) Vcan expression in wild-type and

Ifnarl™ mice on 9 dpi with IAV and in PBS-treated controls. Vcan mRNA was detected by in situ

hybridization. Values are mean £ SEM with n=4-5 per group. Asterisks show groups that are

statistically significantly different (**p<0.003) using a one-way ANOVA with Bonferroni’s

multiple comparison test. Abbreviations: IAV, influenza A virus; PCR, polymerase chain reaction;

IFN-B, interferon-beta.
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2.3.5 Nuclear Colocalization of Versican mRNA and PDGFR3 mRNA by Duplex In Situ
Hybridization

Previous studies have suggested that the cellular source of versican is an important factor in
determining the role of versican in the context of pulmonary infection and inflammation.!0%-103
To address this knowledge gap, we used duplex in situ hybridization to determine important
cellular sources of versican mRNA using PDGFR to identify a subset of versican-expressing
stromal cells, including pericytes and subset of activated fibroblasts, and CD68 to identify
versican-expressing macrophages and dendritic cells.!*!142 PDGFRp was selected to capture the
versican expression of lung pericytes, which make up a vast network of stromal cells that are in
close proximity to the lung microvascular and contribute to the vascular smooth muscle of the
lung arterioles.'*! Versican expressed by PDGFRB" cells may play an important role in the
migration of leukocytes from the vasculature and into the airspaces. CD68 was selected based on
our previous work demonstrating that versican is a type I IFN—stimulated gene in

macrophages.'??

However, the cellular specificity of type I IFN—stimulated versican in the
context of influenza infection is unknown. Therefore, we measured whether versican and
PDGFR mRNA colocalized in nuclei in the lungs of wild-type (Figure 2.5A) vs Ifnarl™
(Figure 2.5C) mice 9 dpi with IAV. Nuclei were defined using a deep learning module
(Visiopharm) along with single-positive versican nuclei (red), single-positive PDGFRp nuclei
(green), and double-positive versican + PDGFRJ nuclei (yellow) in both wild-type (Figure
2.5B) and Ifnarl™ (Figure 2.5D) lungs. A similar analysis was performed in which CD68
mRNA, to identify myeloid lineage cells, and versican mRNA were detected in wild-type and
Ifnarl™ mice 9 dpi with IAV (image not shown). These analyses allowed for the quantification of

single-positive versican, CD68, and PDGFRp nuclei, and double-positive versican + CD68, and
versican + PDGFR nuclei (Figure 2.6A-D) in wild-type and Ifnarl™ lungs.
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Figure 2.5 Nuclear colocalization of versican and PDGFRp mRNA in IAV-infected mice

Digital images of wild-type (A) and Ifnarl™ (C) mouse lung tissue sections stained for versican
(red) and PDGFR (green) mRNA by in situ hybridization. Digital images of wild-type (B)
and Ifnarl™ (D) mouse lung tissue labeled with Visiopharm deep learning module overlay used
to identify nuclei (gray) for nuclear segmentation and identify nuclei that were single-positive
for versican mRNA (red), single-positive for PDGFR mRNA (green), and double-positive for
versican and PDGFRB mRNA (yellow). Scale (A-D) = 100 um. Abbreviations: IAV, influenza
A virus; PDGFR, platelet-derived growth factor receptor beta.
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2.3.6 Type I IFN-stimulated Versican Expression in Fibroblasts During IAV Infection

Quantification of single-positive versican, CD68, and PDGFR nuclei, and double-positive
versican + CD68, and versican + PDGFR nuclei in wild-type and Ifnar1™ lungs allowed for the
identification of important cellular sources of versican and applied additional rigor to the
quantification of total versican mRNA (Figure 2.4D). Consistent with the quantification of total
versican mRNA (Figure 2.4D), we found that the total number of versican mRNA-positive
nuclei was also significantly elevated in wild-type IAV-infected mice (5672 + 967) compared
with wild-type PBS-instilled mice (563 + 69) and that there were significantly less versican
mRNA-positive nuclei in the lungs of Ifnar1™ mice (1627 + 546) compared with wild-type mice
9 dpi with IAV (Figure 2.6A). No statistically significant difference was observed between PBS-
instilled and IAV-infected Ifnarl™ lungs (Figures 2.4D and 2.6A). These findings provide
further evidence that increased versican expression in response to influenza in the lungs is
partially mediated by type I IFN receptor signaling and that constitutive versican expression is
mediated by signaling that is not type I [FN receptor—dependent.

Previously, we described the role of type I IFNs and the type I IFN receptor in regulating

versican expression in macrophages.'??

Therefore, we were interested in this relationship during
IAV infection and whether a similar relationship existed in stromal cells. To investigate this
further, we performed duplex in situ hybridization on lung tissue from both wild-type and
Ifnar]l™ mice at 9 dpi with IAV for colocalization of versican/CD68 and versican/PDGFR}. In
Ifnar]l™ mice 9 dpi with IAV, there were significantly fewer versican/CD68 (262 + 94) and
versican/ PDGFRP (365 + 140) mRNA colocalized nuclei compared with versican/CD68 (790 +
174) and versican/PDGFRp (850 + 134) mRNA colocalized nuclei in wild-type mice (Figure
2.6B). It is important to point out that our quantification of versican mRNA-positive nuclei does
not define the amount of versican expressed by each positive cell. The ability to measure the
amount of versican mRNA in the nucleus of a cell using image analysis is an area for future
refinement and study. However, these data indicate that both CD68- and PDGFR-positive cells
are sources of versican and express versican partly by type I IFN receptor signaling during [AV
infection. We expect CD68-positive macrophages to express versican in a type I IFN receptor
signaling—dependent manner. Interestingly, versican/CD68 mRNA colocalized nuclei in [AV-

infected Ifnarl™ mice (262 + 94) compared with PBS-instilled Ifnar1™ mice (86 + 18; Figure
2.6B) showed no statistically significant difference. This is suggestive that some CD68-positive
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cells constitutively express versican in a manner that is not dependent on type I IFN receptor
signaling.

In addition to quantifying the number of versican/CD68 mRNA colocalized nuclei, we
assessed the percentage of total CD68-positive nuclei that had versican/CD68 mRNA
colocalized nuclei (Figure 2.6C). We found that in both PBS-instilled wild-type (13.8% + 2.0%)
and Ifnarl™ mice (12.8% + 2.3%), there was a greater percentage of CD68-positive nuclei that
were constitutively expressing versican compared with IAV-infected wild-type (8.5% =+
0.4%, p=0.07) and Ifnar]l™ mice (6.6% + 1.2%, p=0.03; Figure 2.6C). Untreated mouse alveolar

103 Therefore, it is likely that this increased proportion

macrophages express very little versican.
of constitutive expression is coming from a population of interstitial macrophages or dendritic
cells that express versican in the lungs during homeostasis. When considering that there was a
relative increase in the number of CD68-positive cells (9259 + 1822) that move into the lungs of
wild-type mice 9 dpi with IAV compared with PBS-instilled controls (475 + 96; Figure 2.6D),
we concluded that many of the CD68-positive cells that migrate into the lungs during IAV are
not expressing versican. While not statistically significant, this trend was also observed in
Ifnarl™ mice which had increased CD68-positive cells in [AV-infected (4697 + 1882) vs PBS-
instilled mice (673 + 107; Figure 2.6D A limitation of our study is that we are unable to define
the subsets of CD68-positive cells in the lung and cannot positively identify the subsets of
macrophages and myeloid cells that are contributing to versican expression during IAV. This
represents an area of future study to further define the role of myeloid-derived versican during
IAV infection.

Next, we assessed the percentage of total PDGFRB-positive nuclei that had
versican/PDGFRP mRNA colocalized nuclei in both wild-type and Ifnarl™ mice (Figure 2.6E).
We found that in both IAV-infected wild-type (16.1% = 1.9%) and Ifnarl™ mice (8.9% + 1.8%),
there was a greater percentage of PDGFRf-positive nuclei that were expressing versican
compared with PBS-instilled wild-type (3.1% + 0.4%, p<0.0001) and Ifnarl™ mice (3.3% =+
0.6%, p=0.06; Figure 2.6E). There was also a statistically significant less colocalization of
versican/PDGFRP mRNA in wild-type vs Ifnarl™ [AV-infected mice. Significant increases in the
number of PDGFRB—positive cells were observed with IAV infection (5315 + 527), compared
with PBS-instilled wild-type controls (2967 + 287), but this increase was not observed in
Ifnarl™ mice (Figure 2.6F). Taken together, these results show that PDGFRB" stromal cells
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express a significant amount of versican through type I IFN signaling on 9 dpi with [AV.
However, in the Ifnarl” PDGFRf" cells, versican expression was not completely abrogated,
suggesting that the previously described -catenin/TCF signaling may partially contribute to
versican expression in stromal cells after influenza infection.

To confirm the role of type I IFN signaling in regulating versican expression in fibroblasts, in
vitro studies were conducted in cultures of primary murine lung fibroblasts. For these studies,
cells were treated with IFN- or LPS, a TLR agonist known to activate type I IFN signaling and

versican expression in macrophages.'??

These data show wild-type fibroblasts have significant
increases in the expression of versican mRNA 4hr after stimulation with IFN-f3 (3.8 £0.3) and
LPS (3.0 + 0.3) compared with wild-type PBS-treated (1.3 & 0.3) fibroblasts. When wild-type
fibroblasts are compared with Ifnarl™ fibroblasts, we observed significant decreases in versican
mRNA 4hr after stimulation with IFN-$ (0.9 £ 0.1) and with LPS (1.8+ 0.1; Figure 2.6G). These

correlative data strengthen our finding that type I IFN signaling increases versican expression in

lung fibroblasts of mice exposed to [AV in vivo.
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Figure 2.6 Type I IFN-stimulated versican expression in fibroblasts during IAV infection

(A) Total Vean mRNA-positive nuclei in wild-type and Ifnarl™ mice treated with PBS and 9 dpi with
IAV. (B) Total nuclei with colocalization of Vcan mRNA and either CD68 or PDGFRf mRNA in
wild-type and Ifnarl™ mice treated with PBS and 9 dpi with IAV. (C) Percentage of CD68 nuclei that
colocalized with versican in wild-type and Ifnarl™ mice treated with PBS and 9 dpi with IAV. (D)
Total CD68 mRNA positive nuclei in wild-type and Ifnarl mice treated with PBS and 9 dpi with IAV.
(E) Percentage of PDGFRf nuclei that colocalized with versican in wild-type and Ifnarl™ mice treated
with PBS and 9 dpi with IAV. (F) Total PDGFR3 mRNA positive nuclei in wild-type and Ifnarl” mice
treated with PBS and 9 dpi with IAV. (G) Total versican expression in wild-type and Ifnarl™ primary
lung fibroblasts 4 hr after exposure to PBS, IFN-B, or LPS. Values are mean = SEM with n=3—6 per
time. Asterisks show groups that are statistically significantly different (¥*p<0.05; **p<0.005;
**%H<(0.000; ****p<0.0001) from PBS-treated cells or mice using a one-way ANOVA with
Bonferroni’s multiple comparison test. Abbreviations: IAV, influenza A virus; IFN, interferon; LPS,

lipopolysaccharide; PDGFR], platelet-derived growth factor receptor beta.
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2.4 Discussion

Consistent with the study objectives, we determined the time course and magnitude of
versican accumulation and expression in the mouse lungs during severe influenza infection,
which has not been previously reported. In addition, we documented the following significant
findings: (1) The temporal increase in versican accumulation in the lungs, in response to IAV,
correlated with mouse acute lung injury scores and with pulmonary inflammatory cell
infiltration; (2) the expression of versican was increased in both mononuclear phagocytic cells
and stromal cells in the lungs in response to IAV; (3) the expression of versican in stromal cells
was partially mediated by type I IFN receptor signaling; and (4) versican was increased in
murine lung fibroblasts exposed in vitro to agonists that stimulate type I IFN signaling. These
findings indicate that increased versican expression is a component of the acute inflammatory
response to IAV in the lungs. In addition, versican is a type I [FN—stimulated gene in pulmonary
stromal cells, both in vivo and in vitro. These data raise intriguing questions about the role(s) of
versican in the early host response to IAV. This study did not directly address the function of
versican. However, it provides a guide for future studies trying to determine the role of versican
in the immune response to lung infection caused by IAV. Several potential aspects of versican’s
function are discussed.

In the context of [AV infection, versican likely has a vital role in coordinating the host
immune response and is an IFN-stimulated gene in macrophages.!'%%!9 Unexpectedly, we found
that PDGFRf" stromal cells contribute to versican expression in response to [AV in a partially
type I IFN—dependent manner. Type I IFNs directly contribute to the resolution of viral infection
by creating the antiviral state in multiple cell types through the expression of IFN-stimulated
genes. Type I IFNs are also known for limiting and resolving inflammation through stimulation

of IL-10 production.'#?

It is unknown whether stromal cell type I IFN—stimulated versican
potentiates the expression of IFN-f and interleukin (IL)-10, as shown in macrophages, or how it
contributes to the antiviral state through interactions with leukocytes, chemokines, cytokines, and
growth factors.!'> The Wnt/B-catenin/TCF pathway, previously identified as controlling the
versican promoter in stromal cells, could be the source of versican expression that was type |
IFN—independent in stromal cells in our 9 dpi studies using Ifnarl™ mice. This pathway has been

implicated in regulating proteinases for which versican is a substrate, including secreted matrix

metalloproteinases (MMPs) and members of the ADAMTS protein family,3%66.7382,101.144.145 Ty
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both stimulating versican expression and proteases, which cleave versican, the Wnt/f3-
catenin/TCF pathway may be important for regulating the versican-enriched matrix’s turnover
and enabling leukocyte migration through the lungs. Exploring the functional consequences of
both type I IFN—dependent and type I IFN—independent pathways controlling stromal cell—
derived versican is a crucial opportunity to understand the immunomodulatory effects of versican
and identify host-directed therapies targeting the ECM and host response in the context of [AV
pneumonia.

The importance of versican degradation in the immune response to influenza pneumonia was
highlighted in two studies of the ADAMTS protein family of proteases. The work of McMahon
et al. showed that the degradation of the versican-enriched ECM in the mediastinal lymph nodes
by ADAMTSS is required for the migration of influenza-specific lymphocytes from the lymph
node to the lungs of [AV-infected mice.!'> ADAMTSS is not increased in the lungs of mice
exposed to AV, but rather ADAMTS4 appears to be the protease responsible for versican
degradation.''>!'!3 In a recent manuscript, Boyd and colleagues showed that the deficiency of
ADAMTS4 activity in the lungs of mice infected with IAV preserves intact ECM-localized
versican and decreases CD3 lymphocyte migration into areas of infection.!!> Our study found the
greatest CD3 and CD8 migration into the lungs on days 9 and 12 after infection. Studies of
lymphocyte migration into the lungs from studies of ADAMTS4- and ADAMTSS5-deficient mice
were performed between days 7 and 10 after infection, suggesting that versican degradation may
explain this increase in T-cell migration into the lungs.!'>!!3 In both human lung fibroblasts in
vitro and mice exposed to IAV, fibroblasts were identified as an important source of ADAMTS4,
demonstrating that fibroblasts both contribute to the versican-enriched matrix and the
degradation of the versican.!?:!'> Measurement of versikine, the degradation product of versican
after cleavage by ADAMTS proteases, at our established time points provided additional insight
into the degradation of the versican-enriched matrix. Interestingly, we appreciated significant
increases in versikine accumulation only on 6 dpi, coinciding with initial increases in lung injury
scores and the initial wave of migration of various leukocyte populations into the lungs. The
accumulation of versikine in our studies did not fully account for the expected amount of
versican degradation, especially late in infection. Our data highlight the importance of versican
degradation for future studies in versican-deficient mouse lines and the potential for other

proteolytic enzymes and degradation products to be involved during IAV infection.
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Much of the data presented have utility in informing future studies by providing a guide to
the critical time points to measure leukocyte migration in the lungs within the context of the
versican-enriched extracellular matrix stimulated by viral pneumonia. In particular, our data
highlight the prominence of stromal cell-derived versican as both the number and proportion of
versican/PDGFRP mRNA colocalized nuclei increased during IAV infection. In contrast, many
of the myeloid cells entering the lung are not expressing versican as the proportion of
versican/CD68 mRNA colocalized nuclei of all CD68-positive nuclei decreased with IAV
infection as total CD68-positive cells increased. A signature of decreased versican expression by
human blood monocytes in response to LPS has been previously reported.'# A limitation of our
study is we do not know what subpopulations of monocytes and macrophages are entering the
lungs and expressing versican in our tissues, but reduced expression of versican by newly
recruited monocytes and macrophages is a possible mechanism explaining the reduction in the
percentage of versican/CD68 mRNA colocalized nuclei during IAV infection.

The correlation of versican accumulation with the pulmonary recruitment of inflammatory
cells suggests that versican influences leukocyte activity and orchestrates the host immune
response in the lungs through direct and indirect mechanisms. Versican directly interacts with L-
selectin and P-selectin, important mediators of cell adhesion and leukocyte rolling on the
vascular endothelium.!'!” Versican is also known to bind to P-selectin glycoprotein ligand-1 on
neutrophils at the G3 domain and coordinate leukocyte aggregation.!'*” Global knockdown of
versican in mice exposed to poly(I:C) reduced leukocytes in the BAL fluid, suggesting a critical
role for versican in promoting leukocyte migration into the lungs.'”° Versican can also provide
indirect, fine control over leukocyte migration into the lungs through interactions of the
negatively charged chondroitin sulfate chains on versican with chemokines.*¥-3%97-11% Previous
studies demonstrate that versican interacts with chemokine CCL2, creating a gradient that
promotes monocyte migration and that globally versican-deficient animals exposed to poly(I: C)
had reduced expression of chemokine CXCL2, a potent neutrophil chemoattractant.'°%!4® Mice
with epithelial-specific versican deficiency demonstrated increased recruitment of monocytes
and neutrophils in BAL fluid and elevated expression levels of chemokines CCL2, CCL3, and
CCLA4 after infection with the respiratory syncytial virus, suggesting that epithelial versican
attenuates leukocyte migration through chemokine-mediated mechanisms.!% Future studies

using cell-specific versican-deficient mouse strains could elucidate the potential mechanisms
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whereby versican directly or indirectly coordinates the migration and activation of leukocytes
into lungs in response to bacterial and viral lung infection.

Viral pneumonia pathogenesis is heavily influenced by the host’s reaction to the virus,
making modulation of the host immune response a critical target for drug intervention.?’->° The
need to target the host response is especially true for IAV, which is equipped to undermine
conventional therapies and prophylaxis through its ability to mutate rapidly and undergo genetic
drift. These virulence traits enable IAV to develop resistance to antiviral medications and require
the seasonal redesign of influenza vaccines.'? In addition, IAV infection places a significant
burden on global health, with estimates of 145,000 to 645,000 deaths attributed to influenza
lower respiratory tract infections globally each year.?? In the United States, influenza is one of
the top causes of hospitalization among patients with community-acquired pneumonia.*?
Versican’s potential as an immunomodulatory molecule makes it an inviting therapeutic target
for providing fine tune control over the immune response to viral pneumonia and IAV infection.

In conclusion, we presented data showing coordination between versican gene expression
patterns, versican accumulation, and leukocyte accumulation in the lungs during influenza
infection. We further demonstrated that type I IFN signaling contributes significantly to versican
expression in lung stromal cells during influenza infection. Of critical importance is the need to
investigate the role of both type I IFN—dependent and type I IFN—-independent pathways in
modulating stromal cell-derived versican expression to target stromal cell versican expression
and accumulation as a host-directed therapy for viral pneumonia. The data presented provide
salient guidance for future studies to be performed in vivo in versican-deficient mouse models
and expand upon previously published data that demonstrate the potential immunomodulatory

activity of versican through direct and indirect interactions with leukocytes.
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Chapter 3. Multi-Compartmental Analysis of the Murine Pulmonary
Immune Response by Spectral Flow Cytometry

3.1 Introduction

Leukocyte trafficking in response to infection and injury is central to the pulmonary immune
response. When successful, leukocyte recruitment leads to the containment of the threat,
followed by clearance of immune cells and resolution of inflammation. However, many lung
diseases are characterized by an immune response and leukocyte recruitment that results in
severe lung injury or impaired resolution of inflammation. Understanding the fundamental
processes underlying the pulmonary immune response has unique challenges due to the complex
structure and composition of the lungs, with multiple compartments and leukocyte populations
involved in the immune response, depending on the agonist or the kinetics of the host response.
This complexity requires special attention to acquire high-quality data that accurately reflects
lung pathophysiology. Here we describe the methodology necessary for accurately measuring the
lung’s immune response to the influenza virus by incorporating spectral flow cytometry and in
vivo pulmonary compartmental analysis. The protocols described in this manuscript to measure
leukocyte migration into the lungs of mice infected with the influenza virus can be easily adapted
to other animal models.

Two aspects of spectral flow are well-suited for this approach. First, spectral cytometers
collect data from detector arrays covering the entire emission wavelength spectrum. Full-
spectrum analysis enables the ability of spectral cytometers to deconvolute or unmix spectra
from fluorophores with similar emission peaks, thereby increasing the library of usable
fluorophores compared to conventional cytometers with single bandpass filters. These advances
maximize the information that can be obtained regarding the diverse leukocyte subpopulations
involved in the pulmonary inflammatory response. Second, a unique capability of spectral flow
cytometry is that it can utilize cellular autofluorescence (AF) to aid in identifying cell
populations.'*® This is particularly useful to pulmonary biologists as the lungs have cell
populations with intrinsically high AF properties. Multiple cellular factors (including cell size,
granularity, metabolism, and activation), the heterogeneity of immune cell subtypes, and sample
processing conditions contribute to AF.'3° While all cells contribute to AF, eosinophils and cells

that produce and metabolize surfactants - alveolar type II cells and alveolar macrophages - have
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the highest AF intensity in the lungs; and inflammatory conditions can increase cellular AF.!>!

Thus, a heterogeneous leukocyte response elicits AF complexity that can pose challenges for
analyzing the pulmonary immune response by flow cytometry. In conventional flow, AF is
generally viewed as an undesirable source of background that must be extracted, decreasing the
sensitivity of fluorophore detection and potentially contributing to the misidentification of cell
populations. In contrast, spectral flow cytometry can utilize cellular AF to define multiple
heterogeneous AF signatures, which can be incorporated into a flow panel as discrete signatures,
aiding in the resolution and identification of target-specific fluorescent signals.

Using in vivo compartmental analysis facilitates the precise determination of the location and
phenotype of leukocytes within the multiple anatomical and functional compartments of the
lungs.!>? Standard methods of bronchoalveolar lavage followed by lung perfusion and tissue
digestion for defining leukocytes in the airways versus the lung interstitium are now recognized
to provide limited and often incorrect information regarding pulmonary leukocyte localization.
Both bronchoalveolar lavage and lung perfusion provide incomplete recovery and removal of
leukocytes within the airways and vasculature, respectively.!3%133-159 It has been demonstrated
that perfusion is inadequate to flush the vasculature of the lungs and that many immune cells
remain adhered to the endothelium of blood vessels, or marginated to the vascular wall.
Furthermore, certain lymphocyte sub-populations are preferentially marginated, depending on
the agonist and the kinetics of the inflammatory response.'3? As the lungs are highly
vascularized, these marginated lymphocytes could potentially include large numbers of cells.
Similarly, it has been found that bronchoalveolar lavage is inadequate for recovering immune
cells from the airways. In particular, it has been shown that increased macrophage activation and
adherence in the airways occur in response to lung injury.!>*!% Understanding the biological
roles that marginated and adherent leukocytes have in the inflammatory response requires more
detailed and precise compartmental analyses of leukocyte trafficking in the lungs.

Thus, we developed a comprehensive protocol and fluorophore panel combining spectral
flow cytometry with in vivo compartmental analysis to investigate leukocyte recruitment into the
lungs and mediastinal lymph nodes of control and influenza A virus (IAV)-infected C57BL/6J]
wild-type mice. Within the lungs, three pulmonary compartments were analyzed: the marginated
vasculature (i.e., non-perfusable leukocytes), the lung interstitium, and the airspaces of the lungs

(i.e., the lavageable and non-lavageable airways). We incorporated a broad panel of antibodies
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for immunophenotyping multiple myeloid and lymphocyte populations participating in the
inflammatory response. Whereas previous studies applied in vivo compartmental analysis to
investigate select subsets of leukocytes, here we established a panel of twenty antibody-
fluorophore conjugates that clearly define multiple myeloid and lymphoid cell

phenotypes. !30:15%:161.162 Thege included B cells, T cells (cytotoxic T, T helper, and y8 T cells),
natural killer (NK) cells, macrophages (alveolar and recruited), monocyte-macrophages,
monocytes (Ly6C'® and Ly6C™), dendritic cells (CD103* and CD11b"), neutrophils, and
eosinophils. Employing dual in vivo CD45-1abeling of perfused and lavaged lungs offered more
insight regarding the precise localization of adherent leukocytes not only in the vasculature but
also those in the lung interstitium and the airspaces. Additionally, our panel design strategy
accounted for AF heterogeneity, by incorporating AF as discrete signatures in our panel, thereby
enhancing the panel resolution, and increasing the rigor and reproducibility of our results. To our
knowledge, the analytical approach for incorporating AF heterogeneity as applied to studies in
lungs has not been covered elsewhere. This is a novel contribution that markedly enhances the
quality of experimental data collected from pulmonary tissues.

With this unique combination of methodologies, it was possible to establish an unbiased
exploratory approach to investigating the pulmonary immune response to IAV in which no pre-
existing hypothesis of cellular involvement was needed. Rather, it became possible to investigate
multiple cell types, compartments, and time points to identify subclasses of myeloid and
lymphoid cells that might have more prominent previously unidentified roles in individual
compartments of the lungs depending on the kinetics of the immune response. Furthermore, the
overarching goal was to define and detail experimental design and analysis elements supporting
rigor and reproducibility in these studies.'®*1%* We propose that this protocol will be of
considerable benefit for the detailed understanding of leukocyte trafficking in the lungs in

response to other inflammatory agonists and other mouse models.

3.2 Materials and Methods

3.2.1 Animals

All experiments were approved by the University of Washington Institutional Animal Care

and Use Committee (IACUC). Mice were obtained from Jackson Laboratories (Bar Harbor, ME,
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USA) and bred at the University of Washington. Wild-type 9- to 12-week-old male C57BL/6]

mice were used for all experiments.
3.2.2 Induction of IAV Pneumonia

Mice were infected with 20 plaque-forming units (PFU) of mouse-adapted Influenza
A/Puerto Rico/8/34 (IAV PR8) in 50uL of PBS (Thermo Fisher Scientific Waltham, MA, USA)
by oropharyngeal aspiration under isoflurane (Patterson Veterinary Supply, Houston, TX, USA)
anesthesia.®3 A dose of 20 PFU causes severe influenza pneumonia in which mice approach
humane euthanasia endpoint criteria but ultimately recover from infection.!?” Control mice were

instilled with PBS.
3.2.3 Lipopolysaccharide, Bleomycin, House Dust Mite Administration

Lipopolysaccharide (LPS, Escherichia coli O111: B4, List Biological Laboratories,
Campbell, CA, USA) was administered by oropharyngeal aspiration under isoflurane anesthesia
at a dose of 2.0 mg/kg of mouse body weight in 50uL of PBS.

Bleomycin (Fresenius Kabi, Bad Homburym, Germany) was administered by oropharyngeal
aspiration under isoflurane anesthesia at a dose of 2.0 U/kg of mouse body weight in 5S0uL of
PBS.

House dust mite (HDM) extract (Greer Laboratories Inc, Lenoir, NC, USA) was
administered by oropharyngeal aspiration under isoflurane anesthesia at a dose of 5.0 mg/kg of
mouse body weight in 50puL of PBS. Additional instillations were performed on days 14, 26, 27,

and 28 post-initial instillation.
3.2.4 Panel Design for Spectral Flow Cytometry

Our strategy was based on recommended workflows for high-dimensional
immunophenotyping assays using spectral flow cytometry.'®>1¢7 These workflows were
developed for use on the Cytek® Aurora (Cytek Biosciences, CA) spectral flow cytometer,
which we utilized for our experiments. This panel design strategy included assessment of each
tissue for heterogeneous autofluorescent (AF) signatures, which were determined by evaluation
of spectra from unstained bronchoalveolar lavage, lung, and lymph node cells from control (PBS
instilled) and IAV PR8-infected mice collected at 3, 6, and 9-days post instillation (dpi). Unique

AF spectral signatures were identified and designated as fluorescent tags in the SpectroFlo
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library. These signatures were given high consideration during the assignation of fluorophores to
the panel as it is important to avoid selecting fluorophores that share the same peak emission
channels or have similar spectral signatures to unique autofluorescence signatures. This panel
design also incorporated multiple CD45 antibody-fluorophore conjugates for dual in vivo
labeling of the pulmonary intravascular and airspace compartments. We utilized a fluorophore
and antigen optical layout table (Table 3.1) and the Cytek Full Spectrum Viewer Similarity™
and Complexity™ matrix (Figure 3.1) as planning tools to prevent fluorophore spillover-
spreading error, to reduce panel complexity, and to increase the rigor of the panel that was
developed. Additionally, we titrated all antibody-fluorophore conjugates using cells from 9 dpi
IAV PR8-infected lung homogenate tissue, to improve the resolution of cell populations in our
supervised gating strategy. (Figure 3.2) A step-by-step guide to our panel design strategy
follows below and is adaptable for other studies investigating pulmonary inflammation and
injury.

The first step is to select the cell populations, lineage markers, and antibody clones for the
panel (Table 3.2). These will vary from study to study based on the scientific questions under
investigation and the cell populations to be studied. For our studies, we undertook an unbiased
approach with the goal to measure changes in the immune cells we knew could be present in the
controls or recruited into the lungs of mice during the first 9 days of influenza infection (Figure
3.3). When we identified the lineage markers of interest for our panel, we took note of the
anticipated level of antigen expression for each marker and whether there was co-expression of
that marker on multiple cell populations. These are important considerations during fluorophore
selection (steps 3 and 4) Finally, antibody clones were selected based on their appropriateness

for our mouse strain (step 4) and on published literature.
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Emission
Wavelength
(nm)

Primary Laser Excitation

uv

Violet

Blue

Yellow Green

Red

380

400

BUV 395-MHCII

420

BVv421-CD11c

440

450

Live/Dead Blue

Pacific Blue-Ly6G

480

AF channel

500

510

AF channel

520

AlexaFluor488-CD45
(V)

550

570

580

PE--CD8

600

BV605-NKp46

PE-Dazzle 594-CD3

610

BUV615-CD45
(I

650

665

BV650-Ly6C

680

PerCP-CD45

PE-Cy5.5-CD19

AlexaFluor647-F4/80

700

APC-R700-CD11b

710

BV711-CD64

PerCP-eF710-
y8TCR

730

BUV737-CD103

750

BV750-Siglec F

780

BV785-CD4

PE-Cy7-CD24

APC-eF780-CD49b

800

Table 3.1 Fluorophore and Antigen Reagent Optical Layout

Fluorophores are presented by primary laser excitation (columns) and approximate emission

wavelengths of the peak detector (rows). Fluorophores which peak in the same detector share the same

emission block. This table layout provided helpful information regarding potential sources of spread

and helped to inform the assignment of markers to fluorophores to minimize any loss of population

resolution during panel design.
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Figure 3.1 Similarity™ and Complexity™ Matrix

The Similarity™ Index is a measure of fluorophore dye pair uniqueness on a scale from 0 to 1. Values
close to 0 indicate that the full spectrum signatures of the 2 dyes are very different from each other, and
values close to 1 indicate that the signatures are very similar to each other. The Complexity™ Index is
an overall measure of uniqueness of all dyes in a full spectrum cytometry panel. The lower the value,
the easier it will be to work with the dyes in the panel as the overall spread in the panel will be low; the
higher the value, the more challenging it will be to work with the dyes in the panel as the overall spread
is higher. Well-designed small panels (e.g. 10 dyes or fewer) will have complexity indices around 2 to
3. Well-designed large panels (e.g. 35 to 40 colors) will have complexity indices around 40 to 50. This
panel including 20 fluorophore-antibody conjugates, Live/Dead Blue viability dye and two AF
signatures, has low similarity and complexity. Compatibility of the two lung AF signatures from lungs

of PR9-infected mice with all other fluorophores in this panel are shown in the red boxes.
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Figure 3.2 Antibody Titrations
Two-fold dilutions were tested for all fluorophores. The y-axis reflects mean fluorescence intensity
(MFI); the x-axis reflects ng/test for conjugates or ul/test for Live/Dead Blue. Files were concatenated
and staining indices determined with FlowJo 10.8.1. For each conjugate, the optimal amount selected

for inclusion in the full-stained master mix is indicated by the red box.
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Specificity Fluorochrome Clone Vendor Catalog # Titer (ng/test)
MHCII-IAIE BUV395 2G9 BD Biosciences 743876 8
Viability Live Dead Blue - ThermoFisher 134962 20 “Lgcl::”zo
CD45 BUV615 13/2.3 BD Biosciences 752418 1.25 “?4”‘0“39
cD103 BUV737 M290 BD Biosciences 741739 125
CD11c BV421 N418 BioLegend 117330 500
Ly6G Pacific Blue 1A8 BioLegend 127612 500
NKp46 BV605 29A1.4 BD Biosciences 564069 500
Ly6C BV650 HK1.4 BioLegend 128049 31
CD64 BV711 X54-5/7.1 BioLegend 139311 500
Siglec F BV750 E50-2440 BD Biosciences 747316 31
cD4 BV785 GK1.5 BioLegend 100453 63
CD45.2 Alexa Fluor 488 104 BioLegend 109816 2.5 “gl’\;muse
CD45 PerCP 30-F11 BioLegend 103130 125
y8TCR e;‘fjﬁ;’ 10 GL-3 ThermoFisher 46-5711-82 63
cD8 PE 53-6.7 BioLegend 100708 63
CD3e PE-Dazzle 594 145-2C11 BioLegend 100347 500
cD19 PE-Cy5.5 1D3 ThermoFisher 35-0193-80 500
CD24 PE-Cy7 M1/69 BioLegend 101822 16
F4/80 Alexa Fluor 647 BM8 BioLegend 123122 250
CD11b APC-R700 M1/70 BD Biosciences 564985 16
CD49b APC-eFluor780 DX5 ThermoFisher 47-5971-82 1000

Table 3.2 Fluorescent Reagents for Cell Staining
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Lung, BAL or Lymph Node

Hematopoietic Cells

CD45*
ITCD45" IVCD45*, ITCD45* IVCDAS', or ITCD45" IVCD45"
Neutrophils

Non-Neutrophils

Ly6G"

Ly6G* CD24* Ly6C

Non-Lymphoid Cells

Lymphoid Cells

CD64* or F4/80* CD64" F4/80"
K> D -
Macro_phages_ Non-Macrophages T Cells B Cells NK cells
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Alveolar Macs Recruited Macs Mono-Macs Dendritic Cells Non-Dendritic Cells T Helper Cytotoxic T Y3 T cells

CD11b%/mid cp11chi CD11bM CD11c/M  CD11bh CD11c"M  CD11c* MHCII* CD11c MHCII CD4* CcD8* CD4  CD8&"
SiglecF* MHCII* SiglecF MHCII- SiglecF CD3e* y3TCR*

cDC1 cDC2 Monocytes  Eosinophils
CcD103* CD11b* SiglecF- SSC° SiglecF*
CD11b* Ly6C* sschi

Figure 3.3 Gating Strategy

Our spectral flow cytometry panel allows for the characterization of the majority of immune cells
involved in the pulmonary immune response to influenza virus including neutrophils, B cells, NK
cells, T helper cells, cytotoxic T cells, y0 T cells, alveolar macrophages, recruited macrophages,

monocyte-macrophages, monocytes, CD103+ dendritic cells, CD11b+ dendritic cells, and eosinophils.
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The second step of our panel design was to determine the autofluorescence (AF) signatures
of each tissue. These were determined by evaluation of spectral signatures from unstained BAL,
lung, and lymph node cells from control (PBS instilled) and influenza infected mice collected at
3, 6, and 9-days post instillation (dpi) (Figures 3.4-3.7). Heterogeneous AF spectra were
analyzed and multiple populations of cells with high-intensity AF signatures in each tissue were
identified as previously described.'®® Briefly, we applied the N x N approach to raw spectral data
from unstained samples. N is equal to 64, the number of fluorescence detectors on the Cytek®
Aurora 5 Laser 16UV-16V-14B-10YG-8R. 4,096 detector combinations were observed for
unstained cells from each tissue and treatment condition to find the combination that separated
the greatest number of cell populations from one another with good resolution. Unique AF
signatures were designated as fluorescent tags in the SpectroFlo library and given priority
consideration during assignation of fluorophores for other markers to the panel (step 3). It is
critically important to avoid selecting fluorophores that share the same peak emission channels
or that have similar spectral signatures to unique autofluorescence signatures. Therefore,

assessing the complexity of heterogeneous AF is an essential spectral flow panel design step.
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Figure 3.4 Spectral Signatures of Uninfected Lymph Node, Alveolar Airway and Lung Cells

(A) Representative spectra are shown for unstained BAL, lungs, and lymph node from an uninfected male

mouse. Spectra reflect samples that were processed for removal of debris and aggregates with SpectroFlo

software. Heterogeneous AF is observable in select ultraviolet (black box) and violet channels (purple

box) in control lung tissue while lymph node and BAL cells from control mice have homogeneous AF

signatures. (B) A spectral overlay of the UV7 AF signature and V7 AF signature identifies the distinct AF

signatures present in control lungs.
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Figure 3.5 BAL Spectral Signatures

Representative spectra are shown for unstained alveolar airway cells from an uninfected mouse

or mice infected with 20 PFU IAV PRS and sacrificed at 3, 6, or 9 dpi. Spectra reflect samples

that were processed for removal of debris and aggregates with SpectroFlo software. While the

range of fluorescence intensity changes over the course of infection, multiple heterogeneous AF

signatures were not detected at any time point.

60



-'1 Uninfected Lung

FEPFPF S P LR PRPEF PP L LI PIPLPIFIL OOV PRI PO POIEPIF POV 009

B.
200000
350000 Lung PBS UV7 Lung 3 dpi UV7 Lung 6 dpi UV7 Lung 9dpi UV7
z
$ 100000
£
50000
0
§§§§§§§§&@@$&33§0@@@@@@@@@@@@@@@
Channel
200000 = . .
Lung PBS V7 Lung 3dpiV7 Lung 6dpiV7 Lung 9dpi V7
150000
z
£ 100000
£
50000

0

LS LPPP L L L PP @< PP PLLLLL SR e

Channel

Figure 3.6 Lung Spectral Signatures
(A) Representative spectra are shown for unstained lung cells from an uninfected mouse or mice
infected with 20 PFU IAV PRS and sacrificed at 3, 6, or 9 dpi. Spectra reflect samples that were
processed for removal of debris and aggregates with SpectroFlo software. Divergence of spectral
characteristics over time is particularly notable in select ultraviolet (black box) and violet (purple
box) channels. (B) Overlays show that these heterogeneous AF signatures peak in UV7 and V7

and change in intensity over the course of infection.
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Figure 3.7 Lymph Node Spectral Signatures

Representative spectra are shown for unstained lymph node cells from an uninfected mouse or mice
infected with 20 PFU IAV PRS and sacrificed at 3, 6, or 9 dpi. Spectra reflect samples that were
processed for removal of debris and aggregates with SpectroFlo software. Spectra reflect

homogeneous, low intensity autofluorescence at every time point.
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In step 3, the selection of specific fluorophore-antibody conjugates, fluorophores were
assigned to channels with unique peaks and appropriate emission wavelengths (Table 3.1). The
following criteria were followed: (i) reagents that shared a peak channel with the Live/Dead
Fixable Blue viability dye (UV6) were avoided; (ii) reagents that shared peak channels with AF
signatures were avoided; (ii1) reagents that had unique peak channels but shared highly similar
spectra with AF signatures (e.g., AlexaFluor532 or BV570) were avoided as they yield poor
resolution of cell populations due to spread into AF signatures. Further considerations were
given to balancing fluorophore stain index vs antigen expression level, minimizing similarity and
spread of fluorophores, and assignment of distinct fluorophores to co-expressed antigens. All
fluorophore-antibody conjugates used for these studies were commercially available, and only
surface antigens were chosen for detection.

Step 4 was incorporating dual in vivo CD45 labeling in our panel. The two antibodies chosen
for dual in vivo labeling were of different clonality, recognizing different epitopes from the
CD45 antibody chosen for in vitro labeling. Additionally, the CD45.2 epitope was chosen for
one of the in vivo epitopes due to its compatibility with the C57BL/6J mice used in our study.
This reduced the likelihood of saturating CD45 sites with the intravascular and intratracheal
antibodies which could diminish the intensity of in vitro staining. We assigned fluorophores with
low to medium staining intensity to CD45 to reduce the likelihood of spillover and spread. This
was important because CD45 is expressed at high levels on all leukocytes and co-expressed with
all other markers in the panel. The fluorophores also had low similarity in their spectral profiles
to ensure good resolution of leukocytes from different compartments. Preliminary experiments
were conducted with the selected antibodies, AlexaFluor488-CD45.2 (IVCD45) and BUV615-
CDA45 (ITCD45), to establish titers yielding good resolution of IVCD45+ ITCD45- vs IVCD45-
ITCDA45+ vs IVCDA45- ITCD45- populations in our gating strategy.

In step 5, assessing potential spillover-spreading in our panel that could contribute to
unmixing errors, we evaluated our AF spectral signatures with all other selected fluorophores
computationally using the Cytek® Full Spectrum Viewer Similarity™ & Complexity™ matrix
(Figure 3.1). Well-designed panels have similarity indices < 0.98. Panels with a similarity index
> (0.98 between two signatures will result in spillover- spreading and unmixing errors. Well-
designed small panels (e.g. 10 dyes or fewer) will have complexity indices around 2 to 3. Well-

designed large panels (e.g. 35 to 40 colors) will have complexity indices around 40 to 50. Our
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panel's complexity fell well below this benchmark due to our panel design strategy which
ensured we that had fluorophore and autofluorescence spectral signatures that were very different
from each other (Similarity Indices < 0.8). Evaluation of similarity and complexity indices is an
important consideration when optimizing a spectral flow panel.

Step 6 was optimizing our panel to minimize nonspecific antibody-fluorophore binding and
to obtain accurate resolution of fluorophores and autofluorescence signatures. To achieve this, all
antibody-fluorophore conjugates were titrated using cells from 9 dpi IAV PR8-infected lung
homogenate tissue with approximately 100,000 cells per test (Figure 3.2). Conjugates were
tested in 2-fold serial dilutions within the range of 2 to 2000 ng per test, as indicated; preliminary
tests were performed to determine the range to be evaluated for each conjugate. FlowJo was used
to determine the Separation Index (SI), a metric for defining the separation between positive vs
negative populations, for each dilution and to concatenate populations for visualization.'®
Selected titers are reported in Table 3.2. In some cases, the selected titer was not necessarily the
one with the highest SI value; consideration was also given to the appropriate alignment of
negative populations with zero median fluorescence intensity (MFI), adequate separation of
positive and negative populations, and maintenance of positive populations below 10° MFI.

Finally, in step 7 we determined whether beads or cells would be the appropriate reference
control material for each fluorophore-antibody conjugate in our panel. The normalized full
spectrum spectra for all of our reagents on both single stain beads and single stain cells from
IAV PR8-infected lung homogenates was determined as previously described.'®” Discrepancies
in spectra were found with the following fluorophores: BV421, BV711, BV750, and PerCP-
eFluor 710. Therefore, these 4 fluorophores were run as single-stain controls using cells for our
experiments while all remaining fluorophore single-stain controls were run using beads. The
live/dead viability reference control was based on a mixture of live and heat-killed cells. The
resolution of every fluorophore in the panel was checked by comparing the single stain control
tube with the same fluorophore in the full-stained sample. We found that the resolutions were

identical and no changes to the selected titrations were made.
3.2.5 In vivo Antibody Labeling and Tissue Harvest

Mice were sacrificed at 3, 6, or 9 days post-instillation (dpi) with I[AV PRS, 3 days post-
instillation with LPS, 10 days post-instillation with bleomycin, and 31 days post initial

instillation with HDM extract. Prior to euthanasia, mice were anesthetized with isoflurane in an
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induction chamber. Alexa Fluor 488-conjugated anti-CD45.2 antibody, clone 104 (BioLegend,
San Diego, CA, USA), diluted 1:40 (v:v) with PBS, in a total volume of 200uL (2.5ng/per
mouse), was injected retro-orbitally to label the intravascular (IV) leukocytes (IVCD45%). After 3
minutes, while keeping the mouse anesthetized with isoflurane delivered by nose cone, the left
renal artery was transected, and the mouse was euthanized by exsanguination to reduce the
chance that the [IVCD45 conjugate would bind non-specifically to airway or interstitial lung
leukocytes. Undesired cross-labeling of lung parenchyma leukocytes with the blood-borne
antibody could result from loss of vascular integrity allowing leakage of the intravascular CD45
antibody into the parenchyma. Vascular integrity can be evaluated with Evan’s blue dye.!312 In
our preliminary studies we did not find increased leakage of Evan’s blue dye into the lungs of
IAV PR8 mice compared to uninfected mice. Next, the trachea was cannulated with an 18-guage
angiocath via tracheostomy and BUV615-conjugated anti-CD45 antibody, clone 13/2.3 (BD
Biosciences, San Jose, CA, USA) diluted to 1.25 pg/mL with PBS, in a total volume of ImL per
mouse, was instilled by intratracheal (IT) administration into the lungs (ITCD45). The antibody
was allowed to remain in the lungs for 3 minutes. To reduce the chance that the ITCD45
conjugate will bind to lung interstitial leukocytes, the airways were immediately lavaged with 1
mL PBS/0.5M EDTA two additional times. The thoracic cavity was opened via midline
sternotomy and the lungs were perfused by injection of SmL of PBS into the right ventricle.
Using a dissecting microscope, the largest mediastinal lymph node was removed from the right
dorsal aspect of the trachea. The lymph node was placed directly into 0.5 ml of RPMI containing
10% fetal bovine serum (FBS, Thermo Fisher Scientific Waltham, MA, USA) on ice. Lung
tissue was removed by blunt dissection from the primary bronchi and placed on ice. Mice that
were utilized for the harvest of unstained tissue did not receive IVCDA45 or ITCD45. With these
tissue handling practices, we achieved good compartmentalization of ITCD45 IVCD45",
ITCD45" IVCDA45", and ITCD45 IVCD45 leukocytes, with minimal (<0.6%) double-positive
cells in our experimental model. A higher percentage of co-positive cells might indicate
transvascular leakage into airways due to injury caused by the disease process under study or

excessive force during the bronchoalveolar lavage or lung perfusion procedures.
3.2.6 Preparation of Single-Cell Suspension

Cells in the bronchoalveolar lavage (BAL) fluid were pelleted and RBC lysis buffer (Thermo

Fisher Scientific Waltham, MA, USA) was applied according to manufacturer instructions. After
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RBC lysis, BAL cells were pelleted and suspended in Flow Cytometry Straining (FCS) bufter
(Thermo Fisher Scientific Waltham, MA, USA).

A stock solution of Liberase TM (Sigma-Aldrich, St. Louis, MO, USA) was prepared at 10
mg/ml (26 U/ml) in RPMI 1640 w/o phenol red or fetal bovine serum (FBS) (Thermo Fisher
Scientific Waltham, MA, USA), stored in single-use aliquots at -30C, and used by the expiration
date per the manufacturer’s recommendation. A stock solution of recombinant DNase I (Sigma-
Aldrich, St. Louis, MO, USA) was prepared at 10,000 U/ml in H20 and stored in single-use
aliquots at -30C for up to 1 month. Just prior to harvest, a working solution of enzyme digestion
mixture, containing Liberase TM (0.26 U/ml) and recombinant DNase I (10 U/ml), was prepared
in RPMI 1640 without phenol red or FBS in a volume of 2 ml per mouse and stored on ice until
needed for enzymatic digestion of lungs.

The lungs were minced using a razor blade and then incubated for 45 minutes at 37C in 2mL
RPMI 1640 without phenol red or FBS (Thermo Fisher Scientific Waltham, MA, USA)
containing 0.26U/mL Liberase TM (Sigma-Aldrich, St. Louis, MO, USA) and 10U/mL
recombinant DNase I (Sigma-Aldrich, St. Louis, MO, USA). After digestion, samples were
pipetted up and down and then filtered through 70um cell strainers (VWR, Brisbane, CA, USA)
with RPMI/10% FBS. Lung cells were pelleted and RBC lysis buffer was applied according to
manufacturer instructions. After RBC lysis, lung cells were pelleted and suspended in FCS
buffer.

Lymph nodes were transferred onto 70um cell strainers and gently mashed with the rubber
end of the plunger from a 3 ml syringe. The filters were rinsed with RPMI1/10% FBS and then the
lymph node cells were pelleted and suspended in FCS buffer. Total live cells from each BAL,
lung, and lymph node sample were counted using ViaStain AO/PI staining solution (PerkinElmer
Inc, Waltham, MA, USA) and SD100 counting chambers (PerkinElmer Inc, Waltham, MA,
USA) on a Cellometer Auto 2000 Cell Counter (Nexcelom, Lawrence, MA, USA).

3.2.7 In vitro Antibody Staining

Antibody manufacturer, clone numbers, and titers are available in Table 3.2. All antibodies
are commercially available and unstained, single-stain, and fluorescence-minus-one controls
were used to define gating for positive and negative populations. Antibody specificity was not
independently validated for antibodies in our panel; however, emphasis was made to select

antibody clones recommended from published studies.!”%-176
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The following reagents were prepared for in vitro antibody staining:

(1) Fc Block TruStain FcX PLUS (anti-mouse CD16/32) (BioLegend, San Diego, CA, USA)
was diluted 1:100 (v:v) with Flow Cytometry Staining (FCS) buffer (Thermo Fisher Scientific
Waltham, MA, USA) in a total volume of 50puL per test and stored on ice until use

(i1) Just before use, one vial of LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Thermo
Fisher Scientific Waltham, MA, USA) was resuspended with 50 L. DMSO and then diluted
1:320 (v:v) in PBS in a total volume of 20uL per test. LIVE/DEAD Blue Cell Stain must be
prepared in a protein-free solution, without FCS, as protein can impact the efficiency of
LIVE/DEAD Blue staining

(ii1) To prepare the full-stain antibody master mix, all antibodies were first gently vortexed
and centrifuged at 10,000xg for 3 minutes at 4C. Antibodies were diluted in Brilliant Stain
Buffer (BD Biosciences San Jose, CA, USA) to achieve the final titers indicated in Table 3.2,
allowing for a total volume of 100uL per test. The antibody master mix excluded the antibody
conjugates used for in vivo staining, Alexa Fluor 488 anti-CD45.2 (IVCD45) and BUV615 anti-
CD45 (ITCD45) and was stored on ice until use.

The following cells and beads were prepared for in vitro staining:

(i) For full-stained samples, up to 1 x 10° cells from BAL fluid, lungs, and lymph nodes of
mice that received both IVCD45 and ITCD45 were used.

(1) Tissue from a mouse that did not receive IVCD45 or ITCD45 was used for preparation of
unstained controls, the single-stain viability control, and single-stain cell controls (CD11c-
BV421, CD64-BV711, SiglecF-BV750, and ydTCR-PerCP-eFluor 710). For unstained controls,
up to 1 x 10° cells from BAL fluid, lungs, and lymph nodes were used. For the viability control,
2.5 x 10° lungs cells were heat-killed for 10 minutes at 75C, and after chilling for 10 minutes on
ice were combined with 2.5 x 103 additional lung cells. For each single-stain cell control, 2.5 x
10° cells from the lungs were used. Single-stained controls for the remaining fluorophore-
antibody conjugates were prepared using UltraComp eBeads™ (Thermo Fisher Scientific
Waltham, MA, USA), following the manufacturer’s instructions.

The following steps were followed for in vitro staining:
(1) In vitro antibody staining was performed in a 96-well V-bottom plate (Thermo Fisher

Scientific Waltham, MA, USA).
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(i1) The appropriate number of cells and beads were aliquoted and pelleted via centrifugation
at 400xg for 3 minutes at 4°C.

(ii1) The supernatant was carefully removed, and all samples were washed with 200uL of
PBS.

(iv) Samples were pelleted, supernatant removed, and samples were resuspended with 100uL.
of PBS.

(v) 20 pl of viability dye dilution was added to viability control and full-stained samples,
mixed well, and incubated for 15 minutes at room temperature in the dark. Unstained and single-
stained controls received 20uL of PBS instead of viability dye dilution.

(vi) After incubation 100pL of FCS buffer was added to all samples.

(vil) Samples were pelleted, supernatant removed, and samples were resuspended with
200uL of FCS buffer.

(viii) Samples were pelleted, supernatant removed, and 10uL of Brilliant Stain Buffer was
added to all full-stained samples and mixed well.

(ix) 50uL of Fc Block was added to all samples and incubated for 5 minutes at room
temperature in the dark.

(x) 100uL of the full-stain antibody master mix was added to samples for full staining.
100pL FCS buffer was added to unstained controls and viability control. Single-stained cell
controls (CD11c-BV421, CD64-BV711, SiglecF-BV750, and ydTCR-PerCP-eFluor 710)
received the appropriate titer of their designated fluorophore-antibody conjugate as indicated in
Table 3.2. Single-stain bead controls received 0.5uL of their fluorophore-antibody conjugate
diluted in 100uL of FCS.

(xi) All samples were incubated for 30 minutes at room temperature in the dark, after which
100pL of FCS buffer was added to all samples.

(xi1) Samples were centrifuged, supernatant removed, and samples were resuspended with
200uL of FCS buffer.

(xii1) Samples were pelleted, supernatant removed, and samples were resuspended with
100puL of Cytofix (BD Biosciences, San Jose, CA, USA).

(xiv) All samples were incubated for 15 minutes at room temperature in the dark, after which

100puL of FCS buffer was added to all samples.
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(xv) The samples were centrifuged, supernatant removed, and samples were resuspended
with 200uL of FCS buffer.

(xvi) The samples were centrifuged again, supernatant removed, and samples were
resuspended with 200ul of FCS buffer.

(xvii) Finally, samples were transferred to 5 ml tubes (VWR, Brisbane, CA, USA) and stored

overnight at 4°C in the dark until acquisition on the flow cytometer the following day.
3.2.8 Flow Cytometry

The optical design, detection modules, number of detectors per laser module, detector
module configurations, and methodology for establishing the optimal instrument gain settings,
known as CytekAssaySetting, for commercially available fluorophores has been previously
reported. '’ For our studies, we utilized CytekAssaySetting, which automatically update gain
settings during daily QC on calibrated bead MFI targets to ensure consistent instrument setup
over time. Before all data collection, QC on calibrated beads was performed and data was only
collected when the instrument passed QC.

It was imperative to ensure our samples were on scale as our panel was designed to detect
relatively small cells such as lymphocytes and very large cells such as alveolar macrophages. To
address this, the FSC, SSC, and SSC-B gain settings were adjusted using tissue-specific
unstained samples immediately before acquisition. SSC-B-A was set to a log scale to improve
visualization of especially large cells, such as alveolar macrophages, on SSC-B-A plots. FSC
Area Scaling Factor was reduced to 0.9 in CytekAssaySetting. For each tissue type, FSC, SSC,
and SSC-B gain settings were adjusted immediately before data acquisition to ensure >95% of all
cells were on scale. The FSC threshold was set at 250,000. Acquisition stopping gates were set to
200,000 events or 125uL, and were recorded at low-medium flow.

Spectral cytometry was performed using the Aurora cytometer (Cytek Biosciences, Fremont,
CA, USA). Our gating strategy is detailed in Figures 3.3, 3.8, 3.9, and 3.10. It supports the
identification of neutrophils, macrophages, dendritic cells, monocytes, eosinophils, lymphocytes,
and natural killer cells. The cell surface markers used were chosen after carefully reviewing the
literature, particularly the works of Misharin, McCubbrey, Gibbings, and Tighe and OMIPs -032,
-061, and -069.!70-177 All cytometry data was analyzed using SpectroFlo® (Cytek Biosciences,
CA) or FlowJo® (Becton, Dickinson & Company, OR) flow cytometry software.
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Raw data were converted to unmixed data with SpectroFlow software v3.0 using an ordinary
least squares algorithm to deconvolute individual fluorophore signatures within a fully stained
sample. As part of our assessment of our panel’s performance, we compared spectral unmixing
of our panel with and without AF spectral signatures that initially presented as heterogeneous AF
in our unstained samples. Identification of AF signatures was necessary for lung cells and was
dependent on the day post instillation. AF signatures were saved as discrete fluorochrome tags in
the SpectroFlo library as previously described. These were then incorporated into our panel as
single-stain reference controls for unmixing and data analysis. It was not necessary to define AF
signatures for lymph nodes as cells from these compartments had low, homogeneous AF over the
course of these studies.

In both unmixing strategies, we utilized the “AF as a tag” (AF) function in the SpectroFlo®
(Cytek Biosciences, CA) software. As with fluorescent dyes, AF is susceptible to spillover
interactions with other fluorophores that have emission spectra in similar wavelength ranges.
This was evaluated computationally using the Cytek® Full Spectrum Viewer Similarity™ &
Complexity™ Index functionality (Figure 3.1). The 21 fluorophore panel presented here has a
low predicted complexity index of 7.46 (not shown). Inclusion of two unique AF signatures for
lungs of 9dpi PR8 mice increases the complexity index only to 10.21 (Figure 3.1). Additionally,
we visualized unmixing errors in both unmixing strategies by evaluating Nx1 permutations of all
fluorophores in the panel against AF on unstained lungs from a mouse 9 dpi with AV PR&.
Finally, we applied our supervised gating strategy (Figures 3.3, 3.8, 3.9, and 3.10) to both
unmixing strategies and compared cell counts for individual cell populations from both unmixing
strategies.

t-SNE analysis was initiated downstream of single live CD45" gating on BAL and lung
digest cells. Cells were down-sampled to 40,000 events and concatenated for t-SNE analysis in
FlowlJo. Cell subsets defined by our supervised gating strategy were projected onto the t-SNE

space to define leukocyte populations in each compartment.
3.2.9 Statistical Analysis

Statistical analyses and graphs were generated using GraphPad Prism (GraphPad Software,
Inc., San Diego, CA, USA). Statistical analyses were performed using ordinary two-way
ANOVA with correction for multiple comparisons. Statistical results with a value of p<0.05

were considered statistically significant. All graphs show medians with standard errors.
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Figure 3.8 Gating Tree on PBS 9 dpi Lung and BAL Leukocytes

The supervised gating strategy was applied to single live CD45+ cells from a male control mouse.

Representative gating trees are shown for leukocytes in the (A) marginated vasculature; (B) lung

interstitium; (C) non-lavageable airway; and (D) lavageable airway. Populations representing <2%

of the parent gate were not further characterized. See text for full description of gating strategy.
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Figure 3.9 Gating Tree on PR8 9dpi Lung and BAL Leukocytes

The supervised gating strategy was applied to single live CD45+ cells from a PR8-infected male

mouse. Representative gating trees are shown for leukocytes in the (A) marginated vasculature; (B)

lung interstitium; (C) non-lavageable airway; and (D) lavageable airway. Populations representing

<2% of the parent gate were not further characterized. See text for full description of gating strategy.
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Figure 3.10 Gating Tree on PBS and PR8 9 dpi Lymph Node Leukocytes

The supervised gating strategy was applied to single live CD45+ cells from the lymph nodes of (A) a
control male mouse, and (B) a 9 dpi PR8-infected male mouse. Populations representing <2% of the

parent gate were not further characterized. See text for full description of gating strategy.
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3.3 Results

3.3.1 Spectral Flow Cytometry Panel for Compartmental Analysis of the Pulmonary Immune

Response

We developed a gating strategy (Figure 3.3, Table 3.3) and fluorophore panel (Table 3.2) for
spectral flow cytometry that is compatible with heterogeneous AF and characterizes B cells, T
cells (cytotoxic T, T helper, and v T cells), NK cells, macrophages (alveolar and recruited),
monocyte-macrophages, monocytes (Ly6C'° and Ly6C™), dendritic cells (CD103" and CD11b+),
neutrophils, and eosinophils in the pulmonary tissues during influenza infection. Our panel
includes dual in vivo CD45 labeling for compartmental analysis of immune cells in the
marginated vasculature, lung interstitium, lavageable airway, and non-lavageable airway.
Additionally, our tissue collection procedures include the collection of the mediastinal lymph
nodes for an enhanced understanding of immune trafficking in response to influenza A infection.
This approach and protocol leverage spectral flow cytometry to locate with high precision and
resolution a wide variety of leukocytes during the pulmonary immune response; this combination
of approaches is not currently available in published protocols.

In our gating strategy, after defining single live cells, CD45 * leukocytes are segregated based
on the expression of ITCD45 and IVCD45. Next, neutrophils are identified as Ly6G" and
verified as CD24" with variable expression of Ly6C. From the non-neutrophil gate, lymphoid
cells are distinguished from other non-lymphoid cells based on CD64 and F4/80 expression.
Lymphoid cells are CD64 F4/80°; within the lymphoid gate are CD19" B cells, CD3e" T cells,
and CD19- CD3e non-B non-T cells. B cells are verified as CD19" and MHCII'. The T cell
population is further characterized as CD4" T helper cells, CD8" cytotoxic T cells, or CD4" CD§"
13-TCR" ¥ T cells. The non-B non-T lymphoid cell population includes NK cells, as identified
with NKp46 and CD49b. Non-lymphoid cells are identified from those that express CD64 or
F4/80; within the non-lymphoid gate are monocytes, macrophages, dendritic cells, and
eosinophils. CD64" F4/80M cells include resident alveolar macrophages (AMs) that are CD11b
CD11c" in control animals or CD11b™%h CD11c*in PR8-infected animals; AMs are verified as
SiglecF" Ly6C™d MHCII. CD64" F4/80" cells also include a CD11b* CD11¢!°Mi subset, which
includes MHCII" monocyte-macrophages and MHCII" recruited macrophages (RMs); monocyte-
macrophages are verified as SiglecF- Ly6CM. Cells that are positive for either, but not both,
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CD64 or F4/80 include CD11c¢t MHCII dendritic cells which are further identified as CD11b* or

CD103* dendritic cell sub-populations. Non-dendritic cells include SiglecF- SSC-A® monocytes
which are verified as CD11b" with both Ly6C' and Ly6C" subsets, and SiglecF™ SSC-AM
eosinophils which are verified to be Ly6G CD11¢- MHCII".

Tissue type

Antigen markers

Marginated vasculature

IVCD45'ITCD45 CD45 " collected from lung homogenate

Lung interstitium

IVCD45ITCD45 CD45" collected from lung homogenate

Non-lavageable airways

IVCD45ITCD45 CD45 " collected from lung homogenate

Lavageable airways

IVCD45ITCD45 CD45 " collected from bronchoalveolar lavage fluid

Mediastinal lymph nodes

IVCD45 CD45" collected from lymph node

Cell type

Antigen markers

Neutrophils

lo/hi

Ly6G" CD24" Ly6C

Lymphoid cells

CD64 F4/80°

B cells

CD64 F4/80° CD19" MHCII

T cells

CD64 F4/80° CD3e”

Cytotoxic T cells

CD64 F4/80° CD3e” CD8"

T helper cells

CD64 F4/80° CD3e” CD4"

8 T cells

CD64 F4/80° CD3e" CD4 CD8 ySTCR"

NK cells

CD64 F4/80° CD3e  CD19 NKp46" CD49b"

Non-B Non-T Non-NK cells

CD64 F4/80° CD3e CD19 NKp46 CD49b

Non-lymphoid cells

CD64" or F4/80"

Macrophages

cD64" F4/80"

Resident alveolar macrophages
(Vehicle instilled mice)

cD64™ F4/80" CD11b CD11¢” SigF™ Ly6C™ MHCII"

Resident alveolar macrophages
(Influenza infected mice)

mid/hi

cD64™ F4/80" cD11b™" cD11¢” SigF" Ly6C™ MHCII

Recruited macrophages

lo/hi

cD64™ F4/80" CD11b" cD11¢”" SigF° LysC" MHCII"

Mono-macrophages

lo/hi

cD64™ F4/80" CD11b" €D11¢”" SigF"° Ly6C" MHCII

Dendritic cells

cD64°™ or F4/80°"™ cD11¢” MHCII®

CD11b" dendritic cells

CcD64°™ or F4/80°™ cD11¢” MHCII" CD11b*

CD103" dendritic cells

CcD64°™ or F4/80°™ cD11¢” MHCII" CD103"

Monocytes

CD64"°"™ or F4/80°"™ CD11b" CD11¢’ MHCII” SigF” Ly6C

lo/hi

ssc®

Eosinophils

CD64"°"™ or F4/80°"™ CD11¢’ MHCII” SigF* SSC™

Table 3.3 Gating Strategy
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3.3.2 Identification of Autofluorescence Signatures

We leveraged the capability of spectral flow cytometry to manage autofluorescence (AF)
signatures effectively by first identifying AF from raw spectral data of unstained lymph node,
BAL, and lung cells from control (PBS) and IAV-infected mice at 3, 6, and 9 dpi. In the lymph
nodes of a control mouse the spectral signature shows low fluorescence intensity with little
variation across the emission spectrum, indicating high spectral homogeneity of cell populations
within this tissue and low AF complexity (Figure 3.4). In the BAL of a control mouse the
spectral signature shows high fluorescence intensity of a fairly homogenous cell population
across the emission spectrum (Figure 3.4). In lung cells from a control mouse the spectral
signature reveals a broader range of intensity across the spectrum, with the primary (red) band
exhibiting lower fluorescence intensity than for BAL cells. In addition, the primary band is
notably broad in the ultraviolet and violet channels and discontinuous, with multiple prominent
bands (red-orange or yellow) in the mid-UV channels and in the mid-V channels, indicating AF
complexity due to the presence of multiple spectrally distinct cell populations (Figure 3.4).

On evaluating unstained BAL and lung digests samples we find that AF signature varies with
the kinetics of the immune response (Figure 3.5-3.6). BAL cells have homogenous AF
signatures that shift to lower fluorescence intensity over the course of infection (Figure 3.5).
BAL cells have a broad range of intensity of AF at 6 dpi, reflecting heterogeneous AF, that
narrows by 9 dpi (Figure 3.5). Lung cells display distinct spectral characteristics at each of the
time points examined (Figure 3.6). These shifts reflect the dynamic nature of recruitment and
maturation of different leukocyte populations with heterogeneous AF over the time course of the
inflammatory response. In contrast, the spectral signatures of lymph node cells remained similar
over the course of infection with low indication of spectrally distinct cell populations or AF
heterogeneity (Figure 3.7).

Using the approach for managing heterogeneous AF, described in detail by Ferrer-Font et
al., two distinct high-intensity AF signatures, with peaks in the UV7 and V7 channels, were
identified in control uninfected lungs (Figure 3.4), but not in a control lymph node or BAL
cells.= These signatures change subtly over the course of infection (Figure 3.6). Overlays of the
UV7 signatures from control, 3, 6, and 9 dpi lungs reveal differences in intensity over the course

of infection, particularly for the 9 dpi signature which is reduced in intensity in the ultraviolet
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region of the spectrum compared to other UV7 signatures (Figure 3.6); whereas the 9 dpi V7
signature has increased intensity in the violet channels compared to other V7 AF signatures
(Figure 3.6). Correct identification of AF spectra that are of high intensity is particularly
important for unmixing as these signatures act as single stain controls once entered into the
SpectroFlo library. Erroneously using the low intensity 9 dpi UV7 AF spectra for unmixing data
from control, 3, or 6 dpi results in significant unmixing errors. This is similarly true if low-
intensity V7 AF spectra from control, 3, or 6 dpi is used to unmix data from 9 dpi. These
findings emphasize the importance of identifying AF spectra at each time point investigated in
addition to investigating AF spectra for control and infected mice.

Notably, the spectral characteristics of lung tissues change not only with time but also with
the inflammation model. We have performed studies to evaluate AF in other murine pulmonary
inflammation models, including the response to lipopolysaccharide from E. coli, bleomycin, and
house dust mite extract from D. pteronyssinus (Figure 3.11). The spectral characteristics of
unstained lungs from these models are distinct from each other and those observed in the [AV
PR8 model (Figure 3.11). The house dust mite model is particularly complicated, with three
unique AF signatures identified (Figure 3.11). The increased AF is likely due to high eosinophil
recruitment and the inherent highly autofluorescent properties of the chitin structural component

within house dust mite extracts.!’®
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Figure 3.11 Lung Spectral Signatures for Mouse Models of Pulmonary Inflammation

(A) Representative spectral profiles are shown for unstained lungs from mice infected with
lipopolysaccharide from E. coli, bleomycin, or house dust mite extract from D. pteronyssinus. Spectra
reflect samples that were processed for removal of debris and aggregates with SpectroFlo software.
Divergence of spectral characteristics is notable in ultraviolet, violet, blue and yellow-green laser
channels for both lipopolysaccharide and house dust mite extract. (B) A spectral overlay of the UV7
AF and V7 AF signature identifies the distinct AF signatures present in lungs of mice infected with

house dust mite antigen.
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3.3.3 Comparison of Autofluorescence Management Strategies

We further examined the ability of the deconvolution algorithm to clearly resolve
fluorophore signatures in our complex panel by evaluating processed data for unstained lung
leukocytes that were unmixed by two strategies — with standard AF extraction or with the
inclusion of multiple AF signatures. For this, we visualized Nx1 plots of AF versus every other
fluorophore and looked for unmixing errors. In both strategies, the “AF as a tag” feature in the
SpectroFlo software was utilized. Without the inclusion of distinct AF signatures, errors were
observed with many of the fluorophores in our panel, as evidenced by both positive and negative
skewing of populations as opposed to being symmetrically centered around zero (Figure 3.12A).
Here we show fluorophores conjugated to antibodies primarily for phenotyping non-lymphoid
cells (macrophages, dendritic cells and monocytes), but errors were observed with several
fluorophores conjugated to antibodies for lymphoid cells as well (not shown). These unmixing
errors indicate improper resolution of positive and negative populations and can cause
fluorescence from endogenous AF to be improperly assigned to other fluorophores. Including
our two unique AF signatures achieves well-shaped clean and round populations centered around
zero, which should markedly improve the assignation of fluorescence signatures to their correct

fluorophores (Figure 3.12B).
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Figure 3.12 Comparison of AF management strategies

The two strategies of unmixing with AF extraction vs multiple AF signatures were assessed for
unmixing errors using unstained lungs of a 9dpi PR8 mouse. Select N X 1 plots are shown here for
fluorophores conjugated to antibodies for phenotyping macrophages, dendritic cells, and
monocytes. (A) Errors were observed when unmixed with AF extraction, as indicated by both
positive and negative skewing of populations, while (B) well-shaped round populations were
achieved when unmixed with multiple AF signatures. Certain fluorophores were more negatively

impacted by AF (e.g., AlexaFluor 647, BV421, BUV395, BUV737, and BV650) than others.
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3.3.4 Compartmentalization of the Pulmonary Inflammatory Response Using Dual /n Vivo CD45
Labeling

The compartmental localization of leukocytes in the pulmonary inflammatory response was
defined by labeling leukocytes in vivo, first with intravenous AlexaFluor488-conjugated anti-
CD45 (IVCDA45) and second with intratracheal BUV615-conjugated anti-CD45 (ITCDA45). After
tissue collection and preparation of single-cell suspensions, leukocytes were labeled in vitro with
a full-stain fluorophore-antibody master mix including PerCP anti-CD45 (CD45) and analyzed
by flow cytometry. After gating on single live CD45" leukocytes, we used quadrant gating to
evaluate events for [IVCD45 or ITCDA4S5 staining (Figure 3.13, Table 3.4). The four quadrants
reflect ITCD45  IVCD45™ (top left), ITCD45" IVCD45" (top right), ITCD45" IVCD45" (bottom
right), and ITCD45 IVCD45" (bottom left) events. In BAL of both control and PR8-infected
mice, >98% of CD45" cells are ITCD45" IVCD45" and represent lavageable leukocytes; we call
these lavageable leukocytes; <2% of BAL cells fall into the other quadrants. In the lungs of
control mice 73.73 £ 1.49% of CD45" cells are ITCD45 IVCDA45" and represent vascular cells
that remain in the lung after IV perfusion; these are marginated vascular leukocytes. 19.43 +
1.66% of CD45" cells are ITCD45" IVCD45" and represent alveolar cells that remain in the lungs
after three lavages with PBS/0.5M EDTA; these are non-lavageable leukocytes. Only 6.61 +
1.02% of CD45" cells in control mice are double-negative for the IT and IV labels; these are true
lung interstitial leukocytes. In the lungs of PR8-infected mice, the distribution of leukocytes in
the lung compartments changes, with 23.21 + 2.27% in the marginated vascular, 48.39 + 1.23%
in the non-lavageable airway, and 27.60 + 2.75% in the interstitial compartment. In the lungs of
both PBS and PR8 mice, <0.6% of cells are double-positive for the IT and IV labels, indicating
negligible vascular leakage into airway compartments. In the lymph nodes of both control and
PR8-infected mice, ~99% of CD45" cells are double-negative for both ITCD45 and IVCD45 and
represent lymph node leukocytes. Thus, this analysis reflects good segregation of leukocytes in
the four pulmonary compartments. It also reveals that the majority of airway leukocytes are

resistant to three lavages at 9 dpi with IAV PRS.
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Figure 3.13 Compartmentalization of the pulmonary inflammatory response

Leukocytes were labeled in vivo with intravascular AlexaFluor 488 anti-CD45 (IVCDA45), intratracheal
BUV615 anti-CD45 (ITCD45) and ex vivo with PerCP anti-CD45(CD45). Single live CD45+ cells
were evaluated for [IVCDA45 and ITCDA45 staining in (A) lungs, (B) BAL, and (C) lymph nodes of a

representative 9 dpi male PR8-infected mouse.
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% Single Live CD45 Cells

ITCD45’ ITCD45: ITCD45 ITCD45

IVCD45 IVCD45 IVCD45 IVCD45
PBS BALs 0.54 +0.17 0.08 + 0.02 98.44 + 0.36 0.94 +0.25
PRS BALs 0.04 +0.03 0.01 £0.00 99.44 + 0.11 0.51+0.12
PBS Lungs’ 73.73 £ 1.49 0.24 +0.10 19.43 + 1.66 6.61 % 1.02
PRS Lungs” 23.21+2.27 0.56 + 0.04 48.39 +1.23 27.60 +2.75
PBS LNs' 0.45 +0.19 0.00 + 0.00 0.25 +0.14 98.78 + 0.18
PR8 LNs" 0.10 +0.08 0.00 + 0.00 0.06 + 0.03 99.72 + 0.08

Table 3.4 Compartmentalization of Leukocytes

Quadrant gating was used to evaluate single live CD45  cells for ITCD45 or IVCDA45 staining in BALs,
lungs and lymph nodes of PBS or 9 dpi PR8-infected mice. ITCD45 IVCD45 reflect marginated
vascular cells in the lungs; ITCD45 IVCDA45 reflect lavageable and non-lavageable airway cells in the

BAL and lungs, respectively; ITCD45 IVCD45 reflect cells in the lung interstitium or lymph nodes.

ITCD45 IVCD45 reflects leakage from the vasculature into the airways and was negligible. (Data
reflect n = 5 male PBS mice and n= 6 male PR8 mice; means = sem are shown.)

"BAL and LN samples did not have heterogeneous AF and were unmixed with AF extraction.

! Lung samples had heterogeneous AF and were unmixed with multiple AF signatures.
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3.3.5 Supervised Gating on Pulmonary Leukocytes of PR8-Infected Mice

Representative supervised gating trees on leukocytes in the marginated vasculature, lung
interstitium, non-lavageable airways, lavageable airways, and mediastinal lymph nodes are
shown in Figures 3.8, 3.9, and 3.10. By applying our gating strategy to each compartment in
PR8-infected mice, we immunophenotype 94.27 + 0.26% of all leukocytes in the marginated
vasculature, 90.51 + 0.38% in the lung interstitium, 99.63 + 0.25% in the airways, and 96.6 +
0.25% in the lymph nodes. The largest population of undefinable cells (3.75 + 0.26%) are CD45"
ITCD45 IVCD45  Ly6G  CD64 F480- CD19- CD3" NKp46~ CD49b", which are lymphoid cells
that are non-B non-T non-NK cells within the lung interstitial compartment.

The distribution of leukocyte subpopulations across the multiple pulmonary compartments is
shown in Figure 3.14. This analysis also further examines unmixing strategy options. Several
findings are observed when incorporating multiple AF signatures. First, 60.5 + 12.4% of all
neutrophils remain marginated in the pulmonary vasculature rather than migrating into other
compartments, and 4.9 + 2.1% remain non-lavageable. Second, 18.7 + 1.7% of lymphoid cells
and 17.1 + 2.6% of non-lymphoid (not including neutrophils) are marginated in the vasculature.
Third, most leukocytes, 50.5 + 1.3% of lymphoid and 67.5 + 1.7% of non-lymphoid cells, are
non-lavageable. Fourth, 44.5% more (p < 0.01) non-lymphoid cells are identified in the non-
lavageable airway compartment when unmixed with the inclusion of two AF signatures than
without (Figure 3.14A). Simultaneously, there are fewer numbers of unidentified cells that do
not fall into any of our immune cell phenotypes when unmixing with inclusion of AF signatures
than without (not shown). Finally, incorporating AF complexity significantly improves the
quantification of alveolar macrophages in the non-lavageable airways, revealing 6.0-fold more (p
<0.0001) cells compared to unmixing with standard AF extraction (Figure 3.14B). This reflects
the improved resolution and assignation of fluorescence as shown in Figure 3.12. Together,
these findings validate the importance of defining the compartmentalization of the pulmonary
immune response. Without a dual in vivo CD45 labeling approach, immune cells within the
marginated vasculature and non-lavageable airspaces would be incorrectly pooled with lung
interstitial leukocytes. In addition, without mitigation of AF complications, highly
autofluorescent alveolar macrophages would be under-quantified and their involvement in the

pulmonary inflammatory response would be misinterpreted.
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Figure 3.14 Compartmental Localization of Leukocytes

Unmixing strategies with AF extraction or with multiple AF signatures were compared for their
ability to quantify (A) neutrophils, lymphoid cells and non-lymphoid cells in four pulmonary
compartments, and (B) lymphoid and non-lymphoid sub-populations in the non-lavageable
airway compartment of 9 dpi PR8-infected mice. (Data reflect n = 6 male mice; means + sem are

shown; ** p < 0.01 and **** p < (0.0001.)
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3.3.6 Unsupervised Gating on Pulmonary Leukocytes of PR8-Infected Mice

We performed t-SNE analysis to aid in visualizing and localizing immune cells within
distinct pulmonary compartments of PR8-infected mice (Figure 3.15). As previously reported,
lymphoid cells can be difficult to perfuse and all subclasses are seen in the marginated vascular
compartment in this PR8 model.!** Here we demonstrate that neutrophils, monocytes and
eosinophils also remain in the vasculature after perfusion. This analysis also reflects that
individual non-lymphoid sub-populations are distinctly localized within the different pulmonary
compartments. While monocytes are abundant in the marginated vasculature, they are a minor
component of the lung interstitium and not found in the airways. Conversely, mono-macs,
recruited macrophages and dendritic cells are identified in the airways but not in the marginated
vasculature. This distribution reflects differentiation and maturation of monocytic cells as they
are recruited from the circulation into the airways in response to oropharyngeal PRS8. In contrast,
most lymphoid cell subpopulations, except for B cells, are relatively uniformly distributed across
the lung. This t-SNE analysis demonstrates a high correlation with most populations in our
supervised gating strategy and confirms many observations from that strategy. It also provides
visualization which reflects the dynamic nature of leukocyte migration, recruitment, and
activation from the circulation across the lung parenchyma and into the airways in response to an

inhaled inflammatory agonist.
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Figure 3.15 Unsupervised Gating

t-SNE analysis was initiated downstream of singlet and viability gating on 40,000 lung digest cells

from a representative 9 dpi male PR8-infected mouse. Cell subsets defined by the supervised

manual gating strategy were projected into the t-SNE space using specific colors to define (A) non-

lymphoid and (B) lymphoid cell populations in the marginated vasculature, the lung interstitium,

the non-lavaged airway, and the lavaged airway.
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3.4 Discussion

In summary, we present a complete protocol, incorporating spectral flow cytometry with in
vivo compartmental analysis, for the precise localization of multiple lymphoid and non-lymphoid
cell populations participating in the pulmonary immune response. Here we apply this
methodology to studies over the time course of the early immune response to TAV/PRS in wild-
type C57BL/6J mice, with an emphasis on 9 dpi. Key aspects of this protocol are that it: (i)
describes changes in the AF characteristics of control and PR8-infected lungs over the time
course of the transition from innate to adaptive immunity; (ii) incorporates a meticulously
assembled broad panel of 20 antibody-fluorophore conjugates that are compatible with these AF
characteristics and spectral flow cytometry; (iii) validates that incorporating multiple
heterogeneous AF signatures from the lungs improves the resolution and identification of
fluorescence signals, which is of particular importance when alveolar macrophages are a
component of the immune response; (iv) establishes a robust gating strategy for identification of
B cells, T cells (cytotoxic T, T helper, and yo T cells), NK cells, macrophages (alveolar,
recruited and monocyte-macrophages), monocytes (Ly6C and Ly6C"™), dendritic cells (CD103*
and CD11b"), neutrophils, and eosinophils; (v) combines a dual in vivo CD45 labeling protocol
with in vitro CD45 labeling to facilitate identification of these immune cell populations in four
pulmonary compartments; (vi) implements both informed gating and dimensionality reduction
algorithms to visualize the recruitment and migration of leukocytes from the vasculature, across
the lung interstitium and into the alveolar airways; and (vii) finds that the majority of immune
cells are localized within the non-lavageable airways in this model at 9 dpi with AV PRS.

In developing this protocol, we heavily considered the best practices outlined in the
American Thoracic Society Workshop Report, whose intent was to improve the rigor and
reproducibility of flow cytometry experiments related to studies in the lungs, as well to broad
mandates to improve the rigor and reproducibility of biomedical research.'3164177 The abilities
of spectral flow cytometry are particularly well-suited for these goals as it mitigates AF
interference and utilizes AF characteristics to significantly improve resolution and identification
of leukocyte populations. Combined with in vivo compartmental analysis we can describe > 99%
of the cellular immune response within the non-lavageable airways, a compartment that has not
previously been quantitatively described with precision. We find these procedures to yield high-

quality data with easily resolvable cell populations and highly consistent quantitative results
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between multiple users and over multiple experiments. The clarity of resolution gained by
including AF considerations enhances the rigor of unsupervised analyses.

Previous studies also have used in vivo compartmental approaches to better define the
localization of pulmonary immune cells. Anderson, et. al., used intravascular labeling to
demonstrate that up to 97% of CD8+ T cells thought to be located within the lungs of perfused
LCMV-infected mice were not in the tissue, but remained adherent in the vasculature.!? Patel,
et. al., used intravascular and intratracheal labeling to characterize myeloid cells in the non-
lavaged lungs of naive mice and those with acid inspiration-induced injury.!> While they were
able to segregate vascular and alveolar cells from those within the lung interstitium, they did not
identify those alveolar cells that were non-lavageable within the alveolar epithelium. Leukocytes
that are marginated and non-lavageable, whether in the vasculature or in the airway lumen,
warrant more investigation. They could be transitory and poised to leave or they could be
restricted from exiting these highly specialized compartments. The precise immunophenotyping
and quantification of these populations could aid in understanding the biological roles that these
cells have and could inform future therapeutic approaches for pulmonary inflammation.

The protocol presented here enables precise quantitative tracking of lymphoid and non-
lymphoid leukocytes in four compartments within perfused and lavaged lungs: the marginated
vasculature, the lung interstitium, the lavageable and the non-lavageable airspaces. In our model
of IAV PRS at 9 dpi we show that most pulmonary B cells and NK cells, as well as large
populations of CD4" T helper cells and CD8" cytotoxic T cells, remain adherent in the
vasculature after perfusion. While T helper cells were distributed across these four
compartments, the majority were localized to the non-lavageable airspace compartment, making
this location the site with the greatest number of lymphoid cells. We also show that the majority
of Ly6CM monocytes as well as large populations of neutrophils and eosinophils remain adherent
in the vasculature, while the majority of Ly6C™¢monocytes, recruited macrophages and
dendritic cells (primarily CD11b") are adherent in the airways. A small population of alveolar
macrophages also are localized in both the lavageable and non-lavageable airspaces. In short, the
previously unquantified non-lavageable airspace is the site of the largest number of lymphoid
and non-lymphoid cells within the lungs at 9 dpi with IAV/PRS. Thus, by including
bronchoalveolar lavage in this protocol it becomes possible to identify immune cells within the

non-lavageable airspace. This approach could potentially offer insight into functionally different
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subsets of immune cells and could be an area of future study. Inclusion of lavage offers two
additional advantages. First, by rapidly diluting and removing the ITCD45 conjugate, lavage
reduces the opportunity for cross-labeling of lung interstitial leukocytes. Second, additional
valuable information can be obtained from the cell-free BAL fluid, including analytes such as
total protein, immunoglobulins, and cytokines. While some of this information might be more
accurately obtained by performing lavage in separate animals, the inclusion of lavage in this
protocol allows for more information to be obtained from the same animals, thereby reducing the
number of animals in a study. One caveat to our approach is that it used three lavages. If
additional lavages were performed one would expect a decrease in the non-lavageable cells and
an increase in the lavageable cells with each additional lavage.

It is notable that this analysis shows that monocytes in the marginated vasculature of both
control and IAV PR8-infected mice include both Ly6C" and Ly6C" populations, while Ly6Ch
monocytes are the majority in the airways of PR8-infected mice (Figures 3.8 and 3.9). This is
consistent with the characterization of “classical” and “non-classical” monocytes, with shifting
Ly6C expression as they transit from the circulation and are recruited into the airways during
pulmonary inflammation.'”%!80 It is also notable that at 9 dpi the airspaces contain relatively few
alveolar macrophages compared to recruited macrophages, and that the majority of alveolar
macrophages are localized to the non-lavageable airway. This contributes to highly
heterogeneous AF in the lungs, but not in the BAL. In contrast, though not shown here, at the
earlier time points of 3 and 6 dpi with PR8, we found considerably more alveolar macrophages
in the lavageable airways which contribute to heterogeneous AF. Thus, while at 9 dpi it was not
necessary to define and incorporate discrete AF signatures in the BAL compartment, it was
necessary to do so at the earlier time points (not shown). These findings are consistent with the
understanding of macrophage turnover during the transition from innate to adaptive
immunity.'8!-'83 Furthermore, these findings emphasize the changing nature of AF in different
pulmonary compartments over the time course of the immune response.

We also observe from t-SNE analysis a high eosinophil content within the lungs of IAV PRS-
infected mice at 9 dpi, with eosinophils constituting 33.0% and 58.3% of all non-lymphoid cells
within the marginated vasculature and lung interstitium, respectively. This population is SiglecF*
SSC-A and are back-gated to confirm that they do not express Ly6G, CD11¢c or MHCII in order

to validate their identity as eosinophils rather than neutrophils, alveolar macrophages, recruited
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macrophages, dendritic cells or monocytes. While eosinophils are well-recognized to be
modulators of adaptive immune responses and are released from the bone marrow following
exposure to allergens or intestinal parasites, their role(s) in host defenses against respiratory
viruses is (are) less well-known.'3*187 With respect to IAV, it has been described that eosinophils
have very low presence in the airways during early time points of infection but increasing
numbers that correlate with T cell recruitment into the lungs; and, more recently, that eosinophils
modify the respiratory barrier during IAV infection, helping to neutralize the virus and protect
the airways.'®818% Our observations are consistent with these novel findings and suggest that the
capabilities of the protocol described here would be of considerable utility in further studies
investigating the dynamics of eosinophil recruitment and migration in response to IAV and other
respiratory viruses. These unexpected findings also provide evidence for the utility of taking an
unbiased approach to measure changes in leukocyte populations in pulmonary research.

Less than five percent of lung leukocytes cannot be immunophenotyped using the strategies
defined here. These are non-B non-T non-NK lymphoid cells and are most prevalent within the
lung interstitial compartment. Employing the t-SNE algorithm, these cells are seen to cluster
within the two-dimensional space located between T cells and dendritic cells. These could reflect
shortcomings in our gating strategy or perhaps lineage negative innate lymphoid cells (ILCs) that
could be investigated with additional antibodies.'”® While the panel presented here includes 20
antibody-fluorophore conjugates, it has a low overall complexity index and is amenable to
substitution or expansion for investigations of additional leukocyte populations.

As emphasized in our fluorophore panel design strategy, it is essential to assess AF
complexity within each pulmonary tissue as part of the experimental design process; knowing
the peak emission channels of AF signatures is necessary to ensure compatibility with
fluorophores in the in vitro staining panel. We demonstrate that the intensity and signature of
heterogeneous AF can change over the course of the immune response to each agonist.
Therefore; it is important to assess AF complexity for each agonist and time point of interest.
Additionally, day-to-day variations in tissue processing can affect AF, therefore it is necessary to
include an additional mouse within each experiment for the collection of unstained controls for
BAL, lung, and lymph node cells to determine AF signatures unique to each experiment. While
these procedures require considerable effort for optimization and set-up, the clarity of resolution

that is gained enables the acquisition of a large amount of high-quality data which could improve
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efficiency and reduce the numbers of mice required to assess meaningful differences between
groups. It has been suggested that apparent inconsistencies in the literature regarding the
response of alveolar macrophages to influenza infection might be understood by identifying
mouse strain-dependent differences.!! Our results demonstrate that another important
consideration for the accurate quantification of alveolar macrophages is the identification of
heterogeneous AF signatures which must be given due consideration in order to generate
rigorous and reproducible flow cytometry data as shown in Figure 3.14B.

It is expected that different cell populations will be enumerated in different lung
compartments during the innate versus adaptive versus resolution and repair phases of the
immune response, depending on the disease model under study. Thus, this panel was carefully
designed to enable flexibility for expansion to include additional fluorophore-antibody
conjugates and to incorporate multiple AF signatures. This flexibility will accommodate deeper
probing into leukocyte subpopulations of interest (e.g., M1 vs. M2 macrophages, or subsets of
activated dendritic cells); extension to acquired immunity (e.g., T regulatory or T memory cells);
or application to different inflammatory models in which additional leukocyte populations might
be of interest (e.g., basophils and mast cells in allergic airway inflammation). Although not
included as part of this protocol, it would be feasible to collect whole blood at sacrifice (e.g., by
cardiac puncture) and apply the procedures described here for a more thorough characterization
of circulating immune cells.

Precise characterization and localization of the cellular participants in the immune response
is crucial to understanding the fundamental processes underlying pulmonary inflammation and
for designing therapeutic approaches that target the aberrant leukocyte recruitment in
pathological situations. We hope that this protocol will serve as a resource in these further

studies of the innate and adaptive immune responses in the lungs.
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Chapter 4. Fibroblast-derived versican is a pro-inflammatory mediator of

innate immunity during influenza A virus infection

4.1 Introduction

Influenza A virus (IAV) is a major causative pathogen of hospitalization from community-
acquired pneumonia and places a significant burden on global health. 3 Globally, an estimated
145,000 to 645,000 annual deaths are attributed to IAV infection.>* Annually, vulnerable
populations experience morbidity and mortality associated with seasonal AV while
intermittently, pandemic IAV strains pose a significant health threat to the general populous. The
disease burden from both seasonal and pandemic influenza A viruses, and the growth of high-
risk patient populations, underscore the need for continued influenza A research. Increasingly,
the extracellular matrix (ECM) is recognized for its role in the host immune response to
pulmonary diseases.??*33% Accumulation of hyaluronan (HA) and versican, a chondroitin sulfate
proteoglycan, in the provisional pulmonary ECM is a hallmark of many lung
diseases.!27:40.94,101,102,104,106-108,115,116 The accumulation of versican in the lungs and its close
association with leukocytes migrating into the pulmonary tissue has been recently described in
C57BL/6J mice infected with a mouse-adapted IAV (A/PR/8/34; HIN1).5> However, much is
still unknown about the immunomodulatory potential of versican and the importance of the
cellular source of versican regarding its contextual role in the host immune response to IAV.

Previous studies utilizing versican-deficient mice have focused on mice globally deficient in
versican (Rosa26/Vcan”"), mice deficient in myeloid- and epithelial-derived versican
(LysM/Vcan™), and mice deficient in epithelial-derived versican (SPC/Vcan™ ). These studies
demonstrated that Rosa26/Vcan’" mice treated with polyinosinic:polycytidylic acid (poly(I:C)), a
TLR3-agonist, have decreased recovery of inflammatory leukocytes in the bronchoalveolar
lavage (BAL) fluid.'® This is in contrast to LysM/Vcan” mice which had increased recovery of
inflammatory leukocytes in BAL fluid after instillation with poly(I:C).!® Additionally, both
Rosa26/Vcan” and LysM/Vcan™ versican-deficient mice had significantly decreased levels of
Type I IFN and IL-10 in lung tissue and BAL fluid following poly(I:C) exposure when compared
to controls.!® Another study utilizing SPC/Vcan’" mice infected with respiratory syncytial virus
revealed increased migration of neutrophils and monocytes into the BAL fluid and lungs, along

with elevated expression levels of chemokines CCL2, CCL3, and CCL4 suggesting that
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epithelial-derived versican attenuates leukocyte recruitment through chemokine mediated
mechanisms.!% Taken together, these studies demonstrate the immunomodulatory potential of
versican and the importance of the cellular source of versican with regards to its contextual role
in the host immune response. However, studies investigating the role of fibroblast-derived
versican are lacking. In naive mice, fibroblasts are the predominant source of versican in the
lungs and constitute a major cell population responsible for versican expression and
accumulation in the lungs under inflammatory conditions.

Therefore, this study investigated the role of fibroblast-derived versican during the innate
immune response to IAV infection by utilizing a tamoxifen-inducible versican-deficient mouse
(B6. Colla2-CrefFRT~/Vean™! 1O Colla2/Vean™). This study established the time course of
changes in fibroblast-derived versican expression and the impact of fibroblast-derived versican
on leukocyte migration into pulmonary and vascular microenvironments during IAV infection.
We report that fibroblast-derived versican facilitates neutrophil, monocyte, mono-macrophage,
dendritic cell, and eosinophil migration into the lungs and airways early in IAV infection.
Additionally, we found that Col1a2/Vcan” mediastinal lymph nodes demonstrate a transient

increase in the number of lymphocytes on day 6 post infection with IAV.
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4.2 Materials and Methods

4.2.1 Animal Model

Vean™ 1 (Vean™™) mice were bred with mice carrying a transgene for a tamoxifen-
inducible Cre recombinase under the control of the Colla2 promoter (B6.Cg-Tg(Colla2-
cre/ERT, -ALPP)7Cpd/J (Strain: 029567; Jackson Laboratories) in order to generate B6.Colla2-
CreFRT+/Vean™! 1 (Coll1a2/Vean™") and B6.Colla2-CreFRT-/Vean™! 1% littermate controls
(Colla2/Vcan**, WT).!% In Colla2/Vcan’ mice, Cre recombinase-mediated deletion of Vcan
exon 4 initiates a frameshift resulting in a STOP codon near the beginning of exon 5. The
resulting mice are deficient in fibroblast-derived versican. All mice were housed under standard
conditions in Allentown individually ventilated cages in a specific pathogen-free animal facility.
Room lighting was on a 10:14 hr dark:light cycle, and mice had free access to food and water.

**, WT) were weaned at three-

Colla2/Vcan’ mice and their littermate controls (Colla2/Vcan
weeks of age and fed tamoxifen citrate chow (Inotiv, 400mg/kg, TD.130859, West Lafayette,
IN). After being provided tamoxifen citrate chow for four weeks, mice were fed standard mouse
chow (LabDiet, PicoLab® Mouse Diet 20 — 5053, St. Louis, MO). At eight- to eleven-weeks of
age, male Colla2/Vcan’ mice and their littermate controls were infected with a mouse-adapted
influenza A virus. All procedures were performed as part of an approved scientific protocol in

accordance with the University of Washington Institutional Animal Care and Use Committee

(IACUC).
4.2.2 Induction of IAV Pneumonia

Mouse-adapted influenza A/Puerto Rico/8/34 (A/PR/8/34; HIN1) was grown in allantoic
fluid of research-grade-specific pathogen-free embryonic chicken eggs (Charles River Avian
Vaccine Services, Norwich, CT), and a hemagglutination assay was performed to determine the
viral titer.>> Male mice were infected with 20 plaque-forming units (PFU) in 50 uL PBS by
oropharyngeal aspiration under isoflurane anesthesia.'?® This dose caused severe influenza
pneumonia as previously described.®® Control mice received instillation of PBS alone, and mice
were sacrificed at 3, 6, and 9 days post-infection (dpi) by exsanguination under isoflurane

anesthesia.
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4.2.3 Quantitative Real-time Reverse-transcription PCR

Mice were sacrificed at 3, 6, or 9 days post-instillation (dpi) with influenza virus A/PR/8/34.
Under aseptic conditions, the left lung lobe was removed from the thoracic cavity and used for
mRNA isolation and prepared as previously described.®® Briefly, lung tissue was placed in Sml
of RNAlater (Invitrogen) at 4C overnight. Lungs were homogenized, and RNA was extracted
using RNAeasy Mini Kit with on-column DNase digestion (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. cDNA was reverse-transcribed using random primers with the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Quantitative real-time reverse-transcription polymerase chain reaction (PCR) was performed on
an ABI Prism 7900HT Fast Real-Time PCR System (Applied Biosystems) using PrimeTime
Gene Expression Master Mix (Integrated DNA Technologies, Coralville, IA). Gene-specific
TagMan primer-probe mixes were used for quantitative real-time PCR of versican
(MmO01283063 m1) and TATA-box protein (Mm01277042 m1) mRNA (ThermoFisher
Scientific, Grand Island, NY). Quantitative real-time PCR was performed to amplify the matrix
protein (M) gene of the PR flu virus. The following primers and probe were used: forward:
CAGCACTACAGCTAAGGCTATG,; reverse: CTCATCGCTTGCACCATTTG, probe /56-
FAM/CCTCTGCTG/ZEN/CTTG CTCACTCGATC/3IABKFQ with 20ng of sample cDNA per
reaction. DNA from purified plasmid was used to generate a standard curve for copy number
determination using RNA isolated from mouse lung. Samples and log10 dilutions of standards
were run in triplicate on an ABI 7900 real time PCR machine and viral copy number determined

from the standard curve of Ct values.
4.2.4 Tissue Harvest and /n Vivo Antibody Labeling for Spectral Flow Cytometry

Mice were sacrificed at 3, 6, or 9 days post-instillation (dpi) with influenza virus A/PR/8/34.
Before euthanasia, mice were anesthetized with isoflurane in an induction chamber. Alexa Fluor
488-conjugated anti-CD45.2 antibody, clone 104 (BioLegend, San Diego, CA, USA), diluted
1:40 (v:v) with PBS, in a total volume of 200uL (2.5ug/per mouse), was injected retro-orbitally
to label the intravascular (IV) leukocytes (IVCD45"). After 3 minutes, while keeping the mouse
anesthetized with isoflurane delivered by nose cone, the left renal artery was transected, and the
mouse was euthanized by exsanguination to reduce the chance that the IVCD45 conjugate would

bind non-specifically to airway or interstitial lung leukocytes. In separate experiments
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investigating circulating leukocytes, mice were euthanized by exsanguination via intracardiac
blood draw into an EDTA-coated syringe and did not receive IVCD45 antibody-conjugate
injections.

After euthanasia, the trachea was cannulated with an 18-gauge angiocath via tracheostomy
and the airways were immediately lavaged with 1 mL PBS three times. The first I mL lavage
was separated from the second and third lavages for chemokine and cytokine analysis with
multiplex ELISA. The thoracic cavity was opened via midline sternotomy and the lungs were
perfused by injecting SmL of PBS into the right ventricle. Using a dissecting microscope, the
largest mediastinal lymph node was removed from the right dorsal aspect of the trachea. The
lymph node was placed directly into 0.5 mL of RPMI containing 10% fetal bovine serum (FBS,
Thermo Fisher Scientific Waltham, MA, USA) on ice. Lung tissue was removed by blunt

dissection from the primary bronchi and placed on ice.
4.2.5 Preparation of Single-Cell Suspensions for Spectral Flow Cytometry

Cells in the bronchoalveolar lavage (BAL) fluid were pelleted by centrifugation. The first 1
mL of lavage was collected and combined with protease inhibitor according to the
manufacturer’s instructions (Pierce™ Protease Inhibitor Moni Tablets, EDTA-Free, A32955,
Thermo Fisher Scientific Waltham, MA, USA). These samples were stored at -80°C until
chemokine and cytokine analysis. Cells from all three BAL fractions were then combined and
RBC lysis buffer (Thermo Fisher Scientific Waltham, MA, USA) was applied according to
manufacturer instructions. After RBC lysis, BAL cells were pelleted and suspended in Flow
Cytometry Straining (FCS) buffer (Thermo Fisher Scientific Waltham, MA, USA).

A stock solution of Liberase TM (Sigma-Aldrich, St. Louis, MO, USA) was prepared at 10
mg/ml (26 U/ml) in RPMI 1640 w/o phenol red or fetal bovine serum (FBS) (Thermo Fisher
Scientific Waltham, MA, USA), stored in single-use aliquots at -30°C, and used by the
expiration date per the manufacturer’s recommendation. A stock solution of recombinant DNase
I (Sigma-Aldrich, St. Louis, MO, USA) was prepared at 10,000 U/ml in H>O and stored in
single-use aliquots at -30°C for up to 1 month. Just before harvest, a working solution of enzyme
digestion mixture, containing Liberase TM (0.26 U/ml) and recombinant DNase I (10 U/ml), was
prepared in RPMI 1640 without phenol red or FBS in a volume of 2 ml per mouse and stored on
ice until needed for enzymatic digestion of lungs. The lungs were minced using a razor blade and

then incubated for 45 minutes at 37°C in 2 mL RPMI 1640 without phenol red or FBS (Thermo
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Fisher Scientific Waltham, MA, USA) containing 0.26U/mL Liberase TM (Sigma-Aldrich, St.
Louis, MO, USA) and 10U/mL recombinant DNase I (Sigma-Aldrich, St. Louis, MO, USA).
After digestion, samples were pipetted up and down and then filtered through 70um cell strainers
(VWR, Brisbane, CA, USA) with RPMI/10% FBS. Lung cells were pelleted and RBC lysis
buffer was applied according to manufacturer instructions. After RBC lysis, lung cells were
pelleted and suspended in an FCS buffer.

Lymph nodes were transferred onto 70um cell strainers and gently mashed with the rubber
end of the plunger from a 3 mL syringe. The filters were rinsed with RPMI/10% FBS and then
the lymph node cells were pelleted and suspended in FCS buffer. Total live cells from each BAL,
lung, and lymph node sample were counted using ViaStain AO/PI staining solution (PerkinElmer
Inc, Waltham, MA, USA) and SD100 counting chambers (PerkinElmer Inc, Waltham, MA,
USA) on a Cellometer Auto 2000 Cell Counter (Nexcelom, Lawrence, MA, USA).

Whole blood samples were centrifuged at 2,000xg for 15 minutes at 4C. After centrifugation,
plasma was combined with protease inhibitor according to the manufacturer’s instructions
(Pierce™ Protease Inhibitor Moni Tablets, EDTA-Free, A32955, Thermo Fisher Scientific
Waltham, MA, USA) and stored at -80°C until chemokine and cytokine analysis. Blood cells
were then combined with 10 mL of Gibco™ ACK Lysing Buffer at room temperature for 4
minutes. Cells were pelleted by centrifugation and combined with 12 mL of cold PBS. Finally,
cells were pelleted by centrifugation and suspended in FCS buffer.

4.2.6 In Vitro Antibody Staining for Spectral Flow Cytometry

The following reagents were prepared for in vitro antibody staining:

(1) Fe Block TruStain FcX PLUS (anti-mouse CD16/32) (BioLegend, San Diego, CA, USA)
was diluted 1:100 (v:v) with Flow Cytometry Staining (FCS) buffer (Thermo Fisher Scientific
Waltham, MA, USA) in a total volume of 50puL per test and stored on ice until use

(i1) Just before use, one vial of LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Thermo
Fisher Scientific Waltham, MA, USA) was resuspended with 50 L. DMSO and then diluted
1:320 (v:v) in PBS in a total volume of 20uL per test. LIVE/DEAD Blue Cell Stain must be
prepared in a protein-free solution, without FCS, as protein can impact the efficiency of
LIVE/DEAD Blue staining

(ii1) To prepare the full-stain antibody master mix, all antibodies were gently vortexed and

then centrifuged at 10,000xg for 3 minutes at 4C. Antibody manufacturer, clone numbers, and
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titers are available in Table 4.1. Antibodies were diluted in Brilliant Stain Buffer (BD
Biosciences San Jose, CA, USA) to achieve the final titers indicated in Table 4.1, allowing for a
total volume of 100uL per test. The antibody master mix excluded the antibody conjugate used
for in vivo staining, Alexa Fluor 488 anti-CD45.2 (IVCD45), and was stored on ice until use.
The following cells and bead controls were prepared for in vitro staining:

(i) For full-stained samples, up to 1 x 10° cells from BAL fluid, lungs, and lymph nodes from
mice that received IVCD45" were used. For full-stained blood samples, up to 1 x 10° cells from
mice that did not receive IVCD45" were used.

(ii) BAL fluid, lungs, and lymph nodes from a mouse that did not receive IVCD45" were
used for the preparation of unstained controls, the single-stain viability control, and single-stain
cell controls (CD11c-BV421, CD64-BV711, SiglecF-BV750, and ydTCR-PerCP-eFluor 710) for
each flow cytometry experiment. Up to 1 x 10° cells from BAL fluid, lungs, and lymph nodes
were used for unstained controls. For the viability control, 2.5 x 10° lungs cells were heat-killed
for 10 minutes at 75C, and after chilling for 10 minutes on ice were combined with 2.5 x 10°
additional unstained lung cells. 2.5 x 10° cells from the lungs were used for each single-stain cell
control. Single-stained controls for the remaining fluorophore-antibody conjugates were prepared
using UltraComp eBeads™ (Thermo Fisher Scientific Waltham, MA, USA), following the
manufacturer’s instructions.

All antibodies are commercially available and unstained, single-stain, and fluorescence-
minus-one controls were used to define gating for positive and negative populations. Antibody
specificity was not independently validated for antibodies in our panel; however, emphasis was
made to select antibody clones recommended from published studies.!”%!7° For full-stained
samples, in vitro antibody staining was performed on single-cell suspensions from the BAL,
lungs, and lymph nodes of mice that received in vivo antibody labeling of IVCD45". In vitro
antibody staining was performed on single-cell suspensions from whole blood from mice that did
not receive in vivo antibody labeling of IVCDA45". Cells were washed in PBS before incubating
in LIVE/DEAD Fixable Blue Dead Cell Stain (Thermo Fisher Scientific Waltham, MA, USA)
for 15 minutes. This incubation must be performed in a protein-free solution, without FCS, as
protein can impact the efficiency of LIVE/DEAD Blue staining. Next, cells were washed with
FCS, and Brilliant Stain Buffer was added to each sample. Cells were incubated with Fc Block

for 5 minutes and then incubated with fluorophore-conjugated antibodies for 30 minutes. Cells
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were washed with FCS and then incubated with Cytofix (BD Biosciences San Jose, CA, USA)

for 15 minutes. Cells were washed with FCS before being transferred to 5 ml tubes and stored at

4°C in the dark overnight. Flow cytometry was performed the following day.

Specificity Fluorochrome Clone Vendor Catalog # Titer (ng/test)
MHCII-IA/IE BUV395 2G9 BD Biosciences 743876 8
Viability Live Dead Blue - ThermoFisher 134962 20 “Lgcl::”zo
CD103 BUV737 M290 BD Biosciences 741739 125
CD11c BV421 N418 BioLegend 117330 500
Ly6G Pacific Blue 1A8 BioLegend 127612 500
NKp46 BV605 29A1.4 BD Biosciences 564069 500
Ly6C BV650 HK1.4 BioLegend 128049 31
CD64 BV711 X54-5/7.1 BioLegend 139311 500
Siglec F BV750 E50-2440 BD Biosciences 747316 31
CD4 BV785 GK1.5 BioLegend 100453 63
CD45.2 Alexa Fluor 488 104 BioLegend 109816 2.5 “gl’\;muse
CD45 PerCP 30-F11 BioLegend 103130 125
TCR e GL3 ThermoFisher |  46-5711-82 63
CD8 PE 53-6.7 BioLegend 100708 63
CD3e PE-Dazzle 594 145-2C11 BioLegend 100347 500
CD19 PE-Cy5.5 1D3 ThermoFisher 35-0193-80 500
CD24 PE-Cy7 M1/69 BioLegend 101822 16
F4/80 Alexa Fluor 647 BM8 BioLegend 123122 250
CD11b APC-R700 M1/70 BD Biosciences 564985 16
CD49b APC-eFluor780 DX5 ThermoFisher 47-5971-82 1000

Table 4.1 Fluorescent Reagents for Cell Staining
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4.2.7 Spectral Flow Cytometry

Spectral cytometry was performed using the Aurora 5 laser cytometer (Cytek Biosciences,
Fremont, CA, USA). The optical design, detection modules, number of detectors per laser
module, detector module configurations, and methodology for establishing the optimal
instrument gain settings, known as CytekAssaySetting, for commercially available fluorophores
has been previously reported. %7 Our studies utilized CytekAssaySetting, which automatically
updates gain settings during daily QC on calibrated bead MFTI targets to ensure consistent
instrument setup over time. Before all data collection, QC on calibrated beads was performed
and data was only collected when the instrument passed QC. Additionally, the FSC, SSC, and
SSC-B gain settings were adjusted immediately before the acquisition using tissue-specific
unstained samples. SSC-B-A was set to a log scale to improve visualization of especially large
cells, such as alveolar macrophages, on SSC-B-A plots. FSC Area Scaling Factor was reduced to
0.9 in CytekAssaySetting. FSC, SSC, and SSC-B gain settings were adjusted immediately before
data acquisition to ensure >95% of all cells were on scale for each tissue type. The FSC threshold
was set at 250,000. Acquisitions were recorded at low-medium flow.

Raw data were converted to unmixed data with SpectroFlow software v3.0 using an ordinary
least squares algorithm to deconvolute individual fluorophore signatures within a fully stained
sample. Identification of multiple autofluorescence (AF) signatures was necessary to unmix
specific tissues accurately.!®® AF signatures from unstained BAL, lung, and whole blood tissues
were identified and saved as discrete fluorochrome tags in the SpectroFlo library. These were
then incorporated into our panel as single-stain reference controls for unmixing and data
analysis. It was not necessary to define AF signatures for lymph nodes as cells from this tissue
had low, homogeneous AF over the course of these studies. For all unmixing, the “AF as a tag”
feature in the SpectroFlo software was utilized, in addition to the incorporation of distinct AF
spectral signatures into the panel when appropriate. Without the inclusion of distinct AF
signatures, unmixing errors were observed with many of the fluorophores in our panel when Nx1
permutations of all fluorophores in the panel against AF on unstained tissues were visualized.
These unmixing errors indicate improper resolution of positive and negative populations and can
cause fluorescence from endogenous AF to be improperly assigned to other fluorophores. '
Our gating strategy is detailed in Figure 4.1 and Table 4.2. It supports the identification of

neutrophils, macrophages, dendritic cells, monocytes, eosinophils, lymphocytes, and natural
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killer cells. The cell surface markers used were chosen after carefully reviewing the literature,
particularly the works of Misharin, McCubbrey, Gibbings, and Tighe and OMIPs -032, -061, and
-069.170-177 All cytometry data was analyzed using SpectroFlo® (Cytek Biosciences, CA) or
FlowJo® (Becton, Dickinson & Company, OR) flow cytometry software.
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Lung, BAL or Lymph Node

Hematopoietic Cells

CD45*
ITCD45" IVCD45*, ITCD45* IVCDAS', or ITCD45" IVCD45"
Neutrophils

Non-Neutrophils

Ly6G"

Ly6G* CD24* Ly6C

Non-Lymphoid Cells

Lymphoid Cells

CD64* or F4/80* CD64" F4/80"
K> D -
Macro_phages_ Non-Macrophages T Cells B Cells NK cells

CD64" F4/80N CD64'/int or F4/80'/int CD3e* CD19* MHCII*  CD3e CD19
| CD49b* NKp46*

Alveolar Macs Recruited Macs Mono-Macs Dendritic Cells Non-Dendritic Cells T Helper Cytotoxic T Y3 T cells

CD11b%/mid cp11chi CD11bM CD11c/M  CD11bh CD11c"M  CD11c* MHCII* CD11c MHCII CD4* CcD8* CD4  CD8&"
SiglecF* MHCII* SiglecF MHCII- SiglecF CD3e* y3TCR*

cDC1 cDC2 Monocytes  Eosinophils
CcD103* CD11b* SiglecF- SSC° SiglecF*
CD11b* Ly6C* sschi

Figure 4.1 Gating Strategy

Our spectral flow cytometry panel allows for the characterization of the majority of immune cells
involved in the pulmonary immune response to influenza virus including neutrophils, B cells, NK
cells, T helper cells, cytotoxic T cells, y0 T cells, alveolar macrophages, recruited macrophages,

monocyte-macrophages, monocytes, CD103+ dendritic cells, CD11b+ dendritic cells, and eosinophils.
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Tissue type

Antigen markers

Airways

IVCD45 CD45" collected from bronchoalveolar lavage fluid

Lung

IVCD45 CD45" collected from lung homogenate

Marginated vasculature

IVCD45'CD45" collected from lung homogenate

Circulating vasculature

CD45" collected from whole blood via cardiac puncture

Mediastinal lymph nodes

IVCD45 CD45" collected from lymph node

Cell type

Antigen markers

Neutrophils

lo/hi

Ly6G" CD24" Ly6C

Lymphoid cells

CD64 F4/80°

B cells

CD64 F4/80° CD19" MHCII

T cells

CD64 F4/80° CD3e”

Cytotoxic T cells

CD64 F4/80° CD3e” CD8"

T helper cells

CD64 F4/80° CD3e” CD4"

Y8 T cells

CD64 F4/80° CD3e" CD4 CD8 ySTCR"

NK cells

CD64 F4/80° CD3e  CD19 NKp46" CD49b"

Non-B Non-T Non-NK cells

CD64 F4/80° CD3e CD19 NKp46 CD49b

Non-lymphoid cells

CD64" or F4/80"

Macrophages

cD64" F4/80"

Resident alveolar macrophages
(Vehicle instilled mice)

cD64™ F4/80" CD11b CD11¢” SigF™ Ly6C™ MHCII"

Resident alveolar macrophages
(Influenza infected mice)

mid/hi

cD64™ F4/80" cD11b™" cD11¢” SigF" Ly6C™ MHCII

Recruited macrophages

lo/hi

cD64™ F4/80" CD11b" cD11¢”" SigF° LysC" MHCII"

Mono-macrophages

lo/hi

cD64™ F4/80" CD11b" €D11¢”" SigF"° Ly6C" MHCII

Dendritic cells

cD64"™ or F4/80°"™ cD11¢” MHCII®

CD11b" dendritic cells

CcD64°™ or F4/80°™ cD11¢” MHCII" CD11b*

CD103" dendritic cells

cD64°™ or F4/80°™ cD11¢” MHCII" CD103"

Monocytes

lo/hi

CD64"°"™ or F4/80°"™ CD11b" CD11¢” MHCII” SigF” Ly6C"°™ SSC"°

Eosinophils

CD64"°"™ or F4/80°"™ CD11¢’ MHCII” SigF* SSC™

Table 4.2 Gating strategy

106




4.2.8 Measurement of Total Protein and Inflammatory Mediators in BAL Fluid

Total protein and select cytokines and chemokines were measured in BAL fluid collected
from mice instilled with PBS (0 dpi), and IAV at days 3 and 6 post instillation. Total protein
concentration of BAL fluid was measured using the Pierce® BCA Protein Assay Kit (Cat.
23225, Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s instructions.
Cytokines and chemokine analysis were performed using a Milliplex ZMAP Mouse
Cytokine/Chemokine magnetic bead panel (EMD Millipore Corporation, Billeric, MA) with
specificity for IL-4, IL-6, IL-10, IL-13, CCL2, CXCL1, CXCL2, TNFa, and VEGF.

4.2.9 CXCL1 and CXCL2 ELISA

Paired BAL, plasma, and whole lung homogenate samples were collected from mice 3 dpi
with IAV for evaluation of CXCL1 and CXCL2 chemokine gradients. BAL and plasma samples
were collected as described previously in the methods for tissue harvest for spectral flow
cytometry and stored at -80C until analysis. After intravascular perfusion, the left lung was
collected by blunt dissection to generate whole lung homogenate. The left lung was placed in 1
mL PBS containing protease inhibitor according to the manufacturer’s instructions (Pierce™
Protease Inhibitor Moni Tablets, EDTA-Free, A32955, Thermo Fisher Scientific Waltham, MA,
USA). Lung tissue was homogenized using an Omni Bead Rupter 24 (Omni International,
Kennesaw, GA) and 2.8mm Ceramic Beads (Omni International, Kennesaw, GA). After
homogenization, samples were aliquoted and stored at -80C. The DuoSet Elisa Mouse
CXCL1/KC and Mouse CXCL2/MIP-2 kits (R&D Systems, Inc. Minneapolis, MN) were used
according to the manufacturer’s instructions to evaluate CXCL1 and CXCL2 levels in these

paired samples.
4.2.10 Acute Lung Injury Score

Histological assessment of lung inflammation and injury was completed using formalin-fixed
paraffin-embedded tissue consisting of the right lung lobes stained with hematoxylin and eosin
(H&E).!'?” The lung injury score was performed using a modified semiquantitative scoring
system as previously described.®® The analysis was performed by a comparative pathologist

(C.W.F) blinded to the mouse genotype and treatment group.
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4.2.11 Stromal Cell Culture

As previously described, mouse lung fibroblasts were isolated from whole lung explants of
naive mice.®*!37 Lungs were aseptically removed from the thorax, minced and digested for 60
minutes at 37°C in 2.5 mL DMEM containing 1000 U/mL of Liberase TL and 1000U/mL of
DNase I. Digests were filtered through 100um cell strainer with DMEM containing 10% FBS,
and the red blood cells were lysed by suspending the cells in sterile water for 30 seconds.
Fibroblasts were then plated with DMEM containing 20% FBS, 2 mM L-glutamine, 100 IU/ml
penicillin, and 100 pg/ml streptomycin and incubated at 37°C with 5% CO,. The cell culture
medium was changed every 3—4 days and fibroblasts were passaged once confluent. Fibroblasts
were maintained in DMEM 10% FBS, 2 mM L-glutamine, 100 IU/ml penicillin, and 100 pg/ml
streptomycin.

For experiments, fibroblasts were used between passages 2 and 4. For versican western
blotting, mouse lung fibroblasts (mLFs) were grown to 80% confluency in 60mm cell culture in
10% FBS DMEM. Cells were serum starved for 24 hours in DMEM without FBS before being
incubated with either DMEM 2% FBS with 10 ng/mL of poly(I:C) or fresh DMEM 2% FBS
without poly(I:C) for 24 hours. For hyaluronan ELISA and neutrophil adhesion assays, mLFs
were seeded in 96-well plates at 3.7 x 10%/cm? (1.2 x 10* cells/well) in DMEM 10% FBS. After
24 hours, the medium was changed to DMEM without FBS, and the cells were incubated for 24
hours. Then cells were incubated with either fresh DMEM 2% FBS with 10 pg/mL of poly(I:C)
or fresh DMEM 2% FBS without poly(I:C) for 24 hours.

4.2.12 Versican Western Blot

Versican quantification by western blotting was assessed using a modification of reported
methods.!*? Briefly, mLF cell preparations were concentrated and purified by ion-exchange
chromatography on diethylaminoethyl (DEAE) Sephacel (Sigma-Aldrich, St Louis, MO) in 8M
Urea buffer (8M Urea, 2mM EDTA, 50mM Tris base, 0.25M NaCl, 0.5% TX-100, pH 7.5 ). The
columns were washed with 8M Urea buffer and eluted with 8M urea buffer containing 2M
NaCl. Samples were ethanol precipitated and digested with 2.0U/mL chondroitinase ABC lyase
at 37C for 3 hours. Samples were loaded under reducing conditions and run on 4-12% gradient
polyacrylamide-SDS gels with 3% polyacrylamide stacking gels overnight at 20V. Samples were
then transferred to nitrocellulose and blocked with 10% Aqua Block (EastCoast Bio, North
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Berwick, ME) in TBS-T containing 0.1% Tween-20) for 2 hours at room temperature. Versican
was detected with rabbit polyclonal antibody against mouse versican B-GAG domain (cat. no.
AB1033, Millipore, Burlington, MA). Results were visualized using a LI-COR Odyssey scanner
and software (LI-COR Biotechnology). Densitometry was performed using Empiria Studio 2.3
(LI-COR Biotechnology, Lincoln, NE).

4.2.13 Hyaluronan ELISA

HA quantification was assessed using a modification of reported methods. '3 Cell culture
media and cell layer samples were digested with pronase (0.5 mg/ml, Roche) in 0.5 M Tris
buffer (pH 6.5) for 18h at 37°C. Frozen lung tissue was minced using a blade while still frozen
and digested with proteinase K (0.25 mg/ml, ThermoFisher) at 60°C for 24h. Following
digestion, the pronase and proteinase K were heat inactivated by incubation at 100°C for 20 min.
HA quantity was assayed by a competitive ELISA developed in-house as previously

described.!*
4.2.14 Neutrophil Adhesion Assay

Leukocyte binding was assessed using a modification of reported methods. '°° Prior to the
adhesion assay, human promyelocytic leukemia (HL-60) cells were differentiated into
neutrophil-like cells (dAHL-60s) by incubation of 10° cells with 190uL of dimethylsulfoxide
(DMSO) in 15mL of Iscove’s medium for 5 days at 37C with 5% CO».'”® For adhesion on mLFs,
cells were seeded in a 96-well plate and stimulated as described above. On the day of the
adhesion assay, media was removed from all wells and Hoescht stain (2pg/ml) in serum and
phenol red-free RPMI medium was applied to each well and incubated for 10 minutes at 37C.
mLF cell counts were quantified using live-cell fluorescent microscopy (ImageXpress Pico,
Molecular Devices). After initial imaging, wells were washed once with phenol red-free RPMI.

On the day of the adhesion assay, dHL-60 cells were washed three times in Gey’s medium
and resuspended in the same medium at 2 x 10° cells/ml. Next dHL-60s were incubated with
calcein-AM (1pg/mL, Invitrogen, Carlsbad, CA) for 15 minutes at room temperature.
Afterwards, cells were washed twice in serum and phenol red-free RPMI and then applied to
mLFs wells and allowed to adhere for 60 minutes at 4°C. Cultures were washed twice with cold

phenol red-free RPMI to remove nonadherent cells to remove non-adherent leukocytes. The
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adherent dHL-60 cell area was quantified using live-cell fluorescent microscopy (ImageXpress

Pico, Molecular Devices).
4.2.15 Statistical Analysis

Statistics and images were generated using GraphPad Prism (La Jolla, CA). For PCR
analyses of gene expression, normalized mRNA levels were expressed as -fold of levels in
untreated or vehicle-treated controls using the comparative cycle threshold method compared
with the designated housekeeping gene.!*!3® Quantitative PCR (qPCR), BCA protein, Milliplex,
and ELISA analyses were performed with two technical replicates. All data are expressed as the
average + S.E., unless otherwise specified. Differences were identified by two-way ANOVA
followed by Bonferroni’s posttest for multiple comparisons, with the mean of every wild-type
group compared with the mean of every Colla2/Vcan™ group with the same treatment (PBS, 3
dpi IAV, 6 dpi IAV, or 9 dpi IAV), unless otherwise specified. Statistical results with a value

of p<0.05 were considered statistically significant.
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4.3 Results

4.3.1 TAV-induced Increase in Expression of Versican is Significantly Attenuated in

Colla2/Vcan” Mice

Changes in body weight, influenza virus RNA, and total protein in the bronchoalveolar
lavage (BAL) fluid were measured in mice exposed to tamoxifen and infected with IAV. Body
weight was monitored daily in mice infected with IAV. Colla2/Vcan’ mice and their littermate
controls (WT) did not have significant differences in body weight loss, as measured by the
percentage of initial weight throughout the course of infection observed (Figure 4.2A). In WT
and Colla2/Vcan’ mice, viral copies in whole lung homogenates peaked at 6 dpi, with no
differences in viral copy numbers between strains at any time point observed (Figure 4.2B).
Additionally, Colla2/Vcan” and WT mice had similar progressive increases in total protein in
their BAL fluid throughout infection, with no difference between strains (Figure 4.2C).

Versican expression was measured from whole lung homogenates in PBS-instilled and IAV-
instilled mice on 3, 6, and 9 days post-infection (dpi). In WT mice, maximum versican
expression was observed on 6 dpi (8.02 + 1.27) consistent with previously published findings in
C57BL/6J mice (Figure 4.2D).% Colla2/Vcan™ mice had significantly less versican expression
on 6 dpi (3.91 £ 0.56) compared to wild-type mice (Figure 4.2C). There were no significant
differences in the amount of versican expression between Colla2/Vcan’ and WT controls in

vehicle instilled mice (0 dpi), and IAV instilled mice at 3 dpi or 9 dpi.
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Figure 4.2 Weight loss, viral quantification, and versican reduction during in influenza A infection

in Colla2/Vcan” mice

(A) Mouse percentage of initial body weight following infection with IAV over 9 dpi. Values are
mean + SEM with #n=6 per time point. (B) Viral copies per 20ng/cDNA in PBS (day 0) and [AV
infected mice 3, 6, and 9 dpi with IAV. Values are mean + SEM with #n=6 per time point. (C) Total
protein measured from bronchoalveolar lavage with IAV over 9 dpi. Values are mean + SEM with
n=4-14 per time point. (D) Total Vcan expression in the lungs in PBS (dpi 0) and IAV infected mice
3, 6, and 9 dpi with IAV. Change in the amount of mRNA was determined using mRNA collected
from lung homogenates and quantitative real-time PCR. Values are mean + SEM with #n=6 per time
point. Asterisks show groups that are statistically significantly different (***p<0.0002) using two-way
ANOVA with Bonferroni’s for multiple comparison test. Abbreviations: IAV, influenza A virus; days

post infection, dpi.
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2.3.2 JAV-induced Accumulation of Neutrophils and Monocytes in the Lungs is Significantly
Attenuated in Colla2/Vcan’™ Mice

Leukocyte accumulation during IAV infection was assessed by spectral flow cytometry in
five distinct microenvironments relevant to the host immune response. These microenvironments
included the airways, lung, marginated vasculature, circulating vasculature, and mediastinal
lymph nodes. Cells measured in the airspaces were those collected by bronchoalveolar lavage,
while cells measured in the lungs were collected from single-cell suspensions of lung
homogenates that were negative for the intravascular CD45 label (CD451V"). Marginated
vasculature cells were differentiated from circulating vasculature cells by the method of
collection. The circulating vasculature cells were collected by cardiac blood draw; the
marginated vasculature cells were CD45IV™ cells collected from the single-cell suspensions of
lung tissue. Marginated vasculature cells remained within the pulmonary vessels after perfusion
of the vasculature and potentially could have been poised to enter the lung interstitium. Spectral
flow cytometry analysis from PBS-instilled mice (0 dpi) and IAV-instilled mice (3, 6, and 9 dpi)
was conducted on cells from these five microenvironments utilizing a broad immunophenotyping
panel. The cellular phenotypes our panel (Figure 4.1 and Table 4.2) defined included
neutrophils, alveolar macrophages, recruited macrophages, mono-macrophages, monocytes,
dendritic cells, eosinophils, B cells, helper T cells, cytotoxic T cells, y0 T cells, and natural killer
(NK) cells. This panel allowed for the immunophenotyping of > 90% of all leukocytes within
each microenvironment.

In Colla2/Vcan’ mice, there were significantly fewer leukocytes (i.e., CD45+ cells) in the
airways on 3 dpi with IAV (1.36 x 10° £ 2.63 x 10*) compared with WT mice (3.61 x 10° + 8.61
x 10%, Figure 4.3C) but no significant differences in the number of leukocytes in the lung
(Figure 4.3B), marginated vasculature (Figure 4.3A), and circulating vasculature (Figure 4.4A)
at any time point. The difference observed in total leukocyte numbers on 3 dpi between
Colla2/Vcan’ and WT mice were accounted for by two cell populations, neutrophils and
monocytes. Colla2/Vcan™ have fewer neutrophils in the marginated vasculature (Figure 4.3D,
3.01 x 10° = 4.24 x 10%), lungs (Figure 4.3E, 1.65 x 10° £ 2.63 x 10%), and airways (Figure 4.3F,
4.16 x 10* + 9.53 x 10%) compared to WT mice (Figure 4.3D 4.97 x 105+ 7.49 x 10*, Figure
4.3E 4.20 x 10° £9.21 x 10*, Figure 4.3F 1.44 x 10° £ 2.59 x 10*) on 3 dpi with IAV. However,

there was no difference in the number of circulating neutrophils (Figure 4.4B). Additionally,
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Colla2/Vcan’ had fewer monocytes in the lungs (Figure 4.3H, 1.10 x 103 +2.06 x 10%) and
airways (Figure 4.31, 2.24 x 10* + 5.80 x 10°) compared to WT mice (Figure 4.3H 2.01 x 10° +

4.45 x 10, Figure 4.31 6.58 x 10* £ 1.62 x 10*) on 3 dpi with IAV. There was no difference in

the number of monocytes in the marginated vasculature (Figure 4.3G) or circulating vasculature

(Figure 4.4C). A lack of fibroblast-derived versican significantly diminishes the migration of

neutrophils and monocytes during the peak time (3 dpi) of their recruitment from the marginated

vasculature into the lungs, suggesting that fibroblast-derived versican plays an essential role in

neutrophil and monocyte recruitment.
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Figure 4.3 Total Leukocytes, Neutrophils, and Monocytes in the Marginated Vasculature, Lung,

and Airways During IAV Infection

(A-I) Values are mean + SEM with n=7-14 per time point. Asterisks show groups that are statistically
significantly different (*p<0.03, **p<0.003, ***p<0.0002, ****p<0.0001) using two-way ANOVA with

Bonferroni’s for multiple comparison test. Abbreviations: IAV, influenza A virus.
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Figure 4.4 Total Leukocytes, Neutrophils, Monocytes, Eosinophils and Lymphocytes in the

Circulating Vasculature During IAV Infection
(A-E) Circulating leukocyte subpopulations on 3 dpi. Values are mean + SEM with n=5 per time

point. No groups are statistically significantly different using unpaired t-test. Abbreviations: IAV,

influenza A virus
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4.3.3 IAV-induced Accumulation of Mono-Macrophages is Significantly Attenuated in the
Marginated Vasculature and Lungs of Colla2/Vcan™ Mice

Macrophages are resident phagocytic cells of the tissues they are localized in. While our
spectral flow cytometry panel was compatible with immunophenotyping for alveolar
macrophages, recruited macrophages, and mono-macrophages in all five microenvironments
investigated, macrophages were not expected to localize to vascular microenvironments.
However, a low number of cells with phenotypes consistent with macrophages (CD64"F4/80M),
along with a substantial population of mono-macrophages, were observed in the marginated
vasculature (IVCD45") but not in the circulating vasculature (not shown). We have designated
these macrophages as marginated vasculature mono-macrophages (Figure 4.5A), marginated
vasculature CD64"F4/80"MHCII" macrophages (Figure 4.5D), and marginated vasculature
CD64MF4/80"MHCII- macrophages (Figure 4.5G). The identification of these cells in the
marginated vasculature is unexpected and there are several possible explanations for their
localization in the vasculature, including that they may be monocyte-derived cells in the process
of emigrating into the lungs. Colla2/Vcan” mice had significantly fewer mono-macrophages in
the marginated vasculature on 6 dpi with IAV (1.99 x 10° £ 1.67 x 10*) compared with WT mice
(3.16 x 105 +3.90 x 10*, Figure 4.5A). There were no significant differences in the number of
CD64MF4/80"MHCIT" or CD64"F4/80"MHCII™ macrophages in Colla2/Vcan™ mice compared
to WT mice in the marginated vasculature (Figure 4.5D and Figure 4.5G).

A known limitation of bronchoalveolar lavage (BAL) is that it does not remove all cells from
the pulmonary airspace and that there is considerable mouse-to-mouse variability in the recovery
of CD45+ cells with this technique.!3%!33-15% This limitation was evident in our evaluation of
interstitial macrophages, which identified alveolar macrophages in the lung compartment. The
comparisons of alveolar macrophages in Colla2/Vcan” and WT mice is presented consistently
with previous data, with separation of lung and airway macrophages, even though we expect that
lung alveolar macrophages represent non-lavageable macrophages occupying the airways.
Colla2/Vcan’ mice had significantly fewer mono-macrophages in the lungs on 6 dpi with IAV
(1.35 x 105 £2.02 x 10%) compared with WT mice (2.46 x 10° £+ 4.16 x 10%, Figure 4.5B).
Additionally, there was no significant difference in the number of macrophages in the
Colla2/Vcan’ mice compared to WT mice in the lungs and airways (Figure 4.5E-F and Figure

4.5H-I). Although there were no differences in total CD45+ leukocytes seen in any compartment
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at 6 dpi (Figure 4.3A-C), mono-macrophages are the one subpopulation of leukocytes that is
significantly diminished in Colla2/Vcan™ in the lungs at 6 dpi. This may be due to the reduced

number of monocytes observed in the lungs and airways on 3 dpi (Figure 4.3H-I).
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Figure 4.5 Macrophages Associated with the Marginated Vasculature, Lungs, and Airways During
TAYV Infection
(A-I) Values are mean = SEM with n=7-14 per time point. Asterisks show groups that are statistically
significantly different (**p<0.003) using two-way ANOVA with Bonferroni’s for multiple

comparison test. Abbreviations: IAV, influenza A virus.
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4.3.4 IAV-induced Accumulation of Dendritic Cells and Eosinophils is Attenuated in the
Airways of Colla2/Vcan™ Mice

In Colla2/Vcan’ mice, there were no significant differences in the number of dendritic cells
and eosinophils in the marginated vasculature and lungs at any time point compared to WT mice
(Figure 4.6A-B and Figure 4.6D-E) However, in Colla2/Vcan™ mice there were significantly
less dendritic cells in the airways on 3 dpi with IAV (9.08 x 103 +2.05 x 10°) compared with WT
mice (2.35 x 10* £ 2.05 x 10, Figure 4.6C). Inflammatory dendritic cells are monocyte-derived
and are recruited to the lungs during IAV infection, therefore it is possible this difference is
downstream effect of the reduced monocytes observed in the lungs and airways on 3 dpi (Figure
4.3H-1)."°7 Additionally, there were significantly less eosinophils in the airways on 9 dpi with
IAV (3.13 x 10* £ 9.39 x 10%) compared with WT mice (5.88 x 10*=+ 1.54 x 10*, Figure 4.6F).
Although there are no differences in total CD45" leukocytes seen in any compartment at 9 dpi
(Figure 4.3A-C), eosinophils are the one subpopulation of leukocytes that is significantly

diminished in Colla2/Vcan™ airways at 9 dpi. Eosinophils have been recognized as playing a

role in antiviral immunity and these findings warrant further investigation.'*®
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Figure 4.6 Dendritic Cells and Eosinophils in the Marginated Vasculature, Lung, and Airways
During IAV Infection

(A-F) Values are mean £ SEM with n=7-14 per time point. Asterisks show groups that are
statistically significantly different (*p<0.03, **p<0.003) using two-way ANOVA with

Bonferroni’s for multiple comparison test. Abbreviations: IAV, influenza A virus.
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4.3.5 TAV-induced Accumulation of Lymphocytes in the Mediastinal Lymph Nodes is Enhanced
in Colla2/Vcan™ Mice

In Colla2/Vcan’" mice, the accumulation of lymphocytes in the mediastinal lymph nodes
during IAV infection was greater compared to WT mice on 6 dpi (Figure 4.7A-E). While the
increase in the number of leukocytes was not statistically significant, the trend for Colla2/Vean™
to have more lymphocytes was consistent across all subpopulations (B-cells, cytotoxic T-cells,
helper T-cells, and yd T-cells) and was statistically significant for helper T-cells (*p<0.03, Figure
4.7C). The trend for increases in lymphocyte subpopulations in Colla2Vcan” mice compared to
WT mice was observed in other microenvironments, including B-cells in the lungs on 6 dpi (ns,
Figure 4.8E), and airways on 6 and 9 dpi (ns, Figure 4.8F), helper T cells in the lungs on 6 dpi
(ns, Figure 4.8H) and airways on 9 dpi (**p<0.003 Figure 4.8I), and cytotoxic T cells in the
airways on 9 dpi (*p<0.03, Figure 4.8L). There were no significant differences in the number of
lymphocyte subpopulations between Colla2/Vcan™ mice and WT mice in the circulating
vasculature (Figure 4.4). The increased number of lymphocyte subpopulations in the mediastinal
lymph nodes on 6 dpi with subsequent increases in airway helper T-cells and cytotoxic T-cells
on 9 dpi is suggestive that Colla2/Vcan”™ mice have altered immune response kinetics to AV
infection. Lymphocyte subpopulations in the lymph nodes and lung tissue of Colla2/Vcan’™ mice
are reduced compared to those of WT mice on 9 dpi, suggesting that the increase in lymphocyte
subpopulations is in the lymph node and subsequently increased trafficking of lymphocytes to

the airspaces is transient.
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Figure 4.7 Total Leukocytes and Lymphoid Subpopulations in the Mediastinal Lymph Nodes

During IAV Infection

(A-F) Values are mean £ SEM with n=7-14 per time point. Asterisks show groups that are statistically

significantly different (*p<0.03) using two-way ANOVA with Bonferroni’s for multiple comparison

test. Abbreviations: IAV, influenza A virus.
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Figure 4.8 Lymphocyte Subpopulations in the Marginated Vasculature, Lung, and Airways During
TAYV Infection

(A-O) Values are mean £ SEM with n=7-14 per time point. Asterisks show groups that are statistically
significantly different (*p<0.03, **p<0.003) using two-way ANOVA with Bonferroni’s for multiple

comparison test. Abbreviations: IAV, influenza A virus; NK, natural killer.
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4.3.6 Fibroblast-derived Versican Does Not Alter Expression of Inflammatory Cytokines and
Chemokines during IAV infection

To investigate if fibroblast-derived versican impacted the inflammatory profile during IAV
infection, protein concentrations of inflammatory mediators were evaluated in BAL fluid using a
mouse immunology multiplex panel in PBS-instilled and IAV-instilled Col1a2/Vcan” and WT
mice. No significant differences were detected at any time point between mouse strains (Figure
4.9A-1) To investigate neutrophil chemokine gradients for CXCL1 and CXCL2, paired plasma,
lung homogenates, and BAL fluid samples were assessed by ELISA. No significant differences
in CXCL1 and CXCL2 concentrations were observed across plasma, lung homogenate and BAL

samples between Colla2/Vcan” and WT mice (Figure 4.10).
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Figure 4.9 Concentrations of chemokines and cytokines from BAL fluid during IAV Infection

(A-I) Values are mean + SEM with n=3-14 per time point. Groups were statistically tested using two-
way ANOVA with Bonferroni’s for multiple comparison test. Abbreviations: IAV, influenza A virus;

BAL, bronchoalveolar lavage; dpi, days post infection.
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Figure 4.10 Concentrations of CXCL1 and CXCL2 from Paired Plasma, Lung Homogenate, and
BAL fluid at 3 dpi with IAV

(A-B) Values are mean = SEM with n=4-6 per time point. Groups were statistically tested using two-
way ANOVA with Bonferroni’s for multiple comparison test. Abbreviations: BAL, bronchoalveolar

lavage; dpi, days post infection; IAV, influenza A virus.
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4.3.7 Poly(I:C)-induced Versican-Enriched ECM Neutrophil Adhesion was Significantly
Reduced in Cultures of Lung Fibroblasts from Colla2/Vcan™ Mice

Fibroblasts were stimulated with poly(I:C) to generate a versican enriched matrix. A
representative western blot for versican isoform V1 is shown in Figure 4.11A. Colla2/Vcan™
mouse lung fibroblasts (mLFs) demonstrated 66% knockdown of V1 (~263 kDa) when treated
with PBS and 77% knockdown of versican when treated with poly(I:C). Hyaluronan (HA) is an
important binding partner of versican and has previously been shown to be important for
monocyte adhesion to versican-enriched ECM generated by lung fibroblasts.!'% To quantify the
HA present in lung fibroblast cultures, HA ELISA was performed on cell culture media and cell
layers from mLF cultures generated from Colla2/Vcan™ and WT mice stimulated with
poly(I:C). After poly(I:C) stimulation, mLFs from Colla2/Vcan” mice had less cell associated
HA compared to WT mice (Figure 4.11B). No differences were observed when the amount of
HA recovered in the culture media of the mLFs from the two strains of mice were compared (not
shown). To investigate whether versican was important for neutrophil adhesion to lung
fibroblasts, differentiated HL60 (dHL60) cells were used in adhesion assays with mLFs collected
from Colla2/Vcan” mice and compared to fibroblasts collected from WT control mice. dHL-60s
were significantly less adherent to Colla2/Vcan” mLFs stimulated with poly(I:C) compared to
WT mLFs (Figure 4.11C).
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Figure 4.11 Versican Protein, Cell-Associated Hyaluronan, and Neutrophil Adhesion in mLFs

Stimulated with Poly(I:C)

(A) Protein of versican isoform V1 (~263 kDa, black arrow) in mFLs from Colla2/Vcan” and WT
mice stimulated with poly(I:C) measured by Western blot. (B) Cell-associated hyaluronan in mFLs from
Colla2/Vcan” and WT mice stimulated with poly(I:C) measured by ELISA. (C) Adhesion of dHL-60s
to mFLs from Colla2/Vcan™ and WT mice stimulated with poly(I:C) quantified using live-cell
fluorescent microscopy. Values are mean = SEM with n=5. Asterisks show groups that are statistically
significantly different (*p<0.03, **p<0.003, ***p<0.0002, ****p<0.0001) using one-way ANOVA

with Bonferroni’s for multiple comparison test. Abbreviations: mLFs, mouse lung fibroblasts
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4.4 Discussion

Consistent with the study objectives, we determined the time course of changes in fibroblast-
derived versican expression and the impact of fibroblast-derived versican deficiency on
leukocyte migration into pulmonary and vascular microenvironments during IAV infection,
which has not been previously reported. In addition we document the following significant
findings: (1) neutrophils in the airways, lungs, and marginated vasculature are significantly
reduced in Colla2/Vcean™" mice compared to WT controls on 3 dpi with IAV; (2) monocytes in
the airways and lungs are significantly reduced on 3 dpi with IAV and this is followed by
significantly reduced numbers of mono-macrophages on 6 dpi in Colla2/Vcan” mice compared
to WT controls; (3) neutrophil-like cells are less adherent to versican-deficient fibroblasts in
vitro and versican-deficient fibroblasts have significantly reduced cell-associated hyaluronan
(HA) content; and (4) the mediastinal lymph nodes demonstrate a trend for increased numbers of
lymphoid cells on 6 dpi with AV in Colla2/Vcan” mice compared to WT controls. These
findings suggest that fibroblast-derived versican, and associated HA, are necessary for adhesion
of neutrophils and monocytes to lung fibroblasts as they transit into the lung interstitium and
airways from the pulmonary vasculature of mice infected with influenza virus. Additionally, we
did not find evidence of attenuation of neutrophil or monocyte recruitment by fibroblast-derived
versican through chemokine or cytokine mediated mechanisms. These findings confirm that
fibroblast-derived versican is critical for generating specialized provisional matrices in distinct
microenvironments as part of the host immune response to IAV infection.

During AV infection, fibroblast-derived versican plays an important contextual role in
regulating leukocyte migration in distinct pulmonary and vascular microenvironments.
Interestingly, we find that neutrophil migration into the lungs and airways is reduced by 60.7%
and 71.1%, respectively, in Colla2/Vcan™ mice during peak neutrophil emigration from the
vasculature. Additionally, neutrophils are reduced in the marginated vasculature of Colla2/Vcan
mice on 3 dpi by 39.6%, but there is no difference in circulating neutrophils between
Colla2/Vcan’ mice and WT controls. Naive and inflamed lungs possess a reservoir of
neutrophils with 40-65 times more neutrophils sequestered in the pulmonary capillaries
compared to larger vessels.'” This is largely due to mechanical trapping of neutrophils in

pulmonary capillaries, which occurs independently of adhesion mechanisms initiated by selectins

and B2-integrins.!**2% Under inflammatory conditions, the role of selectins and B2-integrins in
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neutrophil adhesion to the pulmonary endothelium and recruitment into the lungs has been
shown to vary with the type of inflammatory stimuli.??° While it is unknown whether neutrophil
adhesion and emigration during IAV infection occurs via B2-integrin or L-selectin dependent or
independent processes, in our study, neutrophils in the pulmonary marginated vasculature are
those that are resistant to vascular perfusion. Thus, we interpret that Colla2/Vcan” mice have
neutrophils that are less adherent to the pulmonary endothelium. This raises important questions
about the role of fibroblast-derived versican on endothelial cell activation and function.
Additionally, this finding suggests that neutrophils may be less adherent to versican-deficient
fibroblasts, which they are near when emigrating through tricellular junctions in the distal
airways.?’!

To investigate neutrophil adhesion to versican-deficient fibroblasts, we performed adhesion
assays with mouse lung fibroblasts (mLFs) from Colla2/Vcan” mice and WT controls.
Neutrophil-like cells were derived by differentiating human promyelocytic leukemia (dHL-60)
cells. We found that versican-deficient mLFs had reduced cell-associated hyaluronan (HA) and
reduced adhesion of dHL-60s after stimulation with poly(I:C), a TLR-3 agonist which stimulates
a versican-enriched ECM in WT cells.??? These findings are novel for a neutrophil cell line.
However, versican-deficient fibroblasts have previously been demonstrated to have reduced
adhesion to monocytes.'? Additionally, mice with a global versican deficiency (Rosa/Vcan™)
and instilled with poly(I:C) had reduced HA accumulation in the lungs. It is unknown whether
versican or HA are required for neutrophil adhesion and additional experiments applying
versican antibody or hyaluronidase to WT mLFs have the potential to clarify this point.”® We did
not observe a significant reduction of HA accumulation from whole lung homogenates of AV
infected mice (data not shown), but this could be due to other cellular sources of HA obscuring
potential differences in the HA content associated with fibroblasts in the pulmonary interstitium.

Similar to neutrophils, we find that fibroblast-derived versican plays an important role in
regulating monocyte migration in the lungs and airspaces during IAV infection. Monocyte
migration into the lungs and airways is reduced by 45.2% and 66.0%, respectively, in
Colla2/Vcan’ mice compared to WT controls. We did not observe differences in monocytes in
the marginated vasculature as we did with neutrophils and therefore, interpret that monocytes are
equally adherent to the pulmonary endothelium during IAV infection between mouse strains.

This may suggest that monocytes emigrate into the tissues by utilizing an alternative adhesion
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pathway than neutrophils. However, adhesion to lung fibroblasts is likely important for both cell
types for emigration into the airways. The monocyte cell line, U937, has previously been shown
to have reduced adhesion to mLFs stimulated with poly(1:C).!® The reduction of monocytes into
the lungs and airways on 3 dpi with IAV may also contribute to the observed reductions in
monocyte-derived cell populations such as the 61.4% reduction of airway dendritic cells on 3 dpi
and 21.8% reduction of mono-macrophages observed shortly after on 6 dpi. Additionally,
monocyte and neutrophil trafficking into the lung are interdependent with monocytes facilitating
neutrophil transendothelial migration from the vasculature into the lungs.?%2% Thus we conclude
that reduced adhesion to versican-deficient fibroblasts explains, at least in part, the reduction in
neutrophils observed on 3 dpi with IAV infection in Colla2/Vcan™ mice.

One of our results of interest is the unexpected identification of [IVCD45" labeled
macrophages in the marginated vasculature. One explanation is that IVCD45+ labeled
macrophages were monocytes that had become adherent to the pulmonary vasculature and
increased their expression of F4/80 and CD64 while in the process of migrating from the
systemic vasculature into the pulmonary interstitium. The decreased adhesion of monocytes to
the pulmonary endothelium that transition to mono-macrophages as they migrate into the lungs
(Figure 4.5A) could explain the decreased number of mono-macrophages recovered from the
lung tissue and airways (Figure 4.5B-C). A second possibility is that these [VCD45" labeled
macrophages are monocytes that became adherent to pulmonary endothelial cells and are
remaining in the pulmonary circulation as macrophages. Work from several groups show that
rats exposed to 0111:84 lipopolysaccharide (LPS) intravenously or intraperitoneally have a
significant but transient increase in activated phagocytic mononuclear cells in the pulmonary
microvasculature.?°42%5 This population of monocytes have been referred to as induced
pulmonary intravascular macrophages since they take on some but not all the characteristics of
the pulmonary intravascular macrophages found in sheep, goats, pigs and other species.?%6-207
Finally, we cannot rule out the possibility that the IVCD45+ stained cells are interstitial cells
labeled due to increased vascular permeability. Future studies will need to determine the origin
of the IVCD45" macrophages identified in this study.

In addition to alterations of cell migration to the lungs and airways, we also observed a trend
for increased numbers of lymphocytes in the mediastinal lymph nodes of Colla2/Vcan™ mice

compared to WT controls on 6 dpi with [AV. While this trend was not statistically significant for
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any of the subpopulations of lymphocytes, except helper T cells, this is an intriguing observation.
Additionally, we found slight increases of cytotoxic T cells and helper T cells in the airways on 9
dpi which could reflect mobilization of the increased number lymphocytes observed in the lymph
nodes. The work of McMahon et al. in ADAMTSS knockout mice infected with IAV, found an
increase in the accumulation of versican in the mediastinal lymph nodes, which resulted in
decreased T cell migration from the lymph node to the lung, ultimately compromising immunity
to influenza. It is interesting that in mice lacking fibroblast-derived versican we see increased
lymphocytes in the mediastinal lymph nodes and in the lungs. Future studies will need to address
how fibroblast-derived versican controls lymphocyte populations in the regional lymph nodes
and lungs as well as host immunity to [AV.

In our studies, we looked for evidence of differences of disease and lung injury between
Colla2/Vcan’ mice and WT controls by several different methodologies. Mice from both strains
lost weight during IAV infection similarly. Additionally, there were no significant differences
seen in total protein levels in the BAL fluid over the course of infection. Acute lung injury scores
(data not shown) did not reveal differences between mouse strains. Additionally, vascular
permeability was assessed using fluorescein-labeled dextran intravenously injected immediately
prior to harvest at 3 dpi, but no differences were appreciated between Colla2/Vcan” and WT
mice. A limitation of our assessment of IAV disease and lung injury in our study is that we did
not investigate beyond 9 dpi with IAV by any methodology. The nidus for weight loss at this
dose of IAV is 9-10 dpi.®* Lung injury and resolution occur simultaneously during IAV
infection. Neutrophils, monocytes, and mono-macrophage recruitment have all been implicated
as prominent actors in immune-mediated lung injury. It is possible that Col1a2/Vcan’ have
improved recovery of weight loss or improved acute lung injury scores at later time points
secondary to reduced recruitment of these cell populations to the lungs.

In conclusion, our study demonstrates that loss of versican from fibroblasts has a direct
impact on pulmonary inflammation by reducing recruitment and accumulation of neutrophils,
monocytes, mono-macrophages, and dendritic cells early during the course IAV infection. Our
findings demonstrate that fibroblast-derived versican is a key integrator of the early host immune

response to [AV.
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Chapter 5. Conclusions and Future Directions

Seasonal influenza A virus (IAV) infections and IAV pandemics will remain a significant
threat to human health for the foreseeable future. Host-directed therapeutic strategies possess an
untapped potential for reducing the burden of severe influenza disease outcomes. Increasingly,
the extracellular matrix (ECM) is recognized for its vital role in the host immune response and
for its potential to contain targets for host-directed pulmonary disease therapies.?*33*3 Versican
is an ECM proteoglycan that demonstrates immunomodulatory properties and is potentially a
target for host-directed therapies. However, prior to the work included in this thesis, the role of
versican during IAV infection was a significant knowledge gap limiting our understanding of the
immunomodulatory potential of versican.

The advent of conditional versican knock-out mice provided a foundation for the work

mLICwE mice (Vean™M) are crossed with a Cre-recombinase expressing

presented. When Vcan
mouse, the versican gene can be deleted in a specific spatiotemporal manner. This thesis adds a
mouse strain that lacks fibroblast-derived versican (Colla2/Vcan™), to existing versican-
deficient mouse strains. Previously existing strains included mice globally deficient in versican
(Rosa26/Vcan™), mice deficient in myeloid-derived versican (LysM/Vcan™”"), and mice deficient
in epithelial-derived versican (SPC/Vcan™). Colla2/Vcan’™ mice were critical for testing the
central hypothesis that fibroblast-derived versican is pro-inflammatory and enhances the innate
immune response to IAV infection.

Before experiments with Colla2/Vean’™ mice could be initiated, it was essential to
characterize the spatiotemporal changes in versican expression and accumulation during [AV
infection in versican-competent mice. Important insights from this published work, comprising
Chapter 2, include that versican increases in the lungs in response to IAV, versican accumulation
correlates with mouse acute lung injury scores and with pulmonary inflammatory cell
infiltration, and that versican is a type I interferon—stimulated gene in pulmonary stromal cells.
These data raised intriguing questions about versican's role(s) in the early host response to [AV.
Based on published studies in Rosa26/Vcan™" and LysM/V can” mice instilled with a TLR-3
agonist, we hypothesized that Colla2/Vcan-/- mice would have reductions in leukocyte
recruitment to the lungs and airways during IAV infection.'%%-103

A rigorous and robust protocol combining spectral flow cytometry with in vivo

compartmental analysis, for precise localization of multiple lymphoid and non-lymphoid cell
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populations participating in the pulmonary immune response is described in Chapter 3. After
addressing reviewer comments, this protocol was resubmitted for publication as an innovative
methodology and is currently under review. The strategies and analysis developed in Chapter 3
were applied to studies in Colla2/Vcan” mice during IAV infection in Chapter 4 and a
corresponding manuscript being prepared for submission. Novel alterations in the recruitment of
leukocytes to pulmonary microenvironments were identified in Colla2/Vcan™ mice. These
include reduced numbers of neutrophils, monocytes, and mono-macrophages Colla2/Vcan™
mice and echo previous findings in Rosa/Vcan” mice instilled with a TLR-3 agonist, which also
demonstrated reduced leukocyte recruitment into the lungs.!® Rosa/Vcan” mouse lung
fibroblasts (mLFs) stimulated with a TLR-3 agonist had reduced adhesion to monocytes, and
similarly, we find stimulated Colla2/Vcan™ fibroblasts demonstrate reduced adhesion to
neutrophils.'® These findings suggest that the contribution of fibroblast-derived versican to the
host immune response to [AV infection is a pro-inflammatory mediator acting through direct
adhesion with monocytes and neutrophils as they emigrate from the vasculature to the lungs.

Although we have identified fibroblast-derived versican as a pro-inflammatory mediator
during AV infection, our work has raised several questions to be addressed in future studies. A
top priority is investigating whether versican, hyaluronan (HA), or both are necessary for
neutrophil and monocyte adhesion to mLFs. In addition to reduced adhesion to neutrophils.
Stimulated Colla2/Vcan” mLFs demonstrate reduced cell-associated HA, echoing similar
findings in Rosa/Vcan”” mLFs.!%° Application of hyaluronidase and versican blocking antibodies
to mLFs could help elucidate the role of versican and HA in neutrophil adhesion.”®

Our studies identified a diminished inflammatory response in Colla2/Vcan™ mice infected
with IAV. However, the phenotype of Colla2/Vcan'" mice with regards to alterations in other
domains of lung injury such as histologic evidence of tissue injury, alteration of the alveolar-
capillary barrier, and physiologic dysfunction, remains largely unknown.?® Despite pilot
investigations of lung injury differences early in the course of IAV infection, no differences were
found between Colla2/Vean”™ and WT mice. Future studies could investigate features of acute
lung injury in Colla2/Vcan’" mice at time points beyond 9 dpi with IAV. Neutrophils,
monocytes, and mono-macrophages have all been implicated as prominent actors in immune-
mediated acute lung injury.?>->!! Reduction in the recruitment of these cell populations to the

lung could be accompanied by reduced lung injury and/or the improved resolution of injury in
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Colla2/Vcan’ mice compared to controls after IAV clearance. If demonstrated, this phenotype
of Colla2/Vcan’ mice would expedite the relevance of our findings to human health.

The need to research host-directed therapeutic targets for IAV infections is great, and
Colla2/Vcan,” mice, demonstrate a marked reduction of neutrophils into the lungs and airways
during IAV. Neutrophils are well known for mediating acute lung injury during bacterial lung
infections.?!? Given this consideration, fibroblast-derived versican and Colla2/Vcan” mice may
prove to be especially important and useful in studies investigating acute lung injury from
lipopolysaccharide, Pseudomonas aeruginosa, or staphylococcal pneumonia.

In conclusion, the work presented in this thesis expands on the existing literature and
addresses important gaps in knowledge regarding the immunomodulatory potential of versican
during IAV infection. Our findings provide multiple opportunities for further investigation of the
mechanisms of immunomodulation by fibroblast-derived versican and to relate the relevance of

our findings to human health.
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