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Abstract

Extracellular vesicles (EVs) serve as important vectors for intercellular communication by
delivering a myriad of packaged cargo molecules (i.e., proteins, lipids, and nucleic acids) from a
source cell to a recipient cell. In the lung, alveolar macrophages (AMs) tonically secrete EVs
containing suppressor of cytokine signaling 3 (SOCS3) protein. Uptake of SOCS3-containing EV's
by alveolar epithelial cells is critical for restraint of cytokine-induced Janus kinase-signal
transducer and activator of transcription 3 signaling to promote homeostasis in the distal lung.
Changes in vesicular cargo secretion — including but not limited to SOCS3 — have been described
in response to various microenvironmental cues, but the cellular and molecular mechanisms that
control these changes remain poorly understood. Furthermore, use of quantitative methods to
assess alterations in EV cargo packaging remain limited. In this dissertation, we address these gaps
in knowledge by studying two perturbations relevant to the lung alveolar microenvironment:
oxidative stress and metabolic remodeling.

Firstly, we used cigarette smoke (CS) as a clinically relevant model of oxidative stress to
test the effect of reactive oxygen species (ROS) on vesicular SOCS3 release by AMs. Treatment
of primary and immortalized AMs with an aqueous extract of CS (CSE) potentiated the secretion
of SOCS3 in a ROS-dependent manner. Use of nanoparticle tracking analysis alongside a newly
developed carboxyfluorescein succinimidyl ester-based cargo packaging assay demonstrated that
CSE augmented AM vesicular SOCS3 release by enhancing both EV biogenesis and the amount
of SOCS3 packaged into EVs. Furthermore, use of a 20S proteasome activity assay along with

conventional proteasome inhibitors strongly suggested that ROS stimulated SOCS3 secretion via



inactivation of the proteasome. These data demonstrate that microenvironmental oxidants tune
proteasome activity to modulate vesicular SOCS3 secretion by AMs.

Secondly, as AMs exhibit remarkably low levels of glycolysis at baseline — a metabolic
phenotype that supports their homeostatic function — we sought to investigate the effect of
glycolytic flux on the release of SOCS3. Primary AMs were treated with the growth and activating
factor granulocyte-macrophage colony-stimulating factor (GM-CSF), which promoted increases
in glucose metabolism. Consequently, GM-CSF diminished SOCS3 secretion in a glycolysis-
dependent manner. Furthermore, inhibition of vesicular SOCS3 release by GM-CSF relied on
pyruvate transport into the mitochondria, export of mitochondrial citrate to the cytosol, and the
subsequent conversion of cytosolic citrate to acetyl-CoA by ATP citrate lyase (ACLY). Therefore,
our data demonstrate that ACLY links increases in glycolysis to diminished release of SOCS3 by
metabolically remodeled AMs.

In tandem, our results show that ROS enhance, whereas glycolytic flux inhibits, AM
secretion of vesicular SOCS3. These findings significantly advance our understanding of the
cellular determinants of vesicular cargo packaging. Although we anticipate these mechanisms to
be important for influencing the cargo content of EVs secreted in virtually all tissues, they may be
especially meaningful in the lung alveolar milieu characterized by high oxygen tension and low
levels of glucose. Future studies are needed to elucidate the molecular chaperones and/or motifs

present within SOCS3 that control its vesicular sorting into AM-derived EVs.
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Chapter 1 — Introduction
Portions of this chapter have been published:
Haggadone MD, Peters-Golden M. Microenvironmental Influences on Extracellular Vesicle-

Mediated Communication in the Lung. Trends Mol. Med. (2018) 24(11):963-975. PubMed PMID:
30244822.

Scope of the Dissertation

This dissertation comprises two mechanistic studies that address how alveolar
macrophages (AMs) tune the cargo content of their secreted extracellular vesicles (EVs). My work
is specifically contextualized through the lens of two important microenvironmental perturbations:
cell stress and metabolic remodeling. Chapter 1 will introduce the unique demands of the lung
microenvironment. [ will provide an overview of the phenotype, ontogeny, and function of
macrophages present within the steady-state lung with a specific emphasis on AMs. I will also
discuss how AMs interact with their niche to maintain pulmonary immune homeostasis. In so
doing, I will introduce the biology of EVs and highlight the role of vesicular transfer of
homeostatic cargoes from AMs to lung epithelial cells (ECs). This discussion will specifically
emphasize the role of vesicular secretion of suppressor of cytokine signaling (SOCS) proteins.
Lastly, I will cover the two contextually relevant perturbations central to the experimental work
presented herein: oxidative stress and metabolic remodeling. Chapter 2 will focus on regulation of
AM release of vesicular SOCS3 by reactive oxygen species (ROS). In particular, I will illuminate
a mechanism of enhanced SOCS3 secretion involving oxidative inactivation of the proteasome.
Chapter 3 will demonstrate how glycolytic remodeling in AMs compromises the release of

vesicular SOCS3 in a manner dependent on increases in acetyl-CoA. Finally, in Chapter 4, I will



discuss the contribution of this work to our broader understanding of EV biology and immune

regulation within the lung microenvironment.

Lung Alveolar Biology

The respiratory system carries out the vital physiologic function of gas exchange between
the blood and external environment. It is multi-compartmental, comprised of the nose, oropharynx,
larynx, trachea, bronchi, bronchioles, and pulmonary alveoli. Semi-rigid conducting airway tubes
— supported by cartilage, smooth muscle, and extracellular matrix — bifurcate, branch, and taper
leading to the alveoli, terminal sacs where oxygen is transported into the capillary network, thus
entering the arterial system. Remarkably, with over 300 million alveoli, the human lung dedicates
approximately the surface area of a tennis court to gas exchange. Despite continuous exposure to
toxins, allergens, and pathogens, this system is protected by a robust innate and adaptive immune
system, which, in turn, must be appropriately restrained to ensure pulmonary homeostasis. Indeed,
immunologic quiescence is a key feature of the lung microenvironment, and the research included
herein focuses on inflammatory restraint conferred via homeostatic intercellular communication
in the alveolar space.

The lung alveolus is comprised of epithelial cells that interface with the air, endothelial
cells that interface with the capillaries, and mesenchymal cells found in the lung interstitium, the
space between the epithelia and endothelia. These cell types exhibit substantial diversity at the
single-cell level (1-3). The alveolar epithelium consists of two primary lineages: the alveolar
epithelial type 1 (AT1) and type 2 (AT2) cells. Most of the alveolar surface area (~95%) is covered
by ATl cells, whereas AT2 cells are responsible for generating pulmonary surfactant. This
substance is critical for reducing alveolar surface tension to prevent the lungs from collapsing with

every breath. Furthermore, AT1 and AT2 cells are specified early on during development, but AT2



cells have stem-cell-like properties allowing them to both self-renew and regenerate AT cells
after injury (4). Additionally, the alveolar compartment is rich in immune cells including AMs and
interstitial macrophages (IMs). These macrophage populations are adapted to the quiescent
microenvironment of the lung, and yet exhibit sufficient plasticity to mount inflammatory
responses in the context of injury/insult. In particular, AMs, the predominant lung-resident
immune cells, act as first lines of defense against microorganisms or particles reaching the lower
airways. Below, the ontogeny, phenotype, and function of these pulmonary macrophages will be

discussed.

Pulmonary Macrophages: Ontogeny and Phenotype
Ontogeny and Phenotype of AMs

Macrophages are present in all mammalian organs with phenotypes specifically tuned to
fulfill the needs of that particular tissue. As such, they exhibit remarkable diversity and functional
specialization, which is regulated by instructive signals provided from the local niche (5). In mice,
macrophage progenitors seed tissues in three developmental waves from the yolk sac, fetal liver,
and bone marrow (6,7). AMs are the best studied pulmonary macrophage subset, as they are readily
retrieved from the alveoli by lavage, from which they can be easily purified by adherence.
Ontogenically, AMs originate from fetal monocytes that populate the lung after birth and
differentiate into mature cells due to local production of granulocyte-macrophage colony-
stimulating factor (GM-CSF) by AT2 cells, which is responsible for induction of the critical
transcription factors peroxisome proliferator-activated receptor y (PPARY) (8) and PU.1 (9). In
addition to PPARy and PU.1, other transcription factors, such as Bach2 and CCAAT/enhancer
binding protein 3, and autocrine production of transforming growth factor  (TGFp), are known

to be important for AM development and homeostasis (10-12). Unlike other tissue-resident



macrophages, however, AMs develop and persist independent of macrophage colony-stimulating
factor (M-CSF) signaling (13).

At steady state, AMs are largely of embryonic origin; the original pool of seeded AMs
proliferates locally and maintains independent of any substantial contribution from recruited adult
monocytes (14-17). Although these foundational observations were made in mice, there is
evidence in human lung transplant recipients that the donor-derived AM pool is remarkably stable
(18,19). However, lung injury has been shown to result in the depletion of AMs and recruitment
of circulating monocytes to the alveolar space (20-22). Depending on the degree of injury, AMs
are restored either by local proliferation or the differentiation of recruited cells into macrophages
(23). The latter scenario results in an AM pool of mixed origin (embryonic and monocytic) where
— according to the “niche competition model” — the extent to which monocyte-derived
macrophages occupy the alveolar niche is determined by the magnitude of resident AM depletion
(24). Taken together, these findings suggest that in the absence of insult, AMs are embryonically
derived and long-lived, but can be replaced by circulating monocytes that replenish a depleted AM
pool resulting from lung perturbation.

Phenotypically, AMs express some canonical macrophage markers (e.g., MerTK, CD206,
and F4/80), but are distinct from other tissue macrophages in that they express low levels of the
integrin CD11b and fractalkine receptor CX3CR1 (16,25-27). Instead, bona fide AMs express high
levels of the sialic acid-binding lectin Siglec F and the integrin CD11c (16,25-27). Furthermore,
as will be discussed below, AMs are functionally unique and highly adapted to the quiescent

microenvironment of the lung.
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Whereas AMs are abundant and resident in the lumen of the lung, IMs are less populous
and reside in the interstitial space between the epithelium and capillaries. As such, these cells can
be considered as a second line of defense against microbes that have circumvented removal by
AMs and made their way into the interstitium. Experimentally, IM isolation requires tissue
digestion and selection making them more difficult to study than AMs. Phenotypically, IMs are
distinct from AMs in that they ubiquitously express canonical macrophage markers including
CDI11b and CX3CRI and lack expression of CD11c and Siglec F (25,28). Furthermore, IMs
express higher levels of the M-CSF receptor (i.e., Csfr]), but lower levels of the GM-CSF receptor
(i.e., Csfr2a and Csfr2b) (25), demonstrating differential dependence on these two growth factors
by AMs and IMs.

Ontogenically, in contrast to AMs, IMs are present in the lung before birth (29), but are
later replaced by an influx of blood monocytes at steady state (25,28-30). Accordingly,
transplantation studies have demonstrated that IMs have a much higher turnover rate than do AMs
(31). These findings indicate that the initial contribution of yolk sac macrophages to the IM pool
is higher than for AMs. However, whereas fetal monocyte-derived AMs stably persist in the lung
over time, IMs are progressively diluted, first by fetal monocytes and then by monocytes recruited
from the bone marrow. Lastly, two major populations of IMs have been identified: LYVE-
1'o"MHC-IT"eh cells that are present adjacent to neurons and specialize in antigen presentation,
and LY VE-1Pe"MHC-ITY perivascular cells specialized in wound healing and tissue repair (30).
The ontogeny, localization, and phenotype of these pulmonary macrophages are summarized in

Figure 1-1.
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Functional Tuning of AMs by the Alveolar Niche

AMs are developmentally and functionally tuned according to the unique characteristics
and demands of the alveolar space in which they reside — including high oxygen tension, an
abundance of pulmonary surfactant, and the need for inflammatory restraint to ensure efficient gas
exchange. For example, AMs deficient in their ability to sense oxygen caused by deletion of the
von Hippel-Lindau tumor suppressor protein, a negative regulator of the hypoxia-inducible factor
(HIF) transcription factors, fail to terminally differentiate, self-renew, and exert their homeostatic
functions (32). This elegantly demonstrates how AMs develop in coordination with the constraints
imposed upon them by their environment. Likewise, AMs are critical for recycling the pulmonary
surfactant generated by AT2 cells, as GM-CSF knockout mice containing functionally impaired
AMs accumulate surfactant lipids and proteins in the alveoli (33). Thus, there is a bidirectional
relationship between AMs and their niche: the niche provides trophic factors (e.g., GM-CSF) to
support AMs, which reciprocally support the niche by promoting their homeostatic functions.

Immunologically, AMs have also long been recognized as cellular determinants of
inflammatory quiescence within the airways and alveolar space (34). A variety of mechanisms
have been implicated in their quiescent phenotype. Lipid metabolism promoted by PPARy
expression in AMs is known to be important for airway immunosedation (35). TGFf secretion,
which as mentioned previously is critical for AM homeostasis, is also appreciated for its role in
suppressing the release of inflammatory mediators by AMs (36). Consequently, AMs are poor
antigen presenting cells (37-39), and they render antigen-specific T cells unresponsive due to
minimal expression of co-stimulatory molecules (e.g., CD86) (40). AMs additionally suppress T
cell responses through the production of TGFf, inhibitory prostaglandins (41), and retinoic acid

(42). In particular, release of immunosuppressive factors by AMs is augmented through their



phagocytosis of apoptotic cells, thus highlighting the anti-inflammatory role of AMs during the
resolution phase of inflammation (43-45).

This tolerogenic phenotype of AMs also reflects contributions of both contact-dependent
and -independent signals provided by neighboring respiratory ECs. For example, CD200
expression on the luminal aspect of AT2 cells ligates CD200R on AMs to prevent their expansion
and activation (46). Additionally, interleukin (IL)-10 production by the epithelium inhibits AM
inflammatory responses (47). The same is true for the secretion of surfactant proteins by AT2 cells
(48), which are known to bind to signal-regulatory protein-a on AMs to suppress their phagocytic
activity (49). In turn, AMs also regulate the lung epithelium. As will be discussed in more detail
below, elaboration of homeostatic EVs by AMs limits inflammatory signaling in neighboring ECs
(50,51). Furthermore, in a contact-dependent manner, AMs relay immunosuppressive signals to
ECs in the form of calcium waves through gap junction-like connections (52). Together, these
findings underscore the regulatory phenotype of AMs resident in a microenvironment requiring
their quiescence.

It is also evident, however, that AMs participate in the inflammatory response and in the
pathogenesis of various disease states, such as respiratory tract infections, chronic obstructive lung
disease, asthma, and lung fibrosis (53). The long-held paradigm is that AMs are highly plastic cells
that promote inflammation by recruiting neutrophils and other leukocytes. However, recent
evidence calls into question resident AM plasticity and the circumstances under which these cells
exhibit changed reactivity. For example, influenza virus infection has little effect on the
transcriptional profile or functional phenotype of resident AMs; rather it results in the recruitment
of pro-inflammatory AMs that persist in the lung (54). Similar observations have been made in the

context of lung fibrosis. While recruited AMs drive fibrotic disease, transcriptionally distinct



resident AMs remain phenotypically unchanged and play no role in promoting fibrogenesis (55).
Likewise, resident AMs suppress, whereas recruited monocyte-derived AMs promote, allergic
inflammation (56). These studies suggest that — in some scenarios — resident AMs are uninfluenced
by the inflammatory milieu, thus retaining their homeostatic properties endowed by the steady-
state alveolar niche. On the contrary, transcriptomic analyses of resident and recruited AMs during
acute lung injury (ALI) have demonstrated that both populations contribute to peak inflammation,
albeit in transcriptionally and kinetically distinct ways (57). Furthermore, resident AMs have been
shown in some experimental settings (i.e., Pseudomonas aeruginosa vaccine administration and
adenoviral infection) to undergo long-term pro-inflammatory changes, a phenomenon referred to
as “trained immunity” (58,59). It is currently unclear why some scenarios favor the development
of pro-inflammatory AMs via inflammatory monocyte recruitment while others favor
inflammatory changes within the resident AM compartment. Consequently, there still exists some
ambiguity regarding the plasticity of AMs and their participation in the inflammatory response;
however, it appears likely that context plays an important determinative role.

In conclusion, AMs are heavily influenced by, and adapted to, the quiescent compartment
in which they reside. Their functions are tuned to fulfill the needs of the alveolar niche, and their
quiescent phenotype is ideally suited to protect the physiologic imperative for gas exchange at this
crucial anatomic interface despite the continual barrage of potentially inflammatory insults. While
recent evidence suggests that terminal differentiation limits their plasticity, AMs are also
appreciated for their role in launching and mediating inflammatory responses. However, the extent
to which resident versus recruited AMs contribute to inflammation in the lung has yet to be fully

contextually elucidated.



Janus Kinase (JAK)-Signal Transducer and Activator of Transcription (STAT) Signaling

The JAK-STAT pathway signals in response to more than 50 immunomodulatory
cytokines and growth factors. Requiring only three components (i.e., membrane receptor, coupled
kinase, and activated transcription factor), it is a simple system for transmitting signals from the
cell surface to the nucleus where transcription of target genes occurs. This axis is comprised of
four JAK proteins (JAK1-3 and TYK2) and seven STAT proteins (STAT1-4, STATSA, STATSB,
and STAT6).

Each cytokine that uses JAK-STAT signaling binds to a specific receptor on the surface of
the cell, which results in receptor oligomerization. As these receptors contain intracellular domains
constitutively associated with members of the JAK family of kinases, ligand-receptor binding
brings JAKSs in close proximity to facilitate their auto-activation by transphosphorylation (60-65).
Upon activation, JAKs phosphorylate the cytokine receptor tails, which creates docking sites for
the recruitment of STAT transcription factors (66). STATs are then phosphorylated by JAKs
(67,68) allowing for their dimerization and translocation to the nucleus where they promote
transcription of target genes, the vast majority of which are pro-inflammatory in nature. However,
as is typical for such intensely pro-inflammatory signaling pathways, there are built-in negative
feedback mechanisms to ensure that signaling is switched off when appropriate. Accordingly,
JAK-STAT signaling results in the expression of a family of Src homology 2 (SH2)-containing
proteins called SOCS that negatively regulate these signaling axes; there are eight SOCS proteins:
SOCS1-7 and cytokine-inducible SH2-containing protein (69,70). A general rule is that a cytokine
binds to a specific receptor that activates specific JAK(s) and STAT(s), which are negatively

regulated by a particular SOCS protein; however, there are exceptions to this rule owing to a
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substantial degree of promiscuity among STAT and SOCS isoforms. JAK-STAT signaling and

negative regulation by SOCS is summarized in Figure 1-2.
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Figure 1-2: JAK-STAT signaling and negative regulation by SOCS
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From (Morris et al., 2018).

This dissertation focuses on SOCS3, the prototypic negative regulator of STAT3 signaling.
Activation of STAT3 occurs downstream of receptor binding to numerous cytokines and growth
factors, including those utilizing the IL-6 signal-transducing receptor chain gp130 (e.g., IL-6 and
IL-11), protein tyrosine kinase receptors (e.g., epidermal growth factor), and homodimeric

cytokine receptors (e.g., granulocyte colony-stimulating factor) (71-74). STAT3 signaling has
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been implicated in a number of lung inflammatory contexts, for example, asthma (75), ALI (76),
pulmonary fibrosis (77), and lung cancer (78). During inflammation, SOCS3 is expressed in the
lung epithelium to a lesser degree than it is in leukocytes (79). Furthermore, in the normal lung,
SOCS3 expression in alveolar epithelial cells (AECs) is markedly lower than it is in AMs (80).
This low endogenous expression and the importance of SOCS3 for restraining inflammation in the
terminal air space highlight the utility of AECs acquiring this regulatory protein from another cell
source. As will be described below, this occurs through an unconventional means of transcellular

SOCS3 delivery from AMs to AECs.

Biology of EVs: Roles in Lung Homeostasis and Inflammation
Classification

EVs are membrane-delimited structures that are secreted into the extracellular milieu by a
source cell and that transmit molecular information capable of influencing recipient cells. This
information consists of a variety of cargoes within EVs, including proteins, various forms of RNA
(e.g., mRNA and miRNA), and lipids. Although they comprise a spectrum of sizes and
biochemically defined subtypes, EVs are traditionally divided into two major classes, exosomes
(Exos) and microvesicles (MVs), reflecting their divergent mechanisms of biogenesis
(summarized in Figure 1-3) (81). Exos are the smallest type of vesicles, ranging from
approximately 30 to 100 nm in diameter. They are derived from intraluminal vesicles (ILVs) that
form as a result of the inward budding of endosomal membranes during maturation of
multivesicular endosomes (MVEs). Upon exocytosis of MVEs, ILVs are released into the
extracellular environment, where they are called Exos. Consistent with their intracellular origin,
Exos are enriched in proteins normally associated with endosomes and endosomal sorting

pathways (82). Conversely, MVs are vesicles that arise at the cell surface due to outward budding
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of the plasma membrane (PM) and subsequent shedding. MVs are typically larger than Exos (50 -
1,000 nm in diameter), although some size overlap does exist. In keeping with their origin, they
are enriched in PM-embedded and cytosolic cargoes (83). Recent advances in knowledge about
EVs call into question the utility of traditional classification schemes that categorically
differentiate between Exos and MVs. As noted above, overlaps in size exist. In addition, cargo
molecules long considered as markers of one subset have been identified in the other (e.g.,
endosomal proteins in PM-derived MVs) (82,83). Finally, no major functional differences between
Exos and MVs are recognized, as both are capable of being internalized by and hence transmitting

cargo to recipient cells (84).

Trends in Molecular Medicine
Figure 1-3: Divergent mechanisms of MV and Exo biogenesis

(A) Exos are derived from ILVs that form during maturation of MVEs. While some MVEs are destined for degradation
in the lysosome, those that fuse with the PM exocytose ILVs, giving rise to Exos. (B) Conversely, MVs are generated
via outward budding of the PM and release into the extracellular milieu. From (Haggadone and Peters-Golden, 2018).
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EV Control of Lung Homeostasis

While studies of lung EVs have largely focused on their composition and biologic activity
in the context of inflammation, emerging evidence demonstrates that they are critically involved
in lung homeostasis as well, reflecting crosstalk between AMs and ECs. This is exemplified by
the finding that SOCS proteins in EVs served as vectors of communication between AMs and ECs
(51). Exos (100,000 x g pellet fraction of conditioned medium [CM]) released by resting AMs
contained SOCS1, while their MVs (17,000 x g pellet fraction of CM) contained SOCS3; both
were internalized by, and suppressed cytokine-induced JAK-STAT signaling in, AECs. The
transcellular acquisition of this regulatory cargo was a critical brake on AEC production of the
STAT-dependent gene product monocyte chemoattractant protein-1 (MCP-1), one of the key
chemokines responsible for recruitment of monocytes to the lung during inflammation. Moreover,
constitutive AM secretion of SOCS3 in vitro and in vivo was subject to bidirectional modulation
by various microenvironmental factors, being inhibited by cigarette smoke (CS) but potentiated
by immunosuppressive mediators IL-10 and prostaglandin E, (PGEz). Therefore, it is possible that
loss of this previously unrecognized endogenous brake may favor smoking-related inflammation.
It could be further envisioned that a similar defect in SOCS3 secretion also serves to facilitate
development of other chronic inflammatory disorders of the lung. Accordingly, loss of SOCS3
secretion has been shown to occur during, and exacerbate the pathophysiology of, allergic
inflammation (85) and lung cancer (86).

Furthermore, because AECs themselves expressed negligible levels of endogenous SOCS3
and are thus dependent on AMs for its acquisition, whether AECs may have the capacity to tune
AM provision of this vesicular cargo during acute exposure to inflammatory stimuli was explored.

Indeed, lipopolysaccharide (LPS) or microbial challenge in vitro and in vivo heightened the
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capacity of AECs to “request” SOCS3 from AMs, an effect that was mediated by increases in AEC
elaboration of PGE: (87). These observations support a model in which AMs and AECs engage in
intricate bidirectional crosstalk to utilize EV-encapsulated SOCS3 protein to restrain inflammation
and facilitate homeostasis even in the face of acute environmental insults. Interestingly, neither
abundant expression of SOCS3 nor the ability to package it within secreted EVs is shared by all
mononuclear phagocytic cells, as neither peritoneal macrophages nor peripheral blood monocytes
do so (51); the microenvironmental cues responsible for endowing AMs with this dual capacity
remain to be determined. We postulate that this symbiotic relationship between AMs and AECs
reflects their co-evolution in a challenging site with a mandate to restrain inflammation.

More recent work has also demonstrated the ability of AMs to direct, via elaboration of
insulin-like growth factor 1 (IGF-1), enhanced uptake of MVs by ECs in a model of allergic
inflammation (50). This dampened house dust mite (HDM)-induced airway inflammation, further
highlighting the importance of vesicular communication between AMs and lung ECs for
promoting lung homeostasis (summarized in Figure 1-4). It is assumed that AM-derived vesicular
cargoes other than SOCS3 contribute to restraint of AEC inflammatory signaling pathways.
Moreover, it is likely that AECs simultaneously secrete EVs that restrain AM function. A better
understanding of the cargo composition of EVs secreted not only during inflammation but also at
baseline and during inflammation resolution is necessary to further our knowledge of the

homeostatic roles that EVs play within the alveolar compartment.
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Figure 1-4: EV-mediated maintenance of homeostasis in the lung microenvironment
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The airways and alveoli of the lung are continuously exposed to noxious environmental stimuli (left), such as
environmental toxins (e.g., CS), allergens (e.g., HDM), and pathogens (e.g., respiratory viruses). Maintenance of
homeostasis at these mucosal surfaces therefore requires intricate crosstalk between the predominant lung-resident
immune cell, the AM, and the major cellular constituent of the respiratory surface, the respiratory EC (right).
Packaging of anti-inflammatory cargo molecules such as SOCS proteins within EVs and their transmission from AMs
to respiratory ECs is a recognized mechanism for restraining inflammation in the lung. The secretion and acquisition
of vesicular information are regulated, however, at many steps. For example, AM packaging of vesicular SOCS3 is
modulated by endogenous and exogenous factors; SOCS3 release is suppressed by exposure to CS but is enhanced
by exposure to IL-10 and EC-derived PGE.. Exposure of ECs to respiratory pathogens or LPS increases their synthesis
of PGEy, thereby serving as a signal to “instruct” AMs to enhance their packaging of homeostatic SOCS3 cargo.
Furthermore, uptake of EVs by respiratory ECs is subject to external regulation; EV uptake is inhibited by CS but is
enhanced by extracellular albumin and IGF-1. IGF-1 secretion itself is augmented upon exposure to HDM, and
resulting increases in EV uptake by ECs serve to attenuate HDM-induced inflammation. This vesicular crosstalk
between AMs and respiratory ECs takes place in the unique lung microenvironment that is characterized by high
levels of ROS and pulmonary surfactant. The impact of ROS and surfactant proteins on AM-EC vesicular
communication, however, remains incompletely understood. From (Haggadone and Peters-Golden, 2018).

Lung EVs in Inflammation
In addition to EVs serving as homeostatic vectors of communication between AMs and
AECs, they are also influenced by, and participate in, pro-inflammatory crosstalk between these

two cell types. ROS are a prominent constituent of the inflammatory milieu, and significant
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attention has been directed at understanding the effects of oxidative stress on EV production and
cargo composition. Given its uniquely high oxygen tension, this influence is especially relevant in
the lung. Hyperoxic exposure was reported to increase the number of lung EVs, with their
predominant source being ECs (88). Addition of such EC-derived EVs to AMs promoted AM
production of the inflammatory chemokine macrophage inflammatory protein-2 that was, in turn,
dependent on the caspase-3 content of the EVs. In parallel, intrapulmonary administration of these
hyperoxia-derived EVs in vivo promoted macrophage and neutrophil influx into the lung. Further
work has suggested a predominant effect of oxidative stress on the miRNA profile of EVs secreted
by lung ECs (89). Two hyperoxia-induced EC miRNA cargoes, miR-221 and miR-320a, were
sufficient for promoting macrophage activation. Finally, comparable pro-inflammatory effects of
lung EC-derived EVs on AM function have been described in the context of allergic inflammation
(90), respiratory syncytial virus infection (91), acid-induced lung injury (92), cystic fibrosis (93),
and acute respiratory distress syndrome (94).

While less well studied, perturbation of macrophages has also been shown to cause
elaboration of pathogenic EVs that promote EC activation. For example, exposure to CS elicited
rapid shedding of EVs from human mononuclear cells that, when added to AECs, caused
upregulation of the inflammatory chemokines IL-8 and MCP-1 (95). In addition, treatment of AMs
with LPS in vitro and intratracheal administration of LPS in vivo generated tumor necrosis factor-
containing EVs that promoted lung EC activation, as reflected by upregulation of intracellular
adhesion molecule-1 (96). It is evident, then, that transmission of EV-dependent information is a
dynamic process that is subject to modulation by a variety of physiologic perturbations affecting
both source and recipient cells, and that it can ultimately promote inflammation or homeostasis.

EV-mediated information flow requires several distinct steps: EV biogenesis by source cells, cargo
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packaging within EVs, uptake of EVs by recipient cells, and accessibility of EV-contained cargo
for utilization. Each of these steps could be influenced by local factors in the microenvironment.

The remainder of this section focuses on these topics.

Mechanisms of Biogenesis

The mechanisms of EV formation have been best studied for Exos. ILV budding and cargo
sorting into MVEs is largely dependent on various constituents of the endosomal sorting complex
required for transport (ESCRT) family of proteins, which consist of four different complexes:
ESCRT-0, -1, -II, -III, and an associated ATPase complex vacuolar protein sorting-associated
protein 4 (97). RNAI screening experiments have identified the specific contributions of each
ESCRT family member to both Exo biogenesis and cargo packaging (98). However, generation of
Exos can also occur independent of ESCRTs. For example, tetraspanins have long been known to
participate in ESCRT-independent biogenesis (99), as CD9, CD82, tetraspanin 8, and CD63 all
promote Exo secretion (100-102). Furthermore, lipids such as ceramide generated by neutral
sphingomyelinase 2 that promote membrane curvature are also known to play a role in the
generation of Exos (103).

The mechanisms of biogenesis of MVs are less well characterized, but also involve activity
of ESCRT proteins (104). One means of ESCRT recruitment to the PM involves the adaptor
protein arrestin domain-containing protein 1 (ARRDC1) (105). Polyubiquitination of ARRDCI1
results in the enhanced generation of a subtype of MVs termed ARRDC1-mediated microvesicles
(ARMMs), which contain ESCRT subunits (105). Small GTPase proteins, such as ARF1, ARF6,
and RhoA can also facilitate MV budding from the PM (106-108). Finally, similar to Exos,

generation of ceramide by acid sphingomyelinase also promotes MV secretion (109,110).

Cargo Packaging
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Packaging of specific proteins into Exos has been attributed to a variety of post-
translational modifications (PTMs) (111), with ESCRT-dependent sorting of ubiquitin-tagged
cargoes being one of the most recognized (112,113). Phosphorylation and farnesylation are other
PTMs that also regulate Exo cargo sorting (114,115). Additionally, similar to their role in
promoting Exo biogenesis, ceramide and tetraspanins can determine Exo cargo composition
independent of ESCRTs (100,103,116). Much less is known, however, about the signals and
machinery involved in packaging of nucleic acid cargoes such as RNA. Sumoylated heterogeneous
nuclear ribonucleoprotein A2B1 was identified as a chaperone capable of binding particular cis-
acting motifs within miRNAs to facilitate their entry into Exos (117). This miRNA-sorting
function was also ascribed to synaptotagmin-binding cytoplasmic RNA-binding protein (118,119).
Interestingly, studies of mRNA secretion in Exos have revealed enrichment of particular 3’
untranslated region sequences, which implies that specific nucleotide sequences serve as
“zipcodes” to direct packaging within Exos (120). A similar mechanism was described for mRNA
sorting into MVs; this mechanism, however, involved an interaction between 3’ untranslated
region zipcode sequences in mRNAs and MV-packaged miRNAs (121). The importance of
ribonucleoprotein chaperones and miRNA-mRNA complexes in packaging of these RNA cargoes
requires further research.

Very little is known about how proteins, in particular those residing in the cytosol, are
selectively targeted for inclusion into MVs that bud from the PM. A body of early work suggested
that higher-order protein oligomerization and various cis-acting signals that anchor proteins to the
PM were sufficient for protein packaging into EVs (122-124). These included PTMs resulting in
PM targeting (e.g., prenylation, palmitoylation, and myristoylation tags) and domains mediating

binding to phosphatidylinositol 4,5-bisphopshate and phosphatidylinositol (3,4,5)-trisphosphate
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on the internal face of the PM. However, as the proteins in these studies were genetically
engineered to encode these elements, the biologic relevance of these determinants for MV
packaging of endogenous proteins remains uncertain. In addition to its role in MV biogenesis, a
recent body of research has highlighted a novel role for ARRDCI1 in cargo packaging. Through its
polyubiquitination and interactions with E3 ligases, ARRDCI1 can serve as an adaptor for vesicular
inclusion of proteins such as neurogenic locus notch homolog protein 2 (125) and the divalent
metal transporter 1 into ARMMs (126). Collectively, these observations suggest that EV
packaging of proteins likely involves the combined effects of PM targeting of proteins through
cis-acting signals and targeted delivery of proteins via dedicated adaptors. Accordingly, a secretory
autophagy pathway was recently described involving membrane targeting of microtubule-
associated protein 1A/1B-light chain 3 and its concomitant loading of protein and RNA cargoes
into EVs (127). Despite these advances, however, the precise mechanistic determinants of cargo
packaging within various types of EVs, both at baseline and in response to microenvironmental

cues, remain poorly understood.

Mechanisms and Modulation of EV Uptake and Cargo Delivery

Transmission of vesicular information requires either activation of cell-surface receptors
on, or internalization of EVs by, recipient cells. Among the reported mechanisms of EV uptake,
receptor-dependent and -independent forms of endocytosis predominate, although direct
membrane fusion, phagocytosis, and micropinocytosis of EVs have also been reported (128).
Unlike their divergent modes of biogenesis, however, there are no clear distinct internalization
pathways for Exos versus MVs. It was reported that AM-derived MVs were rapidly internalized
by AECs via a receptor-independent (i.e., fluid-phase) form of endocytosis that depended on the

GTPase dynamin and actin polymerization (129). In addition, uptake was subject to bidirectional
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modulation by endogenous and exogenous perturbations. For example, uptake was enhanced by
extracellular albumin, whose accumulation in the alveolar space is a typical consequence of the
disruption of endothelial and epithelial integrity seen during inflammatory ALI. In this scenario,
augmented internalization of AM-derived anti-inflammatory cargoes such as SOCS3 would be
expected to facilitate homeostasis. Conversely, MV uptake was inhibited by CS, owing to
oxidative disruption of actin polymerization (129). This illustrates the potential for disruption of
AM-AEC homeostatic communication and the potentiation of inflammation by noxious
environmental stimuli. Furthermore, as discussed previously, signals such as IGF-1 that are
derived from AMs can enhance EV uptake by AECs to dampen their inflammatory response and
favor homeostasis in the lung (50).

While modulation and mechanisms of EV uptake by AMs have not been carefully
explored, investigation of other macrophage subtypes suggests that EV uptake pathways for AMs
might differ from AECs. In particular, receptor-dependent mechanisms of EV uptake by
macrophages have been implicated. For example, endocytosis of reticulocyte-derived EVs was
demonstrated for primary peritoneal and J774 macrophages, a process suggested to depend on
direct interaction between EV-packaged galectin-5 and glycoproteins present on the macrophage
PM (130). In addition, phagocytic mechanisms of EV uptake for RAW-264.7 macrophages (131)
and macropinocytic mechanisms for microglia (132), which were attributed to direct binding to
phosphatidylserine present on the surface of EVs, have been described. Although confirmation
requires dedicated investigation, it seems likely that the mechanisms of EV internalization
described for other macrophage populations are shared, at least in part, by AMs.

One final step in cell-cell communication via EVs that merits mechanistic understanding

is how internalized EV cargoes such as SOCS3 are liberated and delivered to the appropriate
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intracellular compartment of recipient cells. Direct membrane fusion would easily enable direct
cytosolic delivery of vesicular contents, and some studies have suggested this as a route of cargo
acquisition (133,134). However, as mentioned above, EV internalization occurs mainly via
endocytic mechanisms, and the predominant destination for EV constituents appears to be the
lysosome (135), with a small fraction being routed to the recycling endosome (136). Although
direct escape from endosomal-to-cytosolic compartments has been proposed as a model for cargo
delivery, recent work suggests that this mechanism is not functionally operative (137,138). Rather,
what appears to occur is trafficking of EVs into endosomes that scan, and allow for functional
delivery of cargoes into, the endoplasmic reticulum (ER) before eventual delivery of EVs to (and
degradation in) the lysosome (139). While targeting to the ER would account for the efficacy of
delivery of miRNA and siRNA via EVs, the relevance of this sorting circuitry for transmission of
protein content remains unclear. In particular, no current models would explain how an
intravesicular protein surrounded by both EV and endosomal membranes reaches the cytosol to
exert its biologic function (e.g., as must occur for SOCS proteins to inhibit the kinase activity of
JAK) rapidly. Only when we better understand the fundamental mechanisms determining EV
cargo packaging, secretion, internalization, and availability can we envision strategies to maximize
the transmissibility of protective cargoes and/or limit the transmissibility of pathogenic cargoes in

Vvivo.

ROS Generation and Regulation of Protein Degradation

ROS comprise a group of reactive molecules and free radicals derived from molecular
oxygen that assume diverse roles within and outside of the cell. Once thought to exclusively
promote the oxidation and accumulation of damaged lipids, proteins, and nucleic acids, it is now

appreciated that ROS also have beneficial effects on cellular function (140). There are two major
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sources and a variety of minor sources of ROS within the cell. NAPDH oxidases (NOX proteins)
represent one major source in the cytosol, particularly in phagocytes which generate large amounts
of ROS during their participation in host defense (141). ROS are also a byproduct of aerobic
metabolism involving electron transport and the generation of a proton gradient to produce ATP,
making mitochondria the other major source of cellular ROS (142). Additional organelles and
enzyme complexes involved in ROS generation include the endoplasmic reticulum, peroxisomes,
xanthine oxidase, nitric oxide synthase, cyclooxygenases, lipoxygenases, and cytochrome P450
enzymes (140).

In eukaryotic cells, the ubiquitin-proteasome and autophagy-lysosome systems are the two
major pathways that control protein degradation, both of which are regulated by ROS. The 26S
proteasome is a multimeric complex comprised of a 20S core particle (CP) and 19S regulatory
particle (RP) that selectively hydrolyze protein substrates tagged for degradation by ubiquitination
(143). Specifically, the 19S RP binds polyubiquitinated substrates and uses ATP to unfold and
translocate them into the 20S CP, which contains enzymatic activity necessary for protein
degradation. Alternatively, the 20S CP may associate with other regulatory proteins for
ubiquitin/ATP-independent protein degradation (144). Both ubiquitin-dependent (145) and -
independent (146-148) mechanisms are known to be important for the removal of oxidized
proteins, and the proteasome plays an important role in maintaining cell viability in response to
oxidative stress (147). ROS are known, however, to bidirectionally regulate proteasome activity
in a kinetically determinative manner. Acutely, oxidative stress causes dissociation of the 26S
proteasome (148), attenuation of ubiquitin conjugation (149), reduced 19S RP ATPase activity
(150), and a loss of 20S CP catalytic activity (151,152). Conversely, recovery from oxidative stress

(i.e., the post-treatment period) is associated with increases in proteasome activity (149,152,153)
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to remove oxidized proteins within the cell. Therefore, ROS play a key role in tuning the activity
of this pathway central to cellular proteostasis, and the research included in this dissertation will
focus on proteasome inhibition during exposure of AMs to ROS. In addition to regulating the
ubiquitin-proteasome system, ROS are also known to regulate protein degradation controlled by
autophagy, the process through which cytoplasmic macromolecules and organelles are delivered
to the lysosome for degradation (154). ROS augment autophagic flux through regulation of
transcription, protein activity, and organellar degradation (155). Accordingly, oxidative stress is
implicated in the selective removal of mitochondria through mitophagy (156). In addition, like the
ubiquitin-proteasome system, degradation of oxidized proteins through chaperone-mediated
autophagy, which is induced by ROS, promotes cell viability during oxidative stress (157).
Therefore, oxidative stress exerts substantial control over protein degradation within the cell
through control over proteasome activity and autophagic flux, and both of these processes are

important for removal of oxidized proteins to maintain cellular integrity.

Macrophage Immunometabolism

In addition to providing the energy necessary to support immune cell activity, metabolic
adaptations are also central to changes in immune cell function through control over transcriptional
and post-transcriptional events. Macrophages have long been recognized to undergo metabolic
switches in response to activation (158). In particular, pro-inflammatory macrophages
(conventionally referred to as M1 macrophages), which are activated by diverse stimuli (e.g., LPS
and interferon y [IFNy]), depend on aerobic glycolysis and the pentose phosphate pathway (PPP)
to meet their ATP requirements, while anti-inflammatory macrophages (conventionally referred
to as M2 macrophages) activated by stimuli such as IL-4 generate energy through enhanced fatty

acid oxidation and oxidative metabolism (159-161).
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The key transcription factor involved in the commitment toward aerobic glycolysis in pro-
inflammatory macrophages is HIF-1a, which induces expression of both glycolytic genes (e.g.,
glucose transporter 1 [Glutl] and hexokinase 2 [Hk2]) and inflammatory genes (e.g., IL-1B) (162).
HIF-1a activation occurs downstream of many signals and signaling pathways, including Krebs
cycle-derived succinate (160), mitochondrial ROS (163), Toll-like receptor/nuclear factor k-light-
chain enhancer of B-cell signaling (164), and AKT/mammalian target of rapamycin signaling
(165). In turn, glycolytic remodeling is critical for various macrophage effector functions including
ROS production, phagocytosis, and the release of pro-inflammatory cytokines (159,166).
Glycolysis also supplies the PPP, which generates intermediates such as ribose for nucleotides,
amino acids for protein synthesis, and NADPH used for fatty acid synthesis and the generation of
ROS by NOX (167). Production of nitric oxide (NO) through metabolism of arginine by inducible
nitric oxide synthase (iNOS) is another hallmark of pro-inflammatory macrophages (168). Finally,
generation of ROS caused by dysfunctional oxidative phosphorylation (169,170) and reverse
electron transport (RET) at complex I (163) is characteristic of macrophages with “broken”
mitochondrial metabolism.

In addition to generating ROS as a consequence of these mitochondrial alterations,
glycolytically reprogrammed macrophages are also characterized by a Krebs cycle that is
interrupted at key points, which allows the intermediate metabolites citrate, succinate, and
itaconate to escape the mitochondria and exert their regulatory functions. In particular, citrate
production links mitochondrial and cytosolic metabolism. Under normal conditions, citrate is
produced by condensation of oxaloacetate and acetyl-CoA, which is then converted to a-
ketoglutarate (aKG) by isocitrate dehydrogenase (IDH). In pro-inflammatory macrophages,

however, IDH expression is suppressed (161) concomitant with transcriptional upregulation of
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mitochondrial citrate carrier (CIC) (171), which exports citrate from the mitochondria into the
cytosol. Once in the cytosol, citrate is enzymatically converted to acetyl-CoA by ATP citrate lyase
(ACLY) — whose expression is also elevated in pro-inflammatory macrophages (172) — where it
serves as a substrate for the production of numerous regulatory molecules. For example, through
the activity of ACLY and its conversion to acetyl-CoA, citrate drives protein and histone
acetylation (173). Citrate-derived acetyl-CoA also serves as a substrate for fatty acid and lipid
synthesis through activity of acetyl-CoA carboxylase (174). Furthermore, cytosolic citrate
generates NO, ROS, and prostaglandins to promote macrophage inflammatory responses
(171,172). Therefore, citrate is a key metabolite involved in the functional programming of
glycolytic macrophages.

Itaconate is also abundant within pro-inflammatory macrophages (175) due to upregulation
of, and its generation by, immune-responsive gene 1 (IRG1) (176). Itaconate has well-
characterized bactericidal properties (177,178), and yet, despite accumulating in pro-inflammatory
macrophages, it also exhibits anti-inflammatory properties by limiting ROS production,
inflammasome activation, and pro-inflammatory cytokine release (179). Itaconate additionally
elaborates its anti-inflammatory effects through stabilization of nuclear factor erythroid 2-related
factor 2 to induce the expression of immunosuppressive and anti-oxidant genes (180). Nonetheless,
itaconate is also linked to succinate accumulation due to its inhibition of succinate dehydrogenase
(SDH). As mentioned previously, succinate assumes a key signaling role in stabilizing the
transcription factor HIF-1a (160). Furthermore, high levels of cytosolic succinate promote post-
translational lysine succinylation, a modification that changes protein charge, structure, and
function (181,182). For example, succinylation of the enzyme pyruvate kinase M2 (PKM?2)

stimulates its translocation to the nucleus, interaction with HIF-la, and induction of IL-1f
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expression (183). Finally, succinate can also be released from the cell and act extracellularly by
binding to its receptor SUCNR1/GPRI1 to potentiate inflammation (184).

In stark contrast to pro-inflammatory macrophages, however, anti-inflammatory
macrophages have an intact Krebs cycle and enhanced mitochondrial metabolism to support their
phenotype and function (185). The role of glycolysis in fueling this metabolic phenotype has
remained controversial with more recent studies suggesting that it is dispensable as long as
oxidative phosphorylation remains intact (186). Rather, anti-inflammatory macrophages appear to
be more metabolically flexible, using glutamine as fuel when glucose is limited (186) while also
relying on fatty acid metabolism supported by STAT6, PPARy (187), and PPARYy coactivator
(188). And while citrate, succinate, and itaconate accumulation is characteristic of a “broken”
Krebs cycle in pro-inflammatory macrophages, production of aKG orchestrates anti-inflammatory
macrophage activation through metabolic and epigenetic reprogramming (189). Therefore, pro-
inflammatory and anti-inflammatory macrophages exhibit substantial metabolic differences

(summarized in Figure 1-5) that are essential to programming their respective functions.
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Figure 1-5: Metabolism of pro-inflammatory and anti-inflammatory macrophages

Anti-inflammatory (i.e., M2) macrophages canonically activated by IL-4 and pro-inflammatory (i.e., M)
macrophages canonically activated by LPS and IFNy exhibit distinct metabolic phenotypes that support their
respective functions. (A) Anti-inflammatory macrophages are characterized by an intact Krebs (i.e., tricarboxylic acid
[TCA]) cycle and enhanced oxidative phosphorylation, whereas (B) pro-inflammatory macrophages exhibit specific
Krebs cycle “breakpoints” leading to dysfunctional mitochondrial metabolism. While (i) glycolysis (involving activity
of GLUTI, HK2, and PKM?2) can support, but is not essential for, the metabolic phenotype of anti-inflammatory
macrophages, it is critical for driving the phenotype and function of pro-inflammatory macrophages. In pro-
inflammatory macrophages, glycolysis supplies the PPP (ii), which generates substrates for nucleotide and protein
synthesis while also producing NADPH required for the generation of ROS, synthesis of fatty acids, and iNOS-
generated NO. Due to their “broken” Krebs cycle, pro-inflammatory macrophages also accumulate the metabolic
intermediates citrate, itaconate, and succinate. (iii) Citrate accumulates due to downregulation of IDH leading to its
cytosolic transport through the CIC where it (iv) serves as a substrate for fatty acid synthesis. (v) Itaconate is generated
from citrate due to upregulation of IRG1, and it inhibits SDH to cause accumulation of succinate. (vi) Together with
ROS generated by RET (vii), succinate stabilizes HIF-la to promote increased expression of IL-1f. (viii)
Furthermore, succinate can be released from macrophages to potentiate inflammation by binding to its receptor
SUCNRI/GPROI1. From (Van den Bossche et al., 2017).

Metabolism of AMs
Given their residence in a lipid-rich, glucose-limited, and immunologically quiescent

microenvironment, it is unsurprising that AMs exhibit a metabolic phenotype most closely
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associated with anti-inflammatory macrophages. Transcriptional analyses comparing AMs to IMs
(190) or recruited macrophages (57) has revealed that AMs exhibit a gene signature consistent
with upregulation of PPAR signaling, Krebs cycle flux, fatty acid metabolism, and oxidative
phosphorylation. Consistent with these findings, AMs exhibit remarkably low levels of glycolysis
at steady state (191), a metabolic phenotype programmed by the lung microenvironment (192). In
particular, restraint of HIF-1a signaling appears to be important for glycolytic attenuation in these
cells (193,194). However, this metabolic program is to some extent plastic, as AM glycolytic
activity is increased in the context of lung fibrosis (195) and infection (59,196). Despite this
knowledge, however, there is a major gap in our understanding of the functional importance of
glycolytic restraint in AMs, though some evidence suggests that it is critical for the elaboration of
their homeostatic properties (192). Therefore, in conclusion, although investigation of AM
metabolism is still in its early stages, the extant body of literature suggests that these cells rely
heavily on fatty acid metabolism and oxidative phosphorylation for energy production and

functional programming, while glycolysis is substantially restrained.

Conclusion

The lung perhaps best exemplifies an anatomic site where the inflammatory consequences
of the continuous demand for innate immune defense must be restrained to minimize dysregulated
inflammation and maintain homeostasis. As such, the predominant immune cell resident to the
lung, the AM, is functionally tuned by its niche to assume an immunosedated phenotype.
Reciprocally, AMs interact with the alveolar epithelium to restrain a myriad of inflammatory
signaling pathways, including but not limited to JAK-STAT. Restraint of epithelial JAK-STAT
signaling occurs via the transcellular delivery of AM-derived SOCS proteins, which are packaged

within EVs and acquired by surrounding AECs via an endocytic uptake mechanism. This vesicular
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homeostatic communication network is tuned by endogenous and exogenous factors through
modulation of SOCS protein secretion by AMs and uptake of SOCS-containing EVs by AECs.

There is a significant gap in our understanding of how EV cargo packaging is regulated at
the cellular and molecular level. This is particularly true for cytosolic proteins released in EVs that
bud from the PM. In addition, how cargo sorting is altered in response to microenvironmental
changes remains poorly understood — not only within the lung, but in virtually all tissues. It is
contextually advantageous to address these concepts in the lung alveolar space that is continuously
challenged by exposure to inhaled noxious stimuli. Therefore, the research included herein focuses
on dynamic alterations in the vesicular secretion of SOCS3 by AMs, specifically in the context of
two relevant perturbations within the lung: oxidative stress and metabolic remodeling.

Chapter 2 of this dissertation describes exposure of AMs to CS as a clinically relevant
model of oxidative stress for investigating the effect of ROS on vesicular SOCS3 release. This
work addresses two important facets of EV biology. First, Chapter 2 reveals a novel mechanism
of proteasomal control over SOCS3 packaging, and it demonstrates how changes in
microenvironmental oxidants dynamically tune proteasome activity to regulate SOCS3 secretion
by AMs. Furthermore, this chapter semi-quantitatively addresses specificity in changes to SOCS3
sorting caused by ROS, the first study to do so in a robust and unbiased manner. Then, Chapter 3
of this dissertation addresses the fundamental and yet understudied question of how cellular
metabolism influences vesicular cargo secretion. In particular, given the unique metabolic
phenotype of AMs characterized by glycolytic restraint, this work centers around the influence of
glycolytic flux on vesicular SOCS3 release through control over the cytosolic generation of acetyl-
CoA. Collectively, these studies significantly advance our understanding of EV biology and open

new avenues of inquiry into the fundamental mechanisms of vesicular cargo secretion.
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Chapter 2 — Oxidative Inactivation of the Proteasome Augments Alveolar Macrophage
Secretion of Vesicular SOCS3

This chapter has been published:
Haggadone MD, Mancuso P, Peters-Golden M. Oxidative Inactivation of the Proteasome

Augments Alveolar Macrophage Secretion of Vesicular SOCS3. Cells (2020) 9(7):1589. PubMed
PMID: 32630102.

Abstract

Extracellular vesicles (EVs) contain a diverse array of molecular cargoes that alter cellular
phenotype and function following internalization by recipient cells. In the lung, alveolar
macrophages (AMs) secrete EVs containing suppressor of cytokine signaling 3 (SOCS3), a
cytosolic protein that promotes homeostasis via vesicular transfer to neighboring alveolar
epithelial cells. Although changes in the secretion of EV molecules — including but not limited to
SOCS3 — have been described in response to microenvironmental stimuli, the cellular and
molecular machinery that control alterations in vesicular cargo packaging remain poorly
understood. Furthermore, the use of quantitative methods to assess the sorting of cytosolic cargo
molecules into EVs is lacking. Here, we utilized cigarette smoke extract (CSE) exposure of AMs
as an in vitro model of oxidative stress to address these gaps in knowledge. We demonstrate that
the accumulation of reactive oxygen species (ROS) in AMs was sufficient to augment vesicular
SOCS3 release in this model. Using nanoparticle tracking analysis in tandem with a new
carboxyfluorescein succinimidyl ester-based intracellular protein packaging assay, we show that
the stimulatory effects of CSE were at least in part attributable to elevated amounts of SOCS3
packaged per EV secreted by AMs. Furthermore, the use of a 20S proteasome activity assay

alongside treatment of AMs with conventional proteasome inhibitors strongly suggest that ROS
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stimulated SOCS3 release via inactivation of the proteasome. These data demonstrate that tuning
of AM proteasome function by microenvironmental oxidants is a critical determinant of the

packaging and secretion of cytosolic SOCS3 protein within EVs.

Introduction

Tissue homeostasis is maintained by the dynamic regulation of information transfer
amongst cells. In addition to the contributions of direct cell-cell contact and the release of soluble
mediators, the importance of extracellular vesicles (EVs) as vectors for the local and systemic
transfer of diverse molecular cargoes between cells has become increasingly appreciated
(197,198). Classically, EVs have been classified into exosomes (Exos) and microvesicles (MVs)
based on differences in mode of biogenesis, size, and the presence of specific molecular cargoes.
However, substantial overlap in size and molecular characteristics is now recognized to limit the
ability to categorically differentiate these two classes of EVs when using traditional isolation
methods (82,83).

Under normal conditions, the pulmonary alveolar space is characterized by uniquely high
oxygen tension. Furthermore, reactive oxygen species (ROS) — whose generation is amplified
during inflammatory responses to inhaled pathogens, antigens, and xenobiotics — are well known
to promote pro-inflammatory signaling pathways including the interleukin (IL)-6/signal transducer
and activator of transcription 3 (STAT3) axis (199,200). EVs produced by lung cells in response
to pro-inflammatory stimuli have been shown to contribute to a variety of pathologic responses
(88,89,96). On the other hand, our previous finding that resident alveolar macrophages (AMs) —
the main immune cell in the distal lung — at steady-state tonically secrete EVs containing
suppressor of cytokine signaling 3 (SOCS3) (51) exemplifies an opposing paradigm. Upon uptake

of these EVs by neighboring alveolar epithelial cells (AECs) (129), the transcellular acquisition of
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vesicular SOCS3 serves as a critical restraint on cytokine-induced Janus kinase (JAK)-STAT3
signaling therein, which helps to maintain homeostasis in the distal lung (51,86,87). We and others
have demonstrated that secretion of vesicular constituents is a dynamically regulated phenomenon.
For example, intrapulmonary administration of IL-10 augments, whereas lipopolysaccharide
inhibits the secretion of SOCS3 in EVs by AMs (51). Nevertheless, the specific cellular and
molecular machinery that controls the packaging of cargoes of cytosolic origin into EVs represents
a major gap in our understanding of EV biology. Furthermore, quantitative interrogation into how
vesicular cargo packaging changes in response to exogenous and endogenous stimuli is currently
lacking.

Catalytic inactivation of the proteasome by ROS is known to result in the accumulation of
oxidized and polyubiquitinated proteins (150,151). Proteasome inhibitors have emerged as an
effective approach for anti-cancer therapy (201,202), and their efficacy has been attributed, at least
in part, to modulation of the content and function of cancer cell-derived EVs that results in
inhibition of processes such as angiogenesis (203). Despite this knowledge, the influence of
microenvironmental regulation of the proteasome on the packaging and secretion of EV cargoes
has never been explored. Here, we demonstrate proteasomal control over vesicular secretion of
SOCS3 by AMs and its dynamic alteration by a clinically relevant source of oxidative stress,
cigarette smoke extract (CSE). We show that ROS augment AM release of SOCS3 in EVs by
inactivating the proteasome. Furthermore, we describe a novel, semi-quantitative intracellular
protein packaging assay that reveals specificity in the stimulatory effects of ROS and proteasome
inhibition on the incorporation of SOCS3 into EVs. These studies advance both the mechanistic
understanding of microenvironmental regulation of packaging and secretion of a vesicular cargo

protein and the methodologic means for its evaluation.
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Methods
Preparation of CSE

CSE was prepared by bubbling the smoke from 5 research cigarettes (Lot #3RA4F,
University of Kentucky Research Institute, Lexington, KY, USA) through 50 mL of RPMI 1640
culture medium (Thermo Fisher Scientific, Waltham, MA, USA) using a glass impinger (Ace
Glass, Vineland, NJ, USA). CSE was then filtered through a 40-um cell strainer (BD) and 1 mL

aliquots of CSE were stored at -80°C (204).

Isolation and Culture of Primary and Immortalized AMs

Primary AMs were collected from lung lavage fluid of pathogen-free female Wistar rats
(Charles River Laboratories, Wilmington, MA, USA), as described (205). Animals were
maintained at the University of Michigan Unit for Laboratory Animal Medicine, and studies were
approved by the Institutional Animal Care and Use Committee. MH-S cells, an immortalized
murine AM cell line (ATCC, Manassas, VA, USA), passaged 1:10 every 3-4 days, were grown in
polystyrene flasks in RPMI 1640 culture medium supplemented with 10% FBS and
penicillin/streptomycin. For treatment with oxidants and proteasome inhibitors, primary AMs and
MH-S cells were plated in serum-free RPMI 1640 culture medium (1 - 1.5 x 10° cells/mL) in 6-
well, polystyrene plates. Cells were adhered for at least 1 h and then washed prior to treatment to
remove EVs and other secreted products released during adherence to plastic. Cells were treated
with CSE or H>O» (Fisher Scientific, Hampton, NH, USA) at the indicated concentrations for 1 h,
washed, and then incubated in serum-free medium for the durations specified. For proteasome
inhibition experiments, MH-S cells were treated with bortezomib or MG132 (both from
MilliporeSigma, Burlington, MA, USA) at the indicated concentrations and for specified durations

in serum-free medium. For experiments using antioxidants, cells were treated for 1 h with 50 uM
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of the broad-spectrum antioxidant N-acetyl-L-cysteine (NAC, Sigma-Aldrich, St. Louis, MO,
USA) prior to stimulation with CSE. NAC was also present in the culture medium post-CSE

stimulation to quench the production of endogenous ROS by cells.

EV Isolation

Conditioned medium (CM) from cells pulsed for 1 h with CSE or H,0,, or continuously
treated with MG132 or bortezomib, was collected after 20 h culture. CM was sequentially
centrifuged at 500 x g for 10 min and 2,500 x g for 12 min to remove dead cells, cell debris, and
apoptotic bodies. EVs were then isolated using two approaches (206). (1) For rapid concentration
of all EVs, CM was centrifuged at 4,000 x g for 20 min in 100-kDa centrifugal filter units
(MilliporeSigma), and the resulting >100-kDa fraction was used to analyze secretion of EVs,
SOCS3, and vacuolar protein sorting-associated protein 4a (VPS4a). (2) For fractionation of EVs
by ultracentrifugation, CM was spun at 17,000 x g for 160 min to pellet “large EVs (IEVs),” from
which the supernatant (non-1EV fraction) was then spun at 100,000 x g for 90 min to pellet “small

EVs (sEVs)” (51). The resulting IEV and sEV fractions were used for analysis of SOCS3 secretion.

Western Blot

For probing of cell lysates, protein concentrations were determined by DC protein assay
(Bio-Rad, Hercules, CA, USA), and aliquots containing 10 pg protein were used for analysis. For
probing of CM vesicular concentrate samples, entire >100-kDa, 1EV, or sEV fractions were
collected from cells treated in culture and used to detect SOCS3. All samples were separated by
SDS-PAGE using 12.5% gels and transferred to nitrocellulose membranes using Trans-Blot Turbo
Mini Nitrocellulose Transfer Packs (Bio-Rad). Membranes were blocked for 1 h with 4% BSA
and incubated overnight with commercially available monoclonal antibodies directed against

SOCS3 (mouse, SO1) (Abcam, Cambridge, GBR), VPS4a (rabbit, EPR14545[B]) (Abcam), or
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GAPDH (rabbit, 14C10) (Cell Signaling Technology, Danvers, MA, USA). After washing and
incubation with peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies, the film
was developed using ECL detection (GE Healthcare, Chicago, IL, USA). Exposure times for each
experiment were selected to optimize a wide linear dynamic range, ensuring detection of a control
vesicular SOCS3 band while limiting — to the best of our abilities — saturation of enhanced
vesicular SOCS3 bands resulting from treatment of AMs with ROS or proteasome inhibitors.
Developed films were then scanned using a desktop scanner at a dots per inch of 300 or greater.
The optical density (OD) for SOCS3 bands was quantified using NIH ImagelJ software (Version
1.51, Bethesda, MD, USA) as an area under the profile curve. As consistently as possible,
background noise was corrected for by enclosing each peak at the same distance from its baseline.
When present as a double-banded signal in vesicular fraction (>100-kDa) samples, both SOCS3
bands were enclosed for OD quantification. Densitometry was expressed relative to the control

values for each experiment.

LDH Assay

Toxicity of primary AMs and MH-S cells was calculated using CyQUANT LDH
Cytotoxcity Assay (Thermo Fisher Scientific). After centrifugation of CM to remove dead cells,
cell debris, and apoptotic bodies, 50 puL aliquots were collected to measure extracellular LDH
release. To determine maximal measurable cytotoxicity, lysis buffer was added to cells for 20 h in

parallel to the protocol described above for treatment of cells with CSE, H2O, or bortezomib.

ROS Assay
Oxidative stress in MH-S cells was determined using the well-established
DCFDA/H2DCFDA Cellular ROS Assay Kit (Abcam) (207). As previously described (208), cell-

permeant DCFDA (also known as DCFH-DA) was added to cells where it became hydrolyzed by
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intracellular esterases to form non-fluorescent DCFH. In the presence of ROS, DCFH was oxidized
to the fluorescent compound DCF, thus allowing for indiscriminate measurement of total ROS by
quantifying fluorescence using a microplate reader.

To measure oxidants directly delivered to cells by CSE, adherent MH-S cells (2.5 x 10%)
were labeled with DCFDA and then stimulated with CSE in 96-well, polystyrene plates.
Fluorescence intensity (i.e., ROS) was determined after treatment for 1 h. To measure endogenous
oxidants generated by cells in response to incubation with CSE, adherent MH-S cells were treated
with CSE for 1 h, washed, and subsequently labeled with DCFDA. Fluorescence intensity was
then determined 4 h post-treatment. To correct for background fluorescence contributed by
particulates contained in CSE, fluorescence intensity from unlabeled MH-S cells was subtracted
from values obtained for DCFDA-labeled cells treated with CSE in parallel. All data were

expressed relative to control values for each experiment.

Nanoparticle Tracking Analysis (NTA)

The concentration and size distribution of EVs secreted by MH-S cells was determined
using NanoSight NS300 (Malvern Panalytical, Malvern, GBR). Entire vesicular fraction (>100-
kDa) samples collected from CM were diluted to yield 10 - 80 particles per frame and injected via
continuous infusion (flow rate ~15). Particles were analyzed over a 60 s capture period, and at
least 3 capture periods were generated for each sample per experiment. Results indicating low
concentration (<10 particles per frame) and/or high vibration were omitted. Injection with at least

1 mL PBS was used to wash tubing in between samples.

Carboxyfluorescein Succinimidyl Ester (CFSE)-Based Vesicular SOCS3 Packaging Assay
To fluorescently label intracellular proteins in MH-S, cells were incubated in serum-free

culture medium with 10 uM CFSE (Sigma-Aldrich) for 15 min at 37°C. Excess CFSE was
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quenched by adding equal volumes of serum-containing culture medium, and cells were pelleted
at 500 x g for 10 min, adhered, and treated as stated above in 6-well, polystyrene plates. EVs were
collected by 100-kDa filtration and vesicular CFSE (>100-kDa) fluorescence was quantified for
each experimental condition. SOCS3 was also probed by Western blot of >100-kDa vesicular
fraction samples collected from unlabeled cells treated in parallel. Specific packaging of SOCS3
as compared to all intracellular proteins was then semi-quantitatively determined by dividing the
densitometry value for vesicular SOCS3 (relative to control) by the raw CFSE fluorescence value

quantified for parallel samples (vesicular SOCS3/vesicular CFSE).

Quantification of MVs by Flow Cytometry

Flow cytometry was performed using a BD Biosciences (Franklin Lakes, NJ, USA)
LSRFortessa. After centrifugation of CM as described above to remove dead cells, cell debris, and
apoptotic bodies, 150 pL aliquots were incubated with 5 uL. annexin V-FITC (BioLegend, San
Diego, CA, USA) for 20 min in the dark at room temperature. Using 1 pm beads of known
concentration (Thermo Fisher Scientific), MVs were determined as annexin V™ particles having a
diameter <1 um, and MV concentration in CM was calculated by determining the fraction of beads
analyzed. Data were generated using FlowJo software (Version 10.5.0, BD Biosciences). To
measure vesicular SOCS3 packaging by flow cytometry (vesicular SOCS3/MVs), the
densitometric value for >100-kDa SOCS3 (relative to control) was divided by the number of MVs
quantified (% of control) in an aliquot collected from the same sample prior to 100-kDa centrifugal

filtration.

20S Proteasome Activity Assay
Measurement of 20S proteasome activity (relative to control) in MH-S cell lysates was

determined using a 20S Proteasome Assay Kit (Cayman Chemical, Ann Arbor, MI, USA).
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Adherent cells (5 x 10°) were treated in 12-well, polystyrene plates and lysates were collected after
20 h culture. Fluorescence resulting from SUC-LLVY-AMC substrate proteolysis was used to
calculate the catalytic activity of the proteasome in cells following treatment with CSE, H20», or

bortezomib.

Data Collection and Analysis

Results were from at least 3 independent experiments containing single samples per
condition unless specified otherwise in the figure legend. Pooled data were expressed as mean +
SEM and analyzed using the Prism 5.0 statistical program from GraphPad software. Significance
was determined using a one-way ANOVA or paired student’s #-test, as appropriate, and was
inferred at a p < 0.05. Significant values were labeled with varying numbers of asterisks (*), and

corresponding p values were defined in the figure legends.

Results
CSE Enhances SOCS3 Secretion by Primary AMs in a ROS-Dependent Manner

Given the imperative to restrain inflammation in the oxygen-rich microenvironment of the
lung, we hypothesized that AMs would respond to oxidative stress by increasing the release of
vesicular SOCS3. To explore this possibility, we used the well-established in vitro experimental
tool of CSE, an aqueous extract of the common environmental toxin, cigarette smoke, which was
known to both contain a myriad of exogenous oxidants (209-211) and to stimulate endogenous
cellular production of ROS (212-217). We exposed primary rat AMs to increasing doses of CSE
for 1 h. Following treatment, AMs were washed and incubated for 20 h to allow for the elaboration
of detectable levels of SOCS3-containing EVs into CM, as measured by Western blot. Treatment
of primary AMs with CSE led to an increase in vesicular SOCS3 release, which was marked at a

7.5% dose (Figure 2-1A). This dose of CSE was within the range commonly employed in in vitro
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macrophage studies (95,218,219) and did not cause significant cytotoxicity in our experimental
system (Figure 2-2). Additionally, CSE caused no significant change in the amount of intracellular
SOCS3 present in AMs, though it was associated with some decrease in lysate GAPDH (Figure
2-1B). Given that decreased intracellular levels of GAPDH did not extend to SOCS3, along with
our data showing minimal cytotoxicity in AMs, we speculated that this effect was attributable to
either robust non-vesicular GAPDH release into CM, as had been previously described (83), and/or
transcriptional/translational shutdown caused by oxidative stress. Together, these data suggested
that CSE stimulated the release of intracellular SOCS3 from primary AMs, rather than by

augmenting the intracellular pool of SOCS3 available for secretion.

A B
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Figure 2-1: CSE stimulates the secretion of vesicular SOCS3 by primary AMs in a ROS-dependent manner

(A-C) Adherent AMs collected by lung lavage were treated with specified concentrations of CSE for 1 h. Following
CSE treatment, AMs were washed and incubated for 20 h. (A) EVs in CM were concentrated by 100-kDa centrifugal
filtration and vesicular SOCS3 secretion was determined via Western blot of the total vesicular fraction (>100-kDa)
samples. Data are from | experiment representative of 3 independent experiments. (B) Following CSE stimulation (1
h) and incubation of AMs for 20 h, lysates were collected and subjected to Western blot for determination of SOCS3
expression, with GAPDH as a loading control. Data are from 1 experiment representative of 3 independent
experiments. (C) Prior to CSE (7.5%) stimulation of AMs, NAC (50 uM) was added to AMs and maintained for the
subsequent 20 h incubation. SOCS3 in the EV fraction of CM was analyzed by Western blot. Data are from 1
experiment representative of 3 independent experiments. Ctrl. = control.

40



3. 1.5_ *%k%k%k
Lo

S 3 1.0

o<

';o

O2 -l

E%0.5

- 0.0 —tmpme  Sepen. %‘ 1

Ctr. 5% 7.5% 10% Lysis
+ CSE Buffer

Figure 2-2: CSE does not cause toxicity in primary AMs

(A) Adherent AMs collected by lung lavage were treated with specified concentrations of CSE for 1 h. Following CSE
stimulation, AMs were washed and incubated for 20 h. CM aliquots were obtained for measurement of extracellular
LDH, and maximal measurable LDH release was determined by incubating AMs with lysis buffer for 20 h. Data (mean
+ SEM) are representative of 3 independent experiments with each condition analyzed in technical duplicates.
Significance was determined by one-way ANOVA. Ctrl. = control. **** p <0.0001 versus control. “Circles” indicate
data points for Ctrl. samples, “squares” indicate data points for CSE samples, and “open circles” indicate data points
for lysis buffer samples.

To determine whether the increased secretion of SOCS3 was a consequence of the oxidant
stress posed by CSE, we treated primary AMs with the general antioxidant NAC prior to CSE
stimulation. NAC completely abrogated the stimulatory effects of CSE on vesicular SOCS3
secretion (Figure 2-1C). These data indicated that CSE potentiates SOCS3 secretion by primary

AMs in a ROS-dependent manner.

Endogenous and Exogenous ROS Stimulate SOCS3 Release by Immortalized AMs

Given the relatively low yield of primary AMs that can be obtained by lung lavage, and
that large numbers of AMs are required to detect a tonically secreted SOCS3 signal, we turned to
MH-S cells — an immortalized line of cells derived by SV40 treatment of primary mouse AMs —
to more thoroughly interrogate the mechanisms underlying ROS enhancement of vesicular SOCS3

secretion. To first determine whether immortalized AMs were appropriate for modeling the
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stimulatory effect of CSE on SOCS3 release observed in primary cells, we treated MH-S cells with
increasing doses of CSE. Similar to the response observed for primary rat AMs, CSE elevated
MH-S vesicular SOCS3 secretion in a threshold manner, an effect that became significant at a 3%
dose (Figure 2-3A) and was unaccompanied by detectable levels of cytotoxicity (Figure 2-4A).
The increment in SOCS3 secretion exhibited by MH-S cells at 3% CSE was comparable to that
displayed by primary AMs at 7.5%. Given the data in Figure 2-1C demonstrating a role for ROS,
we speculated that this greater resistance to (i.e., a higher dose required for) the stimulatory effects
of CSE on SOCS3 secretion in primary than immortalized AMs reflects their heightened

antioxidant defenses acquired during residence in the oxygen-rich alveolar milieu.
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Figure 2-3: ROS augment vesicular SOCS3 secretion by immortalized AMs

(A) Adherent MH-S cells were treated for 1 h with indicated concentrations of CSE. Following CSE stimulation, cells
were washed and incubated for 20 h. EVs were concentrated by 100-kDa centrifugal filtration, and SOCS3 secretion
was determined by Western blot of total vesicular fraction (>100-kDa) samples. Densitometry data (mean + SEM) are
from >3 independent experiments, and significance analyzed by one-way ANOVA. (B) Adherent MH-S cells were
treated with specified concentrations of CSE for 1 h, washed, and labeled with DCFDA. Fluorescence intensity was
measured after 4 h culture. Duplicate samples were analyzed for each condition, and data (mean + SEM) are from 3
independent experiments. Significance was analyzed by one-way ANOVA. (C) Prior to CSE (3%) treatment of MH-
S cells, NAC (50 uM) was added for 1 h and maintained for the subsequent 20 h incubation. SOCS3 secretion was
analyzed by Western blot of vesicular fraction samples. Densitometry data (mean + SEM) are from 3 independent
experiments, and significance analyzed by one-way ANOVA. (D) Adherent MH-S cells were treated with specified
concentrations of H20: for 1 h. Following treatment, cells were washed and cultured for 20 h. Vesicular fraction
samples were harvested and probed for SOCS3 by Western blot. Densitometry data (mean + SEM) are from >3
independent experiments, and significance analyzed by one-way ANOVA. Ctrl. = control. *, ** and **** p < (.05,
p<0.01 and p <0.0001, respectively versus control. “Circles” indicate data points for Ctrl. samples, “squares” indicate
data points for CSE samples, and “triangles” indicate data points for H2O2 samples.
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Figure 2-4: ROS do not cause toxicity in MH-S cells but promote release of vesicular VPS4a

(A) Adherent MH-S cells were treated with CSE (3%) or H202 (250 uM) for 1 h. Following treatment, cells were
washed and incubated for 20 h. CM aliquots were obtained for measurement of extracellular LDH, and maximal
measurable LDH release was determined by incubating cells with lysis buffer for 20 h. Data (mean + SEM) are
representative of 3 independent experiments with each condition analyzed in technical duplicates. Significance was
determined by one-way ANOVA. (B) Adherent MH-S cells were treated with specified concentrations of H20x for 1
h. Following treatment, cells were washed and cultured for 20 h. Vesicular fraction samples were harvested and probed
for VPS4a by Western blot. Data are from 1 experiment representative of 3 independent experiments. Ctrl. = control.
*akk p <0.0001 versus control. “Circles” indicate data points for Ctrl. samples, “squares” indicate data points for
CSE samples, “triangles” indicate data points for H2O2 samples, and “open circles” indicate data points for lysis buffer
samples.

To further investigate the oxidative stress response in MH-S cells, we first measured ROS
levels following CSE treatment. Stimulation with CSE led to increases in MH-S cell ROS that
paralleled those for SOCS3 secretion (Figure 2-3B). Furthermore, as with primary AMs, pre-
treatment of MH-S cells with NAC completely abrogated the stimulatory effects of CSE on SOCS3
secretion (Figure 2-3C).

Accumulation of ROS in CSE-treated MH-S cells was not observed before 4 h following

the addition of CSE (data not shown), suggesting that measured ROS were generated from
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endogenous cellular sources, rather than reflecting those delivered directly by the CSE itself.
Although CSE has been reported to promote mitochondrial ROS production (212,213), pre-
treatment of MH-S cells with the mitochondria-specific anti-oxidant MitoTEMPO (10 uM) had no
effect on SOCS3 secretion in response to CSE (data not shown). Finally, to interrogate whether
exogenous sources of ROS exerted the same effect as endogenous ROS on SOCS3 release, we
treated MH-S cells for 1 h with increasing doses of the important oxidant species H2Ox. In a similar
manner to CSE, H>O» treatment led to dose-dependent increases in SOCS3 secretion by MH-S
cells (Figure 2-3D) without causing significant increases in cytotoxicity (Figure 2-4A). In
parallel, H>O; also enhanced >100-kDa release of VPS4a (Figure 2-4B), an ATPase whose
vesicular recruitment is required for endosomal sorting complexes required for transport (ESCRT)-
dependent EV biogenesis (220), thus indicating active release of EVs. A similar but modest and
inconsistent effect on vesicular VPS4a secretion was observed following the treatment of MH-S
cells with CSE (data not shown). Taken together, these data demonstrate that both endogenous and
exogenous sources of ROS significantly potentiate the active secretion of vesicular SOCS3 by

MH-S cells.

CSE Augments MH-S Cell Secretion of SOCS3 by Stimulating Production of, and Packaging of
SOCS3 into, EVs

We reasoned that the stimulatory effect of ROS on the secretion of vesicular SOCS3 could
be caused by three mechanisms, either acting alone or in combination: 1) Increasing the
intracellular pool of SOCS3 available for secretion in EVs; 2) enhancing the total number of EVs
released; and/or 3) specifically augmenting the packaging of SOCS3 per released EV. To
determine whether CSE increased intracellular expression of SOCS3, we measured protein levels

in MH-S cell lysates by Western blot 20 h after exposure. As demonstrated for primary AMs
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(Figure 2-1B), CSE had no effect on SOCS3 expression in MH-S cells (Figure 2-5A). These
results suggested that the stimulatory effects of ROS on SOCS3 secretion were independent of

increased intracellular content, and instead reflect increased EV production and/or vesicular

SOCS3 packaging.
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Figure 2-5: CSE potentiates MH-S cell production of EVs and packaging of vesicular SOCS3

(A-B) Adherent MH-S cells were treated (1 h) with specified concentrations of CSE, washed, and cultured for 20 h.
(A) Lysates were collected and SOCS3 expression was assessed by Western blot, with GAPDH as a loading control.
Densitometry data (mean + SEM) are from >3 independent experiments, and significance analyzed by one-way
ANOVA. (B) EVs were collected by 100-kDa centrifugal filtration, diluted in PBS, and quantified by NTA. Data are
from 3 independent experiments in which >3 capture periods (60 s) were analyzed for each sample. Significance was
determined using a paired sample ¢-test. (C) EVs were isolated by sequential ultracentrifugation of CM at 17,000 x g
and 100,000 x g to pellet IEVs and sEVs, respectively, and probed for SOCS3 via Western blot. Dashed lines indicate
splicing of discontinuous lanes from the same blot. Data are from 1 experiment representative of 3 independent
experiments. (D) Prior to treatment (1 h) with CSE, MH-S cells were labeled with CFSE. Unlabeled cells were also
treated with CSE in parallel for measuring secretion of vesicular SOCS3 into CM. Following treatment, wash, and
culture of cells for 20 h, CM was collected, and vesicular fraction samples were either probed for SOCS3 via Western
blot (left panel, top) or CFSE fluorescence determined (left panel, bottom). SOCS3 packaging was then measured, as
described in “Methods” (right panel). Data (mean + SEM) are from >3 independent experiments, and significance
was determined using paired sample #-test. Ctrl. = control. * and **, p <0.05 and p < 0.01, respectively versus control.
“Circles” indicate data points for Ctrl. samples and “squares” indicate data points for CSE samples.
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As oxidative stress has been previously demonstrated to enhance generation of total EVs
(89,221-223), we quantified EVs in MH-S cell CM using NTA. In accordance with these prior
reports, elaboration of EVs from MH-S cells treated with CSE was increased (Figure 2-5B and
Figure 2-6). Increases in EV numbers were localized to those >100 nm in diameter, which was
consistent with the size range reported for IEVs (82,83). To determine whether the stimulatory
effect of CSE on SOCS3 secretion paralleled this effect on EV production, we performed
differential ultracentrifugation using well-defined sedimentation rates (82,83) to isolate a 17,000
x g IEV pellet and 100,000 x g sEV pellet. As previously reported (51), basal SOCS3 secretion by
MH-S cells was detected in IEVs but not sEVs (Figure 2-5C). Additionally, and consistent with
our NTA data, CSE promoted robust increases in SOCS3 packaging in a IEV fraction but not sEV
fraction (Figure 2-5C). These differential centrifugation data both confirmed the localization of
SOCS3 in CM to EVs and further demonstrated that CSE potentiates vesicular release of SOCS3

specifically in IEVs.
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Figure 2-6: Histograms of NTA data collected for MH-S cells stimulated with CSE

(A) Adherent MH-S cells were treated (1 h) with CSE, washed, and cultured for 20 h. EVs were collected by 100-kDa
centrifugal filtration, diluted in PBS, and quantified by NTA. Data (mean +£ SEM) are from 3 independent experiments
in which >3 capture periods (60 s) were analyzed for each sample. Ctrl. = control.

The incremental increase in EV production (Figure 2-5B) was quantitatively insufficient
to account for the relatively greater fold change in vesicular SOCS3 secretion caused by CSE
(Figure 2-3A). These results suggested that, in addition to enhancing EV biogenesis — thus leading
to non-specific increases in SOCS3 release — ROS may also augment the amount of SOCS3
specifically packaged per EV. As SOCS3 is a cytosolic protein, we developed a novel assay to

semi-quantitatively assess the effects of CSE on vesicular release of SOCS3 relative to the total
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amount of all intracellular proteins packaged into MH-S cell-derived EVs. Specifically, we labeled
MH-S cells with CFSE and quantified the relative fluorescence in a vesicular fraction following
treatment with CSE as a measure of overall intracellular protein content in EVs. Consistent with
the increased EV generation determined by NTA, treatment with CSE caused significant increases
in the total amount of intracellular proteins (i.e., CFSE fluorescence) present in a vesicular fraction
(Figure 2-5D). However, determination of the relative ratio of vesicular SOCS3 to vesicular
intracellular protein content in parallel samples of CM from the same cultures revealed that CSE
disproportionally augmented the release of SOCS3 in EVs (Figure 2-5D). These data suggested
that some proportion of the oxidant-induced increment in intracellular protein packaging into MH-
S-derived EVs was specific to SOCS3. To our knowledge, this semi-quantitative assay provided
the most specific and unbiased interrogation of intracellular protein packaging yet reported. That
CSE specifically enhanced SOCS3 packaging within EVs was further supported by employing an
alternative but arguably less specific assay that determined the relative ratio of vesicular SOCS3
to the total amount of annexin V" M Vs (the subset of EV's previously reported (51) to preferentially
encapsulate SOCS3) present in MH-S cell CM, as determined by Western blot and flow cytometry,
respectively (Figure 2-7). In tandem, these data suggest that, in addition to increasing the total
amount of EVs produced by MH-S cells, ROS also specifically augment the amount of SOCS3

packaged into secreted EVs.
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Figure 2-7: Flow cytometric analysis of CSE effects on MV production and vesicular SOCS3 packaging by MH-
S cells

(A) Adherent MH-S cells were treated for 1 h with indicated concentrations of CSE, washed, and cultured for 20 h.
Aliquots were obtained from CM for quantification of MVs by flow cytometry (left panels). EVs were then
concentrated in remaining CM samples by 100-kDa centrifugal filtration for probing of secreted vesicular (>100-kDa)
SOCS3. SOCS3 packaging was then determined, as described in “Methods” (right panel). Data (mean £ SEM) are
from >3 independent experiments, and significance analyzed by one-way ANOVA. Ctrl. = control. ** and ***, p <
0.01 and p < 0.001, respectively versus control. “Circles” indicate data points for Ctrl. samples and “squares” indicate
data points for CSE samples.

Inhibition of the 20S Proteasome Mimics the Stimulatory Effects of ROS on Vesicular SOCS3
Secretion by MH-S Cells

Cargo sorting and biogenesis of plasma membrane (PM)-derived EVs are known to rely,
at least in part, on the recruitment of adaptor proteins such as arrestin domain-containing protein
1 (ARRDC1) to the cell surface (105,125,126,224). Furthermore, polyubiquitination of ARRDC1
is known to augment the production of PM-derived EVs (105). The association observed between
altered proteasome activity and SOCS3 secretion led us to hypothesize that ROS might stimulate
SOCS3 packaging in MH-S cells by inhibiting the proteasome, thus potentially increasing the
amount of polyubiquitinated ARRDCI1 available to facilitate enhanced cargo sorting and EV

biogenesis.
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We first sought to confirm that ROS at the concentrations we employed inhibit catalytic
activity of the 20S proteasome in MH-S cells. In accordance with prior observations in other cell
types (148,225,226), treatment with H>O> led to a dose-dependent reduction in 20S proteasome
activity (Figure 2-8A); notably, the doses of H>O» required for substantial inhibition of the 20S
proteasome (100 uM and 250 pM) were those that most prominently increased vesicular release of
SOCS3 by MH-S cells (Figure 2-3D). CSE also inactivated the 20S proteasome (Figure 2-8A),
but only at the dose (3%) at which it augmented secretion of vesicular SOCS3 (Figure 2-3A). Pre-
treatment of MH-S cells with NAC completely abrogated the inhibitory effect of CSE on 20S
proteasome activity (Figure 2-8B), thus demonstrating that the ability of CSE to inhibit the 20S
proteasome is ROS-dependent, just as is its ability to stimulate vesicular SOCS3 release.
Analyzing all our experimental data with CSE and H>O», there was a strong quantitative correlation
between the degree of proteasome inhibition within MH-S cells and the amount of SOCS3

secretion within EVs elicited by ROS (Figure 2-8C).
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Figure 2-8: Oxidative inactivation of the proteasome in MH-S cells correlates with enhanced release of vesicular
SOCS3

(A-B) Adherent MH-S cells were treated with indicated concentrations of H202 or CSE for 1 h, washed, and cultured
for 20 h. Lysates were collected and proteasome activity was determined. Duplicate samples were analyzed for each
condition, and data (mean + SEM) are from >3 independent experiments. Significance was determined by one-way
ANOVA. (B) Prior to CSE (3%) stimulation of MH-S cells, NAC (50 uM) was added to cells for 1 h and maintained
for the subsequent 20 h incubation. Duplicate samples were analyzed for each condition, and data (mean + SEM) are
from >3 independent experiments. Significance was determined by one-way ANOVA. (C) Vesicular SOCS3 secretion
data collected for every dose of CSE and H20: specified in Figure 2-3A and Figure 2-3D were correlated with 20S
proteasome activity data collected for parallel CSE and H20: treatments, as specified in Figure 2-8A. Results are
depicted on an XY plot with the correlation coefficient (r and r?) and p-value (two-tailed) stated. Ctrl. = control, ***%*
p <0.0001 versus control. In (A-B) “circles” indicate data points for Ctrl. samples, “triangles” indicate data points for
H20: samples, and “squares” indicate data points for CSE samples.

Although these data established a strong association between oxidant enhancement of
SOCS3 secretion in EVs and inhibition of 20S proteasome activity in MH-S cells, we sought to
definitively demonstrate a causal role for the proteasome in controlling vesicular SOCS3 secretion.

To do so, we treated MH-S cells with two known proteasome inhibitors, MG132 and bortezomib,
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hypothesizing that proteasome inactivation by pharmacologic agents would mimic the
proteasome-inhibitory and SOCS3 secretion-stimulatory effects of ROS. Indeed, MG132
substantially augmented levels of SOCS3 released by MH-S cells (Figure 2-9A). Likewise,
bortezomib, a highly potent inhibitor of 20S proteasome activity (Figure 2-10A) (227), also
augmented vesicular SOCS3 release by MH-S cells (Figure 2-9B), albeit at 10-fold lower
concentrations than MG132; this effect was independent of any apparent cellular cytotoxicity
(Figure 2-10B) and involved parallel increases in the release of vesicular VPS4a (Figure 2-10C).
Taken together, these results are suggestive of a model in which at baseline, the proteasome acts

as an endogenous brake on MH-S cell secretion of SOCS3, which can be disrupted by ROS to

actively potentiate SOCS3 release in EVs.
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Figure 2-9: Inhibition of the proteasome stimulates MH-S cell secretion of vesicular SOCS3

(A-B) Adherent MH-S cells were treated with specified concentrations of MG132 or bortezomib for 20 h. EVs were
harvested by 100-kDa centrifugal filtration and SOCS3 secretion was determined by Western blot of total vesicular
fraction (>100-kDa) samples. Densitometry data (mean = SEM) are from >3 independent experiments, and
significance analyzed by one-way ANOVA. DMSO = DMSO control. *, p <0.05 versus DMSO control. “Hexagons”

indicate data points for DMSO samples, “inverted triangles” indicate data points for MG132 samples, and “diamonds”
indicate data points for bortezomib samples.
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Figure 2-10: Bortezomib dose-dependently inhibits the proteasome and augments release of vesicular VPS4a
without causing toxicity in MH-S cells

(A-B) Adherent MH-S cells were treated with the specified concentrations of bortezomib for 20 h. (A) Lysates were
collected and proteasome activity was determined. Duplicate samples were analyzed for each condition, and data
(mean + SEM) are from 3 independent experiments. Significance was determined by one-way ANOVA. (B) CM
aliquots were obtained for measurement of extracellular LDH, and maximal measurable LDH release was determined
by incubating cells with lysis buffer for 20 h. Data (mean £ SEM) are representative of 3 independent experiments
with each condition analyzed in technical duplicates, and significance determined by one-way ANOVA. (C) Adherent
MH-S cells were treated with specified concentrations of bortezomib for 20 h. Vesicular fraction samples were
harvested and probed for VPS4a by western blot. Data are from 1 experiment representative of 2 independent
experiments. DMSO = DMSO control. **** p <0.0001 versus DMSO control. “Hexagons” indicate data points for
DMSO samples, “diamonds” indicate data points for bortezomib samples, and “open circles” indicate data points for
lysis buffer samples.
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Proteasome Inactivation in MH-S Cells Augments SOCS3 Secretion by Stimulating Production of,
and Packaging of SOCS3 into, EVs

As with CSE exposure, we next sought to determine whether the stimulatory effect of
proteasome inhibitors on SOCS3 secretion by MH-S cells reflected increases in intracellular
SOCS3 expression, production of EVs, and/or vesicular packaging of SOCS3. As our data
suggested that oxidative inactivation of the proteasome was responsible for the increases in SOCS3
secretion promoted by CSE (Figure 2-8 and Figure 2-9), we hypothesized that proteasome
inhibitors similarly acted by increasing both EV production and SOCS3 packaging. Indeed,
treatment of MH-S cells with either MG132 or bortezomib failed to significantly alter intracellular
SOCS3 expression (Figure 2-11A). Although bortezomib at a dose of 1 uM caused increased
production of EVs with diameters <100 nm and >100 nm (Figure 2-11B and Figure 2-12), its
stimulatory effect on SOCS3 secretion was, as with that of CSE, localized to a 17,000 x g IEV
pellet but not a 100,000 x g sEV pellet (Figure 2-11C). Furthermore, we noted that the <two-fold
change in EV production was insufficient to account for the ~30-fold increase in vesicular SOCS3
secretion caused by bortezomib (Figure 2-9B). To semi-quantitatively determine if bortezomib,
like ROS, promoted increases in vesicular SOCS3 packaging, we employed the CFSE-based
SOCS3 packaging assay to show that bortezomib disproportionally augmented release of SOCS3
in EVs relative to other intracellular proteins (Figure 2-11D). Such an effect on packaging was
also supported by determining the relative ratio of vesicular SOCS3 to the total amount of annexin
V' MVs present in MH-S cell CM (Figure 2-13). Therefore, taken together, our data demonstrate
that proteasome inhibitors act in the same manner as CSE to both elevate production of EVs and

to specifically augment the amount of SOCS3 packaged into secreted EVs.
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Figure 2-11: Inactivation of the proteasome potentiates MH-S cell production of EVs and packaging of
vesicular SOCS3

(A-B) Adherent MH-S cells were treated for 20 h with specified concentrations of MG132 or bortezomib. (A) Lysates
were collected and SOCS3 expression was assessed by Western blot, with GAPDH as a loading control. Densitometry
data (mean = SEM) are from >3 independent experiments, and significance analyzed by one-way ANOVA. (B) EVs
were collected by 100-kDa centrifugal filtration, diluted in PBS, and quantified by NTA. Data (mean + SEM) are from
>3 independent experiments in which >3 capture periods (60 s) were analyzed for each sample. Significance was
determined using paired sample #-test. (C) EVs were isolated by sequential ultracentrifugation of CM at 17,000 x g
and 100,000 x g to pellet IEVs and sEVs, respectively, and probed for SOCS3 via Western blot. Dashed line indicates
splicing of discontinuous lanes from the same blot. Data are from 1 experiment representative of 3 independent
experiments. (D) Prior to stimulation with bortezomib, MH-S cells were labeled with CFSE. Unlabeled cells were
also treated with bortezomib in parallel for measuring secretion of vesicular SOCS3. Following treatment, wash, and
culture of cells for 20 h, vesicular fraction samples were concentrated via 100-kDa centrifugal filtration and either
probed for SOCS3 via Western blot (left panel, top) or CFSE fluorescence (left panel, bottom). SOCS3 packaging was
then measured, as described in “Methods” (right panel). Data (mean = SEM) are from >3 independent experiments,
and significance analyzed using paired sample #-test. DMSO = DMSO control. * and **, p < 0.05 and p < 0.01,
respectively versus DMSO control. “Hexagons” indicate data points for DMSO samples, “inverted triangles” indicate
data points for MG132 samples, and “diamonds” indicate data points for bortezomib samples.
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Figure 2-12: Histograms of NTA data collected for MH-S cells treated with bortezomib

(A) Adherent MH-S cells were treated (20 h) with bortezomib (1 uM). EVs were collected by 100-kDa centrifugal
filtration, diluted in PBS, and quantified by NTA. Data (mean = SEM) are from >3 independent experiments in which
>3 capture periods (60 s) were analyzed for each sample. DMSO = DMSO control.
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Figure 2-13: Flow cytometric analysis of proteasome inhibitor effects on MV production and vesicular
SOCS3 packaging by MH-S cells

(A-B) Adherent MH-S cells were treated for 20 h with indicated concentrations of MG132 or bortezomib. Aliquots
were obtained from CM for quantification of MVs by flow cytometry (left panels). EVs were then concentrated in
remaining CM samples by 100-kDa centrifugal filtration for probing of secreted vesicular (>100-kDa) SOCS3.
SOCS3 packaging was then measured, as described in “Methods” (right panel). Data (mean £ SEM) are from >3
independent experiments, and significance analyzed by one-way ANOVA. DMSO = DMSO control. * and **** p <
0.05 and p < 0.0001, respectively versus DMSO control. “Hexagons” indicate data points for DMSO samples,
“inverted triangles” indicate data points for MG132 samples, and “diamonds” indicate data points for bortezomib
samples.

Discussion
Using CSE treatment as a clinically relevant in vitro model for oxidative stress within the
alveolar microenvironment, we demonstrate that ROS augment vesicular SOCS3 release by

primary and immortalized AMs (i.e., MH-S cells), a phenomenon attributable at least in part to
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catalytic inactivation of the 20S proteasome. These results are the first to suggest that proteasomal
control over secretion of EVs and vesicular cargoes is subject to dynamic regulation by
microenvironmental stimuli. Further, our findings expand on the limited body of literature
illuminating the critical importance of proteasome activity for dictating extracellular elaboration
of vesicular content (203). Although we anticipate that this interplay between microenvironmental
signals, proteasome function, and EV number/composition extends to other tissue contexts, the
importance of oxidative stress as a determinant of these processes may be especially meaningful
in the oxidant-rich environment of the distal lung. Although the incremental increases in MH-S
cell vesicular SOCS3 secretion caused by ROS and proteasome inhibitors are quantitatively
modest, our previous findings predict that changes of this magnitude are sufficient to significantly
dampen STATS3 signaling in AECs. We therefore anticipate that augmented SOCS3 release by
AMs assumes an important role for inflammatory restraint in the hyperoxic alveolar milieu.

We also sought to mechanistically determine whether the alterations in SOCS3 release by
MH-S cells subjected to oxidant stress and proteasome inhibition involved changes in intracellular
SOCS3 expression, EV secretion, and/or specific packaging of SOCS3 into EVs. To our
knowledge, no previous study has applied such semi-quantitative methods to interrogate the
mechanistic basis for regulated packaging of a vesicular cargo. We developed a novel CFSE-based
packaging assay to semi-quantitatively assess SOCS3 release relative to other EV-packaged
intracellular proteins, all of which would be expected to be labeled to a comparable extent by
CFSE. We consider this unbiased and global readout of intracellular protein secretion to be
superior to analyses based on measuring the secretion of a single such protein (e.g., f-actin) (228),
which is likely to be subject to its own dynamic regulation by endogenous/exogenous stimuli.

Using this assay, we found that the stimulatory effects of CSE and bortezomib on SOCS3 release
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were at least in part a reflection of its greater specific packaging within MH-S cell-derived EVs.
However, we cannot fully discount the possibility that passive incorporation of cytosolic content
into budding EVs contributed to observed increases in SOCS3 secretion. Future studies should
couple packaging assays with biochemical characterization of a vesicular fraction to additionally
confirm absence of non-vesicular cytosolic constituents in the context of an exogenous stimulus.
Nevertheless, our findings advance semi-quantitative assessment of intracellular protein packaging
and highlight the need to develop analogous modalities for measuring the sorting of vesicular
cargoes originating in other cellular compartments.

We acknowledge three methodologic concerns that limit our overall stated conclusions.
The first of these is our use of Western blot to semi-quantitatively assess changes in vesicular
SOCS3 release. Despite our best efforts to correct for background and optimize a linear dynamic
range for each experiment, it is nonetheless likely that the densitometry value measured for
vesicular SOCS3 by Western blot is not a perfect linear correlate to its absolute concentration.
Therefore, although the semi-quantitative effects of ROS and proteasome inhibitors on SOCS3
packaging and secretion were strikingly consistent across experiments, the exact magnitude of
these effects remain unclear. It will be important for follow-up studies to employ more precise
methodologies that enable the measurement of absolute changes in EV content to fully appreciate
the influence of microenvironmental factors on regulated cargo sorting. Second is the limitation of
using 100-kDa filtration for measuring vesicular SOCS3 and vesicular CFSE fluorescence given
the myriad non-EV mechanisms that could contribute to the release of cytosolic content into CM.
Cytotoxicity assays revealed no accumulation of extracellular LDH following treatment of MH-S
cells with CSE or bortezomib, thus arguing against a meaningful contribution of cell lysis to the

amount of SOCS3 and CFSE measured in the >100-kDa concentrate. Additionally, given our
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foundational report describing an unconventional, temperature-dependent mechanism of SOCS3
secretion specifically confined to annexin V* IEVs pelleted at 17,000 x g, here we used
ultracentrifugation to confirm localization of SOCS3 in CM to IEVs and verify that changes in
SOCS3 release detected by 100-kDa size-exclusion paralleled those observed in a 17,000 x g pellet
(51). Data showing comparable changes in SOCS3 secretion using these two approaches support
our conclusion that the effects of oxidative stress and proteasome inhibition on SOCS3 release are
specific to a vesicular fraction. As further evidence that ROS and proteasome inhibitors actively
potentiate SOCS3 secretion within EVs rather than via some passive, non-specific mechanism, we
observed increased vesicular (i.e., >100-kDa) secretion of VPS4a by MH-S cells treated with ROS
and bortezomib. As vesicular recruitment of VPS4a is required for EV biogenesis (220), our results
— which paralleled the effect of these treatments on SOCS3 release by MH-S cells — strongly
suggest that oxidative stress/proteasome inactivation specifically and actively promote EV cargo
sorting, biogenesis, and release. Additionally, we observed near parallel increases in EV number
and vesicular CFSE fluorescence caused by CSE and bortezomib using our novel packaging assay.
These data argue in favor of EVs as being the predominant contributor to CFSE fluorescence
detected in a >100-kDa concentrate and support our conclusion of enhanced vesicular SOCS3
sorting relative to the total intracellular protein pool. Lastly, we acknowledge the limitation of
defining EV fractions according to sedimentation velocity without providing physical or
biochemical verification of EV size, purity, or enrichment of known molecular markers.
Importantly, we observed parallel increases in the secretion of >100 nm EVs (by NTA) and
packaging of SOCS3 in a 17,000 x g pellet following treatment of MH-S cells with CSE and
bortezomib. Importantly, these treatments had minimal or no effect on secretion of <100 nm EVs

and packaging of SOCS3 in a 100,000 x g pellet. Therefore, our results strongly argue in favor of
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the conclusion that ROS and proteasome inhibitors achieve their stimulatory effects on SOCS3
secretion by specifically augmenting packaging in IEVs. However, it will be important for future
studies to demonstrate parallel enrichment of known markers — for example, a-actinin-4 in IEVs
and CD81 in sEVs (82,83) — to corroborate specificity in EV cargo sorting.

ROS effects on miRNA and mRNA content of EVs have been previously described
(89,223,229,230), though data on ROS regulation of vesicular protein sorting remains limited
(231). To our knowledge, oxidative stress has not been demonstrated to specifically alter the
packaging of a protein resident to the cytosol. The extant body of literature reporting ROS effects
on EVs is limited to studies of the effect of exogenous H2O;. Our data additionally demonstrated
that the generation of endogenous ROS via treatment of MH-S cells with CSE was sufficient for
augmenting SOCS3 release. CSE is known to promote the production of intracellular ROS
primarily through its actions on nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
and mitochondrial activity (212-217). Our results suggested that the effects of CSE on stimulated
SOCS3 release by MH-S cells did not involve mitochondrial ROS generation. Therefore, we
suspect that the activation of NADPH oxidase complexes by CSE caused elevated levels of ROS
and corresponding increases in SOCS3 secretion by AMs. However, the involvement of other
enzymatic (e.g., lipoxygenase, xanthine oxidase, etc.) and organellar (e.g., endoplasmic reticulum)
sources of ROS following exposure to CSE (232-236) is possible. It will be informative in future
studies to determine whether all sources of intracellular ROS act similarly to alter mechanisms of
EV biogenesis and/or cargo packaging, or whether there is specificity in modulatory actions for
ROS generated by particular enzymes and/or in particular subcellular compartments.

Despite the critical importance of protein turnover for maintaining cellular homeostasis

and the recognition that proteasome components are packaged in EVs (237-240), investigation into
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the functional crosstalk between proteasome activity and EVs is limited. Bortezomib was first
reported to suppress the production of EVs by T-lymphocytes activated to undergo apoptosis by
UVB irradiation (237). These results suggested that the proteasome promotes the secretion of EVs
in the presence of an exogenous stimulus. However, a recent report using resting multiple myeloma
cells demonstrated a stimulatory role for bortezomib on production of EVs (203). These data
highlight differences in the directionality of proteasome regulation of EV biogenesis, depending
on whether an activating stimulus is present. Our study using MH-S cells supports a model in
which — at steady state — the proteasome acts as a brake on vesicular SOCS3 packaging and EV
secretion, which can be released upon its inactivation by oxidative stress. While our quantitative
packaging data demonstrate augmented sorting of SOCS3 into EVs by exposure of MH-S cells to
CSE and bortezomib, the effects of these stimuli on the packaging of global cargo contents of AM-
derived EVs is unknown. Notably, Zarfati et al. demonstrated broad alterations in pro-
inflammatory and pro-angiogenic growth factor proteins present in EVs elaborated from multiple
myeloma cells following bortezomib treatment. Given the growing interest in the use of
bortezomib as a therapeutic, not merely in the context of multiple myeloma (241) but also in tissue
fibrosis (242-244), it is intriguing to speculate that the drug’s protective effects are in part mediated
by changes in vesicular communication, as has been previously suggested (203).

Although increases in vesicular SOCS3 release and proteasome inhibition during oxidative
stress were strongly correlated (Figure 2-8), we were limited in our ability to causally link these
two processes. Our attempts to overcome the stimulatory effects of ROS on SOCS3 release by
overexpressing proteasome catalytic subunits were thwarted by low transfection efficiency.
Additionally, treatment of MH-S cells using small molecule proteasome activator compounds was

ineffective due to the non-specific nature of these drugs. Consequently, we cannot exclude the
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possibility that some proportion of the augmentation of SOCS3 secretion by ROS is independent
of proteasome inactivation. Given the breadth of ROS effects on cellular function, it is likely that
regulation of vesicular cargo release by oxidants is mechanistically multifaceted. Nonetheless,
taken together, our data do argue that proteasome inhibition represents at least one important
mechanism by which oxidative stress potentiates the packaging and release of cytosolically
packaged vesicular proteins.

While our original report described tonic SOCS3 secretion exclusively in annexin V¥ MVs
pelleted at 17,000 x g (51), it is still unclear whether stimulated release by ROS and/or proteasome
inhibitors involved SOCS3 packaging and release within both MVs and Exos. Of note, our NTA
data indicated that the majority of CSE effects and much of bortezomib effects on stimulated EV
release by MH-S cells were specific to those with a diameter of 100-300 nm, consistent with the
size range reported for IEVs, including classical MVs (197). However, bortezomib did also cause
a notable increase in EVs <100 nm in diameter, thus raising the possibility that SOCS3 undergoes
stimulus-specific packaging into smaller MVs or Exos. Nevertheless, leveraging the well-defined
sedimentation properties of EVs (82,83) we show that the stimulatory effects of CSE and
bortezomib on SOCS3 secretion were entirely exclusive to a 17,000 x g IEV pellet but not 100,000
x g SEV pellet collected from MH-S cells. Therefore, we suggest that proteasome inhibition causes
heightened packaging and release of SOCS3 predominantly within larger PM-derived MVs, but
cannot discount the possibility that SOCS3 is subject to some amount of vesicular sorting via an
endosomal pathway. Accordingly, given the potential crosstalk between secretory endocytic and
autophagic systems (245), we also cannot eliminate a potential role for autophagy in elaborating
an unconventional mechanism of vesicular SOCS3 release. Indeed, ROS (246-248) and

proteasome inhibitors (249,250) are known to enhance autophagy, thus raising the possibility that
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these stimuli might potentiate SOCS3 release by AMs by increasing fusion and secretion of
autophagic/endosomal compartments.

The molecular adaptors and targeting elements that are responsible for vesicular sorting of
biomolecules, particularly for cytosolic proteins packaged at the PM, represent a major gap in
current knowledge (251). However, it is known that, in addition to serving as the post-translational
signal responsible for targeting of substrates to the proteasome, polyubiquitination of the cargo-
sorting adaptor protein ARRDC1 also enhances biogenesis of MVs at the PM (105,125,126,224).
This is achieved via ARRDCI recruitment of ESCRT machinery, which is critical for vesicle
budding and release (105,220,252). Accumulation of intracellular polyubiquitinated substrates is
a known consequence of proteasome inhibition (150,151). Therefore, we speculate that oxidative
inactivation of the proteasome potentiates SOCS3 release from AMs due to increases in
polyubiquitinated ARRDCI1, thus causing enhanced cargo sorting and MV secretion from the PM.
Determining the role of ARRDC1 in SOCS3 packaging, both at steady-state and under stimulatory
conditions, is of substantial interest to our laboratory; unfortunately, our preliminary efforts to
evaluate this possibility were hindered by the lack of reagents applicable to non-human
experimental systems.

In summary, we have illuminated a previously unknown mechanism in which proteasomal
control over vesicular secretion of the cytosolically localized protein SOCS3 is tuned in AMs by
oxidative stimuli. We have also developed a novel assay to demonstrate that the enhanced release
of vesicular SOCS3 caused by oxidative inactivation of the proteasome is at least in part due to
specific increases in vesicular SOCS3 packaging. Future studies will focus on identifying the
molecular chaperones and/or targeting elements sensitive to proteasome inhibition and responsible

for the sorting of SOCS3 into EVs. Further, follow-up experimentation will determine the breadth
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of proteasome effects on cargo content within, and on functional roles of, AM-derived EVs in the

alveolar microenvironment.
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Chapter 3 — ATP Citrate Lyase Links Increases in Glycolytic Flux to Diminished Release of
Vesicular SOCS3 by Alveolar Macrophages

At the time of dissertation submission, this chapter is being prepared for publication:
Haggadone MD, Speth J, Hong H, Penke LR, Zhang E, Lyssiotis CA, Peters-Golden M. ATP

Citrate Lyase Links Increases in Glycolytic Flux to Diminished Release of Vesicular SOCS3 by
Alveolar Macrophages.

Abstract

Extracellular vesicles (EVs) are important vectors for intercellular communication. Lung-
resident alveolar macrophages (AMs) tonically secrete EVs containing suppressor of cytokine
signaling 3 (SOCS3), a cytosolic protein that promotes homeostasis in the distal lung via its actions
in recipient neighboring epithelial cells. AMs are metabolically distinct and exhibit low levels of
glycolysis at steady state. To our knowledge, whether cellular metabolism influences the
packaging and release of an EV cargo molecule has never been explored in any cellular context.
Here, we report that increases in glycolysis following in vitro exposure of AMs to the growth and
activating factor granulocyte-macrophage colony-stimulating factor inhibit the release of vesicular
SOCS3 by primary AMs. Glycolytically diminished SOCS3 secretion requires export of citrate
from the mitochondria to the cytosol and its subsequent conversion to acetyl-CoA by ATP citrate
lyase. Our data for the first time implicate perturbations in intracellular metabolites in the

regulation of vesicular cargo packaging and secretion.

Introduction
Intercellular communication is central to the maintenance of tissue homeostasis. Cell-cell

contact and the release of soluble factors have long been recognized as means of cellular crosstalk.
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More recently, extracellular vesicles (EVs) have become increasingly appreciated for their role as
vehicles for the transfer of information amongst cells (197,253). EVs are small, membrane-
delimited structures that encapsulate a diverse array of molecular cargoes (e.g., lipids, nucleic
acids, and proteins) and which alter phenotype and function when internalized by recipient cells
(198). Historically, EVs have been classified into two major populations, exosomes (Exos) and
microvesicles (MVs), distinguishable by mode of biogenesis and once thought to categorically
differ in size and molecular composition. However, recent observations have revealed substantial
overlap in the biochemical properties of Exos and MVs (82,83), thus complicating their
discrimination.

The lung is a distinctive milieu that is continuously exposed to exogenous insults including
microbes, antigens, and toxins. The protective inflammatory responses directed towards these
inhaled environmental stimuli must be appropriately restrained to ensure preserved physiologic
function. Achieving this delicate balance of response vs. restraint requires crosstalk between the
two predominant cellular constituents of the alveoli — 1) the alveolar epithelial cells (AECs) that
comprise the respiratory surface and 2) the alveolar macrophages (AMs) that are the most
numerous resident immune cells. Our laboratory has recently shown that AMs secrete EVs
enriched with the anti-inflammatory cytosolic protein suppressor of cytokine signaling 3 (SOCS3),
which are taken up by neighboring AECs (51). This acquisition of AM-derived, SOCS3-containing
EVs by AECs serves as a homeostatic mechanism for dampening pro-inflammatory Janus kinase
(JAK)-signal transducer and activator of transcription 3 (STAT3) signaling responses within the
lung in vitro and in vivo (51,86,87,129). Although we have shown the release of vesicular SOCS3
by AMs to be dynamically tuned by various endogenous and exogenous cues (51,85-87,254),

illuminating the cellular and molecular mechanisms that control vesicular SOCS3 secretion has
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remained elusive. More broadly, the cellular processes mediating the modulated packaging and
release of vesicular cargo molecules of cytosolic origin are still poorly understood.

In addition to fulfilling the bioenergetic demands of the cell, metabolic processes are now
recognized to control basic immune cell function. For example, metabolic rewiring is associated
with functional changes that support the phenotypic characteristics of pro-inflammatory or
alternatively activated macrophages, depending on the stimulus (255). AMs, however, are
metabolically distinct among macrophage populations in that they exhibit remarkably low levels
of glycolysis at steady state (57,59,190-194), a metabolic phenotype programmed by the lung
microenvironment (192) that supports their quiescent functional status (57,59,190,192,195,196).
In cancer cells, changes in cellular metabolism have been shown to influence the subtype (256-
258) or number (259,260) of EVs secreted. To our knowledge, however, the ability of metabolic
rewiring to dynamically alter the packaging of an EV cargo molecule has never been studied.

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a pleiotropic cytokine
that promotes the survival and/or differentiation/activation of myeloid cells (261), including in the
lung where it shapes AM development (9,262). Additionally, GM-CSF is known to metabolically
remodel macrophages through glycolytic activation (263,264). Here, using GM-CSF as a
biologically relevant in vitro driver of metabolic reprogramming, we show that stimulation of
glycolytic activity in AMs inhibits the packaging and release of vesicular SOCS3. Increases in AM
glycolytic flux were linked to diminished SOCS3 release via the activity of ATP citrate lyase
(ACLY), the cytosolic enzyme responsible for converting glucose-derived citrate to acetyl-CoA
(173). Our studies implicate a critical role for mitochondrial metabolites in the regulation of
vesicular cargo packaging, thereby significantly advancing a mechanistic understanding of

metabolic control over EV content and biology.
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Methods
Isolation and in Vitro Treatment of Primary AMs for Detection of Secreted Vesicular SOCS3

As previously described (205), primary AMs were collected from the lavage fluid of
pathogen-free female Wistar rats (Charles River Laboratories, Wilmington, MA, USA). Animals
were maintained at the University of Michigan Unit for Laboratory Animal Medicine, and
experiments were conducted with approval by the Institutional Animal Care and Use Committee.
Isolated AMs (2 - 3 x 10° per well) were plated in serum-free RPMI 1640 culture medium (Thermo
Fisher Scientific, Waltham, MA, USA) in 6-well, polystyrene plates and adhered for at least 1 h.
Cells were then washed prior to treatment to remove EVs and other secreted products generated
during adherence to plastic. AMs were treated continuously with recombinant GM-CSF (50
ng/mL, BioLegend, San Diego, CA, USA) or the a-ketoglutarate analog dimethyloxalylglycine
(DMOG, 1 mM, Sigma-Aldrich, St. Louis, MO, USA) in serum-free medium for 20 - 24 h. For
glucose dose-response experiments, AMs were treated with 50 ng/mL GM-CSF in glucose-free
RPMI 1640 culture medium supplemented with the specified concentrations of D-(+)-glucose
(Sigma-Aldrich). AMs were also treated exogenously with sodium citrate or sodium acetate (both
I mM and from Sigma-Aldrich) in serum-free medium for 20 - 24 h. Additionally, the following
small-molecule inhibitors were used for in vitro studies: 2-deoxy-D-glucose (2-DG), UK-5099,
citrate transport protein (CTP) inhibitor, SB-204990, BMS-303141 (all from Sigma-Aldrich), and
acyl-CoA synthetase short chain family member 2 (ACSS2) inhibitor (Selleck Chemicals,
Houston, TX, USA). Inhibitors were added to AMs for 20 - 24 h during continuous treatment with

GM-CSF or sodium acetate.

EV Isolation
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Conditioned medium (CM) from AMs treated with GM-CSF was collected after 20 - 24 h
culture and centrifuged at 500 x g for 5 min and 2,500 x g for 12 min to remove dead cells, cell
debris, and apoptotic bodies. EVs were then isolated using two approaches, as previously described
(254). Briefly, for rapid concentration of a total vesicular fraction, CM was centrifuged at 4,000 x
g for 20 min in 100-kDa centrifugal filter units (MilliporeSigma, Burlington, MA, USA). The
resulting >100-kDa concentrate was used for analysis of SOCS3 secretion. Alternatively, EVs
were fractionated using ultracentrifugation by spinning CM at 17,000 x g for 160 min to pellet
17,000 x g EVs, from which the supernatant was then spun at 100,000 x g for 90 min to pellet
100,000 x g EVs. The resulting 17,000 x g and 100,000 x g EV fractions were used for analysis of

SOCS3 and EV secretion.

Western Blot

Vesicular SOCS3 elaborated by cultured AMs was evaluated by immunoblot analysis of
EV fractions consisting of either entire >100-kDa, 17,000 x g, or 100,000 x g EV samples. For
immunoblotting of cell lysates, protein concentrations were determined by DC protein assay (Bio-
Rad, Hercules, CA, USA), and aliquots containing 10 pug were used to detect SOCS3. All samples
were separated by SDS-PAGE using 12.5% gels to probe for SOCS3. Transfer of samples to
nitrocellulose membranes was performed using Trans-Blot Mini Nitrocellulose Transfer Packs
(Bio-Rad). Membranes were then blocked for 1 h with 4% BSA and incubated overnight with
monoclonal antibodies recognizing SOCS3 (mouse, SO1) (Abcam, Cambridge, GBR) or a-tubulin
(mouse, B-5-1-2) (Sigma-Aldrich). After washing and incubation (1 h) with peroxidase-
conjugated anti-mouse antibodies, the film was developed using ECL detection for lysate samples

or ECL Prime detection (both from GE Healthcare, Chicago, IL, USA) for vesicular SOCS3
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samples. Immunoblotting with the SOCS3 (SO1) antibody routinely identifies a single band at the

predicted molecular weight of 27 kDa (51), as demonstrated in Figure 3-1C.

Nanoparticle Tracking Analysis (NTA)

The ZetaView Twin 405/488 (Particle Metrix GmbH, Ammersee, DEU) was used to
determine the concentration of EVs secreted by AMs. Entire 17,000 x g or 100,000 x g EV
fractions collected from AMs were diluted in 3 mL RPMI 1640, and 3 captures of 1 mL were
collected per sample. Injection with RPMI 1640 culture medium was used to wash tubing in
between samples. Data are presented as 3 independent experiments with 3 captures performed per

experiment.

Isolation and in Vitro Treatment of Primary AMs for Quantitative PCR Analysis and Lactate Assay

Primary AMs were lavaged from the lungs of 6 - 8 week-old C57B1/6 female mice (Jackson
Laboratory, Bar Harbor, ME, USA) as previously described (51). AMs (0.5 - 1 x 10° cells per well
of a 6-well tissue culture plate) were adhered overnight in RPMI 1640 supplemented with 2% FBS,

washed, and then treated with GM-CSF (50 ng/mL) for 6, 12, or 24 h.

RNA Isolation and Quantitative Reverse Transcription PCR (RT-qPCR)

Total RNA was extracted from murine AMs using QIAGEN columns (QIAGEN, Hilden,
DEU) per manufacturer’s instructions and converted to cDNA via reverse transcription. Relative
gene expression of mouse Glutl, Hk2, Pfkp, and Idhl was determined by ACt method using SYBR
Green dye (Applied Biosystems, Foster City, CA) with B-actin (Actb) as a reference gene. The
following primer sequences were used: mGlutl Forward: CATGGTTCATTGTGGCCGAG;
mGlutl Reverse: GAAGAAGAGCACGAGGAGCA; mHk2 Forward:

TCATTGTGGGTACTGGCAGT; mHk2 Reverse: TGAGCCCATGTCGATCTCTC; mPtkp
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Forward: GAAGCCAAATGGGACTGTGT; mPfkp Reverse: CACGCACAGATTGGTTATGC;
mldhl Forward: ATCATCATTGGCCGACATGC; mldhl Reverse:
TCCTGGTTGTACATGCCCAT; mActb Forward: GACGGCCAGGTCATCACTAT; mActb

Reverse: GCACTGTGTTGGCATAGAGG.

L-Lactate Assay

Primary mouse AMs were isolated and cultured as described above. Cell culture
supernatants were collected after 3, 6, 12, and 24 h and centrifuged at 500 x g for 10 min to remove
dead cells and debris. Cell-free supernatants were then deproteinized using an Abcam
deproteinization kit per manufacturer’s instructions. Lactic acid content was determined in the
deproteinized cell culture supernatants using an L-Lactate Assay Kit (Abcam) per manufacturer’s

instructions.

Data Collection and Analysis

Results were from at least 3 independent experiments containing single samples per
condition unless otherwise specified. When AMs were cultured with GM-CSF in the presence of
various inhibitors or their vehicle controls, % SOCS3 secretion was calculated by dividing the
optical density (OD) of vesicular SOCS3 released from GM-CSF-treated AMs by the OD of
vesicular SOCS3 released from untreated AMs. Pooled data were expressed as mean £ SEM and
analyzed using the Prism 5.0 statistical program (GraphPad Software, San Diego, CA, USA).
Significance was determined using a paired student’s ¢-test and was inferred at a p <0.05. Asterisks

(*) were used to label significant values, as specified in the figure legends.

Results

GM-CSF Inhibits the Vesicular Packaging and Release of SOCS3 by AMs
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We have reported that AM secretion of SOCS3 within EVs is diminished in various
inflammatory disease states and following exposure to various pro-inflammatory mediators
(51,85,86). GM-CSF promotes inflammation within the lung (265-267) as well as the proliferation
(268-271) and functional activation (9,272) of AMs. To test its effects on AM SOCS3 secretion,
AMs were treated with GM-CSF for 20 - 24 h to allow for elaboration of EVs into CM and
subsequent detection of vesicular (>100-kDa) SOCS3 by Western blot. Indeed, treatment with
GM-CSF inhibited the release of AM vesicular SOCS3 (Figure 3-1A). Notably, this inhibitory
effect was unaccompanied by any change in SOCS3 levels detected in AM lysates (Figure 3-1B).
These data suggest that GM-CSF inhibited the secretion of SOCS3 by AMs without affecting
intracellular SOCS3 content. Then, to specifically localize changes in secreted SOCS3 to EVs, we
performed differential ultracentrifugation and collected two vesicular fractions: EVs pelleted at
17,000 x g and EVs pelleted at 100,000 x g. In agreement with our prior reports, we only detected
tonic SOCS3 secretion in the 17,000 x g but not 100,000 x g pellet (51,254), and secretion of
SOCS3 within 17,000 x g EVs was similarly inhibited by GM-CSF treatment of AMs (Figure 3-
1C). However, the inhibition of SOCS3 secretion by AMs was associated with only a modest and
non-significant reduction in the number of EVs detected by NTA in the 17,000 x g pellet (Figure
3-1C). GM-CSF also had no effect on the number of EVs quantified in the 100,000 x g pellet
(Figure 3-2). As diminished SOCS3 secretion was unaccompanied by any substantial changes in
vesiculation, we conclude that GM-CSF specifically attenuated the active sorting of SOCS3 into

AM-derived 17,000 x g EVs (i.e., the amount of SOCS3 packaged per individual EV).
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Figure 3-1: GM-CSF treatment of AMs inhibits SOCS3 packaging and release in EVs

(A-C) Adherent AMs collected by lung lavage of rats were treated with GM-CSF (50 ng/mL) for 20 - 24 h. (A) EVs
in CM were concentrated by 100-kDa centrifugal filtration and vesicular SOCS3 secretion was determined via
Western blot of the total vesicular fraction (>100-kDa) samples. (B) Lysates were collected and subjected to Western
blot for determination of SOCS3 intracellular content, with a-tubulin as a loading control. (C) EVs were isolated by
sequential ultracentrifugation of CM at 17,000 x g and 100,000 x g, which were then probed for SOCS3 via Western
blot (left panel, bottom) and enumerated by NTA (right panel, bottom). Data (mean + SEM) are from >3 independent

experiments, and significance was determined using paired sample #-test. Ctrl. = control and n.s. = not significant. *,
p <0.05.
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Figure 3-2: GM-CSF does not affect AM secretion of 100,000 x g EVs

(A) Adherent AMs collected by lung lavage of rats were treated with GM-CSF (50 ng/mL) for 20 - 24 h. EVs were
isolated by sequential ultracentrifugation of CM at 17,000 x g and 100,000 x g, and 100,000 x g EVs were quantified
by NTA. Data (mean + SEM) are from 3 independent experiments. Ctrl. = control.

GM-CSF Inhibition of AM Vesicular SOCS3 Secretion is Glycolysis-Dependent

As noted previously, AMs at baseline exhibit markedly lower levels of glycolysis than do
other tissue macrophage populations (57,59,190-194). Because such glycolytic restraint has been
implicated in the homeostatic functions of AMs (57,59,190,192,195,196) — to which SOCS3
secretion contributes (51) — and because GM-CSF has been shown to promote glycolysis in
macrophages (263,264), we hypothesized that increases in glycolysis were causally involved in
the loss of vesicular SOCS3 secretion observed following treatment of AMs with GM-CSF. To
evaluate the plausibility of this hypothesis, we first measured the expression of genes involved in
the regulation of glucose metabolism by RT-qPCR. As shown in Figure 3-3A, GM-CSF enhanced
the expression of the key rate-limiting glycolytic genes glucose transporter 1 (Glutl), hexokinase
2 (Hk2), and phosphofructokinase (Pfkp). Resulting increases in glycolytic activity were
functionally confirmed by the detection of significant increases in secreted lactate caused by GM-
CSF treatment of AMs (Figure 3-3B). We next employed a variety of approaches to determine

whether the observed increases in glycolysis were implicated in the diminished release of vesicular
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SOCS3. The inhibition of SOCS3 secretion by GM-CSF was dose-dependently reduced by AM
culture in decreasing concentrations of glucose (Figure 3-3C). Additionally, culture of AMs in the
presence of 2-deoxy-D-glucose (2-DG), an inhibitor of glycolysis, completely abrogated the
inhibitory effect of GM-CSF on vesicular SOCS3 secretion (Figure 3-3D). Finally, treatment with
DMOG, an analog of a-ketoglutarate that prevents degradation of the transcription factor hypoxia-
inducible factor-1a and which robustly augments glycolysis in AMs (193), phenocopied GM-CSF
in inhibiting the release of vesicular SOCS3 (Figure 3-4A) without affecting intracellular SOCS3
content (Figure 3-4B). Taken together, these data conclusively demonstrate that GM-CSF-induced
inhibition of SOCS3 packaging and release within EVs depends on glucose utilization and

glycolytic flux.
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Figure 3-3: GM-CSF inhibits vesicular SOCS3 release by AMs in a glycolysis-dependent manner

(A-B) Adherent AMs collected by lung lavage of mice were treated with GM-CSF (50 ng/mL) for 3, 6, 12, or 24 h.
(A) RNA was collected and reverse transcribed to cDNA, and relative gene expression for Glutl, Hk2, and Pfkp was
determined by qPCR. (B) Cell-free supernatants from murine AMs cultured for X h as described in (A) were
deproteinized, and extracellular lactate concentrations were measured by L-Lactate assay. (C-E) Adherent AMs
collected by lung lavage of rats were treated with GM-CSF (50 ng/mL) for 20 - 24 h in varying concentrations of
glucose (C) or in the presence or absence of 2-DG (5 mM) (D) or MPCi (20 uM) (E). EVs in CM were concentrated
by 100-kDa centrifugal filtration and vesicular SOCS3 secretion was determined via Western blot of the total vesicular
fraction (>100-kDa) samples. Data, expressed as mean + SEM (A-B) or as values from individual experiments (C-E),
are from 2 (A) or 3 (B-E) independent experiments, and significance was determined using paired sample #-test.
Dashed line represents SOCS3 released by GM-CSF-treated AMs during culture in glucose-free medium (C) or by
untreated AMs (i.e., no GM-CSF) during culture with inhibitor or its vehicle control (D-E). Ctrl. = control. *, ** and
*% p<0.05, p<0.01 and p <0.001, respectively.
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Figure 3-4: HIF-1a stabilization with DMOG inhibits vesicular SOCS3 release by AMs

(A-B) Adherent AMs collected by lung lavage of rats were treated with DMOG (1 mM) for 20 - 24 h. (A) EVs in CM
were concentrated by 100-kDa centrifugal filtration and vesicular SOCS3 secretion was determined via Western blot
of the total vesicular fraction (>100-kDa) samples. (B) Lysates were collected and subjected to Western blot for
determination of SOCS3 intracellular content, with a-tubulin as a loading control. Data (mean + SEM) are from 3
independent experiments, and significance was determined using paired sample ¢-test. Ctrl. = control. **, p <0.01.

ACLY Mediates Glycolytic Inhibition of Vesicular SOCS3 Secretion

During aerobic metabolism, the product of glycolysis — pyruvate — undergoes transport
from the cytosol into mitochondria where it is converted to acetyl-CoA to support Krebs cycle
flux. To determine whether this process was required for GM-CSF’s inhibitory effect on vesicular
SOCS3 secretion, we evaluated the effects of UK-5099 (MPCi), a potent inhibitor of the
mitochondrial pyruvate carrier (MPC). Indeed, co-treatment of AMs with MPCi negated GM-
CSF’s inhibitory effect on SOCS3 release by AMs (Figure 3-3E). Given these data, we then
hypothesized that a glucose-derived Krebs cycle metabolite mediated the inhibition of AM
vesicular SOCS3 release caused by GM-CSF. We first considered a potential contribution of
citrate given its role in metabolic reprogramming in inflammatory myeloid cells
(171,172,273,274). To evaluate this possibility, we measured the expression of isocitrate

dehydrogenase 1 (Idhl), the enzyme responsible for converting isocitrate to oxoglutarate and
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whose downregulation has been implicated in increased levels of citrate in pro-inflammatory
macrophages (161). As shown in Figure 3-5A, treatment of AMs with GM-CSF markedly reduced
Idh1 expression. Then, to evaluate the role of mitochondrial citrate transport in the inhibition of
AM secretion of SOCS3 by GM-CSF, we used a competitive inhibitor of the citrate transport
protein CTP (CTPi). Indeed, culture of AMs with the CTPi reversed the GM-CSF-induced loss of
vesicular SOCS3 release (Figure 3-5B). Also consistent with an inhibitory role for citrate on
SOCS3 release, treatment of AMs with exogenous sodium citrate (1 mM) robustly inhibited
vesicular SOCS3 secretion (Figure 3-5C). Furthermore, as GM-CSF has been previously shown
to augment the expression of ACLY (275), the cytosolic enzyme responsible for converting citrate
to acetyl-CoA (173), and is known to enhance the generation of acetyl-CoA in macrophages (264),
we next tested whether ACLY was also involved. Indeed, ACLY inhibition with two structurally
distinct inhibitors, SB-204990 (ACLYi[l]) and BMS-303141 (ACLYi[2]), overcame the
attenuation of SOCS3 secretion by GM-CSF (Figure 3-5D and Figure 3-6A). Together, these data
strongly suggest that the activity of ACLY links increases in glycolytic flux to diminished release
of vesicular SOCS3 by way of citrate transport to the cytosol and its subsequent conversion to

acetyl-CoA.
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Figure 3-5: Inhibition of vesicular SOCS3 secretion by GM-CSF requires the cytosolic conversion of citrate to
acetyl-CoA by ACLY

(A) Adherent AMs collected by lung lavage of mice were treated with GM-CSF (50 ng/mL) for 6, 12, or 24 h. RNA
was collected and reverse transcribed to cDNA, and relative gene expression for /dh/ was determined by qPCR. (B-
E) Adherent AMs collected by lung lavage of rats were treated with GM-CSF (50 ng/mL) (B and D), sodium citrate
(1 mM) (C), or sodium acetate (1 mM) (E) for 20 - 24 h in the presence or absence of CTPi (1 mM) (B), ACLYi(1)
(12.5 uM) (D), or ACSS2i (2 uM) (E). EVs in CM were concentrated by 100-kDa centrifugal filtration and vesicular
SOCS3 secretion was determined via Western blot of the total vesicular fraction (>100-kDa) samples. Data, expressed
as (mean + SEM) (A and C) or as values from individual experiments (B, D, and E), are from 2 (A) or 23 (B-E)
independent experiments, and significance was determined using paired sample #-test. Dashed line represents SOCS3
released by untreated AMs (i.e., no GM-CSF [B and D] or sodium acetate [E]) during culture with inhibitor or its
vehicle control. Ctrl. = control. * and **, p <0.05 and p < 0.01, respectively.
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Figure 3-6: Inhibition of AM vesicular SOCS3 release by GM-CSF depends on ACLY but not ACSS2

(A-B) Adherent AMs collected by lung lavage of rats were treated with GM-CSF (50 ng/mL) for 20 - 24 h in the
presence or absence of ACLYi(2) (1 uM) (A) or ACSS2i (2 uM) (B). EVs in CM were concentrated by 100-kDa
centrifugal filtration and vesicular SOCS3 secretion was determined via Western blot of the total vesicular fraction
(>100-kDa) samples. Data, expressed as values from individual experiments, are from 3 independent experiments,
and significance was determined using paired sample #-test. Dashed line represents SOCS3 released by untreated AMs
(i.e., no GM-CSF) during culture with inhibitor or its vehicle control. Ctrl. = control and n.s. = not significant.

Although ACLY is generally regarded as the primary enzyme responsible for generating
cytosolic acetyl-CoA (173,276,277), the nucleocytosolic enzyme ACSS2, which produces acetyl-
CoA from exogenous acetate, can also contribute in certain biologic scenarios (278-282). We
therefore explored the possible role of this alternative route of cytosolic acetyl-CoA generation in

the inhibition of secretion of SOCS3 by AMs. Treatment of AMs with sodium acetate (1 mM)
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robustly inhibited SOCS3 secretion in a manner reversible by addition of an ACSS2 inhibitor
(ACSS2i) (Figure 3-5E). However, treatment of AMs with the ACSS2i failed to substantially or
significantly abrogate the inhibitory effect of GM-CSF on vesicular SOCS3 release (Figure 3-6B).
Together, these data strongly suggest that increased acetyl-CoA production plays a critical role in
mediating the diminished release of vesicular SOCS3 in response to GM-CSF. Furthermore,
although acetyl-CoA can be generated from either mitochondrial-derived citrate or exogenous
acetate, GM-CSF predominantly utilized citrate and the ACLY pathway to generate the acetyl-

CoA responsible for inhibition of SOCS3 secretion.

Discussion

Using GM-CSF treatment as a biologically relevant in vitro driver of metabolic remodeling
within the lung mucosal microenvironment, we demonstrate here that the resulting glycolytic flux
inhibits vesicular SOCS3 release by primary AMs, a phenomenon attributable to ACLY-mediated
conversion of mitochondrial-derived citrate to cytosolic acetyl-CoA. These results were also
recapitulated by augmentation of glycolytic flux following AM treatment with DMOG. To our
knowledge, our studies are the first to suggest that cellular metabolites control the dynamic
packaging and release of a cargo molecule within EVs. Further, our findings expand on the limited
body of literature exploring how lung microenvironmental perturbations alter the metabolism of
resident AMs. Although we anticipate that this interplay between metabolic remodeling and EV
composition extends to other cellular contexts, the importance of enhanced glycolytic flux as a
determinant of these processes may be especially meaningful in the lower respiratory tract where
glucose levels — measured to be 3 - 20 times lower than plasma concentrations at steady state —
increase during inflammation (283-287). Additionally, given the magnitude by which increases in

glycolysis diminish the release of SOCS3, our findings predict that glycolytically reprogrammed
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AMs lose the ability to dampen STAT3 signaling in AECs. Therefore, we anticipate that
diminished SOCS3 release by AMs underlies inflammatory dysregulation characteristic of the
glycolytic alveolar milieu.

Despite the fundamental importance of metabolism for regulating cellular phenotype and
function, metabolic control over the release and composition of EVs remains poorly understood.
Predictably, its investigation has been restricted to the study of tumor cells where metabolic
reprogramming is a hallmark of cellular transformation and an adaptive response to nutrient
availability within the tumor microenvironment. For example, high levels of aerobic glycolysis
have been linked to Exo secretion via phosphorylation of synaptosome-associated protein 23 by
pyruvate kinase type M2 (259), thus demonstrating metabolic control over the number of secreted
EVs. Furthemore, recent work from Fan et al. proposed an “exosome switch” model where
deprivation of glutamine or inhibition of mechanistic target of rapamycin complex 1 caused a
switch from the production of CD63-containing Exos to Rab11a-containing Exos (256). Glutamine
metabolism has also been shown to uniquely drive the production of large EVs by tumor cells
(257,258). These studies thus established precedent for the control of cellular metabolism over the
number and subtype of EVs secreted. In contrast, we propose a novel model of metabolic
regulation in which glycolytic flux dynamically inhibits the sorting of SOCS3 into AM-derived
EVs. This conclusion is strongly supported by our observation that GM-CSF glycolytically
inhibited the release of SOCS3 in EVs pelleted at 17,000 x g without significantly altering EV
number (Figure 3-1C). Although these findings support a mechanism of diminished vesicular
SOCS3 packaging, we cannot, however, eliminate the possibility of a similar “EV switch” effect
where enhanced glycolysis in AMs perhaps supplants release of SOCS3-containing EVs with an

alternative EV subtype. Given the lack of SOCS3 detected in a classical Exo (i.e., 100,000 x g)
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fraction (Figure 3-1C) (83), it is highly unlikely that any such mechanism would be analogous to
what was previously described for CD63- and Rablla-containing Exos (256). Nonetheless,
exclusion of this scenario will require a more nuanced understanding of SOCS3 sorting into EV
subtypes, which we are actively investigating.

A key mechanistic conclusion from our studies is that glycolytic inhibition of vesicular
SOCS3 secretion by GM-CSF requires mitochondrial pyruvate transport (Figure 3-3E). This
finding pointed us toward a mechanism involving suppression of SOCS3 release by a
mitochondrial metabolite, which we experimentally attributed to citrate and its subsequent
conversion to cytosolic acetyl-CoA. Mitochondrial metabolites are recognized to assume diverse,
non-metabolic signaling roles, such as in regulating chromatin modifications, DNA methylation,
stem cell function, thermogenesis, tumorigenesis, and immune modulation (288). Importantly, our
work reveals another arm of metabolite signaling in the control over nonclassical protein export,
and we anticipate that it is relevant for the secretion of cargoes beyond SOCS3. Indeed, it will be
important to determine the breadth of EV molecules whose packaging is controlled by acetyl-CoA,
which is especially pertinent given its role as a central metabolic intermediate (289). Proteomic
analysis of Exos derived from epithelial ovarian cancer cell lines revealed an abundance of
acetylated proteins (290), suggesting positive regulation of cargo packaging by acetyl-CoA.
Conversely, acetylation has been shown to inhibit the sorting of glucose-regulated protein 78 into
Exos by promoting its retention in the endoplasmic reticulum (291). It is therefore likely that the
effects of acetyl-CoA on EV composition are both cargo- and context-dependent, and
understanding this interplay will require further investigation. Additionally, although our results
implicate a causal link between enahnced glycolysis and ACLY activity in the regulation of

vesicular SOCS3 secretion, it will be informative to see how alternative acetyl-CoA-generating
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pathways influence cargo packaging. For example, under low-glucose, nutrient-restricted
conditions or during metabolic stress, cells use exogenous acetate as a substrate for production of
acetyl-CoA by ACSS2 (278-282). We demonstrated that this pathway too could diminish the
release of vesicular SOCS3 (Figure 3-5E), but was not the predominant means of inhibition
mediated by GM-CSF (Figure 3-6B). Furthermore, tumor cells with defective mitochondria use
reductive carboxylation of glutamine to fuel acetyl-CoA production and cell growth (292,293).
The extent to which these mechanisms alter vesicular cargo composition remains unknown, but
they may represent attractive biologic targets for therapeutically tuning the bioactivity of EVs.
Lastly, it will also be critical to determine whether metabolites other than acetyl-CoA also affect
the sorting of vesicular cargoes. For example, acyl-CoA metabolites linked to major metabolic
processes with known biologic functions include succinyl-CoA, propionyl-CoA, butyryl-CoA, and
crotonyl-CoA (294). Future experiments will need to assess the extent to which these diverse
mitochondrial metabolites control EV composition and function.

In summary, we have illuminated a previously unknown mechanism in which vesicular
secretion of the cytosolically localized protein SOCS3 is tuned in AMs by glycolytic regulation of
ACLY activity and the production of acetyl-CoA. Although revealed in the context of changes to
the lung microenvironment, we anticipate these findings to be broadly relevant to other cellular
and tissue contexts where glycolytic remodeling occurs. Future studies will be required to
determine the extent to which metabolic reprogramming and metabolite flux control EV

composition and bioactivity.
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Chapter 4 — Discussion

Summary

Prior to the start of this thesis research, we had the goal of closing several gaps in
knowledge related to the biology of extracellular vesicles (EVs). These included the cellular and
molecular mechanisms of vesicular cargo release, the quantitative nature of dynamic changes in
vesicular cargo packaging, and influences of the lung microenvironment on the immunoregulatory
content of EVs elaborated by alveolar macrophages (AMs). Data included in this dissertation
helped to bridge these gaps in knowledge and open new avenues for inquiry into the fundamental
mechanistic determinants of EV cargo composition. In Chapter 2, we found that the proteasome
acts as a critical brake on the packaging and release of vesicular suppressor of cytokine signaling
3 (SOCS3) by AMs. While previous work had shown that proteasome inhibitors cause substantial
changes in the cargo content of EVs secreted by cancer cells (203), no study had examined the
effect of a microenvironmental perturbant (e.g., reactive oxygen species, ROS) on proteasome
activity and its downstream regulation of EV protein cargo secretion. Although ROS may
influence cargo release via multiple mechanisms, our data suggest that proteasome inhibition is a
major pathway by which it enhances the secretion of SOCS3. Additionally, the stimulated release
of SOCS3 caused by ROS and proteasome inhibitors was localized exclusively to large EVs (IEVs)

and involved specificity in its vesicular packaging (summarized in Figure 4-1).
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Figure 4-1: Proposed model of ROS and proteasome regulation of vesicular SOCS3 packaging and release

Research previously published from our laboratory had demonstrated that vesicular SOCS3
secretion was not a property of all macrophage populations but was particularly notable in AMs.
In Chapter 3, we hypothesized that the unique metabolic phenotype exhibited by AMs was critical
for the vesicular release of SOCS3. AMs residing in the lung alveolar microenvironment are
exposed to low levels of glucose, and accordingly, these cells exhibit substantial glycolytic
restraint. Although changes in the number of EVs secreted had been previously attributed to
alterations in glycolytic activity, no study had linked the modulated release of a vesicular cargo
molecule to changes in metabolism. We found that activation of glycolysis in AMs by granulocyte-
macrophage colony-stimulating factor (GM-CSF) robustly inhibited the packaging and secretion
of vesicular SOCS3. Additionally, our data showed that glycolytic inhibition of SOCS3 release
mechanistically involves mitochondrial import of pyruvate through the mitochondrial pyruvate
carrier (MPC), transport of Krebs cycle-derived citrate to the cytosol through the citrate transport

protein (CTP), and the conversion of cytosolic citrate to acetyl-CoA by ATP citrate lyase (ACLY)
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(summarized in Figure 4-2). To our knowledge, this is the first study to implicate metabolic

changes and the activity of a mitochondrial metabolite in altered sorting of an EV cargo molecule.
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Mitochondrion
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Figure 4-2: Proposed model of regulation of vesicular SOCS3 release by glycolytic flux and ACLY

Mechanisms of Vesicular SOCS3 Secretion: Unanswered Questions

As stated in the Introduction to this dissertation, one of the major gaps in knowledge
surrounding the biology of EVs concerns the cellular and molecular mechanisms governing
vesicular cargo sorting. This is particularly true for cytosolic proteins packaged within EVs that

bud from the plasma membrane (PM), classically referred to as microvesicles (MVs). Initial
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observations from our laboratory showed that SOCS3 is packaged by AMs into larger EVs pelleted
at 17,000 x g that stain positive for annexin V (51), characteristics consistent with those described
for PM-derived MVs (295). Therefore, one of the primary objectives of this dissertation research
was to build upon these foundational observations by uncovering the cellular and molecular
mechanisms that control SOCS3 packaging into AM-derived MVs, and thus to enhance a broader
understanding of vesicular protein secretion at large.

As noted above, there are significant strengths to the research included herein. First, we
have identified fundamental cellular processes (i.e., oxidative stress, proteasome inhibition, and
glycolytic activation) that tune the release of vesicular SOCS3 by AMs in response to biologically
and clinically relevant microenvironmental changes. Although our in vitro experiments were
designed to model perturbations relevant to the alveolar space — where secreted SOCS3 elaborates
bioactive functions in the surrounding alveolar epithelium — we expect that the mechanisms
elucidated in Chapters 2 and 3 are broadly applicable to other tissues, and for other secreted
vesicular cargo molecules. For example, given the dependency of cancer cells on proteasome
function and metabolic adaptation for their survival and growth (296,297), we anticipate that our
work will strongly inform investigation into the role of these processes for controlling proteins
sorted into EVs released by transformed cells. Therefore, this research has significantly broadened
the field’s knowledge of the basic cellular biology influencing regulated secretion of EV cargo
constituents. Another strength of the research included herein is that it comprehensively assesses
the quantitative nature of protein packaging into EVs — in fact, to our knowledge, no other study
has so rigorously addressed the question of specificity in cargo sorting. This concept was most
robustly addressed in Chapter 2 through development of a new carboxyfluorescein succinimidyl

ester-based cargo packaging assay that we anticipate will be modified/improved by other
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investigators to quantitate the packaging of other intracellular protein cargoes. Thus, completion
of this dissertation research substantially adds to the limited body of literature exploring the
qualitative and quantitative nature of EV cargo release.

Despite these contributions, however, it is important to acknowledge the shortcomings of
this work, and to expound strategies for addressing these shortcomings. The most notable research
objective that remains unaddressed concerns the molecular machinery involved in vesicular
SOCS3 packaging. Specifically, a major component of my thesis proposal included experiments
designed to elucidate the moiety or moieties present within SOCS3 that dictate its sorting into EVs,
and to determine whether a chaperone protein is needed for its vesicular inclusion. To address this,
we sought to express a green fluorescent protein (GFP)-SOCS3 conjugate in AMs that would
enable us to track its intracellular localization. We further envisioned the performance of site-
directed mutagenesis on functional domains of potential importance for packaging into EVs, which
were identified using a computational predictive model. Given the well-established role of post-
translational modifications for controlling vesicular protein sorting (298), we noted several
phosphorylation sites of interest. Additionally, we noted the presence of moieties that could
facilitate SOCS3 packaging through interaction with candidate chaperone proteins. For example,
SOCS3 contains a tyrosine-based sorting signal responsible for interaction with the p subunit of
adaptor protein complex, which has previously been identified in MVs (299). SOCS3 also has a
canonical arginine-containing phospho-motif that mediates a strong interaction with 14-3-3
proteins, which have also previously been found in EVs (300). Nevertheless, our attempt to tag
SOCS3 with GFP conjugated to its C-terminus resulted in the expression of a fusion protein that
could not be released extracellularly, and thus, our efforts to investigate the biological importance

of these moieties for vesicular secretion were thwarted. Future experiments investigating the
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molecular determinants of SOCS3 sorting into EVs should use shorter tags — histidine or FLAG,
for example — to minimize disruption of protein folding and function.

However, despite our inability to directly address the molecular nature of vesicular SOCS3
packaging, insights gleaned from the mechanistic studies included in Chapters 2 and 3 have
enabled us to generate testable hypotheses undergoing exploration in the laboratory. For example,
as discussed in Chapter 2, we are particularly interested in the potential role of arrestin domain-
containing protein 1 (ARRDC1) as a SOCS3 packaging chaperone protein given its dependency
on polyubiquitination for generating PM-derived MVs (105). As vesicular SOCS3 release is so
heavily potentiated by oxidative and pharmacologic disruption of AM ubiquitin-proteasome
homeostasis, we envision a scenario in which ARRDC1-mediated vesicular SOCS3 sorting is
augmented by proteasome inhibition due to the accumulation of polyubiquitinated ARRDCI1
within budding MVs. This model of enhanced SOCS3 secretion is particularly attractive given the
well-established role of ARRDCI1 as a chaperone/adaptor protein with activity sufficient for
promoting vesicular cargo recruitment (125,126). Unfortunately, our intention to assess the
biologic relevance of this mechanism was hindered by the current lack of anti-ARRDCI1 antibodies
suitable for non-human systems, and they must await future advances.

Additionally, observations outlined in Chapter 3 that strongly implicate an inhibitory role
for ACLY and acetyl-CoA production on SOCS3 release open new avenues of inquiry into the
fundamental mechanisms of vesicular cargo packaging. We postulate two scenarios that could
explain how increases in acetyl-CoA might suppress the release of SOCS3 in EVs. First, given the
well-described link between ACLY, acetyl-CoA production, and histone acetylation (173), it is
possible that transcriptional changes in the machinery presumed to be important for EV cargo

sorting are causal to the diminished release of SOCS3. Given that we measured SOCS3 secretion
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after AMs were cultured for time durations sufficient to allow for altered gene expression (20+ h),
we cannot eliminate this possibility. However, such a mechanism is inconsistent with our prior
observations showing that SOCS3 secretion is rapidly tunable (i.e., within 15 mins after addition
of various inhibitory/stimulatory signals) (51). Therefore, it is more likely that acetyl-CoA
production inhibits vesicular SOCS3 release either through direct post-translational modification
of SOCS3 itself or of a chaperone protein important for SOCS3 sorting. As mentioned previously,
this model is consistent with the extant body of literature suggesting a broad role for post-
translational modification in dictating membrane targeting of EV cargoes (298). Given that acetyl-
CoA serves as a substrate for protein acetylation and as a precursor for the de novo synthesis of
fatty acids involved in protein lipidation (palmitoylation and myristoylation, for example), there
are several modifications that could be responsible for the inhibited release of vesicular SOCS3.
We plan to test the relevance of these moieties by performing immunoprecipitation experiments
involving SOCS3 pull-down coupled to immunoblotting with pan acetylation, palmitoylation, or
myristoylation antibodies to identify whether SOCS3 and/or an interacting partner is chemically
modified under conditions in which vesicular SOCS3 packaging is diminished. If results indicate
that a SOCS3-interacting protein undergoes modification, mass spectrometry could then be used
for its identification and functional investigation. Such an approach highlights the utility of
leveraging the results of this dissertation for informing a more rigorous investigation into the
molecular determinants of SOCS3 secretion within EVs.

Although Chapters 2 and 3 of this dissertation were presented as two distinct and seemingly
unrelated stories, it is intriguing to postulate a conceptual model that could mechanistically link
the influences of proteasome inhibition and acetyl-CoA accumulation on AM vesicular SOCS3

release. Accordingly, we are particularly interested to investigate the potential role of a protein
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central to autophagy, microtubule-associated protein 1A/1B-light chain 3 (LC3). While LC3 is
well-described to canonically regulate the growth of autophagic membranes, recognize autophagic
cargoes, and control the fusion of autophagosomes with lysosomes (301-303), and thus act as a
key regulator of autophagic processes, it has also very recently been ascribed a non-autophagic
function in the loading of RNA and protein cargoes into EVs (127). Critically, these autophagic
and non-autophagic functions require that LC3 wundergoes conjugation with
phosphatidylethanolamine (i.e., lipidation) to facilitate its membrane targeting (302). Interestingly,
and pertinent to this dissertation research, LC3 activity is strongly regulated by both proteasomal
degradation and acetylation. For example, the proteasome has been shown to degrade LC3 in a
stepwise manner, first disrupting its conjugation and then degrading the protein entirely (304).
Accordingly, proteasome inhibitors have been shown to increase intracellular levels of LC3 (305).
Furthermore, it is known that acetylation inhibits LC3 complex formation and cargo recognition
(306), and diverts LC3 localization away from the cytoplasm into the nucleus (307). Therefore,
LC3 represents a potential chaperone whose regulation could explain the bidirectional tuning of
vesicular SOCS3 release described herein. Specifically, we postulate that ROS/bortezomib
treatment of AMs increases total levels of LC3 available for SOCS3 sorting, thus increasing its
vesicular release, whereas the activation of glycolytic flux by GM-CSF inhibits SOCS3 secretion
through acetylation-mediated disruption of LC3 conjugation and cargo loading. Although SOCS3
itself does not contain a LC3 interaction region, it is very plausible that vesicular sorting is a
modular phenomenon, perhaps requiring that SOCS3 interact with an adaptor protein that serves
as a bridge to its proximal chaperone (e.g., LC3). This is an intriguing and unifying model that

awaits experimental exploration in the laboratory.
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Potential Crosstalk Between the Influences of ROS and Glycolytic Remodeling on SOCS3
Secretion

A possible paradox arises from attempting to mechanistically link the findings from
Chapters 2 and 3, specifically concerning the crosstalk between ROS production and glycolysis. It
is well known that ROS stabilize hypoxia-inducible factor-1a. (HIF-1a) and thus are capable of
augmenting cellular glycolytic activity (308,309). However, glycolytically reprogrammed
macrophages also generate substantial amounts of mitochondrial ROS (163). How then can we
explain the potentiation of SOCS3 secretion caused by ROS (as described in Chapter 2) but the
inhibition of SOCS3 secretion caused by glycolysis (as described in Chapter 3)? We speculate that
the directionality of regulated SOCS3 release is the consequence of important differences in the
antioxidant tone and metabolism of the primary AMs used in Chapter 3 and the immortalized AMs
(MH-S) used in Chapter 2. Specifically, we hypothesize that during their residence in a
microenvironment characterized by high oxygen tension, primary AMs acquire substantially
greater antioxidant defenses than do MH-S cells perennially maintained in culture. This hypothesis
is informed by experiments in Chapter 2 showing that primary AMs were more resistant to ROS-
dependent increases in SOCS3 secretion caused by cigarette smoke (CS) extract as compared to
MH-S cells. However, while primary AMs exhibit substantial glycolytic restraint at steady state,
highly proliferative MH-S cells require significantly greater metabolic activity. Accordingly, we
have observed that MH-S cells acidify culture medium to a much greater extent than do primary
AMs (data not shown), consistent with a higher level of glycolytic activity. We therefore speculate
that primary AMs are uniquely sensitive to glycolysis-induced inhibition of SOCS3 secretion but
resistant to the stimulatory actions of ROS. On the other hand, we anticipate that their heightened

susceptibility to oxidative stress renders MH-S cells more sensitive to the stimulatory effect of
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ROS on SOCS3 secretion while their already high baseline glycolytic activity is unable to be
further augmented. Why then do high levels of ROS still augment vesicular SOCS3 release by
primary AMs (as shown in Chapter 2)? In this case, we hypothesize that the balance between the
influences of oxidative stress and glycolytic activation tips in favor of the former, thus resulting in
a net potentiation of SOCS3 secretion. Although this model rationalizes the seemingly
contradictory findings described herein, testing it will require a more rigorous head-to-head
comparison of the oxidative stress response within, and resting metabolism of, these two disparate

sources of AMs.

Leveraging GM-CSF as a Model to Predict Glycolytic Inhibition of Vesicular SOCS3 Release

Major gaps in knowledge pertaining to AM metabolism include the microenvironmental
factors that dictate glycolytic restraint at steady state and the instructive signals that promote
glycolytic remodeling during inflammatory insults. Results included in this dissertation address
the latter gap in knowledge by further implicating GM-CSF as an important microenvironmental
factor for augmenting AM glycolysis. Furthermore, they serve to predict whether other signals
present in the alveolar space might similarly inhibit vesicular SOCS3 secretion in a glycolysis-
dependent manner. Although it is intuitive to expect that AM metabolism is regulated in a similar
fashion to other macrophage populations, there is literature to suggest otherwise. For example,
lipopolysaccharide robustly augments glycolysis in conventional bone marrow-derived
macrophages but has no effect on the metabolic phenotype of AMs (193). Therefore, any such
prediction must necessarily leverage the limited body of literature examining glycolytic
remodeling in AMs. Importantly, data included in Chapter 3 and in prior publications (193,194)

implicate a critical role for HIF-1a in potentiating AM glycolysis. Given our work showing

inhibition of AM vesicular SOCS3 secretion caused by pharmacologic stabilization of HIF-1a., we
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expect that microenvironmental factors promoting HIF-1a activity should have the same effect on
SOCS3 release as does GM-CSF. Critically, GM-CSF signals through mammalian target of
rapamycin (mTOR), a key protein involved in growth factor signaling that is known to upregulate
HIF-1a expression in AMs (269). Although we did not directly test the reliance of GM-CSF on
HIF-1a for suppressing SOCS3 release, we anticipate that it assumes a key role. Accordingly, we
are also keen to investigate whether other mTOR-activating growth factors present in the alveolar
microenvironment — Wnt, insulin-like growth factor-1 (IGF-1), and tumor necrosis factor a
(TNFa), for example — might also suppress vesicular SOCS3 secretion through upregulation of
HIF-1a. For example, Wnt was recently shown to promote glycolysis-dependent inflammatory
functions in AMs through HIF-1ca-upregulation (310). IGF-1 production is also prominent during
various types of lung inflammation (311) including pulmonary fibrosis during which AMs undergo
glycolytic remodeling (195). The same is also true for TNFa (312). Additionally, given the
prominence of hypoxia — a key signal promoting HIF-1a stabilization (313) — during various forms
of chronic lung disease (314), we anticipate that it, too, could inhibit AM vesicular SOCS3
secretion in a glycolysis-dependent manner. Finally, CS is another microenvironmental factor of
clinical relevance that is known to activate HIF-1a (315) and thus could glycolytically inhibit
vesicular SOCS3 release by AMs. As discussed below, this might mechanistically explain the loss
of SOCS3 secretion observed in cigarette smokers (51). Ultimately, direct experimentation is
needed to determine whether these HIF-1o.-promoting factors inhibit vesicular SOCS3 release and
the extent to which they contribute to diminished SOCS3 secretion observed during chronic lung

inflammation in vivo.
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Tuning of Vesicular SOCS3 Secretion as a Therapeutic Strategy

One of the key questions that arises from observations included in this dissertation is
whether the mechanisms uncovered in Chapters 2 and 3 might be exploited for therapeutic benefit.
To reiterate, SOCS3 is not merely a random cargo constituent of EVs; rather, its local release is
also the basis for a physiologically important homeostatic communication network established
between AMs and the alveolar epithelium. Accordingly, prior observations from our laboratory
showing that SOCS3 secretion is lost during a variety of chronic lung inflammatory diseases —
such as cigarette smoking (51), allergic asthma (85), and lung cancer (86) — have clear biological
and clinical implications. Furthermore, we have experimentally demonstrated that diminished
SOCS3 release contributes to the pathophysiology of these conditions (85,86). Therefore, a major
objective of our laboratory’s research is to identify therapeutic strategies for restoring SOCS3
secretion in vivo to dampen dysregulated inflammatory signaling within the alveolar epithelium.
To achieve this end, we have considered and tested the utility of administering artificial liposomes
encapsulating recombinant SOCS3 protein, which have proved efficacious in vitro and in vivo for
restraining allergic inflammation (85) and suppressing tumorigenesis (86). However, to date, we
have not been able to devise a strategy targeting the restoration of endogenous SOCS3 secretion
by AMs, as illuminating the mechanisms causal to loss of its release in vivo has remained elusive.

As shown in Chapter 2, the proteasome inhibitor bortezomib is a robust potentiator of
vesicular SOCS3 packaging and thus could be considered for its potential therapeutic utility in the
context of diminished SOCS3 secretion. It is already approved by the Food and Drug
Administration for treating multiple myeloma and mantle cell lymphoma, and has been previously
shown to alter the bioactivity of EVs released by multiple myeloma cells (203). Therefore, it is

theoretically an attractive candidate drug for augmenting endogenous secretion of SOCS3 by AMs.
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However, a major limitation inherent to pharmacologically modifying the molecular content of
biologic EVs — particularly in this context — concerns the specificity of a drug’s effect on the
secretion of a single cargo molecule. For example, bortezomib was shown to elicit substantial
changes to the overall proteome of EVs secreted by multiple myeloma cells (203). While we
demonstrated in Chapter 2 that bortezomib does exert some specificity in potentiating SOCS3
release relative to all intracellular protein cargoes, SOCS3 is likely not the only bioactive
constituent to undergo alterations in its vesicular packaging. Therefore, it is possible that eliciting
changes in the proteome of AM-derived EVs that are not entirely specific may offset the intended
protective effect of potentiating vesicular SOCS3 content. Accordingly, preliminary experiments
completed during my PhD demonstrated that EVs collected from bortezomib-treated AMs in fact
augmented Janus kinase-signal transducer and activator of transcription 3 (JAK-STAT3) signaling
when delivered to interleukin-6-treated alveolar epithelial cells (AECs), even despite containing
more SOCS3 protein (data not shown). These results indicate that even though vesicular SOCS3
content is increased by bortezomib, the drug’s net effect is a potentiation of inflammatory activity
in AM-derived EVs. Therefore, we argue that the most efficacious way to restore endogenous
SOCS3 secretion in the lung is to exploit the specific mechanism causing its diminished release in
vivo as opposed to employing drugs that augment packaging in an untargeted manner.

As a result, we are currently dedicating our efforts to testing whether the metabolism-
related mechanism outlined in Chapter 3 may underly the AM-intrinsic defect in SOCS3 secretion
observed during cigarette smoking, allergic asthma, and lung cancer. Of note, GM-CSF is
produced during exposure to CS, and its neutralization dampens smoke-induced inflammation
(316). Accordingly, AMs taken from human smokers have been shown to exhibit higher rates of

basal glycolysis (317). GM-CSF production is also prominent during allergic asthma, and it drives
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inflammation (266). The same is true for many solid tumors, which are well-described to secrete
GM-CSF (318). Therefore, we postulate that the diminished release of vesicular SOCS3 observed
during all three of these chronic lung inflammatory conditions is the result of one unifying
mechanism: glycolytic flux in AMs causing the accumulation of citrate and its cytosolic
conversion to acetyl-CoA by ACLY. Although experimentation is ongoing, we have two
interesting pieces of preliminary data to suggest the relevance of this pathway. First, using an
ovalbumin-induced model of allergic asthma, we have observed that AMs taken from the allergic
inflammatory milieu exhibit higher levels of glycolysis than do AMs taken from the lungs of
control mice, as measured by the uptake of a fluorescent glucose analog (data not shown).
Furthermore, we have evidence showing that the SOCS3 secretion defect exhibited by AMs taken
from mice bearing lung tumors is reversed by overnight culture with the inhibitor of glycolysis 2-
deoxy-D-glucose (data not shown). These two lines of evidence have motivated further
investigation into the influence of glycolytic flux and a potential role for ACLY and acetyl-CoA
on the loss of SOCS3 secretion in vivo. We plan to collect AMs from smoke-exposed, asthmatic,
and tumor-bearing mice to test whether culture with an ACLY inhibitor reverses their inability to
release SOCS3 ex vivo. If so, we are enthusiastic to investigate the utility of employing an ACLY
inhibitor in vivo for restoring endogenous SOCS3 secretion. However, as detailed above, it is
plausible that changes in acetyl-CoA levels influence the packaging of several cargoes beyond
SOCS3. Therefore, it will be imperative to demonstrate that ACLY inhibitors restore SOCS3
release while also retaining the vesicular bioactivity needed to suppress inflammatory JAK-STAT3

signaling in recipient AECs.
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Final Thoughts

There are obvious strengths and weaknesses inherent to having focused the entirety of our
efforts on studying the secretion of a single EV cargo molecule. On the one hand, investigating the
mechanisms of vesicular SOCS3 release afforded us the opportunity to address a major gap in
knowledge in the field concerning the cellular determinants of vesicular cargo sorting. Many
studies published on changes in EV composition lack mechanistic detail, yet here we have
leveraged our interest in SOCS3 secretion to comprehensively illuminate cellular processes
controlling its release in EVs. Centering our attention on SOCS3 also afforded us the opportunity
to address the fundamental and yet nebulous concept of vesicular cargo packaging: the hypothesis
that altered cargo secretion involves — at least to some extent — active changes in the amount of a
molecule packaged per individual EV. Our unbiased approach to doing so was imperfect: it was
only semi-quantitative, and analyses were performed on bulk EV populations (i.e., either >100-
kDa fractions or sub-fractions collected by ultracentrifugation) as opposed to single EVs. As
improvements are made to platforms enabling single-vesicle analyses, the quantitative nature of
cargo packaging can be further investigated on a more granular scale. Nevertheless, our work
provides needed proof of concept for a fundamental hypothesis demanding further investigation.

As alluded to in this Discussion, however, a major drawback to having uniquely assessed
SOCS3 secretion is that we still do not know how broadly oxidative stress, the proteasome, and
metabolic remodeling regulate EV cargo composition. Are their influences specific to vesicular
SOCS3 release, or do they tune the sorting and secretion of additional EV proteins? Not only is
this question important for understanding the fundamental nature of vesicular cargo sorting, but it
is also critical for predicting the bioactivity and therapeutic potential of EVs in vivo. In the absence

of proteomics experiments designed to measure the breadth of changes in EV composition, we can
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only provide speculation informed by the extant body of literature. As such, our current working
model is that SOCS3 packaging is a modular phenomenon with secretion linked to the release of
cargoes that share the same “packaging module,” a complex of vesicular constituents that interact,
either directly or indirectly, with a deterministic sorting chaperone. This hypothesis accommodates
our data suggesting that changes in vesicular secretion are, at least to some extent, specific to
SOCS3 while also aligning with data produced by other groups describing relatively broad
alterations in vesicular protein content caused by an external stimulus (203). Clearly, the notion
that a molecular constituent is specifically and actively sorted into a budding EV remains poorly
understood and understudied. Although this dissertation fell short of fully unraveling such a
conundrum, it does still serve to generate provocative and exciting hypotheses for other
investigators to explore with greater depth and rigor.

After all, the adventures that fail to reach their intended finish line are nevertheless the

most instructive and meaningful.
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