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ABSTRACT

Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract
disease in children, and a significant source of morbidity and mortality among those
susceptible, including infants, the elderly, and those with chronic lung diseases. Severe RSV
infection during infancy is highly correlated with asthmatic symptoms later in life, suggesting
a chronic alteration of the pulmonary immune environment even after viral clearance.
Within the airways, dendritic cells (DCs) drive innate and adaptive immune responses to
pathogens through the production of proinflammatory cytokines and the activation of T cell
responses. Autophagy, a pathway that sequesters intracellular material within double-walled
vesicles for degradation by lysosomes, enhances Toll-like receptor-dependent activation,
cytokine production, and antigen presenting cell function within RSV-infected DCs. Of
interest, key proteins that orchestrate autophagosome formation are targeted by SIRTI, a
NAD*-dependent histone and protein deacetylase. SIRT1 impacts many areas of biology and
pathophysiology, including immune function. However, the role of SIRT1 in DC biology
and its subsequent impact on adaptive immunity has not been elucidated.

We have demonstrated that SIRT1 regulates DC activation and autophagy-mediated
processes during RSV infection, and that the absence of SIRT1 activity alters the antiviral
immune response through the regulation of innate cytokine production. Upon infection,
SIRT1 inhibitor (EX-527)-treated DCs, Sirzl siRNA-treated DCs, or DCs from conditional
knockout (SirtP-CD11c-Cre*) mice failed to upregulate autophagy and cytokine
production, but retained the capacity to present antigen to T cells. Additionally, RSV
infection of SirtI’-CD11c-Cre* mice resulted in altered lung and lymph node cytokine
responses, leading to exacerbated pathology. Overall, these studies highlight the essential role
of SIRT1-mediated DC cytokine production in fine-tuning the antiviral adaptive immune

response, and establish SIRTT as a promising therapeutic target for the prevention of severe

RSV-induced lung disease.

Xii



CHAPTER 1:

Introduction

Human respiratory syncytial virus (RSV), a non-segmented negative-sense single-
stranded enveloped RNA virus of the Paramyxoviridae family, is a ubiquitous human
pathogen. It was first isolated from chimpanzees in the 1950s and subsequently recovered
from severely ill infants with lower respiratory tract (LRT) disease."? As the leading global
cause of lower respiratory tract infection (LRTI) among infants and young children, RSV is
also responsible for significant morbidity and mortality among the young, the elderly, the
immunocompromised, and those with chronic respiratory diseases.”” Treatment of RSV
infection relies heavily on supportive care, and despite decades of research efforts, no effective
pharmacologic therapies exist.® Even with the knowledge from extensive studies on
epidemiology, clinical course, diagnostic techniques, and animal models, the immunobiology
of severe RSV infection is not fully understood. Deeper questioning of this virus’s effect on
the immune system is highly warranted to bring about therapeutic strategies aimed at severe

pathology prevention and viral vaccine development.
Respiratory Syncytial Virus (RSV)
Virology & mechanisms of immune evasion

RSV’s RNA genome of 10 genes encodes 11 proteins, including structural and
envelope proteins. The viral envelope contains three transmembrane proteins: fusion (F)
glycoprotein, G glycoprotein (G), and a small hydrophobic protein (SH). The G protein
mediates host cell actachment while the F protein is responsible for fusion, cell entry, and the
formation of the characteristic multinucleated epithelial cells, or syncytia.” Only the F and G
proteins induce neutralizing antibodies, thereby making these proteins the most important
determinants of viral pathogenicity.®? Five structural proteins compromise the remainder of

the viral genome: a large RNA polymerase protein (L), nucleoprotein (N), phosphoprotein
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(P), matrix protein (M), two matrix protein variants from alternate reading frames called

transcription processivity factors (M2-1 and M2-2,) and two non-structural proteins (NS2,
NS2). The M proteins assemble underneath the envelope, while the L, M2, N, and P
proteins associate with the single-stranded RNA (Figure 1.1).

Lipid bilayer

NS - Nonstructural proteins G - Glycoprotein

N - Nucleoprotein F - Fusion protein

P - Phosphoprotein M2 -Transcription

M - Matrix protein processivity factor

SH - Small hydrophobic protein L - Large protein Nucleocansid

surrounding
-ssRNA genome

Figure 1.1: Human respiratory syncytial virus. ssRNA genome (A) and virion structure (B).!% !

RSV-G binds glycosoaminoglycans present on the apical surface of target cells,'>'?

while the F protein binds nucleolin, mediating the fusion to the host membrane and the
release of nucleocapsid into the host cytoplasm.'* > Upon entry, the L protein initiates
transcription (3’ to 5°) of the negative-sense RNA.!*'® Consequently, subgenomic mRNAs
are produced, with relative protein abundance determined by proximity to the 3’ end of the
viral genomic RNA.'® During virion assembly, the nucleocapsid localizes at the host’s plasma
membrane, which now expresses viral envelope proteins. New virions bud off of the apical
surface of polarized alveolar epithelial cells, forming clusters of long, fragile filaments that
extend from the cell surface.”

RSV primarily targets respiratory epithelial cells, particularly those that are ciliated, as
well as the intraepithelial immune cells lining the airways.?” In contrast to influenza virus,

20-22

RSV induces scant cytopathology,”?* perhaps due to its ability to delay programmed cell

death or apoptosis of host cells. RSV infection induces the upregulation of numerous genes
encoding inhibitors of apoptosis, such as the Bcl-2 family member myeloid cell leukemia-1.%
Other probably anti-apoptotic mechanisms employed by RSV include p53 inhibition via
Akt/Mdm2-mediated p53 degradation? and increased levels of prosurvival sphingolipid SP1

via enhanced ceramidase/sphingosine kinase activity.?>? Moreover, it has been shown that
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NS1, NS2, and SH RSV proteins facilitate viral replication, and thus higher viral titers, by
suppressing premature apoptosis.*®

RSV reinfections are common throughout life, suggesting that protective immunity
is incomplete and short-lived.” This is likely in part due to the virus’s numerous mechanisms
to evade or sabotage the host immune response.”’” RSV-F protein binds Toll-like receptor 4
(TLR4), upregulating its surface expression and sensitizing respiratory epithelial cells to
endotoxin.?® Reports have shown an increase in the number of TLR4* peripheral blood
monocytes in some infants with RSV bronchiolitis,”” but the role of TLR4 in vivo is not
clear.® RSV’s NS1 and NS2 proteins have been shown to interfere with type I interferon
(IFN) production, contributing to poor viral clearance and a skewed Th2 immune response.’

The G protein is heavily glycosylated, a modification that interferes with antibody
recognition.’”? RSV-G exists as both a full-length membrane-bound form and a truncated
secreted form (RSV-Gs), the latter of which may act as a decoy for neutralizing antibodies.?”
In addition, the G protein contains a CX3C motif, which endows it with the ability to signal
through the fractalkine CX3CR1 receptor and alter the chemotactic activity of leukocytes.?

Whether this augments cellular recruitment to the lungs during RSV infection or inhibits the

function of endogenous fractalkine is unclear.” Lastly, the conserved cysteine-rich region of

RSV-Gs acts as a potent TLR antagonist in vitro, antagonizing TLR2, TLR4, and TLR9-
mediated inflammatory cytokine production.?

Interestingly, studies suggest that RSV-G protein has greater potential than RSV-F
protein to downregulate cellular responses. For example, sensitization of mice with
recombinant vaccinia virus expressing the RSV G protein followed by subsequent RSV
challenge primarily activated a Th2 response (allergy-like) with eosinophilia, while priming
with RSV-F protein activated a Th1 response (antiviral) with lung inflammation.? Similarly,
human RSV-G-specific T-cell lines produced interleukin (IL)-4 and IL-10 in response to
RSV  stimulation, whereas F-protein-specific T-cell lines produced Thl-dominated
cytokines.?

The virology of RSV, in combination with the host’s immune response and

underlying health variables, contributes to the unique nature of RSV infection in the global

human population. With no RSV vaccine available, it is vital to deeply ponder the
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epidemiologic, environmental, genetic, and immunologic risk factors that predispose

individuals to severe RSV infection.
Epidemiology & health burden

The single RSV serotype is classified according to the G protein subgroups A or B
(RSV-A, RSV-B).” ¥ As with other respiratory viral infections, the prevalence of each
subgroup varies by region and season, with rates of viral infection and hospitalization
peaking between mid-December and early February.® * No animal reservoirs exist, as
humans are the only host for RSV, yet the reasons for the near absence of RSV between
epidemics remain unclear.

RSV is a highly infectious, universal pathogen, such that every child experiences at
least one RSV infection by the age of 2 years.*! While infections usually pass in less than a
week, they tend to be more severe in children aged 8 to 30 weeks.” It has been estimated
that on an annual basis the virus causes about 34 million episodes of acute LRTT and nearly
4 million cases of severe acute LRTI requiring hospitalization.* Extrapolating from
surveillance studies of laboratory-confirmed RSV infections to the entire US population,
about two million children under 5 years of age require annual medical attention for RSV
infection, with ~-3% of them being hospitalized, another 25% of them being treated in
emergency departments, and the remaining 73% being seen in pediatric practices.” Every
year at least 66,000 deaths worldwide in children under 5 years of age can be attributed to
severe RSV infection, most commonly in developing nations.*

Unfortunately, the total health burden of RSV disease is complicated by a strong
relationship between infant hospitalization with RSV infection and the development of
recurrent wheezing and allergic asthma later in life.**® Studies involving Palivizumab, a
monoclonal antibody to RSV-F protein that significantly reduces the severity of RSV
bronchiolitis, further suggest a causal interaction between RSV infection and childhood
asthma. Among cohorts of “high-sick” children, Palivizumab prevented hospitalization for
RSV LRTTI and decreased the incidence of less severe LRTI, thereby reducing the rate of
physician-documented recurrent wheezing at the age of 3-4 years.” Similar findings have

been reported where infants received prophylaxis with pooled immunoglobulins containing



high titers of RSV neutralizing antibodies.”® Furthermore, data derived from mouse models
of viral-induced chronic lung disease indicate lasting influences to the pulmonary immune
milieu consistent with those observed in human asthmatics.’! These complications of severe
RSV infection suggest that the host antiviral immune response, as well as the immune-
mediated alteration of the pulmonary environment, facilitate the development of chronic
airway disease.

Unusually, RSV reinfection is common among young children, with most
experiencing a decrease in symptom severity upon recurrent exposure.’> While there is a low
incidence of LRT involvement upon reinfection in older children and adults, the
immunocompromised (e.g. transplant patients) and the elderly have a higher risk of
developing severe LRTL?> > Likewise, RSV greatly exacerbates baseline pulmonary
dysfunction in patients with conditions such as asthma and chronic obstructive pulmonary
disease (COPD).?> Overall, RSV infection contributes to extensive morbidity and mortality in

these adult populations.
Clinical manifestation & diagnosis

RSV symptoms range from mild upper respiratory tract illness or otitis media to
severe, life-threatening LRTI. The most common form of LRTI in RSV-infected infants is
bronchiolitis, although pneumonia and croup are also observed. LRT signs, which lead to a
clinical diagnosis of bronchiolitis, include tachypnea, hyperinflation, retractions of the
intercostal muscles, and inspiratory crackles and expiratory wheezing on auscultation. High
fever is uncommon, while apnea may be observed in very young and premature infants.>*

Diagnosis of acute bronchiolitis is clinical, based on the patient’s presenting
respiratory signs and symptoms, possibly accompanied by lethargy, irritability, and poor
feeding. While chest X-rays may show hyperinflation and patchy atelectasis, helping to
distinguish bronchiolitis from pneumonia, this tool is reserved for cases of diagnostic
uncertainty. Pulse oximetry is recommended for all patients reporting to the emergency
department. Rapid antigen testing is routinely used for guiding cohort assignments, but its
results rarely alter management decisions.”* Antigen detection by immunofluorescence and

viral culture are common for confirming RSV infection, but similar methods are not



available for all respiratory viruses. Hence, to investigate viral etiology for epidemiological

studies, scientists use reverse transcription-polymerase chain reaction (RT-PCR) for RNA

viruses and PCR for DNA viruses.”
Etiology of RSV hospitalization & severe infection

The risk factors for RSV-related hospitalizations and disease severity can be broken
down into host-related and virus-related. From the host’s perspective, well-established risk
factors for hospitalization include pre-term birth, congenital heart or lung disease, acquired
immunodeficiencies, interstitial lung disease, neuromuscular disease, liver disease, and inborn
errors of metabolism.” In spite of the aforementioned risk factors, at least half of all infants
that report to the hospital with severe RSV infection are otherwise healthy.’> ¢ Within this
group, the most frequent and consistent risks include young age (< 6 weeks to < 6 months),
male sex, presence of other children in the household, daycare attendance, tobacco exposure,
lower family income, and lack of breast feeding.”>” Conversely, only two protective factors
have been identified: Breast-feeding®®>*%! and higher circulating levels of maternally-derived
neutralizing antibodies to RSV .66

Aside from these environmental and health risk factors that contribute to
hospitalization rates, many studies have identified a multitude of genetic susceptibility factors
for severe RSV disease. Concordance studies between Danish monozygotic and dizygotic
twin pairs revealed a modest (-20%) genetic contribution to the risk of hospitalization with
RSV.% Furthermore, studies on the ethnic background of RSV-infected US infants have
shown that children of Native Alaskan or American Indian heritage are far more frequently

65, 66

hospitalized in comparison to the general US infant population,®> % while African ancestry

was found to be protective against severe bronchiolitis compared to European ancestry.> ¢
Genetic risk factors are further supported by the finding that during the same season a single
RSV strain can cause variable severity of disease among the infected, ranging from mild
rhinitis to severe LRTL.

Analysis of 347 single nucleotide polymorphisms (SNPs) from hospitalized RSV-

infected children identified the risk of severe RSV disease was predominantly associated with

innate immune genes, including VDR (vitamin D receptor), /FNAS5 (interferon a5), NOS2A



(inducible nitric oxide synthase), and FCERIA (high-affinity IgE receptor o-subunit).®
Further studies identified additional immune gene SNPs associated with RSV disease severity
in preterm infants, such as /FNG (interferon gamma; risk enhancing), TGFBRI
(transforming growth factor beta receptor 1; protective), and NFKBIA (nuclear factor kappa-
B 1A; protective).®’ Surprisingly, polymorphisms in ZLIRN (IL-1 receptor antagonist) were
protective among preterm infants, but disease enhancing among full-term infants.
Examination of the 7LR4 gene has identified the overrepresentation of two SNP variants
among high-risk infants hospitalized with RSV compared to control infants,” though these
findings are not always consistent.®® 7! These data demonstrate that immunologically relevant
receptor and signaling molecule genes contribute to host susceptibility to severe RSV LRTI.
Additionally, SNPs within the promoter- and coding-regions of critical cytokines
may be associated with an increased risk of severe RSV disease. The role of Th2 cytokines,
including IL-4, IL-5 and IL-13, in the immunopathology of human RSV infection is
controversial since some studies have found an association between excessive Th2 cytokine

7273 while others have reported little or no detection of Th2

secretion and disease severity,
cytokines.”*7¢ Several studies reported overrepresentation of common SNPs within the /24
gene, IL-4 promoter, and the IL-4 receptor alpha chain, among RSV-infected hospitalized
infants in comparison to healthy controls.””*® One well-studied locus on human
chromosome 5 (5q31) has been identified as a potential modifier of RSV disease severity.*
This locus contains a cluster of cytokine genes, including the Th2 cytokine genes /L4, IL5,
and /L13, as well as IFN regulatory factor 1 (/RFI), granulocyte-macrophage colony-
stimulating factor (CSF2), and T-cell transcription factor-7 (7CF7). The highest infant
hospitalization odds-risk ratio involved several SNPs across the IL-4 and IL-13 genes, among
patients with no known risk factors for RSV disease.® Future studies should investigate
potential correlations between these haplotype-associated gene polymorphisms and RSV-
induced cytokine production.

Lastly, SNPs within the genes of chemotactic cytokines have been studied in terms of
risk for severe disease, since immune cells infiltrate the airways during RSV infection. For

example, IL-8 attracts neutrophils, and the chemokines RANTES/CCL5 and MIP-1a/

CCL3 recruit basophils, eosinophils, monocytes and T cells. While a polymorphism within
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the /L8 promoter region was found to be overrepresented in infants hospitalized with severe
RSV LRTIL*# subsequent studies did not find significant associations with known SNPs
within the /L8 and IL-8 receptor genes.?> # However, evidence does support an increased
risk among carriers of SNPs within CCL5%* and its receptor, CCR5.7

Viral factors contributing to the risk of severe RSV disease include viral load, viral
subgroup, and the presence of co-infection. There is some controversy over the extent viral
load correlates with disease severity, but studies suggest it may be age stratified and
dependent on other risk factors, such as co-infection with another respiratory virus (e.g.
parainfluenza, influenza, adenovirus, or rhinovirus).”>”' Several human studies have shown
RSV-A associated with higher disease severity compared to RSV-B, with the risk persisting
after adjusting for age and other risk factors.’”> 3 €7 In virro studies in primary airway
epithelial cells (AECs) and epithelial cell lines demonstrate that “prototypic” RSV-A strains
are better at inducing nuclear factor-kB (NF-kB) activation and thus pro-inflammatory
cytokines (IL-6, IL-8) than RSV-B strains, supporting the clinical observations that RSV-A
infections are more severe.”” Other studies have yielded clear evidence that individual RSV-A
isolates differ substantially in their infectivity, virulence, and immunopathogenicity.”*%’
Overall, these findings underline how viral characteristics interact with host susceptibility
factors to dictate disease phenotype.

Taken together, the studies of risk factors contributing to RSV disease susceptibility,
severity, and hospitalization highlight fascinating correlations with the RSV-induced
immune response. However, most risk factor-disease relationships require investigation in
much larger patient populations, so that significance can be attributed to the appropriate

environmental, genetic, or viral risk factor involved in RSV pathology.
Treatment, prophylaxis, and vaccination

Management of acute bronchiolitis upon hospital admission largely consists of
supportive care, such as nasal suction, nasogastric or intravenous fluids, supplemental
oxygen, and nasogastric feeding. While it is common practice to administer bronchodilators
(a and P adrenergics, anticholinergics, and nebulized epinephrine), there is no conclusive

evidence that these positively impact disease outcome.” Likewise, there is a lack of evidence



for the use of inhaled or systemic corticosteroids in treating severe bronchiolitis.”® One study
showed that endogenous cortisol production during severe RSV bronchiolitis actually
suppressed cytokines necessary for mediating antiviral responses,” suggesting that systemic
corticosteroid treatment may not be advisable in severe RSV disease. Additionally, inhaled
corticosteroids during the acute phase of RSV infection did not show a preventative effect on
post-infection wheezing.'®

The use of ribavirin, a FDA-approved antiviral agent used in nebulizer form to treat
infants and children with severe bronchiolitis, is disputed. Meta-analysis indicates it may be
effective in reducing duration of ventilation and length of hospitalization, but the studies
have been too small in size and too variable to be conclusive.!” Current AAP guidelines do
not recommend ribavirin’s routine use due to these uncertain studies, the potential health
risk for caregivers (i.e. aerosolization of drug during administration), and the high cost, but
reserve its use in high-risk infants with severe disease.*

Palivizumab is a monoclonal antibody (RSV-F protein) prophylaxis for serious RSV-
induced LRTT in high-risk infants and young children. The FDA-approved dose is five
monthly doses of 15 mg/kg body weight at the beginning of the regional RSV season. There
is an international agreement that a full course of the antibody should be given to premature
infants with a gestation age <32 weeks, but there is considerable variation in US
recommendations for use in infants at the gestational age of 32-35 weeks. While Palivizumab
is effective in infants <35 weeks of age,'” providing such a prophylaxis to a population that
comprises 3-5% of all annual births would be cost prohibitive. Thus, it is generally reserved
for <32 week-old premature infants and those born with cardiopulmonary complications.'®

Despite these imperfect treatments and prophylaxis for severe RSV infection, they are
still achievements given the absence of a RSV vaccine. Early attempts at vaccine development
vividly demonstrated just how much the host immune response contributes to RSV
pathogenesis. The first formalin-inactivated (FI) RSV vaccine (1960s) not only failed to
provide antibody protection, but also primed the infant participants for enhanced disease
upon natural infection, such that 80% of the vaccinees required hospitalization and two even

died.®* Initially, it was hypothesized, given the link between RSV and Th2-polarized

wheezing, that the FI-RSV vaccine had induced a Th2 immune response, leading to
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eosinophilia and the upregulation of IL-4, IL-5, IL-13, and possibly IL-10.1% 105 Re-

examination of post-mortem histological specimens found few eosinophils, and instead

reported immune complex deposition and neutrophilia in the lungs.!%1%

The amplification of RSV disease post-FI-RSV vaccine administration has been
reproduced in mouse, cotton rat, primate, and bovine models.''"® Thus, numerous

alternative approaches to vaccine development are being tested, including live attenuated

111-113

cold-passaged and temperature-sensitive mutants, recombinant RSV virus with

114

deletions of one or more virus proteins,''* recombinant RSV expressing host cytokines in

115116 yectored vaccines, and single virus protein subunit or

order to boost vaccine responses,
peptide vaccines."''"? Likewise, a variety of adjuvants are being tested for their abilities to
magnify the immunogenicity of vaccine preparations and to prevent vaccine-enhanced Th2-
skewing, some of which include CpG oligonucleotides and other TLR ligands.'® To date,

many of these vaccines and adjuvants have been shown to be highly protective in mice, but

few have progressed to human testing. At the time of writing, 18 RSV vaccines, adjuvants, or

combination therapies are currently in clinical trial (https://clinicaltrials.gov, search term:
“RSV vaccine”). Therefore, a better understanding of how RSV interacts with the host,
especially in terms of the aforementioned risk factors, must be achieved so that the road to

RSV vaccine development is less replete with struggle.
Primary immune response to RSV (in mice & men)

Events during the first minutes and hours after viral infection are of paramount
importance, not only in dictating the balance between viral replication and elimination but
also in setting into motion the subsequent adaptive (acquired) immune response. In
particular, cellular infiltrates and synthesized protein mediators must orchestrate a defense to
clear the infection, while limiting injury to the surrounding healthy tissue. Knowledge of the
early and late phases of RSV infection has been gained from animal studies and analysis of
human respiratory secretions and autopsy specimens.

The most widely used animal models of RSV infection are inbred laboratory mouse
strains, because of the ease of handling and housing, a wide variety of transgenic and knock-

out models, and the availability of reagents. However, they are semi-permissive hosts,
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requiring higher inoculum than humans to elicit symptomatic infection (10°-107 vs. 1000
PFU (plaque forming units)).'?! Their lung anatomy is much simpler and the clinical signs of
illness in mice are rather nonspecific, such as weight loss, lethargy, and ruffled fur. While
acute RSV infection can cause airway obstruction and airway hyperreactivity (AHR)'?*'% as
in human infants, certain strains, such as C57BL/6] mice, do not induce AHR.? 126 Peak
viral load in the lungs of mice is seen 4-5 days post-infection (dpi) but becomes undetectable

+ 125,127

by plaque assay 8 dpi.
Histopathology

RSV-induced lung pathology is characterized by bronchiolitis, mucosal and
submucosal edema, epithelial cell (EC) desquamation, mucus hypersecretion, as well as
monocyte and granulocyte infiltration.!”® The ECs, mucin, and immune cells along with the
edema contribute to the dangerous obstruction of small airways, especially in infants. While
the sloughing of ECs is generally considered to reflect necrosis, markers of apoptosis are
abundant in RSV-infected epithelium.'® ' The cellular infiltrate, consisting mostly of
alveolar macrophages and recruited monocytes, is generally peribronchiolar and often

extending into the alveoli, while neutrophils are localized to the submucosa.'?®

Detection of RSV by pattern recognition receptors (PRRs)

Host-viral interactions are initiated via host recognition of pathogen-associated
molecular patterns (PAMPs). This recognition occurs through pattern recognition receptors
(PRRs) that are expressed on a wide array of innate immune cells including alveolar epithelial
cells (AECs), dendritic cells (DCs), macrophages, and neutrophils. Several PRR families,
including Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), and NOD-like receptors
(NLRs), are involved in viral detection. TLRs are present on the cell membrane and in
endosomes, while RIG-I helicases and NLRs are intracellular microbial sensors. The
engagement of PRRs by PAMPs results in the activation of multiple signaling pathways and
transcription factors such as NFkB and members of the interferon regulatory factor (IRF)
family, which regulate the expression of inflammatory, immune, and antiviral genes that

facilitate viral eradication.!3!
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Membrane-bound TLRs implicated in the detection of RSV include TLR2, TLR3,
TLR4, and TLR7.13' TLR2 is expressed in heterodimeric complexes with TLR1 and TLRG
on the cell surface of immune cells and AECs, and recognizes a complex array of proteins
(bacterial and viral).3>135 While relatively little is known about TLR2 in the context of RSV
infection, knock mouse studies have shown that RSV-induced TLR2/6 signaling promotes
the production of tumor necrosis factor alpha (TNFa), IL-6, CCL2, and CCL5."3 37 On
the other hand, TLR4, which forms as a homodimer on cell surfaces, was the first PRR
identified to play a role in RSV detection.’® RSV-F protein ligation by TLR4/CD14
stimulates NFxB-mediated innate cytokine production.'®® In AECs, RSV-induced TLR4-
signaling increases TLR4 surface expression and stimulates production of IL-6 and IL-8.25 1%
Mice harboring a null mutation in the 7/74 gene failed to induce IL-6 production in
response to RSV, and exhibited reduced NK cell trafficking and function, such as decreased
IL-12 production and impaired viral clearance compared to controls.’3® " Two human gene
polymorphisms within the extracellular domain of TLR4 have been correlated with increased
risk of severe RSV bronchiolitis, especially among high-risk infants.”® ! Experiments using
human bronchial ECs expressing one of the SNPs found reduced translocation efficiency of
TLR4 to the cell surface, resulting in decreased NFxB-driven cytokine production and type I
IFNs in response to stimulation.'* Conversely, in another study, TLR4 expression on blood
monocytes was positively correlated with disease severity.?

TLR3 and TLR7 are expressed within intracellular compartments such as
endosomes, where they detect double-stranded (ds) or single-stranded (ss) viral RNA,
respectively.'”! Upon ligation of the dsRNA RSV replication intermediate, TLR3 recruits the
adaptor protein TRIF, which activates IRF-3/NFxB driven production of IFNP and the
chemokines CCL5, IL-8, and CXCL10.* RSV infection has been shown to upregulate
TLR3 expression in human lung fibroblasts and epithelial cells.!*>** While TLR3 did not
affect viral clearance in mouse models of RSV infection, it is important in modulating an
antiviral Th]l immune response.!® 7/r3 knockout (KO) mice developed a Th2-biased
immune response upon RSV challenge, resulting in increased IL-5 and IL-13 production,

mucus secretion, and eosinophil infiltration into the airways.!* Similarly, TLR7 detects

ssRNA, thus activating NFkB and IRF-7 signaling in a MyD88-dependent manner to
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mount host responses that minimize immunopathology. RSV-infected 77r7-deficient mice
experienced increased IL-4 production within the airways, in addition to IL-13 and IL-17,
which promote AEC mucus secretion.!® ¥ Interestingly, DCs derived from 77/r7-deficient
mice preferentially produced the Th17-promoting cytokine IL-23 at the expense of the Thl-
promoting cytokine IL-12, likely causing the elevated Th17 response upon RSV infection.!%

RLRs, expressed by cells such ECs and DCs, are intracellular PRRs that detect RSV-
derived RNA upon direct cell fusion. Retinoic acid-inducible gene I (RIG-I) binds 5’
triphosphate moieties on RNA, while melanoma differentiation-associated gene 5 (MDA-5)
preferentially recognizes long, stable dsRNA.'3' These RLRs bind viral RNA with a
conserved DEAD box RNA-binding helicase domain, followed by interaction of two N-
terminal caspase-recruitment domains (CARDs) with the CARD domain of the
mitochondrial membrane protein “IFNp promoter stimulator 17 (IPS-1).!48 This interaction
leads to dimer formation and subsequent activation of IKKa/B-dependent NFkB signaling
and TBK-1-dependent phosphorylation of IRF-3 and IRF-7, which trigger transcription of
type T IFNs.¥ RSV-infected Ipsi-deficient mice, which are unable to signal via RLRs,
produced very little IFNP, and exhibited a Thl phenotype with heightened airway

50 RSV bronchiolitis has been shown to upregulate

neutrophilia and reduced viral clearance.
gene expression of several PRRs in infants, especially R/GI, compared to those with non-
RSV-induced bronchiolitis. Additionally, these RSV-infected infants demonstrated a positive
correlation between RIGI mRNA levels and viral load.” Finally, RSV NS1/2 proteins
antagonize RLR signaling by blocking the interaction of RIG-I with IPS-1.1%13

NLRs are specialized intracellular cytoplasmic sensors that recognize a wide array of
different PAMPS, including intracellular bacterial cell products and bacterial or viral nucleic
acids.”” One NLR implicated in RSV detection is NLRP3, yet the exact mechanism of
interaction is unknown. Upon activation, NLRP3 recruits the adaptor protein ASC, forming
large multi-protein complexes called inflammasomes, and leading to the processing and

154-156

activation of pro-IL-1B and pro-IL-18 through the cysteine protease caspase-1. In one

study, RSV infection in mouse bone marrow-derived macrophages induced TLR2/MyD88-
dependent upregulation of pro-f/I16 and Nlrp3 genes.”” When another NLR, NOD?2,

recognizes RSV RNA, it rapidly translocates to the mitochondrial surface to interact with
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IPS-1, modulating IRF-3/NFkB-dependent IFN production.’ The importance of NOD2
in RSV detection is evidenced by impaired viral clearance, increased weight loss, increased
proinflammatory cytokine and chemokine production, and greater lung immunopathology
in RSV-infected Nod2-deficient mice.”® All together, these studies on TLRs, RLRs, and
NODs illustrate the importance of PRRs in early detection of RSV and the development of

robust innate immune responses to infection.
Innate cytokine production & immune cell recruitment

Upon RSV infection, AECs signal their distress by secreting a wide variety of
proteins, most of which have been detected in lung tissue or bronchoalveolar lavage (BAL)
fluid of RSV-infected mice.” These cytokines and chemokines include: KC/CXCLI,
MIG/CXCL9, IP-10/CXCL10, fractalkine/CX3CL1, MCP-1/CCL2, MIP-1a/CCL3, MIP-
1B/CCL4, RANTES/CCL5, IL-6, TNFa, IL-1a/p, and IFNa/B."*" 1% 1 In addition,
resident alveolar macrophages are a key source of CCL3, CCL5, TNFa, IL-6 and IFNa in
mouse models of RSV infection.'¢'% Proinflammatory cytokines, such as IL-1, IL-6, and
TNFa upregulate the expression of adhesion molecules, thereby facilitating the retention of
recruited immune cells and promoting their activation. Levels of these innate proteins
increase early during mouse infection, with BAL concentrations peaking at 24-48 hours post-
infection.'?* '3 Concentrations of IL-6 in the BAL positively correlate with viral load and
disease severity, suggesting it may promote pathology at the later stages of infection.'®
Controversy also surrounds the role of TNFa in the clearance of RSV, as there are
indications that it contributes to viral clearance during the early stages of infection but
promotes lung immunopathology later on.'%*'%

During the initial phase of RSV infection, the rich, rapidly induced mixture of innate
proteins attracts an army of immune cells into the airways. In mice, neutrophils are recruited
as early as 24 hours post-infection (hpi),” 116 122 125 167198 3lthough the kinetics and
magnitude of the response are RSV- and mouse-dependent.'”® Natural killer (NK) cells play
a critical role in viral clearance during the early phase of RSV infection, with levels rising -2
104, 116, 171, 172

dpi, peaking ~3-4 dpi, and becoming undetectable by 8 dpi in mice.
Macrophages are always the major cell type in the BAL of mice, and may be further

14



upregulated by RSV infection, but the timing of recruitment varies by study.'® In contrast,
eosinophils generally represent a minor yet significant component of recruited immune cells
in response to RSV, 17317 although some studies report no significant differences in their
numbers between RSV-infected and control animals.?® 176177

While there is an early transient rise in neutrophils in RSV-infected mice, their
recruitment is a predominant aspect of severe human RSV infection, making up 75-85% of
the BAL.'® 17 In a study on RSV-infected, mechanically ventilated infants, neutrophil
numbers rose within the first few days of intubation and declined thereafter.'”® However,
there were lower numbers of recruited neutrophils in the BAL fluid of pre-term infants in
comparison to full-term infants. More variability has been seen in monocyte and lymphocyte
proportions, perhaps due to differences in the time of sampling relative to the onset of
symptoms.'”® 177 Eosinophils are detectable (<1% of BAL) in a minority of RSV-infected
infants, although one study reported a subset of infants exhibiting asthma-attack-like
characteristics, with ~3% eosinophils in BAL fluid.'®

In RSV-infected mice, CD4* T “helper” lymphocyte recruitment begins early and
plateaus -4 dpi, while cytotoxic CD8* T cell numbers rise sharply around day 4.'%% 116161169
Numbers of both T cell subsets begin to decline -8 dpi, but remain elevated in the lung
through 20 dpi.” Lymphocyte recruitment coincides with a second peak in the production of
certain chemokines, including eotaxin, CCL3, and CCL5.1%% 2. 160 A¢ the peak of
inflammation -7 dpi, a dense peribronchiolar and perivascular infiltrate of macrophages,
lymphocytes, and some neutrophils is present.!?* 8- 182 While T cells constitute a small
fraction of BAL cells from severe RSV-infected infants (~2%), a significant increase in RSV-
specific CD8* T cells does occur in comparison to uninfected controls.'”® '® Interestingly,
significant numbers of CD8* T cells were reported in the alveolar infiltrate of an infant with
non-fatal RSV,'? suggesting a protective function of these cells, yet a second study of 9 fatal
cases of RSV revealed a near absence of CD4* and CD8* T cells on autopsy.'®

Impressive numbers of dendritic cells (DCs) are recruited to respiratory mucosal sites
of both RSV-infected mice and humans. An increase of monocyte-derived, “conventional”
DCs (cDCs) and plasmacytoid DCs (pDCs) occurs in the lungs and lung-draining lymph
nodes (LDLN) of RSV-infected mice.'®>'®” Similarly, a large influx of DCs is noted in nasal
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washes of RSV-infected infants, with decreases in both DC subsets in peripheral blood
compared to healthy controls."® ' These antigen-presenting cells (APCs) play an
indispensable role in educating T cell maturation and differentiation, and in dictating the
resultant immune environment within the lungs. However, under certain circumstances,
DCs may be responsible for the inappropriate induction of aberrant Th2-skewed responses

to RSV, implicating these APCs as unfortunate mediators of RSV immunopathology.
Pulmonary DCs: inducers of innate & adaptive immunity

The lungs are continuously exposed to foreign threats, such as microbes, organic and
inorganic dusts, man-made pollutants, as well as invading pathogens. As a result, a network
of DCs serves to recognize these foreigners, promote immune tolerance to innocuous
particles, and activate the adaptive immune response in the case of pathogens. While AECs
and macrophages express PRRs, and can direct innate immunity through the production of
inflammatory cytokines, DCs are special in that they transport pathogen-derived antigens to
LDLN."™ Once here, these sentinel DCs stimulate naive and RSV-reactive memory T cells
through antigen-presentation, co-stimulation, and cytokine production. Effector CD4* and
CD8* T cells then migrate to the lungs and clear virally-infected cells.”! Thus, pulmonary
DC:s serve both the innate and adaptive arms of immunity.

At steady state, three distinct DC subsets reside in the lungs, all of which perform
unique tasks upon viral infection. CD11ct" CD103* Langerin® intraepithelial DCs, which
express the E-cadherin-binding integrin CD103 in mice (CD103* DCs), intercalate with the
epithelial lining of the respiratory tract and project their cellular processes into the airway
lumen. CD11c"et B220* CD11b* DCs, expressing the integrin CD11b (CD11b* DCs),
reside immediately below the basement membrane in the lamina propria. CD11b* and
CD103* DCs are characterized as monocyte-derived/“conventional” DCs (cDCs), and
correspond to the mDC1 (CD11c* CDl1c¢*) and mDC2 (CD11c* CD141*) human subsets,
respectively. Thirdly, CD11c%™ CD11b" SiglecH* plasmacytoid DCs (pDCs) are found at
steady state conditions, though their precise anatomical location is unknown. When the lung
is challenged with a foreign invader, such as RSV, additional CD11b* monocyte-derived

cDCs (inflammatory DCs) are recruited into the conducting airways and lung parenchyma.
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These DCs are characterized by the surface expression of CD11b, CDI1l1c, Fc epsilon
receptor (FceRI), and the transiently expressed monocytic marker Ly6C.!%!

DCs reside in a functionally immature state in the periphery of the lung, but are
poised to detect PAMPs such as viral nucleic acids and proteins. All lung DC subsets are
capable of being infected by RSV in vitro,”> % which results in their rapid maturation and
the upregulation of both MHC class proteins and the co-stimulatory molecules CDA40,
CD80, CD83 and CD86.%% 1% UV-inactivated virus failed to stimulate DC marturation in

195, 196

several in vitro studies, suggesting that a replicative virus is necessary for complete

activation. Once infected, human monocyte-derived CD11b* DCs produce the pro-
inflammatory cytokines IL-1B, IL-6, IL-12, TNFa, and IFNY, and chemokines such as
CCL2, CCL3, CCL5, CXCL8, and CXCL10."""® Additionally, RSV-infected mouse bone
marrow-derived DCs (BMDCs) produce IFNa and IFNP, which are required for the
upregulation of co-stimulatory molecules.” Both human and mouse pDCs produce high
levels of IFNa following in vitro RSV infection. %% 1%

Upon RSV infection, the specialized immune functions of each DC subtype likely
originate from maturation-induced differential PRR expression, surface protein expression,
antigen processing, and T cell stimulation. The upregulation of surface expression of
chemokine receptors CCR6 (ligands: CCL20, B-defensin) and CCR7 (ligands: CCL19,
CCL21) on c¢DCs enables their transport of viral RNA and protein to LDLN for T cell
presentation.'?!- 2% Migration kinetics differ by ¢DC subset, as numbers of CD103* DCs
within the lungs decrease rapidly in the first 24 hpi, while the influx of inflammatory DCs
results in an increased number of CD11b* DCs in the lungs by 7 dpi.*”® On the other hand,
pDC numbers peak by 3 dpi and decrease below baseline by 8 dpi.'® CD103* DCs are
particularly efficient at the uptake of apoptotic epithelial cells, given their intimate proximity
to the epithelium, and aided by their selective expression of TLR3, CD36, and the C-type
lectin Clec9A.?*? These migratory CD103* DCs are more potent in stimulating CD8* T cells

)202 203

through cross-presentation of antigens, natural (viruses)?** and inorganic (labeled beads).
In contrast, CD11b* DCs selectively express TLR2 and TLR7,% and are major producers of
chemokines that attract effector cells to the lungs during infection.?** 2> CD11b* DCs

preferentially activate CD4* T cells in the context of severe influenza infection?® whereas
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directly infected CD11b* DCs indicate proficiency in priming CD8* T cell responses.
Less is known about DC specialization during RSV infection, although ex vivo co-culture
experiments suggest that RSV-infected CD103* DCs and CD11b* DCs process RSV antigen
equally as well, and are capable of stimulating both CD8* and CD4* T cells.?"!

Despite the induction of DC maturation and the production of inflammatory innate
cytokines, RSV reduces the capacity of DCs to stimulate naive T cells and induce their

185,193,195, 209 Tn one model, suppression of T cell activation is mediated by an

proliferation.
unidentified soluble factor produced by RSV-infected DCs, in a dose-dependent manner,
independently of IL-10, TGEp, or T regulatory cells (Tregs).!”?'® This effect may be due to
ligation of a combination of receptors to [FNa, IL-10 and IL-28.2'° In a second model, RSV
infection of DCs disrupts proper immune synapse formation between DCs and naive T cells,
such that T cells fail to polarize their Golgi to the cell surface, resulting in impaired T cell
stimulation and proliferation.”” Studies have shown that these T cells subsequently entered
an anergic state, becoming nonresponsive to proliferation signals such as IL-2 and anti-CD3
antibody treatment and producing decreased levels of IL-2, IL-4, IENYy, and TNFaq.'>%>210
This phenomenon was only observed in co-cultures where the DCs were infected with
replication-competent virus, as naive T cells cultured with DCs incubated with UV-
irradiated RSV showed no proliferation defects.”® Similarly, memory T cells stimulated with
RSV-infected DCs showed no defects in effector cytokine production or proliferation,

demonstrating that RSV only interferes with naive T cell stimulation.”! Thus, perhaps a

defect in the DC-T cell interaction contributes to less robust primary responses to RSV,

increasing the likelihood of severe LRTI.
Immaturity of the infant immune system

While the immune system of neonates and young infants is capable of producing
adult-like responses under certain conditions, most often there are quantitative or functional
deficiencies in their innate and adaptive immune responses. Macrophage cytokine
production is often attenuated in neonates and children as compared to adults, in part due to
diminished expression or upregulation of PRRs. Neonatal DCs are reduced in frequency and

differ in subset distribution, compared to adult DCs. These DCs show signs of poor antigen
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presentation and T cell stimulation, because of decreased expression of MHC molecules, co-
stimulatory molecules, and inflammatory cytokines, particularly IL-12p70.2'2

Interestingly, neonatal T cells display extraordinary plasticity, ranging from
unresponsive to stimuli that normally elicit strong adult T cell activity to highly reactive
under the appropriate stimuli. For the most part, however, CD4* T cells are diminished in
their capacity to produce both Th1 and Th2 cytokines especially IFNy, which does not reach
adult levels until around adolescence.?’*?"> However, Th2 skewing is not clearly shown in
human infections despite this low IFNy production,?'? although it is observed in neonatal
mouse and human responses to environmental allergens.”® Overall, neonates are capable of
mature cytotoxic T lymphocytes (CTLs) responses to virus.?'

Neonatal B cell antibody production is often delayed in onset, decreased in peak
titers, and diminished in duration.””*'® Additionally, infant B cells undergo little somatic
hypermutation after antigen encounter,””’ resulting in an antibody repertoire that displays
lower affinity and decreased heterogeneity.?'> After about the age of 2 years, most severe RSV

LRTT is restricted to the immunocompromised, highlighting the immaturity of the immune

system as a key factor in the frequency of LRTI in infants during primary RSV infection.
RSV-induced protective vs. pathologic immunity

Induction of antiviral immunity is a double-edge sword. On one side, a virus,
particularly if cytopathogenic, must be rapidly cleared. Yet on the flip side, exuberant
inflammatory immune responses can damage tissue, leading to systemic illness or local organ
damage. Lung DCs can set in motion protective or pathologic RSV-induced immune
responses depending on the cytokines they produce and their antigen-presenting interactions
with T cells. The aforementioned DC subsets must work in synergy to promote efficient,
swift viral clearance with minimal injury to by-standing tissue. Alas, studies point out
pathological roles for certain DC subsets and T cells, highlighting the complexity of the
immune response to RSV infection.

Although pDCs are poor APCs,' studies suggest that they are critical sources of
IFNo, pro-inflammatory cytokines, and chemokines upon exposure to RSV. RSV-infected

human pDCs isolated from peripheral blood secrete innate cytokines and large amounts of
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IFNo." In RSV-infected mice, a rise in pDC numbers appears to be protective, while
depletion of pDCs prior to RSV infection results in increased viral replication, prolonged
AHR, enhanced lung inflammation, and mucus hypersecretion.'®> ¢ Additionally, T cells
restimulated with anti-CD3 from infected, pDC-depleted mice produced increased mRNA
and protein levels of Th2-associated cytokines IL-4, IL-5, and IL-13, as well as the Thl
cytokine IFNy.'8-1% This suggests that pDCs may play a role in regulating Th2-associated
responses. However, as poor stimulators of T-cell proliferation and their specialized
production of IFNa, pDCs seem best oriented to an early antiviral response than toward the
induction of an adaptive during RSV infection.

As pulmonary ¢DCs are better equipped at stimulating CD4* and CD8* T cells
during RSV infection, their role in mounting effective antiviral Th1 responses is key to
successful viral clearance.” Viral reduction and the eventual eradication of RSV infection
depends on the actions of activated T cells, however it is evident that both T cell subsets
contribute to immunopathology.'®? %% 2! Clinical illness was significantly reduced after the
depletion of CD4* or CD8* T cells during RSV infection in mice, and was essentially absent
after depletion of both T cell subsets.'® In another study, transfer of RSV-specific cytotoxic
T lymphocytes (CTLs) to RSV-infected animals resulted in rapid, yet dose-dependent viral
clearance, but led to the development of increased lung pathology.”®*' Interestingly, while
passive transfer of both CD4* and CD8* T cells enhanced neutrophil efflux from lungs of
infected mice, transfer of only CD4* T cells was associated with pronounced eosinophilia.?’
These data support the dual roles of T cells in viral clearance and pulmonary damage during
RSV infection.

Alas, evidence suggests that some cDC subsets may contribute to the production of
Th2 responses and lung immunopathology during RSV infection in mice. Mouse and
human infant studies note an influx of monocyte-derived CD11b* cDCs into the airways
and LDLN during RSV infection,'® " 1 which may contribute to overall inflammation
and AHR in both RSV and subsequent allergen challenges.'®” 2% 22 Blocking migration of
CD11b* ¢DCs to the lungs or LDLN protected mice against RSV-induced
immunopathology, resulting in more robust Th1 responses and enhanced viral clearance?®

22 Similarly, the addition of monocyte-derived DCs increased Th2 responses and lung
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pathology RSV-infected mice.???% Thus, the presence and relative number of cDCs within
the lungs may direct pathological responses to RSV.

Given the dual capacity of DCs to promote and hinder antiviral innate and adaptive
immune responses during RSV infection, questions emerge surrounding the intracellular
mechanisms responsible for dictating DC function. From transporting viral antigen to
LDLN, to the production of innate cytokines, DCs depend on RSV recognition via TLRs.
One process that facilitates delivery of antigen to the endosomal TLRs (TLR3, TLR7) is
macroautophagy, whereby cytosolic contents are enveloped in a double-walled membrane
and delivered to endosomes. By utilizing a conserved pathway involved in cellular
equilibrium to efficiently deliver intracellular pathogen-derived nucleic acids and proteins to
endosomal compartments, DCs can promptly produce the necessary cytokines and stimulate
reactive T cells via MHC-II presentation. Ultimately, DCs direct effective viral clearance,

and reestablish immune system homeostasis.
Autophagy as an antiviral immune defense

Autophagy is an ancient intracellular membrane trafficking pathway whereby
cytoplasmic material is sequestered within double-walled vesicles, which degrade upon fusion
with lysosomes. Autophagy evolved as a mechanism by which unicellular organisms could
survive periods of nutrient scarcity by reabsorbing macromolecules from autophagocytosed
organelles and proteins.”?® Overall, autophagy maintains cellular metabolic equilibrium and
promotes cell survival during physiological (aging, differentiation) and pathological
(infection, degeneration, cancer) stress conditions.”?’ Specifically, the molecular machinery of
autophagosome formation plays critical roles in innate immunity, including the clearance of
cytoplasmic pathogens, delivery of viral antigen to endosomal TLRs, and the loading of
antigen onto MHC molecules for T-cell presentation.??®?* Likewise, autophagy modulates

Bl Lastly, signaling sensors of

immune cell function and inflammatory responses.
endoplasmic reticulum (ER) stress, which activate the unfolded protein response (UPR)
during pathogenic insult, can also activate autophagic flux in an attempt to restore cellular

homeostasis via removal of damaged organelles (ER-phagy, mitophagy) and

unfolded/misfolded proteins.”* Collectively, the data suggest important immunomodulatory
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roles for autophagy during viral infection, whereby it promotes innate immune responses,
such as APC function in DCs,* as well as adaptive immune responses, such as T cell

development and activation.”*

Autophagosomes: initiation to maturation

The process of autophagosome formation is highly conserved among eukaryotic
organisms, and the pathway was first elucidated in yeast studies.?”® A family of autophagy-
related (Arg) genes orchestrates the initiation, elongation/closure, and maturation of
autophagosomes (Figure 1.2). Autophagy is initiated during starvation upon the inhibition
of the mammalian target of rapamycin (mTOR) and the activation of AMP-activated protein
kinase (AMPK), which phosphorylates Atgl/ULK1 (yeast/human) and causes the
translocation of the Atgl/ULK1 complex to the ER.?> 2% While the primary source of
autophagosomal membrane is thought to be the ER, some studies suggest that the membrane
precursor can be from the mitochondria, the Golgi apparatus, the nuclear membrane, or
even the plasma membrane.”” The phosphorylated Atgl/ULK1 complex, serving as an
initiation scaffold, activates the VPS34-containing class III phosphatidylinositol-3-OH
kinase (PI3K) complex located on the ER surface (VPS34-PI3K), which includes the class I11
PI3K VPS34, VPS15, Atgl4/ATG14L, and Atg6/Beclin-1.23>2® The VPS34-PI3K complex
then produces phosphatidylinositol-3-phosphate (PIP3), which recruits DFCP1 and
Atgl8/WIPI family proteins that initiate the extension of source membrane into pre-
autophagosomal structures termed omegasomes.”% 240

The elongation and closure of this double-walled membrane is dependent on two
ubiquitin-like conjugation systems. One involves creation of the ATG5-ATG12 conjugate
through actions of the El-like ATG7 and the E2-like ATG10. This conjugate then forms a
2:2:2 complex with ATG16L1 on the outer membrane of autophagic precursors.?*" 2> Since
the ATG5-ATG5-ATG16L1 complex dissociates from the membrane upon closure, its
protein members are frequently used as markers for early autophagosome formation.?** The
second conjugation system, which requires ATG7 and the E2-like ATG3, cleaves and
conjugates Atg8/LC3 with phosphatidylethanolamine (PE). The PE-conjugated Atg8
homologs, which in mammals are LC3A/B/C, GABARAP, GABARAPL1/2/3 (hereafter
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referred to as LC3), are incorporated into the inner and outer membranes of the developing
autophagosome.” As LC3-II (conjugated LC3) stably associates with completed
autophagosomes, it is commonly used in microscopic analysis of autophagy progression.?
Finally, the closed autophagosome matures upon fusion with acidic lysosomal compartments
via the recruitment of the SNARE protein Syntaxin 17.2¥ The hydrolase-rich environment
within the now-formed autolysosome degrades the autophagosome contents, as well as the

inner autophagosomal membrane.??6- 245246
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Figure 1.2: The life cycle of an autophagosome. (A) mTOR and AMPK regulate autophagy
induction in mammals. In the presence of a stimulus, such as nutrient starvation or pathogen infection,
ULKI1 is phosphorylated and activates the VPS34-PI3K complex, which contains Beclin-1. These
activated autophagy proteins associate with precursor membrane, often from the ER, to form an isolation
membrane around general cytoplasmic content or cargo targeted to the phagophore by SLRs. (B)
Elongation and shaping of the autophagosome are controlled by two ubiquitin-like conjugation systems
producing: (1) ATG5/12/16L complexes and (2) PE-conjugated LC3-II, which is incorporated into both
inner and outer autophagosomal membranes. Upon autophagosome closure, ATG5/12/16L and LC3
(delipidated by ATG4) are recycled. (C) Autophagic cargo, along with the inner membrane, is degraded

upon maturation as the autophagosome fuses with an acidified lysosome.?2% 247

Involvement of autophagy in cellular homeostasis
The physiologic functions of autophagy include: providing a cell-autonomous source
of macromolecules and energy during times of cellular metabolic crisis or nutritional

deprivation, prevention of cell death and senescence due to the accumulation of faulty
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organelles and large protein aggregates,”® and serving as a cell death modality.?** All cells rely
on constitutive autophagy to carry out basal housekeeping, including removal of organelles,
such as depolarized mitochondria, damaged from regular wear and tear.>® Autophagy is also
necessary for normal development, as in the case of hematopoietic stem cell (HSC)
maintenance and function.””' However, when these day-to-day activities do not proceed as a
result of dysregulated or dysfunctional autophagy, disease phenotypes emerge.?* In addition,
studies have found intersections between autophagy and immunity.”?

Upon nutrient starvation, several events need to occur before autophagosome
initiation can proceed. In the resting state, TAK1-binding proteins (TABs) 2 and 3 bind

23 24 However, during starvation, ULKI-mediated

Beclin-1 and repress its activity.
activation of VPS34-PI3K is accomplished by the phosphorylation and release of Beclin-1
from its TAB inhibitors. BECN1-regulated autophagy protein 1 (AMBRA1), also activated
by ULK1, along with Beclin-1, recruits E3 ubiquitin ligase TNF receptor-associated factor 6
(TRAF6). TRAF6 then ubiquitinates and stabilizes Beclin-1 and ULK1,>%¢ enabling the
progression of autophagosome formation.

The requirement for autophagy in nutrient homeostasis is dramatically recognized in
Atg5" or Atg7" neonatal mice. Although pups are born with few physical defects and in
predicted Mendelian ratios, these autophagy-defective mice die within 24 hours after
birth.»” % Force-feeding can prolong survival, and analysis of metabolites confirms that
these neonates suffer from systemic amino-acid deficiency and decreased glucose levels.?”» 25
Interestingly, in cultured wild-type (WT) hepatocytes, protein degradation increases by 3%
total protein/hour upon starvation, with most of the increase attributable to autophagy.?”
Therefore, under periods of acute starvation, autophagy is an indispensable stress response
capable of temporarily restoring energy balance until nutrients are once again plentiful.

Sensing nutritional deficiency due to competition by microbial invasion is likely one
ancestral danger signal that eukaryotes used to detect and eliminate pathogens through
autophagy. In support of this concept, signaling downstream of amino acid starvation has
been associated with antimicrobial autophagy in response to bacterial®®® and viral infection?!

in modern day immune cells. Other immune-sensing systems, such as PRR signaling upon

recognition of PAMPs and damage-associated molecular pattern (DAMPs), also integrate
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with autophagy. For example, TLR4 signaling leads to ubiquitylation of Atgl/Beclin-1 by
the TRAF6,%? releasing Beclin-1 from its inhibitor Bcl-2. TRAF6 also activates ULK1
through ubiquitylation” and thereby controls two key pathways that lead to autophagy.
DAMPs, such as DNA complexes,® ATP,** and high-mobility group box 1 protein
(HMGBI1),” also activate autophagy. HMGB1 de-represses Beclin-1 by displacing Bcl-2,
and can also activate autophagy extracellularly by interacting with its cell surface receptor
RAGE (receptor for advanced glycation end products).”® Signaling through the IL-1
receptor®® and the IFNy receptor®2?¥ by IL-1 and IFNy also trigger autophagy in
macrophages through interaction with TRAF6 or Beclin-1, respectively. In contrast, the Th2
cytokines IL-4, IL-6, IL-10, and IL-13 can inhibit autophagy under certain circumstances.**®

270.271 These examples illustrate the complex integration of autophagy with PRR and cytokine

receptor signaling.
Role of autophagy in human disease

Autophagy and autophagy genes have been implicated in a broad spectrum of human

272-274 275, 276

health issues including neurodegeneration, cancer, and inflammation and
immunity.**! Two groups have identified novel mutations in WDR45/WIP14, a mammalian
homologue of yeast Atgl8, in patients with SENDA (static encephalopathy of childhood
with neurodegeneration in adulthood).””” #® In lymphoblastoid cell lines derived from
SENDA patients, researchers noted a severe reduction in WIP14 protein expression and the
accumulation of aberrant autophagic ATG9A* LC3* (early stage) structures.”’® Amongst the
many genes implicated in Parkinson’s disease pathogenesis, a progressive neurodegenerative
disorder, PARK2/Parkin and PARKG6/PINKI lead to autosomal recessive or spontaneous
juvenile-onset Parkinson’s disease.”” 2% PINKI1 is a mitochondria-associated protein kinase
that acts upstream of Parkin, an E3 ligase implicated in selective autophagy of mitochondria,
or mitophagy.?®"#? Consistent with this finding, excessive mitochondrial damage has been

linked to Parkinson’s disease,®

3 suggesting that at least some forms of Parkinson’s disease are
caused by the lack of autophagy to clear these accumulated, defective organelles.
A connection between autophagy and cancer has long been proposed. Early on in

cancer development, autophagy likely plays a preventive role, but once a tumor develops, the
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cancer cells usurp autophagy for their own cytoprotection.?*28 A key role for autophagy in
controlling the unregulated cell growth of tumor development has been shown through
studies of Azgl/BECNI. The protein Atgl/Beclin-1 interacts with the anti-apoptotic protein
Bcl-2, which prevents Bax-dependent release of mitochondrial cytochrome .2 Patients with
a monoallelic deletion of BECN1 have an increased predisposition for human breast, ovarian,
prostate, and colorectal cancers, as well as a poorer prognosis.”?> Mutations in other
autophagy proteins, such as ATG5 and UVRAG, are also correlated with the development of
human cancers.??

Finally, given the evidence in support of cells applying autophagic machinery to

promote antimicrobial responses, it is of no surprise that immune-mediated diseases have

also been associated with defective autophagy function. Genome-wide association studies

(GWAS) on non-synonymous SNPs have linked ATGI6L1 variants with susceptibility to

287288 3 major type of inflammatory bowel disease that can affect any portion

Crohn’s disease,
of the digestive tract. The ATG16L1 protein possesses a C-terminal WD repeat domain,
within which or immediately upstream lies the Crohn’s disease-associated mutation, T300A
(Ala197Thr). However, studies have shown that this WD domain is not essential for
ATGI6L1’s autophagic activity.2" 2% 20 While the exact contribution of the ATGI6L1
T300A mutation to human Crohn’s disease pathogenesis has yet to be clarified, Azgl6/1
mutant mouse studies suggest some possibilities. Azgl6/1-deficient macrophages produced
increased levels of the inflammatory cytokine IL-1Pp and IL-18 upon lipopolysaccharide
(LPS) stimulation.”® On the other hand, Azg/6/1 hypomorphic mice exhibited aberrant
granule formation and ER stress in Paneth cells, which produce antimicrobial products and
constitute a cardinal component of the intestinal stem cell niche.””" Another report stated
that ATG16L1 possesses an immunosuppressive role during intestinal bacterial infection.?*?
Apart from ATG16L, other autophagy-related proteins, including IRGM (immunity-related
GTPase M) protein,® 2% NOD2,%> 2 autophagy-targeting factor SMURF1,%” and
ULK1?® are reported to contribute to Crohn’s disease. However, as some of these proteins
hold other biological roles outside of promoting autophagy, it remains uncertain whether

they relate to Crohn’s disease pathogenesis via autophagy modulation.”? Interestingly,

population genetic analyses have also linked an JRGM gene variant (IRGM-261T) with
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susceptibility to tuberculosis®® and /RGM polymorphisms to systemic lupus erythematous

(SLE).? Moreover, GWASs have linked A7G5 variants with the development of asthma®""-
392 and a greater risk of SLE.?* 3" Thus, autophagy shows clinical relevance as a result of

various genetic connections to neurodegenerative, cancerous, immunological, and

inflammatory disorders.
Host autophagy during infection by intracellular pathogens

The antimicrobial functions of autophagy provide a series of barriers against invading
microorganisms. This includes the process of xenophagy, the selective degradation of
intracellular pathogens in double-membrane autophagosomes.®” Secondly, LC3-associated
phagocytosis (LAP), which engages autophagic machinery, aids in expediting the degradation
of bacterium and other extracellular objects such as TLR-ligand-coated particles.’® LAP
phagosomes are matured through the autophagic pathway, using Beclin-1-VPS34 complexes
and LC3 conjugation, resulting in robust phagolysosomes.?*3% Thirdly, a group of
autophagic adaptors, known as sequestosome-1 receptors (SLRs), bind ubiquitinated bacteria
and deliver them to autophagosomes via interactions with inner membrane-bound LC3.3%9-312
Lastly, autophagy-associated factors can directly bind target microbial proteins. For example,
ATGS binds the Shigella spp. surface protein, VirG,’"> and along with ubiquitylation and
SLR activity,*® 3! herds the bacteria to autophagosomes for elimination.

Bacteria may also counteract or seize control over host autophagic machinery for
their own benefit, highlighting the importance of autophagy in antibacterial defense. These
inhibitory mechanisms include the expression of proteins that interfere with autophagosomal
targeting, formation, or maturation. For example, Listeria proteins AktA and InIK interfere

310.315 while Shigella protein IcsB masks bacterial epitopes,®'® all of

with host ubiquitin tags,
which assist the bacteria in evading recognition by autophagic machinery. Salmonella spp.
deubiquitinase Ssel cleaves off ubiquitin tags to thwart SLR-mediated targeting to nascent
autophagosomes.®” Some bacteria directly “attack” autophagy proteins, such as the
Legionella virulence factor RavZ, which causes irreversible deconjugation of Atg8
homologs.®® Lastly, captured Listeria blocks autophagosomal acidification, and thus

maturation, via the pore-forming protein listeriolysin O.?"?

27



Likewise, host autophagy is important in curbing viral load, given the number of
viral proteins that interfere with or utilize autophagic machinery for their own replication.
The herpes simplex virus 1 (HSV-1) virulence factor ICP34.5,° influenza virus M2
protein,*! HIV protein Nef,*”? murine y-herpesvirus 68 M11 (BCL2 homologue),’” and
KSHV vBcl-2%% all target Beclin-1 to either block autophagy or inhibit autophagosomal
maturation via lysosomal fusion. HIV-1 Nef, hepatitis C virus (HCV) NS3, and measles
virus Mev3 interact with IRGM, which has consequences yet to be investigated.’®
Interestingly, some viruses utilize the autophagosomal machinery to optimize their yield,
including HCV, Dengue virus, poliovirus, Coxsackie B virus, and HIV.3?® For example,
poliovirus tethers together autophagosomes, which serve as scaffolds for RNA replication and

contribute to virion egress once viral particles within the cell reach a threshold level >*
Autophagic regulation of immune cell function

Autophagy functions as a bulk transporter of proteins from the cytoplasm into the
lumen of antigen-processing compartments. As such, autophagy facilitates several aspects of
DC maturation in response to pathogen detection. One, the process helps load cytosolic
peptides onto MHC-I and MHC-II proteins, which are subsequently presented to CD4* or
CD8* T cells, respectively. Second, the delivery of cytoplasmic contents to endosomal TLRs
enables surveillance of the intracellular environment, thereby facilitating the upregulation of
innate cytokine production, MHC-I/II expression, and co-stimulatory molecule expression
that are vital to T cell activation during antigen presentation. The process of autophagy may
be especially critical to the immediate detection of RSV, since the virus enters cells via non-
receptor-mediated endosomes.”

A deficiency of autophagy in DCs can result in altered antigen-presentation in the
context of MHC-I/II, leading to pathological T cell responses. In autophagy-deficient mice,
both positive and negative selection of CD4* T cells but not CD8* T cells were affected.’?
Researchers transplanted Azg5-deficient thymi into WT mice, causing an infiltration of
autoreactive CD4* T cells into multiple organs and the induction of autoimmune colitis.??*

This suggests that autophagy-enhanced MHC class II presentation has a role in thymic T cell

selection. Other studies have shown that autophagy-dependent antigen presentation is
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defective in DCs from patients with Crohn’s disease carrying the ATGI6LI or NOD2
disease risk variants.’” With regard to viral infection, DC presentation of the Epstein Barr
virus (EBV)-encoded nuclear antigen 1 (EBNA1), a CD4* T cell epitope found in healthy
EBV carriers, requires autophagy.’ 3! Studies by our laboratory have demonstrated that
DCs upregulate autophagosome formation upon RSV detection, and that autophagy
facilitates DC maturation, cytokine production, and antigen presentation, and is thus
required to stimulate IFNy from RSV-reactive T cells.?®® The contribution of autophagy to
MHC-I cross presentation is not fully understood, but it may contribute to the delivery of
proteasome-degraded peptides to MHC-I-containing compartments.®> 33 Of note,
inhibition of ATG16L and IRGM expression in human DCs leads to hyperstable interactions
with T cells and increases T cell activation.’® Thus, while autophagy initially promotes
antigen processing, at later stages it may help downregulate the response, such as through the
disassembly of immunological synapses.’**

In addition to sequestering viral peptides for presentation to T cells, the transport of
viral nucleic acids to endosomal TLRs via autophagy induces pro-inflammatory cytokine
production in response to infection. This was first established in pDCs, where ATG5 was
necessary to enhance TLR7-dependent IFNo production in response to vesicular stomatitis
virus (VSV).*® Human pDC studies also demonstrated an autophagy-dependent IFNa

1% and the paramyxovirus Simian virus 5.%7 Interestingly,

production in response to HIV-
macrophages or DCs treated with TLR ligands were reported to upregulate autophagosome
formation, suggesting cooperation between TLRs and autophagic proteins in response to
PAMPs. The upregulation of autophagy in macrophages was noted in response to agonists of
TLR1/2, TLR3, TLR4, or TLR7.%%® Treatment of M. tuberculosis-infected macrophages with
TLR4 or TLR7 ligands increased bacterial killing, suggesting that TLR-induced autophagy
promotes intracellular pathogen clearance.’® The upregulation of autophagy in advance of
microbial invasion promotes the expression and the prompt delivery of antimicrobial
peptides to lysosomes, and autophagosomal proteins to forming phagophores, thereby
expediting the eventual acidification of pathogen-laden autophagosomes.’®3*! Therefore,
enhanced recruitment of autophagy in response to TLR signaling positively modulates DC

antigen presentation and cytokine production in response to antimicrobial infection.* 3%
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Aside from its role in APC function, autophagy affects both the homeostasis and
activity of effector cells involved in adaptive immunity, including T cells and B cells. After
exiting the thymus, naive T cells rely on autophagy and mitochondrial content reduction for
their maturation.?** Calcium ions sequestered in ER-like structures have been observed in
ATG7-deficient T cells, suggesting the necessity of autophagy for ER maintenance.’®
Autophagy is also pro-survival in activated T cells by counteracting the pro-apoptotic
function of CD95 (FAS) and CD95L (FASL), which are upregulated by TCR (T cell
receptor) stimulation.?*¢ While autophagy may not be important for the survival of most
mature B cells,*” lymphoid precursor stages are affected by the absence of autophagy.?*®
Interestingly, the lack of autophagy leads to excessive immunoglobulin secretion by plasma
cells, indicating the importance of ER maintenance during conditions of high secretory
demand.’* Autophagy is also important for the preservation of the bone marrow plasma cell

pool, which is relevant for long-lived humoral immunity.?* Overall, autophagy plays crucial

functions in both innate and adaptive immunity via influences on immune cell function.
Modulation of inflammation by autophagy

The recognition of autophagy’s anti-inflammatory functions stemmed from the
observed increase in IL-1P and IL-18 production in Azgl6/1"" mice with Crohn’s disease. 2*
39 Several convergent reports show that autophagy has a negative role in inflammasome
activation,®® 3! likely explaining the observed cytokine profile in Azgl6/1-deficient mice.
Under sterile conditions, autophagy clears the cytoplasm of debris, protein aggregates, and
defective organelles that could endogenously activate inflammasomes. Yet if autophagy is
blocked, this leads to the accumulation of depolarized mitochondria, which leak
inflammasome agonists such as mitDNA and reactive oxygen species (ROS). %3! Studies
with Azg57 macrophages have demonstrated how ROS in autophagy-defective cells activates
both the inflammasome and the calpain pathways (protease which cleaves pro-IL-1a) that
lead to the excess production of IL-1B and IL-la, respectively. In the context of M.
tuberculosis infection, this excess of IL-1a leads to magnified and prolonged Th17 cell
responses, which contribute to lung tissue damage in mice.? However, during influenza A

viral infection, the removal of damaged mitochondria is not passive. A NOS2-receptor-
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interacting serine/threonine protein kinase 2 (RIPK2) pathway activates ULK1 to maintain
or increase mitophagy, thereby reducing the set point of inflammasomal activation.’>
Importantly, autophagy may downregulate prolonged inflammasome activity by removing
aggregated inflammasomal components.”® Lastly, autophagy factors can degrade pro-
inflammatory signaling factors, such as BCL-10 complexes®** to reduce NFxB activation in

antigen-activated T cells.”> Therefore, basal autophagy protects cells from inadvertent

inflammation via the elimination of microorganisms and endogenous irritants.
Interactions between ER-stress, autophagy, & viruses

Secreted and transmembrane proteins fold and mature in the endoplasmic reticulum
(ER). However, ER homeostasis can be perturbed by physiological and pathological insults
such as high protein demand, viral infections, environmental toxins, inflammatory cytokines,
and mutant protein expression, all of which lead to the accumulation of mis- and unfolded
proteins. Three ER-bound proteins monitor conditions in the ER lumen, sensing whether
there is an insufficiency in protein folding capacity or a depletion of ER calcium gradient:
inositol-requiring protein la (IRE1a), activating transcription factor 6 (ATF6), and protein
kinase-like ER kinase (PERK). These trigger the unfolded protein response (UPR), an
adaptive response aimed at restoring ER balance by three mechanisms: transcription of genes

to increase folding capacity, transient reduction in protein translation, and ER-associated

degradation (ERAD). In the case of unresolvable, chronic ER stress, the UPR initiates
programmed cell death.?>%3%

ERAD easily removes and degrades accumulated, soluble proteins via the
proteasome, but its capacity is overwhelmed by protein aggregates and damaged organelles

3% Tn such cases, the UPR has been shown to activate

that often result during ER stress.
autophagy to mediate cellular survival.?**3% For example neuroblastoma cells treated with ER
stressors markedly induced the formation of autophagosomes, as assessed by microscopy,
while inhibiting autophagy rendered cells vulnerable to upregulated ER stress.> Most
recently, a microarray analysis of colon cancer cells subjected to ER stress showed the

transcriptional upregulation of autophagy receptor genes SQSTMI/p62, NRI, and
BNIP3L/NIX.?® SQSTMI/p62 and NBR1 are ubiquitin-binding proteins with an LC3
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interacting region (LIR), which targets ubiquitinated substrates to the autophagosome.?¢! 3%

BNIP3L/NIX is an adapter for the removal of damaged/depolarized mitochondria,*® so the
data indicate a role for mitophagy in protecting cells during ER stress by limiting apoptosis.

364 is consistently observed as a

IRE1a, the most conserved, sole branch in lower eukaryotes,
major regulator of this UPR-induced autophagic response.”® %7 Of note, IREld’s
ribonuclease activity unconventionally splices an intron from mRNA encoding XBP1, which
is translated into XBP1s, a transcription factor that mediates downstream IRE1a signaling.®

Viruses cause ER disequilibrium as well as hijack the UPR to their advantage, in
congruence with their ability to commandeer the autophagy pathway. For example, HCV,
poliovirus, human cytomegalovirus (HCMYV), and HSV-I strictly depend on the ER for viral
assembly and budding,®® and thus are able to perturb host ER replication complexes, and
ER membrane for source-membrane.®® Viral proteins can induce ER stress via their
competition for ER-mediated glycosylation, such as during influenza A virus, hepatitis virus,
and Japanese encephalitis virus (JEV) infection.*?® In addition, the depolarization of ER-
calcium differentials by viral viroporin proteins, such as the rotavirus NSP4 protein®”® and
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picornavirus 2B protein,”! can trigger ER stress. Recently, RSV infection has been shown to

induce IRE-1a and ATF6 signaling, while IRE-1a inhibition enhanced viral replication.?”*
As discussed, autophagy is critical in maintaining cellular equilibrium and mediating
stressor-induced inflammatory and immune responses, such as during RSV infection. The
fascinating relationships between autophagy, the UPR, and viral immunity are further
intertwined when sirtuin 1 (SIRT1), a histone/protein deacetylase, is considered. Researchers
have reported that three ATG proteins (ATG5, ATG7, ATG8/LC3) are deacetylated and
activated by SIRT1.>” Therefore, given the significance of DCs in dictating robust antiviral
immune responses, and autophagy’s crucial role in trafficking viral antigens to endosomal

PAMPs, the exploration of SIRT1 activity within DCs is exceptionally warranted to better
understand RSV-induced immunity.

Sirtuin 1: a regulator of immune responses
Sirtuins (SIRTs) are mammalian homologues to the yeast protein Sir2,"* and were

originally described as nicotinamide adenine dinucleotide (NAD*)-dependent type III
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histone deacetylases (HDAC:s). The deacetylation reaction converts NAD* into nicotinamide
(NAM), a feedback inhibitor, and generates 2’-O-acetyl-ADP-ribose and a deacetylated
protein substrate.’”> However, several sirtuins are now known to perform additional catalytic
functions, including deacylation, demalonylation, and desuccinylation (Table 1.1).
Phylogenetic analysis reveals that the 7 mammalian sirtuins can be divided into four classes:
Class I, SIRT1-SIRT3; Class II, SIRT4; Class III, SIRT5; and finally Class IV, SIRT6-7.3%
While all sirtuins share a ~30 kDa core deacetylase domain, their N- and C-termini vary as

well as their subcellular localization, protein targets, and regulatory functions (Table 1.1).

Examples of Example Regulatory

SIRT Class Localization Activity )
Targets Functions
Cancer,
Nucleus . PGCla, FOXOs, metabolism,
Al Cytosol Deacetylation 53 \IFxB, HIF1a inflammation,
neurological
Nucleus . Tubulin, PEPCK, Cell cycle, cancer,
Atz L Cytosol Deacetylation £y 01, PAR3 et
LCAD, HMGCS2,
. . Deacetylation GDH, SOD2, FA oxidation,
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