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Abstract

Respiratory syncytial virus (RSV), a ubiquitous human pathogen, infects nearly all children
by the age of two. It produces severe lower respiratory tract disease, including bronchiolitis, and
is characterized by excessive mucus production and immune-mediated lung damage. Severe RSV
bronchiolitis in infancy is strongly correlated with development of recurrent wheezing later in
childhood, and boys are twice as likely to be affected than girls. These findings suggest persistent
immune system alterations well beyond the time of viral clearance, especially in boys. RSV has
the ability to evade the type-1 immune response and prime toward a pathologic Th2/Th17
response. Immunopathology associated with severe RSV infection is believed to be the cause of
significant airway diseases later in life. However, sex differences associated with these changes
and/or if systemic alterations are occurring along with local lung alterations have not been
previously defined.

Our studies here show that early-life RSV infection leads to differential long-term effects
based upon the sex of the neonate, leaving male mice prone to exacerbation upon secondary
allergen exposure while overall protecting female mice. During initial viral infection, we observed
better viral control in the female mice with correlative expression of interferon-B that was not
observed in male mice. Additionally, we observed persistent immune alterations in male mice at
4 weeks post-infection. These alterations include Th2 and Thl7-skewing, innate cytokine
expression (7slp and //33), and infiltration of innate immune cells (DC and ILC2). Upon exposure

to allergen, beginning at 4 weeks following early-life RSV-infection, male mice show severe
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allergic exacerbation while female mice appear to be protected; knockdown of TSLP signaling
using TSLPR-/- mice abrogated allergen exacerbation in male mice.

We also show that long-term systemic alterations are occurring following early-life RSV-
infection. Bone marrow-derived dendritic cells (BMDC) isolated from early-life RSV-infected
male mice at 4 weeks post-infection retained expression of maturation markers (Cd80/86, Ox401).
Chemokines/ cytokines associated with the inflammatory response during RSV-infection were
also persistently expressed along with Kdm6b and Tslp. Knockdown of TSLP signaling using
TSLPR-/- male mice abrogated this activated phenotype and led to enhanced T cell IFN-y
production. ATAC-seq data indicated differences in the chromatin landscape of WT and TSLPR-
/- BMDC, showing more open regions of chromatin near anti-viral type-1 genes, Midl, Sppl, and
Cxcl11 in TSLPR-/- BMDC. qPCR showed increased expression of Midl, Ifnb and I/12a.

Further evaluation of BMDC showed KDM6 demethylases were upregulated upon RSV-
infection. KDM6 Chemical inhibition (GSK J4) in BMDC decreased production of chemokines
and cytokines associated with the inflammatory response during RSV-infection and decreased
maturation marker (CD80/86, MHCII) expression, similar to the TSLPR-/- BMDC phenotype.
RSV-infected BMDC treated with GSK J4 altered co-activation of T cell cytokine production.
Airway sensitization of naive mice with RSV-infected BMDCs exacerbate a live challenge with
RSV infection but was inhibited when BMDCs were treated with GSK J4 prior to
sensitization. Finally, in vivo treatment with GSK J4 during RSV-infection reduced
immunopathology.

Collectively, these studies highlight the importance of proper anti-viral immune responses
to limit RSV-driven Th2 immunopathology and future disease by limiting persistent alterations of

the immune system. These data validate neonatal sex-differences to RSV and indicate that sex of
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the neonate should be considered during RSV disease treatment. These studies identify TSLP as

a promising therapeutic target, especially in boys hospitalized with severe RSV.
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Chapter 1: Introduction

1.1. Respiratory Syncytial Virus Infection
1.1.1 Virus genome and immune evasion

Respiratory syncytial virus (RSV) is often the first clinically relevant pathogen encountered in
life, with nearly all children infected during the first 2 years of life!>. RSV infection is the leading
cause of childhood hospitalization and increases the risk for developing childhood asthma and
recurrent wheezing'3. RSV can also adversely affect the elderly and immunocompromised
individuals, causing severe lower respiratory tract infection and pneumonia*. RSV is a single-
stranded RNA virus belonging to the Paramyxoviridae family. The RSV genome consists of 10
genes that can encode 11 different proteins: the fusion glycoprotein (F), G glycoprotein (G), small
hydrophobic protein (SH), a matrix protein (M) and 2 matrix protein variants (M2-1 and M2-2), a
nucleoprotein (N), a phosphoprotein (P) and the large RNA polymerase protein (L) as well as 2
non-structural proteins (NS1 and NS2)”%. The F, G and SH proteins form the viral envelope while
the M proteins, N, P and L proteins associate with the single-stranded RNA.

The RSV-F and G proteins are the main virulence factors which mediate airway epithelial cell
penetration during RSV infection” . The G protein facilitates attachment to glycosoaminoglycans
present on the surface of target cells, while the F protein mediates fusion of the viral envelope and
cell plasma membrane, releasing the nucleocapsid into the cytoplasm®!°. Upon entry, the L protein
initiates transcription of the negative-sense RNA”!!. Virion assembly then takes place at the
plasma membrane, where the nucleocapsid localizes with viral envelope proteins expressed on the
host cell membrane. Virions bud off of the apical surface of polarized alveolar epithelial cells,

1



where they form clusters of long filaments that extend from the cell surface, which form the
syncytia associated with RSV infection:!!.

RSV has the ability to evade the immune response via multiple mechanisms. The non-
structural proteins (NS1 and NS2) are able to inhibit both the innate and adaptive immune
system!%!13, NS1 is a known inhibitor of type-1 interferon, which is required for viral clearance!'*

17,18 while

16 Additionally, NS1 can antagonize both dendritic cell maturation and T cell responses
NS2 can bind RIG-I and degrade STAT-2 to further inhibit type-1 interferon'?!3, Finally, the G
glycoprotein has multiple methods for being immunomodulatory, such as the production of a
secretory G form that acts as an antigen decoy to inhibit antibody-mediated viral effects!!-1°.

The remarkable ability of RSV to evade and alter the immune system is likely what leads to
the clinical relevance of this pathogen. Despite only a single RSV serotype and 2 antigenic
subpopulations (A and B), immunologic memory following RSV infection is often short-lived and
sub-optimal and therefore, re-infection throughout life is common’#!!, Additionally, early-life
RSV infection is associated with childhood wheezing related to respiratory viral infection
exacerbation, allergies and asthma!®. Currently, there is no available vaccine for RSV and
therefore, elucidating the mechanisms and pathways involved in RSV-driven immunopathology
and subsequent lung pathologies later in life is of critical importance.

1.1.2. Epidemiology
The health burden costs of RSV infection account for over 3 million hospitalizations and

2021 - Studies have shown

approximately 100,000 deaths per year in children under 5, worldwide
that up to 68% of infants may be infected with RSV in their first year of life and nearly all children
will be infected by 2 years of age??. In healthy infants, those that are 3-6 months of age during

peak RSV season are most at risk. The main line of defense during early life is maternally-derived



neutralizing antibodies; however, these antibodies appear to be insufficient, decrease as the infant
ages and completely wane within 6 months of age??.

RSV infection is almost always symptomatic, with most infections leading to mild upper
respiratory tract infections or otitis media?2. However, severe lower respiratory tract infections,
most often bronchiolitis, may also occur and may be life-threatening. It is suggested that 15-50%

of childhood infections involve the lower respiratory tract with ~5% requiring hospitalization??2?

and up to 10% of those hospitalized will end up in the intensive care unit due to severe disease!!?2,
RSV is believed to be the most frequent viral cause of lower respiratory tract infection in children

and is implicated in up to 80% of all bronchiolitis cases???

. Bronchiolitis is the cause of nearly
20% of infant hospitalization in the United States??, indicating that RSV is a significant health care
burden, even in industrialized countries.

RSV-related death is a significant cause of mortality in developing countries and individuals
with pre-existing conditions and is believed to be the second most likely cause of death by a single

pathogen in children under 1 year of age, worldwide?*%*

. In addition to a severe primary infection,
RSV re-infection is common throughout life and up to 75% of infants infected by 12 months of
age will become re-infected before they reach the age of 2. Symptoms of the disease wane with
re-infection; however, the elderly, immunocompromised individuals, and those with chronic
conditions are at high risk of developing lower respiratory tract infections making RSV a
significant cause of morbidity and mortality in these individuals®>2,

There is currently no vaccine available or a sufficient option for anti-viral therapy, partially
due to our incomplete understanding of how severe immunopathology is developed. In the 1960s,
a vaccine trial was conducted with suboptimal optimal results; vaccinated infants became severely

exacerbated upon exposure to live virus leading to severe disease as well as 2 infant deaths?>-27.



There is however, a monoclonal antibody (Palivizumab) that does show success when given to
high risk infants prophylactically, leading to decreased hospitalization compared to control groups
as well as decreased incidence of subsequent wheezing?®. However, at least half of all children
that are hospitalized due to severe RSV are previously healthy individuals?? that would not qualify
for prophylactic treatment; therefore, identifying mechanisms leading to disease and furthermore,
novel treatment options for the general population is a critical unmet need.
1.1.3. RSV-driven immunopathology

RSV predominantly infects ciliated epithelial cells in the airways but can also lead to infection
in the sub-epithelium and neighboring immune cells, such as dendritic cells**-°, The major
histopathologic characteristics of RSV infection include acute bronchiolitis, mucosal swelling of
the airways, and airway obstruction caused by sloughed epithelial cells and mucus
production®?23%, Recent pre-clinical and clinical data, suggest that severe RSV disease is
associated with an altered innate and adaptive immune response, characterized by excessive Th2

20,31-36

and Th17 immune responses Numerous studies have shown that RSV plays a role in

reducing innate cytokine production that is necessary for appropriate anti-viral responses?%-33-37-38,
Both viral replication as well as RSV-associated immunopathology can lead to RSV disease
symptoms and probing these and potentially other underlying disease mechanisms that are
supported by clinical data will be important for therapeutically targeting the immune environment.

Initial RSV response is driven by innate cytokines, such as IL-25, IL-33 and thymic stromal
lymphopoietin (TSLP) that are released from the airway epithelial cells following infection. These
cytokines have the ability to activate the immune response through interactions with dendritic

cells, T cells and innate lymphoid cells**#. During a typical viral infection, the immune response

is strongly dictated by dendritic cells (DC) because they activate the immune system and instruct



T cells toward distinct T helper type responses **. RSV can skew the immune response away from
anti-viral and towards a Th2-type response by inhibiting the production of IFN- and subsequently
decreasing the Thl response®. This lack of an anti-viral response as well as skewing towards
dysregulated Th2/Th17 has been correlated with severe disease?’!3°, Additionally, studies with
neonatal RSV infection have demonstrated that there are persistent, long-term alterations in the
lung that include increased mucus production and increased populations of immune cells*¢7.
1.1.3.1. Th2 response

1.1.3.1.1. T cells

The differentiation of specific T cell subsets was discovered in mice*3->¢

and subsequently
shown in humans®!. T cell-mediated immunity occurs in successive antigen-driven and cytokine-
driven steps. First, T cells are activated by specific antigens presented by peptide-MHC complexes
on the surface of antigen presenting cells (ie. Dendritic cells). Next, these activated T cells are
induced to clonally expand by the cytokine Interleukin-2 (IL-2), and subsequently differentiate
into CD4+ T cells as a result of a specific subset of cytokines engaging and activating their
respective cytokine receptors>>3. Distinct cytokine profiles reflect different T cell functions and
include: Thl-type, which primarily produce IFN-y; Th2-type characterized by the production of
the cytokines IL-4, IL-5 and IL-13, and Th17-type, which produce mainly IL-17 and IL-22. The
overall role of T cells differs in that Thl are mainly involved in cell-mediated immunity>* and the

anti-viral response>>>

whereas Th2 is responsible for humoral immunity and B cell development
of the antibody response®*. The Thl7 arm of the immune response is largely involved in
antibacterial and mucosal immunity>’. A successful immune response requires a balance of these
subsets and inappropriate immune response skewing has been linked to the development of

pathologic responses, such as that observed following RSV infection?%31-3,



For example, the Th2 immune response has been implicated in severe RSV disease as well as

20,35,58

the development of many lung pathologies, such as allergy and asthma . The Th2 response

promotes the infiltration of eosinophils and neutrophils into the lungs leading to an inflammatory-
allergic cellular environment which dampens effector functions, such as the secretion of IFN-y33-36,
As a result, clearance of RSV is delayed and instead, viral spreading is promoted. The specific
cytokines involved in this response include IL-4, IL-5 and IL-13 which have been shown to
perform both independent as well as overlapping roles, leading to antibody class switching to IgE,
eosinophil recruitment and mucin production; characteristics of both severe RSV disease as well
as asthma that can lead to airway hyperreactivity which is associated with poor lung function®-8,

1L-4/IL-13

Interleukin-4 (IL-4) is a multifunctional cytokine that plays a critical role in the immune
response and shares sequence homology, cell surface receptors, intracellular signaling, and partial
functional effects on cells with another Th2-type cytokine, IL-13%%, Both IL-4 and IL-13 are
produced by activated T cells as well as mast cells, basophils, eosinophils and innate lymphoid
type-2 cells (ILC2)**%¢0, TL-4 is best known for defining the Th2 phenotype as well as regulating
cell proliferation, apoptosis, and expression of numerous genes in various cell types®.
Additionally, IL-4/IL-13 are involved in antibody class-switching to IgE by recruiting and
activating IgE-producing B cells that mediate diseases such as allergy and asthma®®-2, These
cytokines are also both involved in inflammation and mucus production associated with the type-
2 immune response.

The IL-4 alpha receptor (IL-4Ra) is a unique member of the common-gamma chain (y.) family

of receptors® with the ability to signal within three different receptor complexes, known as Type

I and Type II receptors®*=%. On cells of hematopoietic stem cell origin, the Type I receptor



comprises IL-4Ra and yc>. Type I receptor complexes are only formed by IL-4 and are more active
in regulating Th2 development. In non-hematopoietic stem cells, IL-4 can use the Type II complex,
comprising IL-4Ro and IL-13Ra1%. Type II receptor complex is also a functional receptor for IL-
137 which largely explains the overlap of the biological effects of IL-4 and IL-13%. Type II
receptor complex formed by either IL-4 or IL-13 is more active in regulating cells that mediate
airway hypersensitivity and mucus secretion®. Interestingly, IL-13 appears to have its own distinct
role in allergic inflammation, acting as a key regulator of allergen-induced airway inflammation,
and goblet cell metaplasia®®,

IL-5

The Th-2 associated cytokine IL-5 was initially identified by its ability to support the growth
and terminal differentiation of mouse B cells in vitro; it has now been shown to exert pleiotropic
activities on various target cells including B cells, eosinophils, and basophils. IL-5 is produced by
both hematopoietic and non-hematopoietic cells including T cells, granulocytes, and natural helper
cells and exerts its effects via receptors that comprise an IL-5-specific o and common (-
subunit®. IL-5 is involved in the recruitment of eosinophils and contributes to inflammation and
epithelial cell sloughing within the airways’. IL-5 regulates eosinophilia within the lung as well
as in the circulation and amplifies chemotaxis into the airways. Moreover, in the presence of
antigen, IL-5 provides fundamental signals for eosinophil degranulation and assists in the
induction of airway hyperreactivity (AHR) 7%7!,

In addition to inflammation, epithelial cell sloughing and AHR, the Th2 immune response is
also involved in mucus production. Excessive secretion of mucus in the airways is an important
cause of morbidity and mortality in diseases such as asthma, chronic obstructive pulmonary

disease (COPD), and cystic fibrosis’>. In patients and experimental animal models with these



airway diseases, including RSV, increased numbers of goblet cells (mucus-producing cells) line
the surface airway epithelium of the lung, defined as goblet cell metaplasia’>. Mucus production
within the lungs of mice is largely driven by the mucus genes: Gob5 and MucSac. The expression
of Mucjac is used as a marker for goblet cells and Gob5 expression has been shown to be increased
in the lungs of asthmatics’?. Additionally, it has been determined that the overexpression of Gob5
can lead to increased expression of Muc5ac’>. Mucus cell metaplasia in airway diseases is
accompanied by significant airway inflammation, therefore, inflammatory cells and their secreted
mediators are believed to directly act on airway epithelial cells to induce goblet cell formation. In
asthma, Th2 cytokines, such as IL-4 and IL-13 play important roles in directly causing MucSac
expression in airway cells but IL-13 seems to have the more prominent role. IL-4 has also been
shown to induce mucin expression in vitro and in vivo’?, but is not critical to mucus cell
hyperplasia. IL-13, on the other hand, has been shown to act directly on airway epithelial cells to
increase Muc5ac expression as well as lead to goblet cell metaplasia’.

1.1.3.1.2. Innate Lymphoid Type-2 Cells (ILC2)

Importantly, T cells are not the only cells capable of producing Th2-type cytokines. Some of
the additional cell types, include mast cells, eosinophils, neutrophils and basophils. Another
significant producer of Th2 cytokines are the innate lymphoid 2 cells (ILC2), known to be involved
in lung disease pathogenesis. ILC2 are a rare population of innate cells of lymphoid origin, but
unlike T cells or B cells do not contain an antigen receptor and are therefore, non-specific innate
responding cells. It has been suggested that ILC2 are far more potent than CD4+ T cells in their
induction of type-2 cytokines; in fact, it is estimated that ILC2 produce 10 times more cytokine

than T cells on a per cell basis’>.



Innate lymphoid cells play key roles in lymphoid tissue development as well as the initiation
of inflammation and more complex roles during the immune response, including the transition

from innate to adaptive immunity and chronic inflammation®:74

. Remarkably, dysregulation of
this rare population has been linked with chronic pathologies, including asthma and
autoimmunity?®. The early expression of ILC2 leads to eosinophilia (IL5), mucus production (IL-
13) and lung repair (amphiregulin)’#7>. ILC2 are the main source of IL-13 during helminth
expulsion but are also known to expand during allergic lung inflammation’.

Innate cytokines, including thymic stromal lymphopoietin (TSLP), IL-25 and IL-33 are known
inducers of ILC2 differentiation®**-76, ILC2 are increased in RSV infected lungs and these cells
produce IL-5 and IL-13, cytokines important in the development of airway inflammation and

mucus production as described above*®4’.

The secretion of these innate cytokines following
infection of airway epithelial cells by RSV leads to the initial activation of the immune response,
including the activation of dendritic cells (DC, described below) as well as ILC2%. Stier et al’?,
link the early induction of effector ILC2 to the development of airway hyperreactivity and mucus
production associated with RSV through TSLP-driven induction of IL-13 producing ILC273. Age-
related IL-33 production was shown to be necessary to induce ILC2 and lead to Th2-driven
immunopathology following neonatal RSV infection®’. In addition to the RSV-driven
immunopathology, this innate cytokine/ILC2 mechanism has also been implicated in pathologies
related to early-life rhinovirus infection’’.

Furthermore, ILC2 have also been linked to adaptive immunity’®. For example, ILC2 response
is required for DC polarization of CD4+ Th2 memory during allergic responses”. ILC2s were

found to act upstream of DCs, making them essential for DC production of CCL-17, a

chemoattractant for memory Th2 cells demonstrating that ILC2 are critical for orchestrating an



efficient localized memory Th2 cell response in collaboration with tissue-resident DC’. During
allergic lung inflammation following papain exposure, ILC2 are necessary for CD4+ T cell
polarization®. Here, IL-33 mediated ILC2 development was required for IL-13 driven migration
of DC to the lung draining lymph nodes where they primed T cells towards Th2.

1.1.3.2. Th17 response

In addition to Th2-type immunity, RSV also leads to a pathogenic Th-17 response. The Th17
immune response is involved in regulating inflammation but also modulates lung and airway
structural cells during the pathogenesis of asthma and COPD8!. During anti-bacterial immunity,
Th17 immunity is crucial for neutrophil recruitment to limit bacterial infection®2. Th17 responses
are also involved in the development of mucus production and goblet cell hyperplasia by leading
to the upregulation of Muc5ac®*%*, Signaling through STAT-3, activated by IL-6 and IL-23 as well
as IL-1B and TGFp are required for induction of Th17 cells®'. Cell types capable of producing
IL17-associated cytokines include CD4+ T cells, y8 T cells, ILC3, and neutrophils®!.

The IL-17 family of cytokines consists of 6 family members IL-17A-F3>86; TL-17A and IL-
17F show the strongest proinflammatory role and are involved in many diseases of autoimmunity
as well as asthma®. The percentage of Th17 cells as well as the plasma concentrations of IL-17
increase with disease severity and elevated IL-17A levels correlate with increased AHR in patients
with asthma®!'. Additionally, IL-17 has also been reported to modulate airway structural cells,
leading to tissue remodeling®!. IL-17A induces the expression of two mucin genes (Muc5ac and
Muc5b) in bronchial human and murine epithelial cells and overexpression of IL-17F in mice
results in goblet cell hyperplasia and mucin gene expression. Moreover, IL-17A and IL-17F

induce several profibrotic cytokines, such as IL-6 and TGF-8!.
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In the case of RSV infection, IL-17A was determined to be upregulated during human infection
with RSV as well as in mouse models of disease’!. Mouse modeling showed that IL-17A was
pathogenic through its role in driving mucus production and inflammation as well as inhibition of
CD8+ cytotoxic T cells during RSV infection and inhibition of IL-17A led to increased viral
clearance and decreased pathology. Additionally, this study showed that IL-17 is involved in
exacerbated allergic responses following RSV infection through mucus production, inflammation
and increased Th2 responses. These data indicated that Th-17 is involved in both pathologic
responses following RSV infection as well as exacerbations later in life, including allergy and
asthma’!,
1.1.3.3. Dendritic Cell Role During RSV

Dendritic cells (DC) play a crucial role in the development of the immune response and link
innate and adaptive immunity by instructing T cells toward a Thl (anti-viral), Th2 (anti-parasitic
or allergy-associated) or Th17 (anti-bacterial or autoimmunity) type response. DC are sentinel
cells present in the lung during steady-state conditions that constantly monitor the lungs for foreign
pathogens or antigens. Upon RSV infection, DCs acquire viral antigen either through direct
infection or indirectly from dying infected cells. They then undergo maturation and migrate to the
lung-draining lymph nodes (LDLN) where they present antigen to naive T cells. Mouse DC are
divided into conventional DC (c¢cDC) which are CD11c+/MHCII+ and plasmacytoid DC (pDC)
which are CD11¢"/B220+%7. Plasmacytoid DC show a protective role during RSV infection
largely through the production of Type-1 IFN?*#8, Conventional DC within the lung are further
divided into CDI1b+ and CD103+ both of which have been implicated in pathogenic
inflammatory responses during RSV infection?’; with CD103+ shown to drive very strong Th2

responses®. During a typical viral response, the DC instruct T cells toward anti-viral Thl via the
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production of Type-1 interferon (IFN), such as IFN-, which leads to the production of IFN-y and
proper viral clearance!'®>. However, RSV has the ability to dampen type-1 immunity as described
previously through multiple mechanisms, including direct inhibition of type-1 interferon as well
as the use of an antigen decoy to evade the immune system’-!%!°, In the absence of type-1
immunity, the DC produce cytokines and chemokines that skew the response towards
Th2/Th177:11:36,

It has been shown that the numbers of ¢cDC and pDC increase in the lung following RSV

infection in both human and mouse!!-**

. Analysis of nasal washes collected from children during
an RSV infection determined that DC were increased in the lung and furthermore, levels of ¢cDC
in the blood were decreased, correlating with recruitment to sights of infection?®. Interestingly,
correlations have been shown between absolute number of ¢DC and increased levels of
inflammatory cytokines (i.e. IL6, CCL2) supporting cDC as a source of inflammation within the
nasal cavity during RSV infection?’. In addition, mouse studies indicate an increase in mature DC
that contain RSV RNA within the lung draining lymph nodes (LDLN); evidence that DC have the
ability to acquire DC, mature and navigate to the LDLN to activate naive T cells.

RSV infection of DC leads to maturation of the infected cell as well as neighboring DC along
with the upregulation of MHC and co-stimulatory molecules, such as CD80 and CD862%°°, RSV-
infected DC produce pro-inflammatory cytokines such as IL-1p, IL-6, IL-12, type-1 IFN and TNFa
as well as chemokines such as CCL2, CCL3 and CCL5. However, despite maturation and this
pro-inflammatory milieu, these DC lack an ability to properly activate and polarize naive T
cells?*°. Two different models have been described to support this phenomenon, including RSV-

secretion of an immunosuppressive factor and disruption of synapsis formation between DC and

naive T cell?>*. However, it is likely that a combination of both models exists to inhibit proper T
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cell activation which leads to a decrease in T cell production of important anti-viral cytokines,
such as IL-2 and IFN-y, leading to an imbalanced immune response, skewing away from Th1 anti-
viral immunity toward a predominantly Th2/Th17 pathogenic response.

The different DC subsets (pDC and ¢DC) have been shown to play differential roles in the
RSV immune response. The pDC population has a protective role through production of IFN-a
for viral clearance as well as regulation of the Th2 response, limiting airway hyperreactivity and

29,88,91

mucus production On the other hand, cDC have been implicated in promoting the Th2

response by upregulation of CCR6 and CCL20 secretion leading to the recruitment of Th2 cells to

the lung?®-2

. Furthermore, while cDC are necessary for a proper inflammatory response against
pathogens, sheer absolute numbers of cDC have been proven to lead to a pathogenic response
during RSV infection®>. These data suggest that a critical balance is required between pDC and
cDC for proper inflammatory and viral responses within the lungs.

In summary, RSV infects airway epithelial cells leading to secretion of innate cytokines such
as IL-25, IL-33 and TSLP, which promotes induction of the immune response by activating
dendritic cells, the main link to the adaptive immune response. Dendritic cells then instruct the T
cells toward a skewed Th2/Th17 response, through the secretion of immunopathology-linked
cytokines and a lack of type-1 IFN production. In addition, the innate cytokines (IL-33, IL-25
and TSLP) are also able to directly act on T cells as well as the innate lymphoid cells to further
enhance a Th2 response. Together, this leads to the immunopathology associated with RSV,

including goblet cell metaplasia/mucus production as well as inflammation within the airways

(Figure 1-1).
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Figure 1- 1. Overview of RSV-infection.
Figure created with BioRendor.com

1.2. Early-life RSV and asthma

Along with the initial disease complications associated with the primary RSV infection, RSV-
driven Th2/Th17 skewing has also been implicated in leading to airway restructuring linked to
exacerbated allergic responses later in life?>. Up to 48% of infants who were hospitalized for
severe RSV-associated bronchiolitis and/or lower respiratory tract infection go on to develop
asthma during their childhood®*?>. Asthma is the most common chronic childhood illness,
affecting approximately 5 million children under 18 years of age, including 1.3 million children
under 5%. During childhood, males have higher occurrences of asthma and wheezing than do
females at a 2:1 ratio’’. Additionally, males are approximately twice as likely to become
hospitalized than females due to severe RSV infection?. Thus, the risk for severe RSV infection

and RSV-associated asthma development is higher in males than in females®®.
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1.3. TSLP in RSV and asthma pathogenesis
As indicated above, innate cytokines such as IL-25, IL-33 and TSLP are implicated in lung
pathologies such as those associated with RSV infection and asthma. Many studies have indicated
a role for these innate cytokines in respiratory viral complications, asthma development, as well
as viral exacerbations of existing asthma®-1%!, Allergen challenge, following neonatal rhinovirus
infection identified that both IL-33 and TSLP are required for IL-25-induced ILC2 production of
IL-13 leading to mucus metaplasia but TSLP was necessary for maximal ILC2 gene expression
even in the presence of IL-25 and IL-337%. Additionally, experimental asthma pathogenesis was
shown to persist in IL-33R knockout mice (ST2-/-) due to increased expression of TSLP that
enhanced ILC2 production of IL-13; abrogation of this response was only possible with the
addition of an anti-TSLP antibody'%?. Finally, in an allergen challenge model conducted on adult
human subjects with allergic asthma, administration of an anti-TSLP monoclonal antibody (AMG
157) reduced allergen-induced bronchoconstriction and airway inflammation, suggesting a key
role for TSLP in allergen-induced airway responses in asthmatics!'®®. Collectively, these studies
make it plausible that TSLP, IL-25 and IL-33 cooperate and regulate each other during initial
disease progression but TSLP may be more significant in the development of subsequent diseases
later in life. Furthermore, it has been shown that increased TSLP mRNA in bronchial epithelial
cells of asthmatics directly correlates with degree of airflow obstruction'® and GWAS studies
show a strong association between TSLP and severe asthma!®>1%6, Therefore, here, we have
focused on the cytokine TSLP.
TSLP is an early responding innate cytokine that plays a critical role in the regulation of
immune responses and in the differentiation of hematopoietic cells. TSLP was originally identified

in the culture supernatant of a thymic stromal cell line as a growth factor for B cell
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lymphopoiesis!?7-108

. TSLP signals through a heterodimeric receptor complex consisting of an
interleukin-7 (IL-7) receptor a chain and TSLP receptor (TSLPR) (also known as cytokine
receptor-like factor 2 (CRLF2)). The TSLP/TSLPR axis can activate multiple signal transduction
pathways including JAK/STAT and PI-3 kinase!'%. Aberrant TSLP/TSLPR signaling has been
associated with a variety of human diseases including asthma, atopic dermatitis, nasal polyposis,
inflammatory bowel disease, eosinophilic esophagitis and leukemia!%%-!1°, Factors such as toll-like
receptor ligands, viruses, microbes, allergens, helminths, and chemicals trigger TSLP
production'!!, Proinflammatory cytokines, Th2-related cytokines, and IgE also induce or enhance
TSLP production, indicating multiple feedback loops!%®!!!, The transcription factors NF-KB and
AP-1 (BATF) are critical for TSLP regulation!%%!1!,

Stimulation by TSLP induces the phosphorylation and activation of JAKs, which then regulate
the activity of STAT factors, including STATI, STAT3, STAT4, STAT5a, STATSb and
STAT6!%112 The activation of these signaling pathways, leads to multiple TSLP-driven immune
responses. For example, pro-inflammatory cytokines such as IL-6 are induced through
IRF4/STAT3 that can lead to cell proliferation, dendritic cell migration and subsequently airway
inflammatory responses!!?. Additionally, the activation through NFKBIA leads to upregulation of
the OX-40L on dendritic cells to drive Th2 responses and airway inflammation upon interaction
with OX-40 on Th2 cells*!-!12,

TSLP has a wide range of immune cell targets, including ILC2, DC and T cells. The initial
biologic function of TSLP demonstrated that it interacted with DC to promote Th2 cell
differentiation and thus promoted allergic disease!!*:!!4%. TSLP can also act directly on Th2 cells
as well as ILC2, causing them to produce Th2-type cytokines, such as IL-5 and IL-13 to enhance

inflammation and mucus production” In addition, TSLP signaling instructs DCs to produce CCL-
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17 and CCL-22*!, chemokines that recruit Th2 cells through interaction with the CCR4 receptor.
Finally, in response to TSLP, cDCs will themselves produce TSLP that further interacts with DCs

and ILC2, creating a feedback loop that is independent of epithelial cell-derived TSLP!!>-116,

TSLP is upregulated following RSV infection of lung epithelial cells'!’

. During neonatal
RSV-infection, TSLP mediates immunopathology through OX-40/Th2 signaling!'¥, as well as
exerts direct effects upon ILC2 cells to enhance inflammation and mucus production’. When
TSLP was neutralized during neonatal RSV infection, the severity of a later exacerbated RSV
infection was mitigated!!®, indicating that TSLP may be creating a broadly altered immune
environment.
1.4. Dendritic Cell Alteration Following Early-life RSV and Long-Term Alterations

Many studies over the years have identified several DC-linked chemokines (CCL2, CCL3,
CCLS5, CxCL1, CxCL2) that contribute to the pathogenesis of asthmatic disease, the RSV-induced

792,119~ In addition,

exacerbation, and the clearance and resolution of the ongoing pathology
chemokine receptors (CCR6, CCR7) have been identified that regulate recruitment of specific
immune cells involved in the response to RSV and/or allergen-induced asthma-like
responses®>!20:121 Fyrthermore, RSV predisposes animals to more severe allergen responses>®%.
The most prominent cell that appears to be involved in chronic disease that is
enhanced/exacerbated by RSV is the inflammatory/myeloid dendritic cell (mDC). In contrast, as
described above, the pDC is a protective subset that promotes a more appropriate anti-viral
response. It has previously been identified that RSV-exposed mDC are sufficient to promote a

more severe and accelerated disease environment when exposed to allergens®”-#

. Understanding
how RSV infection influences DC function to alter the immune environment is critical to

understanding how these responses impact pulmonary pathogenesis, leading to exacerbations later
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in life. It is likely that RSV and other viral infections, including rhinovirus, uncover an underlying
phenotype and reinforce the immune environment by further altering pathogenic immune
responses, possibly through the phenomenon of trained immunity.

Immunologic memory is a powerful tool for host defense against pathogens. In the case of
classical adaptive immunity, T and B cells develop a highly diverse repertoire of antigen-specific
receptors by somatic gene rearrangement. However, the general view that only adaptive immunity
can build immunologic memory has recently been challenged by a phenomenon termed trained
immunity or innate immune memory'?>'23, Trained immunity involves innate cells such as myeloid
cells (including dendritic cells), natural killer (NK) cells, and innate lymphoid cells (ILCs) and
their interactions with pattern recognition receptors (PRRs) and effector cytokines. In contrast to
classical adaptive memory, the increased responsiveness to secondary stimuli during trained
immunity is not specific for a particular pathogen and it is mediated through signals involving
transcription factors and epigenetic reprogramming. Finally, trained immunity relies on an altered
functional state of innate immune cells that persists for weeks-to-months after the elimination of
the initial stimulus!?%!23,

Unlike lymphocytes, innate immune cells do not express rearranging antigen receptor
genes, but they do express PRRs and other receptors that allow them to recognize and respond to
pathogens (pathogen-associated molecular patterns, PAMPs) and endogenous danger signals

124125 Although these responses are not as

(damage-associated molecular patterns, DAMPs
specific as antigen receptors, there is evidence that expression of distinct members of PRR families
(Toll-like receptors, NOD-like receptors, C-type lectin receptors, RIG-I-like receptors) on

macrophages and dendritic cells may trigger specific immune responses based on the pathogen

encountered'?*!12>, Some of the first evidence of trained immunity in macrophages came from
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studies of LPS-induced tolerance where gene-specific chromatin modifications were associated
with silencing of genes coding for inflammatory molecules, while priming other genes coding for
antimicrobial molecules!?®. These findings suggested that macrophages could be primed by LPS
to become more or less responsive to subsequent activation signals. This observation was
expanded by studies that demonstrated that exposure of monocytes/macrophages to C. albicans or
B-glucan enhanced their subsequent response to stimulation with unrelated pathogens or PAMPs,
leading to the term trained immunity!?%!?’. Training was demonstrated to be accompanied by
significant reprogramming of chromatin marks.

A distinguishing feature of trained innate immunity is the ability to mount a qualitatively
different and often much stronger transcriptional response when challenged with pathogen or
danger signals. In myeloid cells, many loci encoding inflammatory genes are in a repressed

configuration!28:12

and upon primary stimulation, massive changes are observed in these loci
with alterations driven by the recruitment of transcription factors (i.e. NF-kB, AP-1, and STAT
family members) to enhancers and gene promoters, which are usually pre-marked by myeloid
lineage-determining transcription factors such as PU.1'?2, Transcriptions factors then recruit
coactivators (i.e. histone chromatin remodelers) that locally modify chromatin to make it more
accessible to transcriptional machinery!?%12°,

Maintenance of this enhanced accessibility may lead to a more efficient induction of
genes primed by the initial stimulation'?¢. The persistence of histone modifications deposited at
promoters or enhancers after the initial stimulus may impact the secondary response!?>127,

Therefore, the observed long-term persistence of some histone modifications in myeloid cells

after removal of the initial activation stimulus may reflect either stability of these marks or the
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sustained activation of the upstream signaling pathways and transcription factors that control
their deposition (i.e. PU.1, STAT, IRF).
1.5. Epigenetics Following RSV Infection

The concept that our immune responses are influenced by environmental factors including
microorganisms, pollution, diet and pathogen exposure is important for understanding disease
progression. Epigenetic modifications can directly target DNA or target the histone proteins that
comprise the nucleosomes that the DNA is wrapped around. Chromatin that is wound around
histones is regulated by the nature of the modifications to the protein tails of the histone core
components, including H2A, H2B, H3, and H4. These modifications (methylation, acetylation,
ubiquitination, phosphorylation, etc) determine the transcriptional status of the gene loci by
exposing or sequestering the gene promoter region. Approximately 100 enzymes have been
identified that modify histone proteins and subsequently control whether genes are in a
transcriptionally active (open) or transcriptionally silenced (closed) configuration. A group of
epigenetic enzymes ("writers") add distinct chemical groups (methyl, acetyl, or phosphate) to
histones to determine whether the chromatin is "open" or "closed". In addition to the enzymes
that add these groups, studies have identified that there are also enzymes the take these same
groups away ("erasers"). While epigenetic modifications to histones can have long-term effects
on the gene expression profile of a cell, these writers and erasers can provide modifications that
allow for greater plasticity during cell activation. The amino acid that is most often modified in
histones is lysine and its position in the histone tail can determine if the added modification allows
an active (open) or silenced (closed) configuration of the gene. For example, the addition of methyl
groups on lysine (K) 4 of histone (H) 3 (i.e. H3K4) leads to activation of gene transcription,

whereas H3K27 methylation is a repressive mark!3®, This process is controlled by
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methyltransferases (writers) that add methyl groups and demethylases (erasers) that remove them.
There is already evidence that epigenetic modulation directs the differentiation and maturation of
immune cells. For example, the cytokines typically produced by Th2 cells (IL-4, IL-5 and IL-13)
are suppressed in Thl cells through histone modification!*!!32, In addition, Th17 cells have
increased H3K4 methylation at the IL-17 promoter!'32, In DCs, IL-12 production is decreased
following severe sepsis due to decreased H3K4 methylation!3*. KDM5B, an H3K4 demethylase,
is upregulated following RSV infection of DCs?’. Since H3K4me3 is an activating mark, this
demethylase acts as a transcriptional repressor to specific gene targets. RSV infection induces
KDMS5B expression, which in turn induces changes in DCs that create a pathogenic T cell mediated
immune response due to the regulation of critical innate cytokines, especially Type I IFN. Together
these studies have characterized how a single epigenetic modification can alter an ongoing immune
response that has significant impact on subsequent allergic airway responses.

Another key epigenetic gene modifier is H3K27 tri-methylation, which represses gene
transcription and removal of this mark by KDM6 demethylases leads to active gene transcription.
H3K4 methylation is crucial for active gene transcription, while H3K27 methylation appears to
fine tune gene transcription 3134, In addition to the canonical role of H3K27 demethylation,
KDM6 also contributes to gene activation by modulation of H3K4 methylation through
stabilization of the MLL complex !33:136 and guides gene transcription by binding POLII to enhance
its movement along genes 37138, Many studies have linked KDM6 demethylation of H3K27 and
immune cell regulation. For instance, KDM6b has been strongly implicated in macrophage M2
polarization!3*. Additionally, inhibition of KDM6a/b enzymatic activity has been shown to lead
to decreased inflammation during experimental autoimmune encephalitis by creating a tolerogenic

DC phenotype!3*13%,  Altogether, these studies show that immune epigenetic programs control
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several chromatin modifying enzymes that alter the ability of the immune response to function
appropriately.
1.6. Summary and Specific Aims

Respiratory syncytial virus (RSV) is often the first clinically relevant pathogen encountered in
life, with nearly all infants infected within the first 2 years of life>?*>. RSV infection is the leading
cause of childhood hospitalization, and increases the risk for developing childhood asthma and
recurrent wheezing'=. In addition to causing this exacerbated lung disease, RSV is also directly
associated with a significant amount of health burden costs and mortality, accounting for over 3
million hospitalizations and 66,000-199,000 deaths per year, in children under 5, worldwide?*!.
Recent data, including that from our laboratory, suggest that severe RSV disease is associated with
an altered innate and adaptive immune response, characterized by excessive Th2 and Thl17
immune responses. Numerous studies have shown that RSV has a role in reducing innate cytokine
production necessary for appropriate anti-viral responses??-3>-37-38,

Both direct viral replication as well as indirect immunopathology can lead to RSV disease
symptoms. RSV can skew the immune response away from anti-viral and towards a Th2 type
response by inhibiting the production of IFN-B and subsequently decreasing Th1%’ (Figure 1-1).
This lack of anti-viral response as well as skewing towards dysregulated Th2/Th17 has been

203135 'possibly leading to airway restructuring and this restructuring

correlated with severe disease
has been linked to exacerbated allergic responses later in life”>. How RSV alters the immune
system to influence these responses is currently unknown. Determining what factors are altered

upon initial infection may lead to a greater understanding of how the immune response is affected

later in life to lead to exacerbated disease.
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It has been suggested that up to 48% of infants who were hospitalized for severe RSV-
associated bronchiolitis and/or lower respiratory tract infection may go on to develop asthma
during their childhood”. Asthma is the most common chronic childhood illness and during
childhood, males have higher occurrences of asthma and wheezing®’. Additionally, males are
approximately twice as likely to become hospitalized than females due to severe RSV infection®.
Therefore, the risk for both severe RSV infection as well as RSV-associated asthma development
may be higher in males than in females.

How RSV alters the immune system to influence immune responses later in life and why
males are more susceptible to both severe infection as well as childhood asthma is currently
unknown. Previous studies with neonatal RSV infection have demonstrated that there are
persistent changes in the lung that include mucus production and increased immune cell
populations that persist in the lung, including type 2 innate lymphoid cells (ILC2) that produce IL-
5 and IL-13, known to contribute to the immunopathologic Th2 responses that are associated with

46,47

severe RSV infection and asthma***’. Epithelial cell-derived cytokines, including thymic stromal

lymphopoietin (TSLP), IL-25 and IL-33 are known inducers of ILC2 differentiation®*#%-7¢, TSLP

41,42,140

drives Th2-type responses via its influence on DCs, T cells, and ILC2s and in some cases,

may be required for CD4+ Th2 memory*’. RSV infection has been shown to lead to increased

P78 "which has also been implicated in asthma pathogenesis!4!=!43 | In fact,

expression of TSL
TSLP has been suggested as a possible biomarker in pediatric asthmatics'#*. Additionally, it has
been shown that RSV infection leads to activated IL-13 producing ILC2s that are dependent on
TSLP’. The studies described here will examine the modulated immune responses during neonatal

RSV infection that include alteration of immune cell phenotypes and subsequent persistent

changes leading to the altered development of allergic responses. We hypothesize that early-life
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RSV infection alters local and systemic immune cell populations in neonates through TSLP
production. These studies will utilize the human chimeric RSV A2 strain with Line 19 F fusion
protein which has been shown to enhance viral load, mucus hypersecretion and airway

145 A neonatal mouse model was developed to evaluate early-

hyperreactivity in mouse models
life RSV infection as well as secondary allergic disease (Figure 2-5). Determining what factors
are altered during early-life exposure and how to control RSV infection to limit these changes,
may lead to possible interventions to decrease the incidence of childhood asthma.

We first examined the role of TSLP following early-life RSV infection and subsequent
allergic responses later in life to determine if differences exist between male and female mice.
We hypothesized that males will be more susceptible to RSV infection and have a stronger immune
response to allergen upon subsequent challenge and that exacerbation will be dependent on TSLP.
Our results show that male mice have decreased viral control with increased viral gene expression
over the course of primary infection whereas females clear the virus much quicker. Correlating
with increased viral clearance in female mice, IFN-f is expressed only in female mice but not male
mice. Upon allergen challenge later in life, male mice show an exacerbated allergic response to
cockroach allergen (CRA) while female mice are protected. Furthermore, testing in TSLPR-/-
mice abrogated the exacerbated response in male mice, supporting a role for TSLP in male-specific
allergic exacerbation following early-life RSV infection.

We next examined how early-life RSV infection leads to systemic changes of the
immune system, specifically in the bone-marrow-derived dendritic cell (BMDC) population.
We hypothesized that RSV will lead to phenotypic alterations of BMDC that will cause changes
in pro-inflammatory cytokine production and more highly reactive BMDC that migrate into the

lungs during secondary exposures to propagate enhanced disease. Our data show that BMDC from
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early-life RSV infected mice show differential pro-inflammatory responses compared to naive
mice, producing higher levels of pro-inflammatory cytokines and chemokines, such as IL-6 and
CCL3 and male mice retain signs of activation, including upregulation of CD80/86 and MHC II
as far out as 4 weeks post-infection. Interestingly, BMDC from early-life RSV-infected female
WT mice and TSLPRKO-/- male mice do not show this phenotype and appear more like BMDC
from naive mice. These data indicate that the BMDC from early-life RSV-infected male mice
remain in a persistently activated/inflammatory state and knockdown of TSLP signaling abrogates
this phenotype. Furthermore, ATAC-seq data indicated that changes in the BMDC were linked to
accessibility of the chromatin landscape in WT vs TSLPR-/- mice and showed links to genes within
the Type-1 IFN pathway, such as Midl as well as transcription factors involved in Th2
pathogenesis, specifically IRF4. In addition, we observe that RSV-infected BMDC from TSLPR-
/- mice are capable of driving strong T cell production of IFN-y upon co-culture with T cells
isolated from RSV-infected animals. These data indicate that early-life RSV-infection leads to
systemic alterations in the bone marrow related to TSLP signaling and inhibition of type-1
interferon which may be linked to persistent transcriptional modifications.

Finally, we examined epigenetic regulation of BMDC following RSV infection and the
role of lysine demethylases, KDM6A/B. Data from our previous BMDC studies, indicated that
BMDC isolated at 4 weeks post-early-life RSV-infection retain upregulation of the epigenetic
enzyme, Kdmo6b, even at baseline; therefore, we further examined the role of the Kdm6 family of
enzymes during RSV infection. We hypothesized that RSV infection will lead to the upregulation
of the H3K27 demethylases, KDM6A and KDM6B that will alter BMDC phenotype leading to
RSV-driven immunopathology. These data show that following RSV infection in vivo, KDM6A/B

are upregulated in CD11c+ cells within the lungs. Additionally, in vitro experiments show that
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BMDC are also capable of upregulating these enzymes following RSV infection. The inhibition
of KDM6 enzymatic activity by GSK J4 leads to a decrease in pro-inflammatory cytokine and
chemokine expression in BMDC and a shift in T cell response, partially through alteration of APC
function (decreased expression of CD86 and MHCII). Airway sensitization of naive mice with
RSV-infected BMDCs exacerbated a live challenge with RSV infection but this exacerbation was
inhibited when BMDCs were treated with GSK J4 prior to sensitization. Finally, in vivo treatment
with GSK J4 during RSV infection reduced inflammatory CD11c+ DC (CD11b+/MHCII+ and
CD11b+/CD86+) in the lungs along with IL-13 levels and overall inflammation. These results
suggest that KDM6 expression in DC enhances pro-inflammatory innate cytokine production to
promote an altered Th2 immune response following RSV infection that leads to more severe

immunopathology.
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Chapter 2: Sex-Associated TSLP-Induced Immune Alterations Following

Early-Life RSV Infection Leads to Enhanced Allergic Disease

2.1. Abstract

Many studies have linked severe RSV infection during early-life with an enhanced likelihood of
developing childhood asthma, showing a greater susceptibility in boys. Our studies show that
early-life RSV infection leads to differential long-term effects based upon the sex of the neonate;
leaving male mice prone to exacerbation upon secondary allergen exposure while overall
protecting female mice. During initial viral infection, we observed better viral control in the female
mice with correlative expression of interferon-f§ that was not observed in male mice. Additionally,
we observed persistent immune alterations in male mice at 4 weeks post infection. These
alterations include Th2 and Thl7-skewing, innate cytokine expression (7s/p and [/33), and
infiltration of innate immune cells (DC and ILC2). Upon exposure to allergen, beginning at 4
weeks following early-life RSV-infection, male mice show severe allergic exacerbation while
female mice appear to be protected. Due to persistent expression of TSLP following early-life RSV
infection in male mice, genetically modified TSLPR-/- mice were evaluated and demonstrated an
abrogation of allergen exacerbation in male mice. These data indicate that TSLP is involved in the
altered immune environment following neonatal RSV-infection that leads to more severe
responses in males during allergy exposure, later in life. Thus, TSLP may be a clinically relevant

therapeutic target early in life.
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2.2. Introduction

Respiratory syncytial virus (RSV) is often the first clinically relevant pathogen
encountered, with nearly all children infected during the first 2 years of life'2. This viral infection
is the leading cause of childhood hospitalization and increases the risk for developing childhood
asthma and recurrent wheezing!-®. The health burden costs of RSV infection account for over 3
million hospitalizations and approximately 100,000 deaths per year in children under 5,
worldwide?’?!. Recent pre-clinical and clinical data, including data from our laboratory, suggest
that severe RSV disease is associated with an altered innate and adaptive immune response,

20,31

characterized by excessive Th2 and Th17 immune responses?*3!1-36, Numerous studies have shown

that RSV plays a role in reducing innate cytokine production that is necessary for appropriate anti-

20353738 - Both viral replication as well as immunopathology can lead to RSV

viral responses
disease symptoms and probing these and potentially other underlying disease mechanisms that are
supported by clinical data will be important for therapeutically targeting the immune environment.

During a viral infection, the immune response is strongly dictated by dendritic cells (DC)
because they activate the immune system and instruct T cells toward distinct T helper type

4

responses **. RSV can skew the immune response away from anti-viral and towards a Th2-type

response by inhibiting the production of IFN-B and subsequently decreasing the Thl pro-
inflammatory response®. This lack of an anti-viral response as well as skewing towards

dysregulated Th2/Th17 has been correlated with severe disease?*3!-3,

leading to airway
restructuring linked to exacerbated allergic responses later in life?>. Up to 48% of infants who
were hospitalized for severe RSV-associated bronchiolitis and/or lower respiratory tract infection

d94,95

go on to develop asthma during their childhoo Asthma is the most common chronic

childhood illness, affecting approximately 5 million children under 18 years of age, including 1.3
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million children under 5%. During childhood, males have higher occurrences of asthma and
wheezing than do females at a 2:1 ratio’”’. Additionally, males are approximately twice as likely
to become hospitalized than females due to severe RSV infection?’. Thus, the risk for severe RSV
infection and RSV-associated asthma development is higher in males than in females®®.

How RSV alters the immune system to influence these observed responses is currently not
well defined. Previous studies with neonatal RSV infection have demonstrated that there are
persistent changes in the lung that include increased mucus production and increased populations
of immune cells. Specifically, type 2 innate lymphoid cells (ILC2) are increased in RSV infected
lungs and these cells produce IL-5 and IL-13, cytokines important in the development of

inflammation and mucus production®®*7,

Innate cytokines, including thymic stromal
lymphopoietin (TSLP), IL-25 and IL-33 are known inducers of ILC2 differentiation®*#%-7¢, TSLP
is a known driver of Th2-type responses through its influence on DCs, T cells, and ILC2s 4142140
and may be required for CD4+ Th2 memory*?. RSV infection has been shown to lead to increased
expression of TSLP!!7-!!8 which has also been implicated in asthma pathogenesis!*!~143, In fact,
TSLP has been suggested as a possible biomarker in pediatric asthmatics!'#*. Additionally, it has
been directly shown that RSV infection leads to activated IL-13 producing ILC2s that are
dependent on TSLP73. However, the mechanisms by which early life RSV infection alters immune
responses related to allergen sensitization have yet to be elucidated.

In the present study, we examined the modulated immune responses due to neonatal RSV
infection that include alteration of immune cell phenotypes and subsequent persistent changes
leading to the altered development of allergic responses. Specifically, we demonstrate for the first

time that early-life RSV infection alters immune cell populations in neonates in a sex dependent

manner through TSLP production to affect the early development of type 2 immune responses
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resulting in enhanced allergic responses later in life. These results suggest that clinically targeting
TSLP during early-life RSV exposure may prevent RSV-induced immune environment changes
and thus may decrease the incidence of childhood asthma.

2.3. Materials and Methods

2.3.1. Animals

All experiments involving the use of animals were approved by the University of Michigan animal
care and use committee. Male and female BALB/c mice, 6 to 8 weeks of age, were purchased from
The Jackson Laboratory (Bar Harbor, ME) and used as breeders for experimental animals. TSLPR-
/- mice were kindly provided by Dr. Steven Ziegler and adult mice bred in-house were used as
breeders. Male and female mice (WT and TSLPR-/-), born in-house were used for all experiments.
All mice were maintained under standard pathogen-free conditions.

2.3.2. RSV-infection

A chimeric RSV A2 strain with recombinant Linel9 fusion protein was used for all experiments
as previously described'#>. Male and female Balb/c and TSLPR-/- mice were infected intranasally
(5 uL/animal) with 1.5 x 10° pfu of RSV A2/L19-F at 7 days of age.

Analysis of the viral response was performed at 2-8 days and 14 days post-infection to determine
primary response and resolution, respectively. Long-term analysis was performed at 4 weeks post-

infection (Figure 2-1).
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Figure 2- 1. Neonatal RSV-infection Experimental Model
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2.3.3. Mouse Cockroach Allergen (CRA) Asthma Model
The allergen used was a clinical grade, skin test cockroach allergen (CRA) (Hollister-Stier,

Spokane, WA) as previously described'#¢-!47

. Mice were sensitized intratracheally with 500 protein
nitrogen units (pnu) of CRA, over 3 consecutive days. Next, mice were challenged intratracheally
with 500 pnu of CRA on days 14, 20, 22, and 23 after initial CRA sensitization. On day 24, one
day after the last allergen challenge, animals were sacrificed, and samples were taken. The same
model was used in the TSLPR-/- mice.

2.3.4. Quantitative RT-PCR

Lung tissue was homogenized in TRIzol reagent and RNA was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA). cDNA was synthesized using murine leukemia virus reverse
transcriptase (Applied Biosystems, Foster City, CA) and incubated at 37 ‘C for one hour, followed
by incubation at 95°C for 10 min to stop the reaction. Real-time quantitative PCR (qPCR) was
multiplexed using Taqman primers, with a FAM-conjugated probe to measure transcription of
Gob5, Muc5ac, 114, 115, 1113, 1117a, Ifng, Tslp, 1125, 1133. Fold change was quantified using 244
cycle threshold (CT) method. Custom primers were designed to measure Muc5ac and Gob5
mRNA levels as described'??. All reactions were run on a 7500 Real-Time PCR System (Applied
Biosystems).

2.3.5. Lung Histology

The 2 middle lobes of the right lung were perfused with 10% formalin for fixation and embedded
in paraffin. Five-micrometer lung sections were stained with periodic acid-Schiff (PAS) to detect
mucus production, and inflammatory infiltrates. Photomicrographs were captured using a Zeiss

Axio Imager Z1 and AxioVision 4.8 software (Zeiss, Munich, Germany)
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2.3.6. Flow Cytometry

The lungs were removed, and single cells were isolated by enzymatic digestion with 2.5 mg/ml
Liberase™ (Roche) and 20 U/ml DNasel (Sigma, St. Louis, MO) in RPMI 1640 for 45 min at
37°C or 1 mg/mL collagenase (Roche) and 20 U/ml DNasel (Sigma, St. Louis, MO) in RPMI 1640
+ 10% FCS for 60 min at 37°C. Tissues were further dispersed through an 18-gauge needle (5-ml
syringe), RBCs were lysed and samples were filtered twice through 100-um nylon mesh. Cells
were resuspended in PBS. Live cells were identified using LIVE/DEAD Fixable Yellow Dead
Cell Stain kit (Thermo Fisher Scientific, Waltham, MA), then washed and resuspended in PBS
with 1% FCS. Fc receptors were blocked with purified anti-CD16/ 32 (clone 93; BioLegend, San
Diego, CA). Surface markers were identified using Abs (clones) against the following antigens,
all from BioLegend: anti-Cdllc (N418), MHC II (M5/114.15.2), Cd11b (M1/70), OX-40L
(RM134L), Cd3 (145-2C11), Cd4 (GK1.5), Cd8 (53-6.7), Cd25 (3C7), Cd90 (53-2.1), cKit (2BS),
ST2 (D1HY9), Gr-1 (RB6- 8C5), B220 (RA3-6B2), Ter119 (Ter-119). For innate lymphoid cell
staining, lineage markers were anti-CD3, CD11b, B220, Gr-1, and TER119. ILC2: CD45+/Lin-/
CD90+/ ST2+. Data was collected using a NovoCyte flow cytometer (ACEA Bioscience, Inc. San
Diego, California). Data analysis was performed using FlowJo software (Tree Star, Oregon, USA).
2.3.7. Mediastinal lymph nodes in vitro restimulation and cytokine production assay
Mediastinal lymph nodes (mLN) were enzymatically digested using 1 mg/ml collagenase A
(Roche) and 20 U/ml DNasel (Sigma-Aldrich) in RPMI 1640 with 10% FCS for 45 min at 37°C.
Tissues were further dispersed through an 18-gauge needle (1-ml syringe). RBCs were lysed, and
samples were filtered through 100-pum nylon mesh. Cells (5 x 10°) from mLN cells were plated in

96-well plates and restimulated with 1.5-3.0 x 10° pfu of RSV or 300 pnu of CRA for 48 hours.
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IL-4, IL-5, IL-13, 11-17a and IFN-y levels in supernatants were measured with a Bio-Plex cytokine
assay (Bio-Rad Laboratories).

2.3.8 RNAscope for formalin fixed paraffin embedded (FFPE) tissue

Lungs were perfused with 10% formalin for fixation and embedded in paraffin (FFPE). RNAscope
2.5 duplex detection kit for FFPE samples (ACDbio, Newark, CA) was used to perform RNAscope
as previously described!*®. Probes to detect Tislp (target region 10-1149) and 733 (target region
2-947) were used with green chromogen detection.

2.3.9. Measurement of airway hyperreactivity

Airway hyperreactivity was measured using mouse plethysmography, that is specially designed
for the low tidal volumes (Buxco Research Systems), as previously described!?!146, Briefly, the
mouse to be tested is anesthetized with sodium pentobarbital and intubated via cannulation of the
trachea with an 18-gauge metal tube. The intubated mouse was ventilated at a volume of 200 pL
at a rate of 120 breaths/min. The airway resistance was measured in the closed plethysmograph by
directly assessing tracheal pressure and comparing the level to corresponding box pressure
changes. These values were monitored and immediately transformed into resistance measurements
using computer-assisted calculations. Once baseline levels had stabilized and initial readings were
taken, a methacholine challenge was given via iv tail vein injection (375 pg/kg of methacholine)
as previously described!?!:14¢, After the methacholine challenge, the response was monitored, and
the peak airway resistance was recorded as a measure of airway hyperreactivity.

2.3.10. Mucus Scoring Analysis

Slides from PAS-stained lungs were blind-coded and scored by an individual observer to quantify

mucus on a scale of 1-4. Scoring is as follows: 1 = Minimal/No Mucus; 2 = Slight: Multiple
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airways with goblet cell hyperplasia and mucus; 3 = Moderate: Multiple airways with significant
mucus and some plugging; 4 = Severe: significant Mucus plugging.

2.3.11. Statistical analysis

Data were analyzed by Prism 7 (GraphPad Software). Data presented are mean values + SEM.
Comparison of two groups was performed with an unpaired, two-tailed Student #-test.
Comparison of three or more groups was analyzed by one-way ANOVA, followed by two-tailed
Student #-test for individual comparisons. A p-value <0.05 was considered significant.

2.4. Results

2.4.1. Neonatal RSV infection of male and female mice leads to a strong Th2/Th17-type
immune response with delayed resolution in male mice

To evaluate the immune response to early-life RSV infection, male and female neonatal mice were
infected intranasally with RSV (A2/L19-F (1.5 x10° pfu)) at 7 days of age (Figure 2-1). Following
infection, both males and females had mucus and inflammation present within their lungs peaking
around 4-8 days post-infection with decreased mucus observed by 14 days post-infection (Figure
2-2A,B). Age-matched male and female control mice show little to no signs of mucus production
within the lungs at these time points (Appendix 1; Figure A1-1A,B), indicating viral induction of
mucus. Additionally, at 14 days post-infection, lymphoid aggregates or bronchus associated
lymphoid tissue (BALT) was observed in male mice, but not female mice (Figure 2-2A). An
increase in viral gene expression was observed in male compared to female mice on day 4 of
infection (Figure 2-2C) with female but not male mice having an increase in interferon-f gene
expression (Figure 2-2D), a critical cytokine required for viral clearance!>. Lung draining lymph
nodes, harvested from neonatally-infected mice at 8 days post RSV-infection, showed a strong

Th2 and Th17-type immune response, with no discernible difference between males and females
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(Figure 2-2E). However, upon analysis at 14 days post-infection, males showed higher cytokine
responses in restimulated lymph nodes compared to females (Figure 2-2F). These data indicate
that both male and female neonatal mice elicit an RSV-driven Th2/Th17-type immune response
but male mice displayed a lack of viral control with a delay in immune contraction compared to

female mice.
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Figure 2- 2. Neonatal RSV infection of male and female mice leads to a strong Th2/Th17-type immune response with
delayed resolution in male mice.

Male and Female mice were infected with RSV at 7 days of age and tissues collected at 2, 4, 8 or 14 days post-infection to evaluate
primary response and resolution of Th2/Th17 response. A, B. Lungs were embedded in paraffin and Periodic acid-Schiff stain
(PAS) was performed to visualize mucus (bright pink staining) Representative photos shown. C, D. Lungs were homogenized and
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mRNA extracted to determine RSV F and interferon-f gene expression, respectively (N > 3) E, F. Lung draining lymph nodes
were processed into single cell suspension and re-stimulated with RSV in vitro for 48 hours to determine cytokine protein levels
(N >4). Data represent Mean + SEM (Representative of at least 2 individual experiments). * =p < 0.05

2.4.2. Male mice infected with RSV during early-life show signs of lung immunopathology
that persists for up to 4 weeks post-infection

Further evaluation of persistent immune alterations was performed at later time points after
neonatal RSV infection in male and female mice (Figure 2-1). Uninfected, age-matched (5-week
old) mice were used as controls and no differences were observed between the sexes (Appendix
1; Figure A1-2). However, significant differences were observed at 4 weeks post-early-life RSV-
infection, with persistent lung immunopathology, including visible signs of mucus still present in
the lungs of male mice (Figure 2-3A) but not female mice (Figure 2-3B). In correlation with lung
pathology, males had increased expression of the mucus gene, muc5ac, compared to neonatally
RSV-infected females (Figure 2-3C). The number of mice that displayed visible mucus and
overexpressed mucS5ac compared to naive at 4 weeks post-infection was 78% of early-life infected
male mice (7/9) and 15% of female mice (2/13) (Figure 2-3C). In addition, the results showed
persistent gene expression of Th2-type and ///7a in males compared to females (Figure 2-3D).
Innate cytokines TSLP, IL-25 and IL-33, which are all strong drivers of Th2-type

responsesl 13,149,150

were also evaluated and indicated that early life RSV infected male mice
showed persistent gene expression of Ts/p and //33 compared to female mice (Figure 2-3E). To
determine the location of the 7s/p and //33 within the male lungs, as these cytokines are strongly
linked to asthma pathogenesis, studies were performed using RNAscope technology. Tslp
expression was observed within the bronchial airway epithelial cells, while //33 was limited to the
alveolar epithelial cell areas (Figure 2-3F-K). Thus, early-life RSV infection in male mice leads

to persistent Th2/Th17 skewing within the local lung environment, while females resolve this

response and have a local lung environment similar to previously uninfected mice.
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Figure 2- 3. Male mice infected with RSV during early-life show signs of lung immunopathology that persists for up to 4
weeks post-infection.

Male and Female mice were infected with RSV at 7 days of age and tissues collected at 4 weeks post-infection to evaluate long-
term alterations. A,B. Lungs were embedded in paraffin and Periodic acid-Schiff stain (PAS) was performed to visualize mucus
(bright pink staining). Representative photos shown C-E. Lungs were homogenized and mRNA extracted to determine gene
expression compared to age/sex-matched uninfected controls (N => 9) F-K. RNAscope was performed to determine location of
Tslp and 1133 within male lungs (stained in green). Representative photos shown. Data represent Mean + SEM (Representative of
or pooled from 2 individual experiments). * =p <0.05; ** =p < 0.01; *** =p <0.001.
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2.4.3. Differential immune cell populations in the lungs of male and female mice with early-
life RSV infection

Due to the persistent immunopathology observed in the lungs from early-life RSV-infected male
mice, we next examined immune cell populations that may lead to these alterations at 4 weeks
post-infection. Age-matched (5-week old) naive animals were used as controls. Naive male and
female animals showed similar immune cell populations at 5 weeks of age, indicating no inherent
differences between the sexes. In contrast, lungs from male mice at 4 weeks post-neonatal RSV
infection contained increased Cdl1c+/Cdl1b+ and Cd103+ DC populations (Figure 2-4A,B).
Interestingly, female mice at 4 weeks post-neonatal RSV infection also have decreased Cd103+
DC compared to naive female mice (Figure 2-4B). Additionally, early-life RSV infected males
contain significantly more OX-40L+ cells than early-life infected females (Figure 2-4A-C), which
have been implicated in severe neonatal RSV responses as well as asthma!'®1°L152 We also
observed that males had significantly more ILC2, which can produce Th2-type cytokines (Figure
2-4D,E). However, no differences were observed in CD4+ or CD8+ T cells (Figure 2-4F,G). This
phenotypic immune alteration in males may allow for the continued production of potentially

pathogenic cytokines within the local environment.
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Figure 2- 4. Differential immune cell populations in the lungs of male and female mice with early-life RSV infection.

Male and Female mice were infected with RSV at 7 days of age and lungs collected at 4 weeks post-infection to evaluate cell
populations. Lungs were processed into single-cell suspension and stained for flow cytometry analysis. A. Gating strategy for
dendritic cells B. CD11c+ dendritic cell types (N > 9) C. OX-40L+ cells (N > 9) D. Gating strategy for innate lymphoid cells E.
Innate lymphoid cell populations (N = 5) F. Gating strategy for T cells G. T cell populations (N > 9). Data represent Mean + SEM
(Representative of or pooled from 2 individual experiments). * =p < 0.05; ** =p <0.01; *** =p <0.001; **** =p < 0.0001.

2.4.4. Early-life RSV infection leads to exacerbated allergic response in male mice
Five-week old mice that were previously infected with RSV at 7 days of age were sensitized and

challenged with cockroach allergen (CRA) to determine if prior infection with RSV alters the
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immune response to allergens later in life (RSV/CRA). CRA was administered via intratracheal
instillation into the lungs over 3 consecutive days, starting at 4 weeks post-infection, followed by
4 challenges 2 weeks later to elicit an allergic response (Figure 2-5A). Naive age-matched animals
were used as controls and administered CRA in the same manner. Lung histology showed that
RSV/CRA males have severe pathology and increased mucus compared both to mice given only
CRA and female mice given RSV/CRA (Figure 2-5B). Airway hyperreactivity (AHR) was
significantly higher in the males given RSV/CRA (Figure 2-5C) compared to all other groups
indicating more severe lung physiology responses. A correlative increase in mucus score was also
observed in the RSV/CRA male mice (Figure 2-5D) and interestingly, a decreased mucus score
was observed in RSV/CRA female mice compared to both RSV/CRA male mice as well as CRA
only female mice (Figure 2-5D). Additionally, mucus-associated genes, gob5 and mucSac, as well
as gene expression of //13 were significantly increased in lungs from male mice given RSV/CRA,
compared to female mice (Figure 2-5E). Increased infiltration of inflammatory myeloid-type cells
as well as ILC2 were observed in male mice given RSV/CRA compared to females given
RSV/CRA, with no differences in T cell numbers (Figure 2-5F-G). However, analysis of the
CRA-specific response analyzed by cytokine production from isolated lymph node cells showed
that male mice infected with RSV during early life had significantly more Th2 and IL-17A
cytokine production upon CRA re-challenge when compared to females, suggestive of a shift in T
cell responsiveness to the allergen (Figure 2-5H). No differences were observed between
uninfected males and females tested (Appendix 1; Figure A1-3), indicating that the baseline
allergic response is equivalent between male and female mice. Altogether, these data indicate that
the effects of early-life RSV-infection lead to sex-specific alterations that persist long-term in male

mice.
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Figure 2- 5. Early-life RSV infection leads to exacerbated allergic response in male mice.

Male and Female mice were infected with RSV at 7 days of age and secondary allergen challenge initiated at 4 weeks post-infection.
A. Experimental Design B. Lungs were embedded in paraffin and Periodic acid-Schiff stain (PAS) was performed to visualize
mucus (bright pink staining). Representative photos shown C. AHR was determined using full-body plethysmography and
methacholine challenge (N > 3) D. Subjective mucus scoring was performed on blinded histological slides on a scale of 1-4 for
mucus production (N > 8) E. Lungs were homogenized and mRNA extracted to determine mucus and cytokine gene expression
compared to age/sex-matched naive controls (N > 3) F,G. Lungs were processed into single-cell suspension and stained for flow
cytometry analysis. (N > 4) H. Lung draining lymph nodes were processed into single cell suspension and re-stimulated with CRA
in vitro for 48 hours to determine cytokine protein levels (N > 3). Data represent Mean + SEM (Representative of or pooled from
2-3 individual experiments). * =p < 0.05; ** =p < 0.01; *** =p <0.001
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2.4.5. Deletion of TSLP receptor leads to decreased immune responses following CRA
exposure in male mice with early-life RSV infection

Based on our observed correlative evidence of TSLP expression with persistent Th2/Th17-
skewing, we evaluated the sex-associated role of TSLP in the immune exacerbation observed
following CRA exposure in mice. Male and female TSLP receptor knockout (TSLPR-/-) mice
were RSV infected during early-life, followed by a CRA challenge initiated 4 weeks later (Figure
2-5A). Histologic evaluation showed decreased mucus in the lungs of TSLPR-/- male mice
compared to WT male mice given early RSV followed by the CRA challenge (Figure 2-6A).
Furthermore, AHR was decreased in TSLPR-/- male mice with a previous neonatal RSV infection
(Figure 2-6B), indicating improved lung function compared to WT male mice. Consistent with
histology, a decrease in mucus score (Figure 2-6C) as well as mucus gene expression (Figure 2-
6D) was observed in TSLPR-/- male mice compared to WT male mice given RSV/CRA. The
results also demonstrated a decrease in /13 cytokine gene expression levels within the lungs of
TSLPR-/- compared to WT male mice given RSV/CRA (Figure 2-6E). Correlating with the
decreased /13 expression, a decrease in ILC2 was observed in the TSLPR-/- male mice given
RSV/CRA (Figure 2-6F) with no changes in CD4+ T cell numbers (Figure 2-6G,H).
Additionally, male TSLPR-/- RSV-infected/CRA challenged mice had decreased CRA-specific
Th2 cytokine production in the lung draining lymph nodes compared to WT mice (Figure 2-6I).
Of interest, similar to previous studies'>?, we found no difference in the male or female mice given
only CRA when TSLPR-/- mice were compared to WT mice (Appendix 1; Figure A1-3),
suggesting that the TSLP-induced environment created by an early life RSV infection was critical.
Importantly, unlike male mice, females were not exacerbated following RSV-infection alone and

thus were independent of TSLP, supporting a sex-specific role for this pathway.
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Figure 2- 6. Deletion of TSLP receptor leads to decreased immune responses following CRA exposure in male mice with
early-life RSV infection.

Male and Female TSLPR-/- mice were infected with RSV at 7 days of age and secondary allergen challenge initiated at 4 weeks
post-infection. A. Lungs were embedded in paraffin and Periodic acid-Schiff stain (PAS) was performed to visualize mucus (bright
pink staining). Representative photos shown B. AHR was determined using full-body plethysmography and methacholine
challenge (N > 3) C. Subjective mucus scoring was performed on blinded histological slides on a scale of 1-4 for mucus production
(N > 6) D, E. Lungs were homogenized and mRNA extracted to determine mucus and cytokine gene expression compared to
age/sex-matched naive controls (N > 3) F-H. Lungs were processed into single-cell suspension and stained for flow cytometry
analysis (N > 3) I. Lung draining lymph nodes in single cell suspension were re-stimulated with CRA in vitro for 48 hours to
determine cytokine protein levels (N> 3). Data represent Mean + SEM (Representative of or pooled from 2-3 individual
experiments). *=p<0.05; **=p<0.01; ***=p<0.001.
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2.5. Discussion

Clinically, data suggest that severe RSV infection during early-life enhances the likelihood
of developing childhood asthma by 3-5 fold"-!>*. Most children are infected with RSV within the
first 2 years of life and up to 3-5% of children become hospitalized due to complications from
severe disease?’. Studies suggest that ~50% of children hospitalized during severe RSV infection
go on to develop childhood asthma®*?°. Additionally, clinical data show that boys are more
susceptible to RSV, hospitalized at a 2:1 ratio compared to girls, and are more than twice as likely
to develop childhood asthma?2?*!5°, Here we show that male mice infected neonatally with RSV
have poorer viral control than female mice of the same age and that at 4 weeks post-early-life
RSV-infection, male mice show a persistent signature of RSV-driven Th2/Th17
immunopathology, mucus and an altered immune environment that leads to an exacerbated allergic
phenotype associated with TSLP driven mechanisms. Thus, these studies outline 2 important
concepts; 1) early RSV infection results in an altered immune phenotype in the lung that is
dependent upon sex; and 2) the persistence of the early innate cytokine, TSLP, has a role in the
altered immune environment and may be a clinically relevant target early in life.

TSLP is an early responding, innate cytokine, that can drive Th2-type responses and is

upregulated following RSV infection of lung epithelial cells'!’

. During neonatal RSV-infection,
TSLP mediates immunopathology through OX-40/Th2 signaling'!8, as well as having direct
effects upon ILC2 cells, causing them to produce Th2-type cytokines, IL-5 and IL-13 to enhance
inflammation and mucus production’. When TSLP was neutralized during neonatal RSV
infection, the severity of a later exacerbated RSV infection was mitigated''®, indicating that TSLP

may be creating a broadly altered immune environment. Additionally, TSLP has been implicated

in the pathogenesis of asthma. Increased TSLP mRNA in bronchial epithelial cells of asthmatics
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directly correlates with degree of airflow obstruction'® and GWAS studies show a strong
association between TSLP and severe asthma!?>1%, The TSLP SNP, rs1837253 on the T allele,
which leads to decreased epithelial cell production of TSLP, has been identified in boys to reduce
the risk of developing atopic asthma and airway hyperresponsiveness as well as protection from

allergic rhinitis!>¢-18

. This same TSLP mutation shows no protective effect in girls, suggesting
that the role of TSLP in asthma may be more significant in boys than girls. Our data expands on
these clinical findings, showing a significant correlation between RSV-induced TSLP and the
subsequent development of viral-associated allergic asthma later in life in male mice, following
early-life RSV-infection.

TSLP has a wide range of immune cell targets, including ILC2, DC and T cells. The initial
biologic function of TSLP demonstrated that it interacted with DC to promote Th2 cell
differentiation and thus promoted allergic disease!!*!!*, TSLP stimulation of CD11b+ DC
upregulates OX-40L that interacts with OX-40 on CD4 T cells to promote a Th2 response!>!:152,
The survival and maintenance of ILC2 that produce Th2-type cytokines, depends on the presence
of TSLP!*:160 Tn addition, TSLP signaling instructs DCs to produce CCL-22*!, a chemokine that
recruits Th2 cells through its interaction with the CCR4 receptor. Finally, in response to TSLP,
DCs will themselves produce TSLP that further interacts with DCs and ILC2, creating a feedback
loop that is independent of epithelial cell-derived TSLP!!3!16, The data provided in our studies,
using TSLPR-/- mice, indicated that TSLP signaling is responsible for the increased presence of
innate immune cells in the lungs of male mice conditioned with a neonatal RSV infection.
Interestingly, the TSLPR-/- mice had a similar allergen response in the lungs compared to WT
male and female mice when no neonatal RSV infection was given. These data recapitulate previous

data indicating that although TSLP is involved in the development of Th2 cells, the long-term
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allergen responses are not altered in its absence!>?. Similarly, TSLP was not necessary to develop
chronic Th2 driven parasitic helminth granulomatous responses!®!. Thus, TSLP may be central to
the development of chronic type 2 immune responses when a stimulus, such as RSV infection,
promotes an altered immune environment that predisposes tissue to development of allergic
responses. This is likely more significant in neonates that have an immature immune environment
that can be more easily skewed to an altered immune phenotype.

The upregulation of another innate cytokine, IL-33, was also associated with the early RSV
infection in male mice. While we have not further explored the role of IL-33 in the sex difference
in the altered immune environment, it may also contribute. Interesting, the expression of TSLP
mRNA was more highly evident and associated with bronchial epithelial cell area in male mice at
4-weeks post-infection, whereas IL.-33 appeared to be more contained and associated with alveolar
areas as assessed by RNAscope. Many studies have indicated a role for these innate cytokines in
respiratory viral complications, asthma development, as well as viral exacerbations of existing
asthma®®~1!, Tt is evident that these cytokines have distinctive as well as additive effects on ILC2
responses’®192159 = Allergen challenge, following neonatal rhinovirus infection identified that both
IL-33 and TSLP are required for IL-25-induced ILC2 production of IL-13 leading to mucus
metaplasia but TSLP was necessary for maximal ILC2 gene expression even in the presence of 1L-
25 and 1L-337¢, Additionally, experimental asthma pathogenesis was shown to persist in IL-33R
knockout mice (ST2-/-) due to increased expression of TSLP that enhanced ILC2 production of
IL-13; abrogation of this response was only possible with the addition of an anti-TSLP antibody!.
Finally, in an allergen challenge model conducted on adult human subjects with allergic asthma,
administration of an anti-TSLP monoclonal antibody (AMG 157) reduced allergen-induced

bronchoconstriction and airway inflammation, suggesting a key role for TSLP in allergen-induced
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airway responses in asthmatics!®. Collectively, these studies as well as our data presented here
make it plausible that TSLP, IL-25 and IL-33 cooperate and regulate each other during initial
disease progression but TSLP may be more significant in the development of subsequent diseases
later in life. Given the availability of anti-TSLP in human trials, a therapeutic intervention in
infants with severe RSV may be highly beneficial, especially for boys.

These novel data recapitulate the clinical observations where males are more likely to
develop severe respiratory complications and childhood asthma than are girls. This suggests that
early-life RSV-infection in males leads to persistent TSLP-associated Th2/Th17 immune-driven
pathology within the lungs, while the same early-life infection in females allows for appropriate
Th2/Th17 resolution thereby protecting females from later asthma pathogenesis. This phenomenon
may be due to poorly controlled viral replication and decreased viral clearance in males following
the initial infection, possibly due to lack of type-1 interferon production, which is critical for viral
clearance as well as resolution of Th2/Th17 immune responses!'>!62163 Correlating with our
findings, it has previously been shown that female plasmacytoid dendritic cells (pDC) isolated
from human peripheral mononuclear cells express higher levels of type-1 interferons (IFNo/3)

compared to male pDC following TLR7 stimulation!®*

. While another study has shown that type-
3 interferon (IFNA) has the ability to upregulate TSLP expression'®, the role of type-1 interferons
and TSLP has not been fully elucidated. Furthermore, previous studies with bronchial epithelial
cells from asthmatics have shown that TSLP and interferon- have an inverse relationship,
showing a bias towards low interferon- 3 but high TSLP, while the reverse is true for healthy

individuals!©®

. These results may suggest that targeting TSLP during early-life RSV infection,
especially in male infants hospitalized with severe disease, may limit these changes and may

decrease the incidence of childhood asthma.
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Chapter 3: Early-Life RSV Infection Leads to Long-Term Systemic

Alterations of BMDC Through Persistent Expression of TSLP

3.1. Abstract

Many studies have linked severe RSV infection during early-life with enhanced immune responses
upon secondary exposures, such as during RSV re-infection and childhood asthma. Innate immune
cell populations (i.e. antigen presenting cells) have been shown to be capable of immune memory
following pathogen exposure that leads to alterations of the immune response later in life. Here we
show that long-term systemic alterations are occurring following early-life RSV-infection. Bone
marrow-derived dendritic cells (BMDC) isolated from early-life RSV-infected male mice at 4
weeks post-infection retained expression of maturation markers, such as Cd80/86 and Ox40l.
Chemokines and cytokines associated with the inflammatory response during RSV infection were
also persistently expressed (i.e. Ccl3, Ccl5, 116) along with Kdm6b and Tslp, previously shown to
lead to enhanced inflammatory responses as well as secondary responses following RSV-infection,
respectively. The addition of recombinant TSLP to naive BMDC cultures showed a similar
response to BMDC isolated from early-life RSV mice, indicating a role for TSLP in the persistent
BMDC phenotype. Furthermore, knockdown of TSLP signaling using TSLPR-/- male mice
abrogated this activated phenotype and led to enhanced Th1 responses. Finally, ATAC-seq data
indicated differences in the chromatin landscape of WT and TSLPR-/- BMDC, showing more
“open” regions of chromatin near anti-viral type-1 genes (Midl, Sppl, Cxclll) in TSLPR-/-
BMDC while more accessibility was observed near genes linked to RSV disease (Cxcll, Cxcl2,

Areg) in the WT BMDC with a link to IRF4 signaling, a transcription factor associated with a Th2-
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type response and TSLP signaling. These data indicate that TSLP is involved in persistently
altering the immune system in the bone marrow following early-life RSV-infection, leading to
altered immune responses later in life. Thus, targeting TSLP during early-life may be clinically
relevant.

3.2. Introduction

Respiratory syncytial virus (RSV) is a ubiquitous pathogen that infects nearly all infants by age
two, is the leading cause of bronchiolitis in children worldwide'* and is the second most likely
cause of death in children under the age of one by a single pathogen?*. According to the CDC,
approximately 60,000 pediatric hospitalizations in children under the age of 5 in the United States
each year are due to RSV, estimating an annual cost of over $300,000,000%2%1%7 making RSV a
significant source of morbidity and health care burden. Currently, no vaccine against RSV is
available and research in this area has been slow and cumbersome due to a lack of significant
understanding of the virus as well as previous vaccine trial failure. In the late 1960s, attempts to
vaccinate children with formalin-inactivated RSV vaccine caused severe exacerbated disease upon
re-infection with live RSV due to enhanced inflammatory disease and mucus production®>27.
Furthermore, several epidemiological studies link severe RSV infection with the later development
of hyper-reactive airway disease, including asthma, that persists even years after the initial viral

infection has resolved!-3-*°

. The inability to properly respond to RSV infection in these patients
may be due to altered innate immune responses that can determine the subsequent pathogenic
responses.

RSV can skew the immune response away from anti-viral and towards a Th2-type response

by inhibiting dendritic cell production of IFN-§ and subsequently decreasing the less pathogenic

anti-viral Thl response*>. The reduction of anti-viral responses as well as skewing towards
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20,31,168

dysregulated Th2/Th17 has been correlated with severe disease , leading to airway

alterations linked to exacerbated allergic responses later in life °>. Many studies over the years
have identified several DC-linked chemokines (CCL2, CCL3, CCLS5, CxCL1, CxCL2) that
contribute to the pathogenesis of asthmatic disease, the RSV-induced exacerbation, and the
clearance and resolution of the ongoing pathology’>!!°. Tt has previously been identified that
RSV-exposed mDC are sufficient to promote a more severe and accelerated disease environment
when exposed to allergens®”°. Understanding how RSV infection influences DC function to alter
the immune environment is critical to understanding how these responses impact pulmonary
pathogenesis, leading to exacerbations later in life. It is likely that RSV uncovers an underlying
phenotype to reinforce the immune environment by further altering pathogenic immune responses,
possibly through the phenomenon of trained immunity.

How RSV alters the immune system to influence these observed responses is currently not
well-defined. Previous studies with neonatal RSV infection, including those from our laboratory,
have demonstrated that there are persistent changes in the lung that include increased mucus
production, increased populations of immune cells and persistent expression of inflammatory
cytokines*’1:199 " Specifically, the innate cytokine, thymic stromal lymphopoietin (TSLP), a
known driver of Th2-type responses through its influence on DCs, T cells, and ILC2s 4142140 ig
persistently expressed'®. RSV infection has been shown to lead to increased expression of
TSLP!'7-!18 which has also been implicated in asthma pathogenesis!#!~43. Our lab has previously
shown that male mice infected neonatally with RSV have poorer viral control than female mice of
the same age and that at 4 weeks post-early-life RSV-infection, male mice show a persistent
signature of RSV-driven Th2/Th17 immunopathology, mucus and an altered local immune

environment in the lung that leads to an exacerbated allergic phenotype associated with TSLP
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driven mechanisms!®®. Additionally, it has been directly shown that TSLP interacts with the
transcription factor IRF4 to drive DC-specific Th2 responses!’®!7! as well as ILC2-linked Th2
lung repair and disease!**!72, However, whether early life RSV infection has the ability to
persistently alter the systemic immune system has yet to be elucidated.

In the studies in this chapter, we examined TSLP-driven modulated systemic immune
responses due to neonatal RSV infection that include persistent alteration of BMDC cell
populations. Specifically, we demonstrate that RSV infection leads to persistent upregulation of
TSLP in BMDC, leading to a persistently “activated” phenotype, including upregulation of
maturation markers (CD80/86 and OX-40L) and the continued expression of inflammatory
cytokines and chemokines. Knockdown of TSLP signaling abrogates this activated phenotype,
leaving the BMDC population in a similar activation state as naive BMDC and allowing for T cell
production of IFN-y. Furthermore, ATAC-seq analysis determined that WT BMDC have less
accessibility in promoter regions near type-1 immune genes, suggesting decreased ability of these
BMDC to mount the appropriate anti-viral response in the presence of TSLP. These data indicate
that TSLP is involved in inhibition of the anti-RSV response as well as persistently altering the
immune system at a systemic level in the bone marrow following early-life RSV-infection leading
to trained immunity. Thus, targeting TSLP and overall DC function may be crucial for limiting
long-term RSV-driven disease pathologies.

3.3. Materials and Methods

3.3.1. Animals

All experiments involving the use of animals were approved by the University of Michigan animal
care and use committee (protocol PRO000088S, exp. 02/14/2022). Male and female BALB/c mice,

6 to 8 weeks of age, were purchased from The Jackson Laboratory (Bar Harbor, ME) and used as
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breeders for experimental animals and for collection of adult BMDC. TSLPR-/- mice on BALB/c
background were kindly provided by Dr. Steven Ziegler and adult mice bred in-house were used
as breeders and for collection of adult BMDC. Male neonatal mice (WT and TSLPR-/-), born in-
house were used for all early-life experiments. All mice were maintained under standard pathogen-
free conditions.

3.3.2. RSV-infection

A chimeric RSV A2 strain with recombinant Linel9 fusion protein was used for all experiments
as previously described'#>. Male and female Balb/c and TSLPR-/- mice were infected intranasally
(5 uL/animal) with 3 x 10° pfu of RSV A2/L19-F at 7 days of age.

Long-term analysis of BMDC was performed at 4 weeks post-infection.

Viral stocks were grown in Hep-2 cells and concentrations determined by plaque assay. Virus was
ultra-centrifuged (100,000xg for 30 minutes at 4°C) and re-suspended in fresh cell culture media
(RPMI 1640 supplemented with 10% fetal calf serum (FCS), L-glutamine, penicillin/streptomycin,
non-essential amino acids, sodium pyruvate, 2-mercaptoethanol (ME)) or saline prior to use.
3.3.3. Bone Marrow-Derived Dendritic Cells and Co-culture with CD4+ T cells

Bone marrow was collected by flushing the femur and tibia of hind legs with RPMI 1640
supplemented with 10% fetal calf serum (FCS), L-glutamine, penicillin/streptomycin, non-
essential amino acids, sodium pyruvate, 2-mercaptoethanol (ME). BMDCs were grown in RPMI
1640 supplemented with 10% FCS, L-glutamine, penicillin/streptomycin, non-essential amino
acids, sodium pyruvate, 2-mercaptoethanol (ME) and 10 ng/ml of recombinant murine granulocyte
macrophage-colony stimulating factor (GM-CSF; R&D Systems, Minneapolis, MN, USA). For
studies using recombinant TSLP (rTSLP), 20 ng/mL of rTSLP (R&D Systems, Minneapolis, MN,

USA) was added on Day 0 in addition to GM-CSF. Cells were fed on Days 3 and 5 with fresh
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GM-CSF. On Day 6, cells were cultured with RSV (MOI = 1). At 24 hours, cells were collected
in TRIzol reagent and mRNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) for
quantitative RT-PCR. For some experiments, CD4" T cells were isolated from the lymph nodes of
RSV-infected Balb/c mice or spleens from naive DO-11 mice using the T cell isolation II kit
(Miltenyi Biotec). Cells were then cultured with the treated BMDCs. For DO-11 cells, co-culture
was performed in the presence of ovalbumin peptide 323-339 (10 pg/mL; Invivo Gen, San Diego,
CA). At 48 hours, the supernatant was collected and protein levels were measured with a Bio-
Plex cytokine assay (Bio-Rad Laboratories, Hercules, CA).

3.3.4. Quantitative RT-PCR

cDNA from BMDC mRNA (described above) was synthesized using murine leukemia virus
reverse transcriptase (Applied Biosystems, Foster City, CA) by incubation at 37 °C for one hour,
followed by incubation at 95 C for 10 min to stop the reaction. Real-time quantitative PCR (qPCR)
was measured using Tagman primers, with a FAM-conjugated probe to measure transcription of
Cd80, Cd86, Ox40l, 116, Ccl2, Ccl3, Ccl5, Kdm5b, Kdm6a, Kdm6b, Tslp, Ccll7, Midl, Cxcll,
Cxcl2, Irf4, Irf8, Rela, Relb, Stat3, 18s. Fold change was quantified using the 2"** cycle threshold
(CT) method. All reactions were run on a 7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA).

3.3.5. ATAC-seq

ATAC-seq was performed as previously described!”®. In brief, 25,000 primary bone-marrow
derived dendritic cells were washed in cold PBS and resuspended in cytoplasmic lysis buffer
(CER-I from the NE-PER Kkit, Invitrogen, cat. no. 78833 + 0.Img/ml digitonin + protease and
phosphatase inhibitor, Cat no. 78440). This single-cell suspension was incubated on ice for 15

min with gentle mixing by pipetting at every 2 min. The lysate was centrifuged at 1,300g for 5
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min at 4 °C. Nuclei were resuspended in 2x TD buffer, then incubated with Tn5 enzyme (0.5ul)
for 30 min at 37 °C (Nextera DNA Library Preparation Kit; cat. no. FC-121-1031). Samples
were immediately purified by Qiagen minElute column and PCR-amplified for 12 cycles with
the NEBNext High-Fidelity 2X PCR Master Mix (NEB; cat. no. M0541L). qPCR was used to
determine the optimal PCR cycles to prevent over-amplification. The amplified library was
further purified by Qiagen minElute column and SPRI beads (Beckman Coulter; cat. no.
A63881). ATAC-seq libraries were sequenced on the Illumina HiSeq 2500 (125-nucleotide read
length).

Paired-end fastq files were uniquely aligned to the mm10 mouse genome assembly using
Novoalign (Novocraft) (with the parameters -r None -k -q 13 -k -t 60 -0 sam —a
CTGTCTCTTATACACATCT), and converted to .bam files using SAMtools (version 1.3.1).
Reads mapped to mitochondrial or duplicated reads were removed by SAMtools and PICARD
MarkDuplicates (version 2.9.0), respectively. Filtered .bam files from replicates were merged for
downstream analysis. MACS2 (2.1.1.20160309) was used to call ATAC-seq peaks. The

coverage tracks were generated using the program bam2wig (http://search.cpan.org/dist/Bio-

ToolBox/) with the following parameters:—pe-rpm—span—bw. Bigwig files were then visualized
using the IGV (Broad Institute) open source genome browser.

DiffBind analysis was used to identify significant Differentially Accessible Regions (DARs) at an
FDR of < 0.1 for all pairwise comparisons between conditions. Finally, BART analysis was used
to identify transcription factors associated with the DAR regions!’*.

3.3.6. Statistical analysis

Data were analyzed by Prism 7 (GraphPad Software). Data presented are mean values + SEM.

Comparison of two groups was performed with an unpaired, two-tailed Student #-test. Comparison
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of three or more groups was analyzed by one-way ANOVA, followed by two-tailed Student #-test
for individual comparisons. A p-value <0.05 was considered significant.

3.4. Results

3.4.1. Early-life RSV infection leads to long-term systemic immune alterations in BMDC of
male mice

To evaluate long-term immune system alterations following early-life RSV infection, male and
female neonatal mice were infected intranasally with RSV (A2/L19-F (3 x10° pfu)) at 7 days of
age. Bone marrow was collected at 4 weeks post-infection and cultured for 6 days in the presence
of GM-SCF to differentiate myeloid-type inflammatory bone-marrow-derived dendritic cells
(BMDC). Phenotypic characteristics were then compared to naive age/sex-matched control mice.
BMDOC isolated from early-life RSV-infected male mice showed differences in upregulation of
maturation/co-stimulatory markers, such as Cd80/86 as well as Ox40! (Tnfsf4), a co-stimulatory
molecule that is critical for DC-driven Th2 responses*"!”> (Figure 3-1A). Differences in gene
expression of cytokines related to the pro-inflammatory immune response, specifically //6 and
inflammatory chemokines Cc/3 and Ccl5 were observed in BMDC from both male and female
early-life RSV-infected mice compared to naive mice (Figure 3-1B). Studies from our lab have
previously shown that epigenetic enzyme demethylases, Kdm5b and Kdmo6b are upregulated
following RSV-infection of BMDC and that KDMS5B leads to RSV-induced immunopathology?’.
Furthermore, KDM6 family of enzymes have been strongly linked to the inflammatory
response3*137, We evaluated if these enzymes remain upregulated in BMDC following early-life
RSV infection and found that Kdm6b continues to be expressed as far out as 4 weeks post-infection
in BMDC isolated from male mice but not female mice (Figure 3-1C). Additional studies from

our lab show that TSLP has a role in leading to enhanced allergic reactions later in life in male
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mice following early-life RSV-infection'® and TSLP has been linked to OX-40L upregulation on
DC, leading to Th2 responses*!. Interestingly, we also see increased expression of T'slp and its
related chemokine, Cc//7 in BMDC isolated from early-life RSV-infected male mice only (Figure
3-1D). Upon in vitro RSV infection, significant differences were observed between BMDC
isolated from early-life RSV-infected male mice (RSV/Male) and naive mice as well as early-life
RSV-infected female mice (RSV/Female), with RSV/Male mice showing significantly increased
activation and pro-inflammatory cytokine production compared to the other groups (Figure 3-
1E,F). Interestingly, the RSV/Female BMDC response is similar to naive BMDC following in
vitro RSV infection (Figure 3-1E,F). These results indicate differential long-term alterations of
BMDC from early-life RSV infected mice, dependent upon sex. Specifically, early-life RSV
infected male mice have BMDC that retain signs of activation (upregulation of maturation
markers), show differential pro-inflammatory responses compared to naive mice, and continue to
express the epigenetic enzyme, Kdm6b as well as Tslp that may predispose them to exacerbated

responses later in life.
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Figure 3- 1. Early-life RSV infection leads to long-term systemic immune alterations in BMDC of male mice.

Male and female Balb/c mice were infected neonatally with RSV (3 x 10° pfu) at 7 days of age and bone marrow collected 4 weeks
post-infection. BMDC were cultured in the presence of GM-CSF for 6 days. Naive age/sex-matched animals were used as controls.
BMDC were then plated on cell culture plates overnight, cells collected in trizol and mRNA extracted for qPCR analysis. A.
Maturation marker expression B. Cytokine/chemokine gene expression C. Epigenetic enzyme expression D. Innate cytokine
expression. E,F. BMDC were infected with RSV (MOI = 1) overnight, cells collected in trizol and mRNA extracted for qPCR
analysis. Data represent Mean + SEM (N > 3; Representative of at least 2 individual experiments). * =p < 0.05; ** =p <0.01; ***

=p <0.001.
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3.4.2. TSLP during BMDC differentiation leads to Activated DC phenotype

Since we observed persistent expression of Tslp at 4 weeks post-infection in BMDC isolated from
early-life RSV-infected male mice, we next sought to determine if the presence of TSLP during
differentiation into myeloid-type DC is capable of driving the activated DC as shown above.
BMDC were isolated from early-life RSV-infected male mice at 4 weeks post-infection as well as
naive age-matched controls and cultured for 6 days in the presence of GM-CSF. Additionally,
separate age-matched naive BMDC cultures were exposed to recombinant TSLP starting on Day
0, along with GM-CSF. BMDC were then infected with RSV (MOI = 1) for 24 hours. The addition
of recombinant TSLP to naive WT BMDC culture (TSLP/WT) lead to increased gene expression
of maturation markers, such as Cd80/86 and Ox40! (Figure 3-2A) as well as increased /6, Ccl2,
Ccl3 and Ccl5 at the mRNA level compared to naive WT BMDC (Figure 3-2B,C). Furthermore,
TSLP/WT DC expressed these activation markers and cytokines to a similar extent as BMDC
isolated from early-life RSV-infected mice (Figure 3-2A-C). Finally, the addition of recombinant
TSLP also increased gene expression of key epigenetic enzymes, Kdmo6a/b (Figure 3-2D). These
data suggest that the presence of TSLP during differentiation, such as that seen in BMDC following
early-life RSV-infection of male mice, directly leads to enhanced/persistent activation and pro-

inflammatory cytokine production.
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Figure 3- 2. TSLP during BMDC differentiation leads to activated DC phenotype.

Male WT Balb/c mice were infected neonatally with RSV (3 x 10° pfu) at 7 days of age and bone marrow collected 4 weeks post-
infection and BMDC cultured in the presence of GM-CSF for 6 days. Naive age-matched animals were used as controls. BMDC
were then infected in vitro with RSV (MOI = 1) overnight, cells collected in trizol and mRNA extracted for qPCR analysis. A.
Maturation marker expression B. 1/6 expression C. Chemokine gene expression D. Epigenetic enzyme expression. Data represent
Mean + SEM (N > 3; Representative of at least 2 individual experiments). * =p <0.05; ** =p <0.01. Naive M +1TSLP = BMDC
collected from age-matched naive male animals cultured in the presence of GM-CSF + rTSLP.

3.4.3. Knockdown of TSLP signaling abrogates inflammatory phenotype of BMDC from
early-life RSV-infected male mice

Due to correlation of TSLP with the persistent phenotypic alterations of BMDC from early-life
RSV-infected mice shown above, we further evaluated the role of TSLP using TSLPR knockout
(TSLPR-/-) mice. Since a more severe phenotype was observed in BMDC from early-life RSV-
infected male mice (Figure 3-1) and it has previously been shown that male mice infected

neonatally with RSV have persistent expression of TSLP that leads to enhanced allergic
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response'®, we focused the remaining studies on male mice only. We sought to determine if
BMDOC isolated from TSLPR-/- male mice have a decreased inflammatory phenotype compared
to WT mice following early-life RSV-infection. Male Balb/c WT or TSLPR-/- mice were infected
neonatally with RSV at 7 days of age and BMDC were collected at 4 weeks post-infection as
described above. Here we show that the expression of the co-stimulatory marker, Cd80 is
decreased in BMDC isolated from TSLPR-/- early-life RSV-infected mice compared to WT mice
and while not significant, a trend towards a decrease in Cd86 and Ox40! (Figure 3-3A).
Additionally, pro-inflammatory cytokines and chemokines associated with RSV-driven
immunopathology are decreased in BMDC from TSLPR-/- mice (Figure 3-3B) with no significant
differences in epigenetic enzymes (Figure 3-3C). These results indicate that loss of TSLP
signaling protects the BMDC population from a sustained pro-inflammatory phenotype, associated

with immunopathology following early-life RSV-infection.
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Figure 3- 3. Knockdown of TSLP signaling abrogates inflammatory phenotype of BMDC from early-life RSV-infected
male mice.

Male WT Balb/c or TSLPR-/- mice were infected neonatally with RSV (3 x 10° pfu) at 7 days of age and bone marrow collected 4
weeks post-infection and BMDC cultured in the presence of GM-CSF for 6 days. BMDC were then plated on cell culture plates
overnight, cells collected in trizol and mRNA extracted for qPCR analysis. A. Maturation marker expression B.
Cytokine/chemokine gene expression C. Epigenetic enzyme expression. Data represent Mean + SEM (N > 3; Representative of at
least 2 individual experiments). * =p < 0.05; ** =p <0.01.
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3.4.4. Lack of TSLP signaling in BMDC alters cytokine response of CD4+ T-helper cells

Since significant phenotypic differences were observed between WT and TSLPR-/- BMDC, we
examined if the activity in these DC resulted in an altered ability to activate T cells. Previous
studies have shown that in vitro infection of DC followed by co-culture with T cells leads to altered
T cell cytokine production 37176, WT BMDC or TSLPR-/- BMDC were infected with RSV (MOI
= 1.0) for 24 hours and then co-cultured with T cells (1:10) for 48 hours and cytokine production
examined. Co-culture of RSV infected TSLPR-/- BMDC with T cells isolated from RSV-infected
animals led to significantly increased IFN-y production compared to WT BMDC (Appendix 2;
Figure A2-1) as well as a significant shift in the ratio of Th1:Th2 cytokine production (Figure 3-
4A). A similar trend was observed when naive TSLPR-/- BMDC were co-cultured with T cells
isolated from RSV-infected animals (Figure 3-4B), indicating an inherent difference in the ability
to activate T cells between WT and TSLPR-/-. Finally, an increase in IFN-y production was also
observed when TSLPR-/- BMDC infected with RSV were co-cultured with ovalbumin peptide
specific DO-11 T cells!””'78, following exposure to ova peptide (Figure 3-4C). These data indicate
that DC-specific TSLP expression has a role in skewing the development of the T cell response

following RSV infection towards Th2 by decreasing the ratio of Th1:Th2.
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Figure 3- 4. Lack of TSLP signaling in BMDC alters cytokine response of CD4+ T-helper cells.

A. RSV-infected DC co-cultured with CD4+ T cells isolated from the lymph nodes of RSV-infected mice at 8 days post-infection.
Supernatant collected and protein concentration analyzed using Bio-Plex assay and Th1:Th2 ratio calculated from these data B.
Naive DC co-cultured with CD4+ T cells isolated from the lymph nodes of RSV-infected mice at 8 days post-infection. Supernatant
collected and protein concentration analyzed using Bio-Plex assay; followed by Th1:Th2 ratio calculation C. RSV-infected DC co-
cultured with CD4+ T cells isolated from the spleens of naive DO-11 mice exposed to ovalbumin peptide. Supernatant collected
and protein concentration analyzed using Bio-Plex assay. Data represent Mean + SEM (N =3). * =p <0.05; ** =p <0.01.

3.4.5. Differential chromatin landscape between wild-type and TSLPR-/- BMDC

Since BMDC appeared to have differential activation profiles, we next sought to determine if
differences could be observed between WT and TSLPR-/- BMDC at the chromatin level using
ATAC-seq evaluation to assess the transcription accessibility. BMDC were isolated from WT and
TSLPR-/- early-life RSV-infected male mice at 4 weeks post-infection. BMDC were also isolated
from uninfected naive age-matched WT and TSLPR-/- male mice to be used as controls. Here,
using hierarchical, unbiased clustering, we observed no differences between uninfected and
infected animals within each group (Figure 3-5A). However, significant differences were
observed between the WT and TSLPR-/- BMDC (Figure 3-5A), indicating an inherent difference
in chromatin accessibility at baseline between WT BMDC and those isolated from BMDC lacking
TSLP signaling. Next, focusing on BMDC from RSV-infected groups only, due to striking
phenotypic differences shown above at the mRNA level compared to naive BMDC, we performed
DiffBind analysis (differential read density analysis) to identify if there are sites that are
differentially accessible between WT and TSLPR-/- at 4 weeks post-early-life RSV infection.
Here, we found approximately 1000 differentially accessible regions (DARs) between WT and
TSLPR-/- BMDC following early-life RSV-infection (Figure 3-5B and Appendix 2; Table Al).
To verify these regions, we performed additional hierarchical clustering using only the ~1000
DARs and observed very distinct clustering between the WT and TSLPR-/- groups (Figure 3-5C).
Gene ontology (GO) cluster analysis which overlaps predicted genes with genes within GO

annotated pathways to determine pathways that have significant overlap, indicated that many of
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these differences corresponded to toll-like receptor pathways (Figure 3-5D), crucial for anti-viral
and inflammatory responses. It is of interest to note that many of the genes predicted in this
pathway include those linked to activated TLR4 and IL-1p (i.e. PIK3, IRAK4, Ly96 (MD-2), IKB)
(Figure 3-5D); known to lead to persistent immune responses and enhanced inflammatory
diseases! 70181182183 " Fyrther evaluation of genes linked to the DAR regions (Appendix 2; Table
A1), showed that more open chromatin in TSLPR-/- BMDC were associated with type-1 IFN
pathway, in regions such as those near the Mid! gene, which may be crucial for viral clearance!®*
187 as well as SppI and Cxcll 1, both strong enhancers of type-1 immunity!'®¥-1°° (Figure 3-5E). In
contrast, more open regions of chromatin in WT BMDC were demonstrated near genes related to
RSV-driven immunopathology, such as Irf4, Cxcll (KC), Cxcl2, and Areg'**1*'-13 (Figure 3-5F).
These data indicate striking differences in the chromatin landscape between WT and TSLPR-/-
male mice, with WT BMDC showing more accessible regions near genes linked with Th2
immunity whereas TSLPR-/- BMDC show more accessibility near genes linked with type-1

immunity and a more appropriate anti-viral response.
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Figure 3- 5. Differential chromatin landscape between wild-type and TSLPR-/- BMDC.

Male WT Balb/c or TSLPR-/- mice were infected neonatally with RSV (3 x 10° pfu) at 7 days of age and bone marrow collected 4
weeks post-infection. BMDC were cultured in the presence of GM-CSF for 6 days and collected for ATAC-seq evaluation. Naive
age-matched animals were used as controls. A. Hierarchical, unbiased clustering was performed to evaluate the overall chromatin
landscape of WT vs TSLPR-/- BMDC +/- early-life RSV infection. B. DiffBind analysis or differential read analysis was performed
to determine differentially accessibly regions (DARs) between WT and TSLPR-/- BMDC at 4 weeks post-early-life RSV-infection.
Samples were analyzed in duplicate (N =8 WT; N =6 TSLPR-/-); Representative plots of each biological replicate shown. Regions
indicated in orange represent those regions more accessible in WT; top 250 predictions shown; Regions indicated in blue represent
those regions more accessible in TSLPR-/-; all predictions shown. C. Biased clustering was performed focusing on only the regions
associated with the DARs discovered during DiffBind analysis. D. Top 10 pathways associated with DARs using GO Term
Analysis. E,F. Selected DARs related to RSV immune response. WT = Wild Type; KO = TSLPR-/-; Uni = Uninfected age-matched
control; RSV = mice infected at 7 days of age and BMDC isolated 4 weeks post-infection.

64



3.4.6. Differential chromatin landscape between wild-type and TSLPR-/- BMDC is related
to TSLP-linked transcription factors

We next performed BART analysis which examines a compendia of ChIP data to determine which
transcription factors have the highest physical overlap with the predicted DARs and gives an odds
ratio of prevalence for binding in order to identify possible transcription factors associated with
the specific DARs between WT and TSLPR-/-. Here, we identified IRF4 and STAT3 which have
been linked to development of type 2 conventional DC (¢DC2) populations, TSLP signaling, and

Th2 immunityl 70,171,194-196

as well as IRF8, a strong driver of type-1 immunity that has been shown
to be inhibited by TSLP!® (Figure 3-6A,B). The probability of an involvement of these
transcription factors is corroborated by the data presented in Figures 3-1-3-3 showing persistent
expression of key genes following early-life RSV infection of WT male mice: 1/6, ccl3, and ccl5
are known targets of IRF4 and STAT3; Kdm6b is a known target of STAT3 and Irf4 is a target
gene of KDM6B!?7 and RELA leads to transcriptional activation of Ox40I'!2, Interestingly, IRF4
binding sites were also predicted through DAR to have more accessibility in WT BMDC chromatin
(Figure 3-5F). Expression analysis by qPCR correlated with this prediction, showing that Irf4 is
persistently expressed at 4 weeks post-infection in BMDC isolated from WT but not TSLPR-/-
mice (Figure 3-6C). TSLP has previously been shown to lead to the expression of Irf4'7°,
therefore, this increase is likely due to the persistence of TSLP in the WT BMDC and suggests
that along with IRF4-related target genes being more accessible at the chromatin level, more IRF4
is available to bind to these regions. We also performed qPCR analysis of Irf8, Rela/b and Stat3
and show that their expression is not significantly altered at 4 weeks post-infection (Figure 3-6C).

However, while not significant, there does appear to be persistent expression of IRF8 in the WT

BMDC at 4 weeks post-infection (Figure 3-6C) suggesting possible alterations related to IRFS,
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which has known shared functions with IRF4, including upregulation of chemokines (i.e. Cc/3,
Ccl5)171%, These data indicate that TSLP is able to persistently alter the systemic BMDC
population through alteration of transcriptional programs related to Th2 immunity, especially

IRF4, that is further enhanced by chromatin accessibility.
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Figure 3- 6. Differential chromatin landscape between wild-type and TSLPR-/- BMDC is related to TSLP-linked
transcription factors.

A. BART analysis determined transcription factors likely to bind to DAR predicted genes B. Schematic of TSLP linked pathways
C. Male WT Balb/c or TSLPR-/- mice were infected neonatally with RSV (3 x 10° pfu) at 7 days of age and bone marrow collected
4 weeks post-infection and BMDC cultured in the presence of GM-CSF for 6 days. BMDC were then plated on cell culture plates
overnight, cells collected in trizol and mRNA extracted for qPCR analysis for gene expression. Data represent Mean + SEM (N >
3; Representative of at least 2 individual experiments). *** =p <0.001.
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3.4.7. BMDC isolated from TSLPR-/- male mice have a more appropriate Thl-type anti-viral
phenotype
Next, we focused on Midl, a gene associated with type-1 interferon pathway and viral

clearance!83:186.199

as it was one of the top predicted genes in the DAR analysis (Figure 3-5E),
Upon visualization of the DAR plot for this gene, there appears to be a de novo accessible region
in Midl of the TSLPR-/- that is not present in WT BMDC (Figure 3-7A). This is in direct
opposition to the DAR plot of the chromatin region associated with the TSLP receptor gene (Crif2),
which clearly shows a loss of accessibility in the TSLPR-/- BMDC (Figure 3-7B), supporting
visual identification of accessible vs non-accessible regions of chromatin. To further explore this
target, BMDC were isolated from early-life RSV-infected WT and TSLPR-/- male mice at 4 weeks
post-infection as well as naive age-matched controls and cultured for 6 days in the presence of
GM-CSF. We first performed qPCR to correlate the DAR prediction and verified that Midl is
increased in BMDC isolated from early-life RSV-infected TSLPR-/- mice at 4 weeks post-
infection (Figure 3-7C). To further characterize the role of TSLP in the BMDC response, we
evaluated baseline levels of Ifnb, which functions downstream of MID1 and is crucial for viral
clearance!®, as well as 111 2a, another type-1 cytokine??%2°!, Here, we see that at baseline, TSLPR-
/- BMDC express increased levels of Midl, Ifnb, and Il112a compared to WT (Figure 3-7D)
suggesting an improved type-1 response. Next, we performed in vitro RSV infection of WT and
TSLPR-/- BMDC to determine kinetics of the anti-viral/immune response. Interestingly, both
Midl and Ifnb increased very rapidly upon infection in TSLPR-/- BMDC (Figure 3-7E,F) and
1l12a was increased over WT by 24 hours post-infection (Figure 3-7G). Overall, these data

indicate that TSLPR-/- BMDC have an accelerated more appropriate type-1 immune response

upon RSV infection. Furthermore, the increased expression of Ifnb and ///2a may support the

67



increased expression of IFN-y shown above in Figure 3-4. These results indicate that loss of TSLP
signaling enhances the production of protective type-1 cytokines, possibly allowing for better viral
protection and faster resolution of the inflammatory response to decrease the persistent production

of cytokines associated with immunopathology.
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Figure 3- 7. BMDC isolated from TSLPR-/- male mice have a more appropriate Thl-type anti-viral phenotype.
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A,B. ATAC-seq DAR plots C. Male WT Balb/c or TSLPR-/- mice were infected neonatally with RSV (3 x 10° pfu) at 7 days of
age and bone marrow collected 4 weeks post-infection and BMDC cultured in the presence of GM-CSF for 6 days. BMDC were
then plated on cell culture plates overnight, cells collected in trizol and mRNA extracted for qPCR analysis for gene expression.
D. BMDC from naive age-matched control mice were analyzed for mRNA expression of type-1 cytokines. E-G. BMDC from
naive age-matched control mice were cultured for 6 days in the presence of GM-CSF and then infected with RSV (MOI = 1)
overnight and cells collected in trizol for mRNA analysis. Data represent Mean + SEM (N > 3; Representative of at least 2 individual
experiments). * =p <0.05; ** =p <0.01; *** =p <0.001; **** =p <0.0001.

3.5. Discussion

RSV is a significant health care burden and cause of pediatric morbidity and mortality.
Approximately 50% of all children will become infected with RSV in the first year of life and
almost all children by the age of two, with 3-5% of infections resulting in hospitalization due to
severe disease’®. RSV is characterized by a dysregulated immune response that leads to poor
immunologic recall that allows re-infection throughout life as well as enhanced likelihood of
asthma development’2%-2293:154 Therefore, elucidation of mechanisms that drive disease is crucial
for protection from both primary infection and exacerbated diseases later in life. To expand our
observations that TSLP is involved in persistently altering the local lung environment following
early-life RSV infection in male mice'®, we sought to examine the role of TSLP on DC-specific
systemic immune alterations following early-life RSV-infection. Here we show that male mice
infected neonatally with RSV have persistently activated BMDC populations at 4 weeks post-
early-life RSV-infection compared to both naive age-matched mice as well as females infected
with RSV at the same age. A lack of TSLP signaling in TSLPR-/- BMDC abrogates this phenotype
and interestingly, the genomic profile of WT vs TSLPR-/- BMDC are significantly different,
specifically in regions associated with anti-viral response. These studies outline 2 important
concepts: 1) early-life RSV-infection results in a persistently altered systemic immune phenotype
that can be elucidated in the BMDC and 2) the persistence of the early innate cytokine, TSLP, has
a role in the altered immune environment by inhibiting Th1 immunity, favoring a Th2 response.

Thus, an early viral response in the presence of TSLP may persistently alter or "train" innate
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immune cells leading to long-term phenotypes, indicating TSLP as a clinically relevant target early
in life.

TSLP has a wide range of immune cell targets, including ILC2, DC and T cells. The initial
biologic function of TSLP demonstrated that it interacted with DC to promote Th2 cell
differentiation and thus promoted allergic disease!!*!!*, TSLP stimulation of CD11b+ DC
upregulates OX-40L that interacts with OX-40 on CD4+ T cells to promote a Th2 response!>!:152,
In response to TSLP, DCs will themselves produce TSLP that further interacts with DCs and ILC2,
creating a feedback loop that is independent of epithelial cell-derived TSLP!!>:116, TSLP interacts
with the transcription factor, IRF4, to lead to strong Th2-type responses and the production of
cDC2-type cytokines and chemokines!!?17%:194 The TSLP/IRF4 pathway has been implicated in
ILC2-driven Th2-immunity through Th9 cells!’?.  Additionally, TSLP is responsible for
maturation of DC and upregulation of CD80/86 as well as OX-40L*!292202 The data provided in
our current studies using BMDC isolated from WT or TSLPR-/- male mice corroborate these
findings, indicating TSLP signaling is responsible for the increased activation state of BMDC
long-term following early-life RSV-infection related to IRF4 signaling, including upregulation of
maturation markers and persistent expression of pro-inflammatory cytokines and chemokines.
Thus, TSLP may be central to the development of chronic type-2 immune responses following an
early-life RSV-infection by promoting an altered systemic immune environment that trains innate
immune cells toward the development of allergic disease.

The reduction of anti-viral responses as well as skewing towards dysregulated Th2/Th17

has been correlated with severe RSV-related disease?0-3!-168

as well as exacerbated allergic
responses later in life>. An important feature of anti-viral immunity is the ability to upregulate

Type-1 IFNs leading to enhanced IFN-y production for optimal viral clearance!>'® and to
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inhibit/reduce Th2 responses. Additionally, IFN-y has been shown to protect against asthma
pathogenesis?**2%, Studies presented here show a novel role for TSLP in the regulation of Type-
1 immunity leading to the inhibition of IFN-y. ATAC-seq data indicated more accessibility in
regions associated with type-1 IFN activation, specifically Midline 1 (Midl). Midl is a member
of the TRIM (tripartite motif-containing) family of proteins, which are important anti-viral
mediators, involved directly in viral clearance as well as stimulation of IFN-related downstream
targets!84-186.19 “While Mid[ has not previously been directly linked with RSV disease, the TRIM
family of proteins has been shown to be protective against RSV pathogenesis!'*2%. Furthermore,
MID1 is a known inhibitor of PP2A, which downregulates type-1 IFN production, a pathway many
viruses, including RNA viruses, highjack to evade the anti-viral immune response?’¢-20%,
Correlating with the ATAC-seq data, qPCR data showed that following early-life RSV-infection,
TSLPR-/- BMDC were able to persistently express Midl. Additionally, increased baseline levels
of Mid1 and Ifnb were observed in naive TSLPR-/- BMDC that may enhance Th1 responses in the
absence of TSLP-signaling. In support of this finding, when TSLPR-/- BMDC were infected with
RSV in vitro followed by co-culture with RSV-responsive T cells, enhanced T cell production of
IFN-y was observed. These data collectively show that BMDC-derived TSLP is capable of
inhibiting the anti-viral response by downregulating type-1 signaling to limit T cell production of
IFN-y.

Previous studies have shown long-term alteration of innate immune cells, such as
monocytes and macrophages following pathogenic stimuli. For example, LPS-induced tolerance
is observed in macrophages where gene-specific chromatin modifications are associated with
silencing of genes related to inflammatory molecules while priming for antimicrobial genes

suggesting that macrophages could be primed by LPS to become more or less responsive to
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subsequent activation signals'?®.  Additional studies demonstrate that exposure of
monocytes/macrophages to C. albicans or B-glucan enhanced their subsequent response to

122,127 " Trained

stimulation with unrelated pathogens, leading to the term trained immunity
immunity was demonstrated to be accompanied by significant reprogramming of chromatin marks.
Long-term persistence of altered responses in myeloid cells after removal of the initial stimulus
may reflect either stability of these marks or the sustained activation of the upstream signaling
pathways and transcription factors that control their deposition. Our data showing persistent
expression of the epigenetic enzyme, Kdm6b, an H3K27 histone demethylase known to enhance
the inflammatory response!*#!37, reinforces the idea that upstream signaling pathways may lead to
persistent alteration of systemic innate immune cell populations, such as BMDC. Furthermore,
ATAC-seq studies showing links to many transcription factors associated with Th2 immune
responses, especially IRF4, in WT BMDC as well as a persistent increase in IRF4 expression
following early-life RSV-infection compared to TSLPR-/- BMDC, supports the concept of
epigenetic alterations post-RSV-infection.

These studies demonstrate a novel pathway whereby RSV infection leads to upregulation
of TSLP as well as the epigenetic enzyme KDMG6B and a transcription factor, IRF4, in BMDC that
together can modify multiple DC functions (Figure 3-8). These include costimulatory molecule
expression as well as activation of defined chemokines and cytokines responsible for RSV-driven
immunopathology, which may lead to an enhanced response upon secondary exposures.
Knockdown of TSLP signaling leads to abrogation of this activated phenotype and restoration of
an appropriately responding BMDC population able to drive Th1 T cell responses. These are the
first studies, to our knowledge, that indicate a direct link to TSLP-inhibition of IFN-f as well

interrogation of MID1 during the RSV response. Thus, TSLP may be a therapeutic target that
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could alter the progression of pathogenic immune responses of the BMDC following early-life

RSV-infection and modify the long-term systemic immune environment.

KDM6B me3 ™ cdso/se
TSLP H3K27 H3K27 llé
—~~ 2 - « [ _IRFA @y« DO ,',RFf—’ Ccl3
Enhancer Promoter @ Enhancer Promoter @ CCI5

Figure 3- 8. Proposed mechanism of TSLP interactions with KDM6B and IRF4 to persistently activate BMDC.
Figure created with BioRendor.com
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Chapter 4: Upregulation of H3K27 Demethylase KDM6 During RSV
Infection Enhances Pro-Inflammatory Responses and Immunopathology

4.1. Abstract

Severe disease following RSV infection has been linked to enhanced pro-inflammatory cytokine
production that promotes a Th2-type immune environment. Epigenetic regulation in immune cells
following viral infection plays a role in the inflammatory response and may result from
upregulation of key epigenetic modifiers. Here we show that RSV-infected bone marrow-derived
dendritic cells (BMDC) as well as pulmonary DC from RSV-infected mice upregulated expression
of Kdm6b/Jmjd3 and Kdmo6a/Utx, H3K27 demethylases. KDMo6-specific chemical inhibition
(GSK J4) in BMDC led to decreased production of chemokines and cytokines associated with the
inflammatory response during RSV infection (i.e. CCL-2, CCL-3, CCL-5, IL-6) as well as
decreased MHC II and co-stimulatory marker (CD80/86) expression. RSV-infected BMDC
treated with GSK J4 altered co-activation of T cell cytokine production to RSV as well as a primary
ovalbumin response. Airway sensitization of naive mice with RSV-infected BMDCs exacerbate
a live challenge with RSV infection but was inhibited when BMDCs were treated with GSK J4
prior to sensitization. Finally, in vivo treatment with the KDM6 inhibitor, GSK J4, during RSV
infection reduced inflammatory DC in the lungs along with IL-13 levels and overall inflammation.
These results suggest that KDM6 expression in DC enhances pro-inflammatory innate cytokine
production to promote an altered Th2 immune response following RSV infection that leads to more

severe immunopathology.
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4.2. Introduction

Respiratory syncytial virus (RSV) infects nearly all infants by age two and is the leading
cause of bronchiolitis in children worldwide!>. The CDC estimates that up to 125,000 pediatric
hospitalizations in the United States each year are due to RSV, at an annual cost of over
$300,000,000%2%167 In the late 1960s, attempts to vaccinate children with formalin-inactivated
RSV vaccine caused severe exacerbated disease upon re-infection with live RSV due to enhanced

25-27, Furthermore, several epidemiological studies

inflammatory disease and mucus production
link severe RSV infection with the later development of hyper-reactive airway disease, including
asthma, that persists even years after the initial viral infection has resolved'*?°. RSV likely
initiates and reinforces the immune environment by further altering pathogenic immune responses.

During a viral infection, the immune response is regulated by dendritic cells (DC) as they
instruct T cells toward distinct T helper type responses**. RSV can skew the immune response
away from anti-viral and towards a Th2-type response by inhibiting the production of IFN-f and
subsequently decreasing the less pathogenic anti-viral Th1 response*. The reduction of anti-viral
responses as well as skewing towards dysregulated Th2/Th17 has been correlated with severe
disease??31168 leading to airway alterations linked to exacerbated allergic responses later in life®>.
RSV-exposed DC are sufficient to promote a more severe and accelerated disease environment

89.176 or allergens®®. Understanding whether and how

when exposed to secondary RSV challenge

RSV infection influences DC function to alter the immune environment leading to exacerbation or

initiation of a pathogenic environment will be crucial for modifying pulmonary pathologies.
Immune regulation by epigenetic mechanisms, an intense area of research, alters DNA

transcription via histone proteins that comprise nucleosomes??®21°. Lysine residues in the histone

tail are often modified to allow an open (active) or closed (silenced) configuration of the gene. For
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example, the addition of methyl groups on lysine (K) 4 of histone (H) 3 (i.e. H3K4) leads to
activation of gene transcription, whereas H3K27 methylation is a repressive mark!'3%-211:212. H3K4
methylation is crucial for active gene transcription, while H3K27 methylation appears to regulate
and fine-tune gene transcription!3%!34, This process is controlled by methyltransferases that add
methyl groups and demethylases that remove them, such as the lysine demethylase family of
enzymes, including KDM5 and KDM6. Removal of the H3K4 methylation mark by KDMS5 leads
to repressed gene transcription while KDM6, an H3K27 demethylase that removes the methylation
mark from H3K27, leads to more active gene transcription. In addition to the canonical role of
H3K27 demethylation, KDM6 also contributes to gene activation by modulation of H3K4

methylation through stabilization of the MLL complex!33-136

and guides gene transcription by
binding POLII to enhance its movement along genes!3”:13. There is already evidence that KDM6
is involved in the inflammatory response!3*137-213 Additionally, our lab has previously shown that
KDMS5B and KDM6B are upregulated during RSV infection and identified that KDM5B enhances
RSV-driven immunopathology by inhibiting key cytokines, especially IFN-B*7. The specific role
of KDM6 during RSV infection has not previously been explored.

In the present study, we examined the KDM6 family of histone lysine demethylases
(KDM6A/B). Specifically, we demonstrate that RSV infection leads to upregulation of KDM6A/B
in BMDC and that inhibition of its enzymatic activity depresses multiple cytokines and
chemokines associated with RSV-driven inflammatory responses as well as antigen
presentation/co-stimulation of DC. Furthermore, in vivo inhibition of KDM6 activity leads to
decreased inflammatory DC infiltration into the lungs, reduced immunopathology and decreased

Th2-skewing, indicating that KDM6 upregulation during RSV-infection enhances

immunopathology, partially through alteration of APC function. These results indicate that
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targeting epigenetic pathways and overall DC function may be crucial for limiting long-term RSV-

driven disease pathologies.
4.3. Materials and Methods

4.3.1. Animals

All experiments involving the use of animals were approved by the University of Michigan animal
care and use committee (protocol PRO000088S, exp. 02/14/2022). Male/female C57BL/6, female
OT-II and male/female BALB/c mice, 6 to 8 weeks of age, were purchased from The Jackson

Laboratory (Bar Harbor, ME).

4.3.2. RSV-infection and in vivo GSK J4 Treatment

A chimeric RSV A2 strain with recombinant Linel9 fusion protein (A2/L19-F) was used for all
experiments as previously described!*®. This strain was used due to its ability to enhance viral
infection, mucus hypersecretion and airway hyperreactivity in mouse models due to Line 19-
derived F protein, including pathogenic IL-13 and IL-17 responses’!:!*. Male Balb/c mice were
infected intratracheally with 2.0 x 10° pfu of RSV A2/L19-F and tissues harvested at 8 days post-
infection. Viral stocks were grown in Hep-2 cells and concentrations determined by plaque assay.
Virus was ultra-centrifuged (100,000xg for 30 minutes at 4°C) and re-suspended in fresh cell
culture media (RPMI 1640 supplemented with 10% fetal calf serum (FCS), L-glutamine,
penicillin/streptomycin, non-essential amino acids, sodium pyruvate, 2-mercaptoethanol (ME)) or
1X DPBS prior to use. In some experiments, cultured dendritic cells were infected with RSV for
24 hours, thoroughly washed, and 2.5 x 10° cells were transferred intratracheally into naive male
mice. Ultraviolet (UV)-inactivated virus was prepared by exposure to UV light to inactivate RSV
as previously described '2%2'4, For in vivo GSK J4 treatment, GSK J4 (Millipore-Sigma, St. Louis,

MO, USA) was reconstituted in DMSO and further diluted in PBS without Ca/Mg (final
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concentration 2 mg/mL; 2.5% DMSO); 200 uL was given intraperitoneally per animal for a final

dosing concentration of 20 mg/kg per animal per dose, given once daily over 7 days.

4.3.3. Bone Marrow-Derived Dendritic Cells and Co-culture with CD4+ T cells

Bone marrow from C57BL/6 or Balb/c mice was collected by flushing the femur and tibia of hind
legs with RPMI 1640 supplemented with 10% fetal calf serum (FCS), L-glutamine,
penicillin/streptomycin, non-essential amino acids, sodium pyruvate, 2-mercaptoethanol (ME).
BMDCs were grown in RPMI 1640 supplemented with 10% FCS, L-glutamine,
penicillin/streptomycin, non-essential amino acids, sodium pyruvate, 2-mercaptoethanol (ME) and
10 ng/ml of recombinant murine granulocyte macrophage-colony stimulating factor (GM-CSF;
R&D Systems, Minneapolis, MN, USA). Cells were fed on Days 3 and 5 with fresh GM-CSF. On
Day 6, cells were cultured with RSV (MOI = 2.5). For some experiments, cells were concurrently
treated with 10 uM GSK J4 (Sigma, St. Louis, MO, USA), a chemical inhibitor of KDM6A/B 215,
10 uM inactive isomer control, GSK J5 (abcam), or with ethanol (0.1%) as a control. At 24 hours,
supernatant was collected for protein analysis using Bio-Plex cytokine assay (Bio-Rad
Laboratories, Hercules, CA). Cells were collected in TRIzol reagent and mRNA was extracted
using TRIzol reagent (Invitrogen, Carlsbad, CA) for quantitative RT-PCR or resuspended in PBS
for flow cytometry. For some experiments, CD4" T cells were isolated from the lymph nodes of
RSV-infected Balb/c mice or spleens from naive OT-II mice using the T cell isolation II kit
(Miltenyi Biotec). Cells were then cultured with the treated BMDCs. For OT-II cells, co-culture
was performed in the presence of ovalbumin peptide 323-339 (10 pg/mL; Invivo Gen, San Diego,
CA). At 48 hours, the supernatant was collected and protein levels were measured with a Bio-

Plex cytokine assay (Bio-Rad Laboratories, Hercules, CA).
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4.3.4. Quantitative RT-PCR

Lung tissue was homogenized in TRIzol reagent, and mRNA was subsequently extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA from lung or BMDC mRNA (described above)
was synthesized using murine leukemia virus reverse transcriptase (Applied Biosystems, Foster
City, CA) by incubation at 37 C for one hour, followed by incubation at 95°C for 10 min to stop
the reaction. Real-time quantitative PCR (qPCR) was measured using Tagman primers, with a
FAM-conjugated probe to measure transcription of Kdm6a, Kdmo6b, 114, 115, 1113, 18s. Fold change
was quantified using the 244 cycle threshold (CT) method. All reactions were run on a 7500 Real-
Time PCR System (Applied Biosystems, Foster City, CA).

4.3.5. Flow Cytometry

BMDC were collected and resuspended in PBS. Live cells were identified using LIVE/DEAD
Fixable Yellow Dead Cell Stain kit (Thermo Fisher Scientific, Waltham, MA), incubated at 4°C
for 20 minutes then washed and resuspended in PBS with 1% FCS. Fc receptors were blocked
with purified anti-CD16/ 32 (clone 93; BioLegend, San Diego, CA). Surface markers were
identified using Abs (clones) against the following antigens, all from BioLegend: anti-CD11c
(N418), MHC II (M5/114.15.2), CD11b (M1/70), CD80 (16-10/A1), CD86 (GL-1). The lungs
were removed, and single cells were isolated by enzymatic digestion with 1 mg/mL collagenase
(Roche) and 20 U/mL DNasel (Sigma, St. Louis, MO) in RPMI 1640 + 10% FCS for 60 min at
37°C. Tissues were further dispersed through an 18-gauge needle (5-mL syringe), red blood cells
(RBCs) were lysed and samples were filtered twice through 100-um nylon mesh. Cells were
resuspended in PBS. Live cells were identified using LIVE/DEAD Fixable Yellow Dead Cell
Stain kit (Thermo Fisher Scientific, Waltham, MA), then washed and resuspended in PBS with

1% FCS. Fc receptors were blocked with purified anti-CD16/ 32 (clone 93; BioLegend, San
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Diego, CA). Surface markers were identified using Abs (clones) against the following antigens,
all from BioLegend: anti-CD11c (N418), MHC II (M5/114.15.2), CD11b (M1/70), CD80 (16-
10/A1), CD86 (GL-1), F4/80 (BMS8), Ly6C (HK1.4), CD3 (145-2C11), CD4 (GK1.5), CD8 (53-
6.7), CD69 (H1.2F3). Data were collected using a NovoCyte flow cytometer (ACEA Bioscience,
Inc. San Diego, California). Data analysis was performed using FlowJo software (Tree Star,
Oregon, USA). All populations were gated as: cells/singlets (doublet discrimination)/live cells.
Distinct populations were then gated as follows: CD1lc+ dendritic cells: CD11b+/CD80+;
CDI11b+/CD86+; CDI11b+/MHCII+; F4/80 macrophages: CDI11c¢-/CD11b+/F4/80+;
inflammatory  monocytes: CD11c-/CD11b+/Ly6C+; inflammatory dendritic cells:
CDI11c¢+/CD11b+/Ly6C+; T cells: CD3+/CD4+, CD3+/CD8+; activated CD4+ T cells:
CD3+/CD4+/CD69+; eosinophils: CD11b+/side scatter (SS)"/SiglecF+; neutrophils:
CD11b+/SSMGr-1+.

4.3.6. Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed as previously described?!'®. Briefly, cells
(1 x 10%total cells) were fixed in 18.5% paraformaldehyde (PFA). Glycine (10X) was added to
quench extra PFA. Cells were washed using ice-cold PBS and lysed in SDS buffer. Cells were
then sonicated using a Branson Digital Sonifier 450 (VWR, West Chester, PA, USA) to create
200-1000 bp fragments. The lysate was clarified by centrifugation, and 5% of the supernatant was
saved to measure the input DNA. The remaining chromatin was incubated with 1 pg of anti-
H3K27me3 antibody (Active Motif), H3K4me3 antibody (Abcam) or control IgG (Millipore) and
incubated at 4°C with rotation overnight. Immune complexes were precipitated with salmon sperm
DNA/protein A agarose beads. The bead complexes were washed with a series of buffers (low-salt

immune complex buffer, high-salt immune complex buffer, LiCl immune complex buffer, and
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Tris/EDTA buffer). Protein-DNA complexes and input DNA were eluted using elution buffer.
Crosslinking was reversed by incubation at 65°C, and samples were treated with proteinase K.
DNA was purified by phenol:chloroform:isoamyl alcohol separation and ethanol precipitation.
Primers for the promoter regions of CD80 (Forward: CACCCCCGCAAGCAGAATCC; Reverse:
GGCAACTCAAAGGTCCCCAGAAC) and CD86 (Forwardl1:
AAGAAAAAGTCAACCACCAGGG; Reversel: TTCAAGTCCGTGCTGCCTAC; Forwardl:
AAGAAAAAGTCAACCACCAGGG; Reverse2: CGTGGGTGCTTCCGTAAGTT) were
designed using Lasergene software and DNA was amplified by qPCR using SYBR Green buffer
(Applied Biosystems, Foster City, CA).

4.3.7. Lung Histology

The middle and inferior lobes of the right lung were perfused with 10% formalin for fixation and
embedded in paraffin. Five-micrometer lung sections were stained with periodic acid-Schiff (PAS)
to detect mucus production, and inflammatory infiltrates. Photomicrographs were captured using
a Zeiss Axio Imager Z1 and AxioVision 4.8 software (Zeiss, Munich, Germany).

4.3.8. Lung draining lymph node in vitro re-infection and cytokine production assay

Lung draining lymph nodes (LDLN) were enzymatically digested using 1 mg/mL collagenase A
(Roche) and 20 U/mL DNasel (Sigma-Aldrich) in RPMI 1640 with 10% FCS for 45 min at 37°C.
Tissues were further dispersed through an 18-gauge needle (1-mL syringe). RBCs were lysed, and
samples were filtered through 100-pum nylon mesh. Cells (5 x 10°) from LDLN were plated in 96-
well plates and re-infected with 1.5-3.0 x 10° pfu of RSV. IL-4, IL-5, IL-13, 1l-17A and IFN-y
levels in supernatants were measured with a Bio-Plex cytokine assay (Bio-Rad Laboratories,

Hercules, CA).
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4.3.9. Statistical analysis

Data were analyzed by Prism 7 (GraphPad Software). Data presented are mean values + SEM.
Comparison of two groups was performed with an unpaired, two-tailed Student #-test. Comparison
of three or more groups was analyzed by one-way ANOVA, followed by two-tailed Student ¢-test

for individual comparisons. A p-value <0.05 was considered significant.
4.4. Results

4.4.1. Histone lysine demethylases Kdm6a and Kdm6b are upregulated following RSV
infection

Epigenetic enzymes have been implicated in regulating immune gene transcription during
inflammatory responses?!’2!°, Previous studies have shown that histone lysine demethylases are
upregulated during RSV infection, especially in CD11c+ populations that control the immune
response to RSV?’. In the current studies, male C57BL/6 and Balb/c mice were infected
intratracheally with RSV and at 8 days post-infection, we collected the CD11c+ cell population
from the lungs and verified RSV infection by evaluation of viral gene expression (Appendix 3;
Figure A3-1A,B). We then evaluated the epigenetic enzyme expression in the CD11c+ cell
population and showed upregulated gene expression of Kdmo6a and Kdm6b H3K27 demethylases
in both strains of mice (Figure 4-1A,B). Next, we evaluated the upregulation of Kdmo6
demethylases in CD11c+ bone marrow-derived dendritic cells (BMDC) since a significant source
of inflammatory CD11c+ cells recruited to the lungs during infection are bone marrow-derived
and furthermore, epigenetic alteration of inflammatory DC regulates RSV-driven
immunopathology?’. BMDC were infected with live RSV (MOI = 2.5) for 4, 8, 12, or 24 hours
and infection verified by RSV gene expression (Appendix 3; Figure A3-1C) and cells were then

evaluated for Kdm6a/b mRNA expression (Figure 4-1C). Significant upregulation of both Kdmo6a
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and Kdm6b was observed at 4-12 hours post-infection in the BMDC (Figure 4-1D,E). The use of
UV-inactivated RSV did not lead to upregulation of Kdmo6a or Kdm6b (Appendix 3; Figure A3-
1D), demonstrating a direct effect of RSV on the expression of these gene regulatory chromatin

modifiers.

A CD11c+ Cells from C57BL/6 RSV-infected Mice B CD11c+ Cells from Balb/c RSV-infected Mice
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Figure 4- 1. Histone lysine demethylases Kdm6a and Kdm6b are upregulated following RSV infection.

A, B. Male C57BL/6 or Balb/c mice were infected with RSV (2 x 10° pfu) and lungs collected 8 days post-infection and compared
to naive control animals. Lungs were harvested and the CD11c+ cell population isolated using MACS bead separation, mRNA
extracted and qPCR performed to determine epigenetic enzyme expression (N > 3). C. Experimental design for BMDC culture D,
E. BMDC isolated from C57BL/6 or Balb/c mice were infected in vitro with RSV and cells collected at the indicated timepoints,
mRNA extracted and qPCR performed to determine epigenetic enzyme expression (N = 3). Data represent Mean + SEM
(Representative of 2 individual experiments). * = p <0.05; ** =p <0.01; *** =p <0.001.
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4.4.2. Inhibition of KDM6 reduces DC cytokine and co-stimulatory molecule expression

To examine the role of KDM6 enzymes, GSK J4 (10 pM), a competitive inhibitor that blocks
KDM6 demethylase activity was used?'>. Based on time-course studies, to determine optimal
cytokine and chemokine gene expression, (Appendix 3; Figure A3-2A) and to allow for
epigenetic modification of these genes following epigenetic enzyme upregulation, BMDC were
treated with GSK J4 or vehicle and concurrently infected with RSV for 24 hours. RSV infectivity
of BMDC treated with vehicle or GSK J4 was similar, as indicated by the levels of RSV gene
expression (Figure 4-2A). Additionally, we analyzed the live cell populations using flow
cytometry and observed no difference in cell viability compared to vehicle-treated controls
(Figure 4-2B). Treatment with GSK J4 during RSV-infection led to a significant reduction in
CCL-2, CCL-3, CCL-5, and IL-6 (Figure 4-2C) indicating a decrease in inflammatory chemokines
and cytokines in response to RSV-infection. An inactive isomer of GSK J4 (GSK J5) was also
used as a control and showed no reduction in these specific cytokines (Appendix 3; Figure A3-
2B), confirming specificity of this response to GSK J4. Additionally, correlating with previous

studies from our laboratory!?0-214

, no upregulation of the inflammatory response (i.e. 7/6 or
chemokines) was observed using UV-inactivated RSV (Appendix 3; Figure A3-2C,D), indicating
that active viral infection is necessary for this response. In order to examine DC activation, co-
stimulatory and maturation markers were examined and indicated a reduction in CD80 and CD86
as well as MHC II expression (Figure 4-2D) and this reduction was confirmed using siRNA to
knockdown gene expression of Kdm6b (Appendix 3; Figure A3-2E). Treatment with GSK J4
demonstrated increased H3K27 methylation status (Figure 4-2E), as well as a significant reduction

in H3K4 methylation (Figure 4-2F), correlating with the reduced expression of key APC

associated molecules. Thus, during RSV-infection, KDM6 enzymatic activity led to upregulation

84



of cytokines and chemokines associated with RSV-driven inflammation and the activation of

molecules necessary for optimal APC function.
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Figure 4- 2. Inhibition of KDM6 reduces DC cytokine and co-stimulatory molecule expression.

BMDC were isolated from C57BL/6 mice, cultured for 6 days in the presence of GM-CSF and infected with RSV + GSK J4 or
vehicle control in vitro for 24 hours. A. mRNA was extracted and qPCR performed to determine RSV F gene expression (N = 3).
B. Cells were collected, processed and stained for flow cytometry analysis of live cell populations (N = 3). C. Supernatant was
collected and protein evaluated using Bio-Plex assay (N = 3). D. Cells were collected, processed and stained for flow cytometry
analysis of APC markers (N =3). E, F. Cells were collected and DNA extracted for ChIP analysis (N > 3). Data represent Mean
+ SEM (Representative of at least 2 individual experiments). * = p < 0.05; ** =p < 0.01; *** =p <0.001; **** =p <0.0001.

4.4.3. Inhibition of KDM6 in BMDC alters cytokine response of CD4+ T-helper cells
Since both cytokine and co-stimulatory molecules were altered by KDM6 inhibition, we examined

if altering KDMG6 activity in DC resulted in an altered ability to activate T cells. Previous studies
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have shown that in vitro infection of DC, followed by co-culture with T cells leads to altered T
cell cytokine production®”'76, BMDC were infected with RSV (MOI = 2.5) and treated with GSK
J4 (10 uM) for 24 hours and then co-cultured with T cells (1:10) for 48 hours and cytokine
production examined (Figure 4-3A). Co-culture of RSV infected BMDC with T cells isolated
from the lymph nodes of RSV-infected Balb/c mice led to significantly reduced IL-17A and IFN-
v production upon inhibition of KDM6 in BMDC (Figure 4-3B). Additionally, when BMDC from
C57BL/6 mice were infected with RSV +/- GSK J4 and co-cultured with ovalbumin peptide
specific OT-IT CD4+ T cells!””-178, decreased production of IL-5 and IL-13 following exposure to
ova peptide was observed (Figure 4-3C). These data indicate that DC-specific KDM6 expression
has a role in regulating the development of the T cell response following RSV infection as well as

to unrelated primary immune responses linked to Th cell mediated disease.
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Figure 4- 3. Inhibition of KDM6 in BMDC alters cytokine response of CD4+ T-helper cells.

A. DC/T cell co-culture experimental design B. RSV-infected DC (Balb/c) co-cultured with CD4+ T cells isolated from the lymph
nodes of RSV-infected female Balb/c mice at 8 days post-infection. Supernatant collected and protein concentration analyzed
using Bio-Plex assay (N > 4). C. RSV-infected DC (C57BL/6) co-cultured with CD4+ T cells isolated from the spleens of naive
female OT-II mice exposed to ovalbumin peptide. Supernatant collected and protein concentration analyzed using Bio-Plex assay
(N'=3). Data represent Mean = SEM (Representative of 2 individual experiments). * =p < 0.05.
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4.4.4. BMDC-induced RSV sensitization is altered by KDMG6 inhibition in RSV challenge

To further examine the role of KDM6 enzymatic function, RSV infected BMDC (24 hour) with or
without inhibition of KDM6 were transferred intratracheally into naive Balb/c mice and at 7 days
post-DC transfer, BMDC sensitized mice were challenged with RSV (Figure 4-4A). Our lab has
previously demonstrated that this sensitization protocol with DC elicits a pathogenic immune
environment upon RSV re-infection®”#, Instillation of RSV-infected BMDC led to enhanced
inflammation and mucus within the lungs compared to RSV only (Figure 4-4B) at 8 days post-
infection. However, KDM6-inhibited BMDC sensitization resulted in reduced inflammation and
mucus production compared to vehicle control (Figure 4-4B) with a correlative decrease in the
expression of pathologic Th2 genes (114, 115, 1113) (Figure 4-4C). We also observed a decrease in
inflammatory innate immune cells (Figure 4-4D) as well as neutrophils (Figure 4-4E) and
activated CD8+ T cells (Figure 4-4F) within the lungs of animals given KDM6-inhibited BMDC,
correlating with the decreased production of chemokines shown above. These data indicate that
BMDC-specific KDM6 activity leads to RSV-driven immunopathology within the lungs

consistent with those observed following secondary RSV infections.
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Figure 4- 4. BMDC-induced RSV sensitization is altered by KDM6 inhibition in RSV challenge.

A. DC transfer experimental design B. Lungs were embedded in paraffin and Periodic acid-Schiff stain (PAS) was performed to
visualize inflammation and mucus (bright pink staining). Representative photos shown. C. Lungs were homogenized and mRNA
extracted to determine cytokine gene expression compared to naive controls (N = 5). D-F. Lungs were processed into single-cell
suspension and stained for flow cytometry analysis. (N = 5). Data represent Mean + SEM (N = 5 male Balb/c mice/group). * =p <
0.05; #* =p <0.01; *** =p <0.001; **** =p <0.0001.

4.4.5. In vivo inhibition of KDM6 alters the immune response to RSV infection

To determine if KDM6 has an immunopathologic role during a primary RSV infection in vivo,
Balb/c mice were treated systemically (IP) with GSK J4 (20 mg/kg) daily for 7 days to inhibit
KDM6 enzymatic activity (Figure 4-5A). Tissues were collected at 8 days post-infection and
evaluated for RSV-driven immunopathology. This time point has previously been described in
mouse models comparing live viral infection to UV-inactivated RSV control, showing that live

RSV is required for activation of the immune response leading to immunopathology, peaking at 8
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days post-infection!?*2!4, Lung histology showed that KDM6 inhibition resulted in decreased
mucus production and inflammation as well as a reduction of bronchus-associated lymphoid tissue
(BALT) in the lungs (Figure 4-5B,C) with a correlative decrease in mucus score (Figure 4-5D)
and mucus genes, gob5 and mucSac (Figure 4-5E). Additionally, we observed a decrease in
inflammatory CD11c¢c+ DC (CD11b+/MHCII+ and CD11b+/CD86+) and F4/80+ macrophages in
the lungs of KDMé6-inhibited animals (Figure 4-5F,G) with no alteration in eosinophil or
neutrophil cell infiltration (Figure 4-5H). Furthermore, in vivo treatment with GSK J4 led to fewer
activated CD4+ T cells within the lungs (Figure 4-5I), suggesting a role for KDM6 in the adaptive
immune response, likely through altered APC function. Analysis of the cytokine production from
RSV re-infected isolated lymph node cells showed reduced IL-13 and IFN-y in GSK J4-treated
mice compared to vehicle control mice (Figure 4-5J). Overall, these data show decreased
inflammatory responses by inhibiting KDM6 activity, demonstrating a direct link between KDM6

activity and RSV-driven immunopathology.
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Figure 4- 5. In vivo inhibition of KDM6 alters the immune response to RSV infection.

Male Balb/c mice were infected with RSV (2 x 10° pfu) and concurrently treated with GSK J4 to inhibit KDM6 enzymatic activity
and tissues were harvested at 8 days post-infection. A. Experimental design B,C. Lungs were embedded in paraffin and Periodic
acid-Schiff stain (PAS) was performed to visualize mucus (bright pink staining) and inflammatory infiltrates (blue). Representative
photos shown. D. Subjective mucus scoring was performed on blinded histological slides on a scale of 1-4 for mucus production
(N =5) E. Lungs were homogenized and mRNA extracted to determine mucus gene expression compared to naive controls (N =
5) F-1. Lungs were processed into single-cell suspension and stained for flow cytometry analysis. (N =5). J. Lung draining lymph
nodes (LDLN) were processed into single cell suspension and re-infected with RSV in vitro for 48 hours to determine cytokine
protein levels (N = 5). Data represent Mean + SEM. Representative of at least 2 independent experiments. * =p < 0.05;
*¥* =p <0.01; ¥** =p <0.001; ¥**¥** =p <0.0001.

4.5. Discussion
RSV is an ubiquitous pathogen, infecting nearly all children by the age of two'-? and is the
second most likely cause of death by a pathogen in infants under the age of one’®. RSV is

characterized by a dysregulated immune response that leads to poor immunologic recall that allows
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re-infection throughout life. Additionally, clinical data support a link between early life severe
RSV infection and the development of airway disease later in life, including asthma!s3-894,
Therefore, elucidation of mechanisms that drive disease is crucial for protection from both primary
infection and exacerbated diseases later in life. While epigenetic alterations of DC have been
described that change their overall function, including DNA methylation and chromatin
modifications, the specific changes during different diseases will require individual investigation.
To extend our earlier observations in DC37%, we sought to examine the role of specific epigenetic
effects on DC-driven mechanisms following RSV infection. These altered innate immune
responses are impactful as in vivo inhibition of KDM6 enzymes leads to decreased RSV-driven
immunopathology. These studies indicate the following novel findings: 1) Upregulation of key
epigenetic enzymes, such as KDM6 demethylases, following RSV infection leads to altered APC
function, increased pro-inflammatory responses, and immunopathology and 2) targeting specific
epigenetic mechanisms that alter inflammatory DC responses may be pivotal for limiting long-
term RSV-driven disease pathologies. Thus, an early viral response may specifically "train" innate
immune cells leading to long-term phenotypes.

Previous studies have shown that epigenetic modulation directs the differentiation and
maturation of immune cells. A key epigenetic gene modifier is H3K27 tri-methylation, which
represses gene transcription, and removal of this mark by KDM6 demethylases leads to active gene
transcription. Studies have shown that KDM6B can enhance both pro-inflammatory and anti-
inflammatory responses by targeting distinct transcription factors, such as NF-kB!37-220-221 ip a
context-dependent manner in gene promoters!3’. KDM6B can drive M2 polarization via STAT6
activation®??, Th1 cell differentiation via Tbet interaction®?*, and support EMT pathways via TGF-

B and SMAD3??*. Additionally, a role has been shown for KDM6A/B in autoimmunity in the
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experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis, with chemical
inhibition leading to a tolerogenic DC phenotype and decreased Thl and Th17 responses'®”.
Importantly, the KDM6 family of enzymes has been shown to regulate not only H3K27me3 but
also H3K4me deposition through stabilization of the MLL complex!3136 an H3K4
methyltransferase that deposits activating methylation marks on the histone tail. Studies have
shown that the overexpression of KDM6B leads to increased H3K4me3 while leaving H3K27me
relatively unchanged®? similar to our observations of H3K4me3 on CD80/86. Overall our data
expand on the inflammatory role for KDM6 in driving pathologic diseases, linking innate cytokine
production by inflammatory DC and induction of Th2 cytokines leading to lung immunopathology
in RSV infection.

The myeloid/inflammatory DC has been linked to chronic disease that is enhanced and/or
exacerbated by RSV?%#9226 Qur lab has previously observed an upregulation of KDM5B, an
H3K4 demethylase, following RSV infection of DCs®’ that contributes to a pathogenic T cell-
mediated immune response due to the regulation of critical innate cytokines, especially Type I
IFN. While KDM6A/B are upregulated following RSV infection, Polyl:C, a double stranded RNA
and TLR3 agonist did not induce KDM6 expression®’. Interestingly, KDM5B and KDM6 do not
appear to regulate the same genes. To evaluate KDM®6 targets, inhibition of KDM6 enzymatic
activity was accomplished using GSK J4, which has previously been shown to be specific for
KDMB6 activity?!>. While a study determined minor GSK J4 activity against KDMS5 enzymes as
well??’, no increase in the level of H3K4me3 on the CD80/86 promoter regions was observed in
our data, an expected enzymatic activity if KDMS5, a H3K4 demethylase, was inhibited.
Furthermore, RSV-infected BMDC with inhibited KDM6 enzymatic function led to decreased

APC maturation marker expression (CD80/86 and MHCII) as well as decreased IL-6 along with

92



chemokines; whereas our previous studies with KDM5B inhibition showed an increase in IL-6 as
well as IFN-B with no alteration of APC markers’’. Importantly, decreased infiltration of
inflammatory DC/macrophages into the lung, as well as decreased activation of T cells were
observed following inhibition of KDM6 during in vivo RSV infection. These latter studies
demonstrated that inhibition of KDM6 demethylation led to a reduction of Th2 induced pathology,
including development of mucus hypersecretion. These data indicate that the effect of KDM6
activity alters both the innate as well as adaptive immune responses in a related but different
mechanism from KDMS5B, largely through alteration of APC function. Thus, there appears to be
an epigenetic program that controls multiple chromatin modifying enzymes that alters the ability
of the immune response to function appropriately during RSV infection.

These studies demonstrate a novel pathway whereby RSV infection leads to upregulation
of epigenetic enzymes KDM6A and KDM6B that modify multiple DC functions. These include
maturation of APC including costimulatory molecule expression as well as activation of defined
chemokines and cytokines responsible for RSV-driven immunopathology (Figure 4-6). Inhibition
of this activity leads to protection from Th2-driven lung pathogenesis that has been linked both to

228-230 and the enhanced likelihood of asthma

the exacerbated response following RSV vaccination
development later in life!*%%4 While these studies focused on DC-driven T cell adaptive
responses due to their role in immunopathology, it is likely that the in vivo use of GSK J4 blocked
multiple responses, including directly modifying macrophages and T cells. Thus, KDM6 may be

a therapeutic target that could alter the progression of pathogenic immune responses in the lung

during RSV infection and modify the long-term immune environment.
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Chapter 5: Discussion and Future Directions

5.1. Sex-Associated Long-term Local Alterations Following Early-life RSV-infection

The studies presented in this dissertation provide novel evidence that correlates with
clinical data indicating: 1) Boys are more susceptible to severe RSV than girls and 2) Boys are
more likely to develop childhood allergy and asthma than girls. In addition to these findings, we
have shown novel results indicating that TSLP has a sex-associated role in RSV-driven allergic
exacerbation in males. This expands on data already suggesting that TSLP leads to asthma
pathogenesis and correlates with GWAS studies indicating that specific SNPs in TSLP lead to
different responses in males vs females; specifically SNP1837253 leads to protection from asthma
in boys whereas SNP2289276 leads to enhanced likelihood of asthma development in girls'>.
Collectively, these data indicate clear sex differences in TSLP responses to asthma.

We have shown that upon primary infection with RSV, neonatal female mice are able to
clear RSV viral infection faster than males with a correlative increase in IFN-f expression. We
also show that males have protracted resolution of the immune response and evidence of persistent
inflammation. These data suggest that not only are males more susceptible to the initial viral
infection with difficulty clearing the virus but they may also be susceptible to severe disease later
in life due to the persistent inflammatory response priming for Th2 responses later in life.

Studies have previously shown that long-term alterations in the lung occur following RSV
that include continued mucus expression and inflammatory cell infiltration into the lungs***7. Our
data at 4 weeks post-early-life RSV-infection expand upon these findings, with visible mucus

within the lungs of male mice, skewing towards Th2, and infiltration of innate immune cells (DC,
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ILC2). While we see no significant differences in the number of T cells within the lungs,
we do observe strong increases in antigen presenting cells-CD11b+ and CD103+ dendritic cells
(DC). The sheer number of inflammatory CD11b+ DC have previously been indicated in leading

to severe disease?”-®

as well as exacerbation upon secondary exposures when transferred to the
lungs of naive animals prior to live RSV-infection’”#, Additionally, CD103+ DC have been
shown to produce strong Th2 responses during RSV and asthma®®-?*!. We also see increases in
OX-40L+ DC as well as total OX-40L positive cells. TSLP, which is persistently expressed in
male mice at 4 weeks post-infection, is responsible for upregulation of OX-40L on DC populations
that promote Th2 cell responses*!:!!2151 " Also, of note, ILC2 cells have been shown to upregulate
OX-40L to interact with T cells to enhance the Th2 response?3>233; however, IL-33 (also retained
at 4 weeks post-infection) was shown to be the driver of this pathway. Whether or not TSLP has
the ability to drive this phenomenon is currently unknown.

We determined that these long-term alterations in male mice leave them susceptible to
exacerbated allergic responses later in life; characterized by an increased expression of mucus as
well as Th2/Th17-skewing when given an early-life RSV infection followed by cockroach allergen
(CRA) exposure at 4 weeks post-early-life RSV. No difference in absolute numbers of T cells
compared to female mice was observed, but there are differences in T cell responses as indicated
by CRA re-stimulated lymph node cytokine production. This may be due to specificity of the T
cells in responding to CRA or it could be due to alterations of the antigen presenting cells as there
are increases in the number of macrophages, monocytes and DC in the RSV-exacerbated CRA-
challenged male mice. Correlating with the data described above at 4 weeks post-infection, we

see that the main population affected is the ILC2 population. These data support previous findings

that have documented ILC2 as Th2-inducing cells as well as possible drivers of asthma

96



pathogenesis. The specific role that ILC2 have in this response was not determined in these
studies; therefore, further analysis of this population through knockdown or genetic
reduction/deletion (ST2-/-, RORa*/IL7R¢") studies may be necessary. Of important note, we
see a similar exacerbated response only in males when CRA challenge is initiated at 12-weeks
post-infection (data not shown), indicating that this phenotype is long-lived and well-established.

When TSLP signaling is knocked down, there is a significant reduction in the male
exacerbation response. These data correlate with previous findings showing that when TSLP is
inhibited during an early-life RSV infection, exacerbation following a second RSV-infection later
in life is abrogated!!'®. This study found that if TSLP was inhibited during the latter, secondary
infection, exacerbation still occurred suggesting that it is the neonatal period that needs to be
altered to prevent secondary exacerbations later in life. In our studies, we saw that simply
inhibiting TSLP during the allergen challenge phase of the study (without early-life RSV-
infection) was not sufficient to protect against allergy development, similar to these findings as
well as others, including granuloma development during parasitic helminth responses!¢!.

As noted above, female mice are capable of upregulating IFN-3 much quicker and to a
greater extent than male mice, which indicates faster viral clearance and better resolution of the
Th2 response. However, this needs further exploration to determine 1) Why/how females produce
more IFN-B than males and 2) Whether IFN-f is capable of inhibiting TSLP or vice versa.
Interestingly, we also see that TSLPR-/- male mice show a similar phenotype to female mice
following neonatal RSV-infection, producing higher levels of IFN-f and quicker viral clearance
than do WT male mice (Appendix 4; Figure A4-1A,B). These data support the idea that TSLP is
regulating production of IFN-B in male mice; however, why TSLP is increased in males (i.e.

epigenetic modification, hormonal signaling) needs to be elucidated in this model to enhance these
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findings. Since our RNAscope staining indicated that it is the airway epithelial cells that express
increased TSLP in RSV-infected male mice, focus on this subset should be maintained for future
experiments.

5.2. Long-term Systemic Alterations of BMDC Following Early-life RSV-infection

These studies determined that there are also persistent systemic alterations of BMDC
following early-life RSV-infection linked to TSLP signaling. While this is a novel finding, the
concept of persistent systemic alterations has been eluded to for quite some time. A vaccine trial
in the 1960s with formalin-inactivated RSV led to enhanced disease, including 2 deaths, when
vaccinated infants were exposed to live viral infection?>-?’. The details of this phenomenon have
been extensively studied and determined that this was largely due to lack of TLR signaling and
improper initial response to viral antigen during the vaccination that led to alterations of the
immune system and subsequent enhanced immune response upon live infection??$234235 This has
been further studied in other models, such as exposures to LPS and C. albicans, and has since been
termed trained innate immunity!?%!126:127 The studies detailed here show that 1) BMDC populations
are persistently altered to remain in a more activated “DC2” state, possibly skewing the BMDC
response towards inflammatory rather than tolerant responses upon exposure to allergen and 2)
TSLP is at least partially responsible for the skewed activation state in male mice.

BMDC isolated at 4 weeks post-infection from male mice infected neonatally at 7 days of
age show significant signs of persistent activation, including upregulation of maturation markers,
(CD80/86, OX-40L). The presence of OX-40L is implicated in DC-driven Th2 responses and the
concomitant expression of CD80/86 is necessary for optimal OX-40 responses*!:!73236 The
presence of these maturation markers suggest that DC are primed to lead to strong Th2 responses

when encountering pathogens or other stimuli. These DC are also continuing to express
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inflammatory cytokines/chemokines, even though antigenic stimulation is no longer present,
suggesting a shift in transcriptional activation possibly through stabilization of histone or
chromatin marks or the increased expression of upstream modifiers, such as transcription factors
or histone/DNA modifiers as has been described during trained innate immunity!'?>!26,
Interestingly, our analysis shows that the epigenetic enzyme, KDM6B continues to be expressed
in the BMDC isolated from early-life RSV-infected male mice. KDM6B is a known enhancer of
the inflammatory response!34213213:220 and has been linked with M2 macrophage polarization!34.
Additionally, studies also show that KDM6 enzymatic activity is required for upregulation of
maturation markers such as CD80/86 and plays a role in the expression of the same group of
cytokines and chemokines. These data suggest that the continued expression of KDM6B may be
allowing for the activation status of these BMDC. We also show increased expression of TSLP
and its downstream target, CCL-17. Importantly, it has been reported that CCL-17 is a direct target
for KDM6 activity and that the removal of the H3K27me3 mark by KDM6B is required for
activation of CCL-17 transcription?}” suggesting a possible link between TSLP signaling, CCL-17
and KDM6B. Additional studies showed that KDM6B demethylase activity is required for the
activation of IRF4 which then leads to the upregulation of CCL-172%8, Of particular note, this same
persistent activation does not occur in BMDC isolated from female mice following an early-life
RSV-infection which further supports a sex-specific role for long-term alterations following early-
life RSV infection with a link to TSLP; however, male/female differences in the BMDC population
should be further evaluated.

The presence of TSLP during differentiation of naive WT BMDC in cell culture led to
similar activation and cytokine/chemokine response as the BMDC isolated from early-life RSV

infected male mice. Furthermore, the presence of TSLP also led to increased expression of KDM6
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enzymes. Additional evaluation was performed using BMDC from TSLPR-/- mice infected during
early-life and we observed abrogation of the “activated” phenotype; however, lack of a significant
change in KDM6 expression was observed. Therefore, while we’ve shown that TSLP induces
Kdm6 expression, a lack of TSLP signaling is not sufficient to abolish its upregulation following
RSV-infection, which is not surprising since multiple pathways, including NF-xB and JAK/STAT
are known to lead to KDMG6 activity!'*’.

ATAC-seq data show significant differences in chromatin landscape between TSLPR-/-
and WT BMDC with inherent differences in regions near genes linked with type 1 immunity
(Midl, Sppl, Cxclll) and Th2 responses (Cxcll, Cxcl2, Irf4, Areg) that could lead to better viral
control in TSLPR-/- mice while leading to enhanced Th2 disease in WT. BART analysis of genes
in differentially accessible regions (DARs) depicted transcription factors linked to Th2 and TSLP-
signaling (IRF4, RELA, STAT3)*.12.170.194-1% a4 being significant. IRF4 was both a transcription
factor linked to accessible genes in the DARs as well a gene itself within the DAR predictions
suggested to have more accessible chromatin in WT BMDC. TSLP is known to increase the
expression of IRF4 and to regulate similar genes and Th2 responses!’®. However, these data show
a novel role for TSLP regulation of IRF4 at the chromatin level in BMDC which could be linked
to KDM6B. IRF4 is a target gene of KDM6B?3® and therefore, TSLP-driven expression of KDM6B
may lead to the removal of methylation from H3K27 on IRF4 promoter regions leading to more
accessible chromatin. Together, this indicates more accessibility to IRF4 target genes as well as
more IRF4 available to bind to these regions which could contribute to an accelerated and more
pronounced Th2 response.

Further characterization of Midl showed a very strong association for TSLP regulation of

type-1 interferon. The levels of Midl, Ifnb, and Il112a are significantly increased in TSLPR-/-
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BMDC compared to WT BMDC and upon in vitro RSV-infection, TSLPR-/- BMDC have an
accelerated type-1 response. Co-culture studies showed that TSLPR-/- BMDC exposed to reactive
T cells allow for stronger IFN-y production than WT BMDC. Together, these data indicate a more
appropriate anti-viral response in the absence of TSLP signaling and further strengthen the
argument for TSLP/IFN-f regulation. Knockdown experiments targeting Mid [ and Ifnb, especially
in TSLPR-/- BMDC, will help to further elucidate this regulation.

Planned RNA-seq experiments on WT and TSLPR-/- BMDC following in vitro RSV
infection to evaluate initial RSV-infection will lead to further insights into TSLP-driven RSV
responses. Additionally, the data here have shown a striking observation of the ability of TSLP to
alter the genomic landscape of BMDC populations; however, it will be beneficial to further expand
this knowledge to determine if this phenomenon occurs at the progenitor level. Experiments are
planned to perform ATAC-seq on the common myeloid progenitor (CMP) cells isolated from WT
and TSLPR-/- mice following early-life RSV infection.

5.3. Role of KDM6 Epigenetic Enzymes in RSV-driven Immunopathology

The next set of findings show a novel role for the H3K27 demethylase, KDM®6, in
enhancing RSV-driven immunopathology. The KDM6 family of enzymes has previously been
indicated as an epigenetic enzyme required for fine-tuning the inflammatory response!37-213-220,
Studies from our lab have specifically identified a role for the histone demethylase, KDM5B, in
regulation of the immune response to RSV by inhibiting type-1 IFN. To expand upon this
knowledge, we further investigated histone demethylases, focusing on KDM6. Findings from
these studies determined that 1) KDM6 epigenetic enzymes are upregulated during RSV-infection
2) Inhibition of their activity leads to protection from immunopathology and 3) Targeting DC

activity may protect against disease and secondary exacerbations. Similar to the studies described
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above in the previous section, these studies show evidence of innate immune cell “training”
following RSV-infection.

In these groups of studies, we discovered that RSV infection led to upregulation of KDM6
enzymes in the inflammatory CD11c+ DC population within the lungs as well as BMDC. We
utilized the KDM®6 inhibitor GSK J4 to inhibit KDM6 enzymatic activity and show that inhibition
of this activity leads to a similar phenotype as that observed in TSLPR-/- BMDC, with decreased
maturation marker expression and pro-inflammatory cytokine/chemokine expression. Evaluation
of ChIP-PCR determined that the decrease in activation marker upregulation was directly linked
with increased H3K27me3 (a repressive mark) as well as a decrease in H3K4me3 (an activating
mark). These results are supported by previous studies which indicate that KDM6 activity also
alters H3K4 methylation?*°->*°, In fact, one study determined that the over expression of KDM6B
led to very little change in H3K27me3 but significant increases in H3K4me3 that led to specific
gene activation. This is likely due to interactions of KDM6 with ASH2L, a component of the MLL
complex which deposits the H3K4 methylation mark?*! or its possible interactions with other
epigenetic enzymes.

Additional studies determined that alterations of the T cell response to RSV-infected
BMDC are diminished when KDM6-inhbited BMDC are exposed to reactive T cells, including
decreased production of IL-5, IL-17A and IFN-y. These data support a role for KDM6 in the
overall inflammatory response and are correlated by data presented by Dofias et al'3® that show
that DC-specific inhibition by GSK J4 leads to a more tolerogenic DC phenotype with decreased
IL-17A and IFN-y production in a model of experimental autoimmune encephalomyelitis
(EAE)'*. Inflammatory DC are able to lead to enhanced secondary responses when transferred

to naive animals prior to in vivo RSV exposure®”#°. Here, we have recapitulated these data as well
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as show that this enhanced response is decreased in KDM6-inhibited BMDC. Specifically, we see
significant decreases in inflammatory cell infiltration that correlates with decreased expression of
chemokines as seen in KDM6-inhibited BMDC following in vitro RSV infection. These data
indicate that KDM6 activity plays a role in enhancing secondary RSV infection similar to that seen
in vaccine-linked exacerbation?>-27-228:233,

Importantly, in vivo treatment with GSK J4 leads to decreased immunopathology and
inflammatory cell infiltration into the lung, suggesting that KDM6 activity is crucial for RSV-
driven immunopathology. A decrease in infiltration of activated APC into the lungs was observed
with GSK J4 treatment, correlating with the above data of KDM6 alteration of APC function.
However, the number of activated T cells are also decreased when KDM6 activity is inhibited
indicating a role in the adaptive response, whether through APC function or directly related to
KDMB6 activity on T cells. Studies have shown that KDM®6 specifically targets T cells and is
responsible for determining T cell differentiation in a tissue dependent manner?**-2%>, For example,
it was determined that in the colon and lymph node, knockdown of KDM6B led to increased IFN-
v producing Th1 cells but decreases in the small intestine and spleen, and IL-4 producing Th2 cells
were increased in the small intestine and colon but unchanged in the spleen and lymph node in the
absence of KDM6B?*. Finally, IL-17 producing Th17 cells were also increased in the small
intestine and colon but unchanged in the lymph node?**. Furthermore, while our studies described
here focused on the DC population, we also see alterations in monocytes and macrophages in in
vivo studies; hence other innate cells may also be affected either through indirect alteration by DC
or directly by KDM6 and may require further exploration.

Collectively, these data suggest that KDM6 expression from BMDC leads to activation of

DC and induction of chemokines/cytokines necessary for inflammatory cell infiltration into the
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lung that ultimately lead to activation of T cells that drive RSV-driven immunopathology. It
should be noted that the activation and pro-inflammatory response is necessary for proper viral
clearance and activation of the immune response; however, the persistence of this response can be
detrimental and lead to immunopathology’246-2°, Elucidation of these mechanisms and how they
lead to persistent alterations will be crucial to balance the two and lead to protection from disease.

It is interesting to note that the studies identifying long-term alterations of BMDC
following early-life RSV-infection (Chapter 3) show a similar phenotype to that observed in the
presence of KDM6 activity. The long-term alterations following early-life RSV infection also
include KDMG6B expression; therefore, it is not unreasonable to conclude that these may be linked.
TSLP and KDM6 both lead to BMDC phenotype linked to persistent activation and we have shown
that TSLP leads to upregulation of KDM6A/B. However, it is critical to point out that knockdown
of TSLP signaling led to an increase in IFN-y while inhibition of KDM6 activity led to a decrease.
It is likely that they have overlapping as well as distinct roles in these responses; TSLP may be
limiting the anti-viral response while KDM6 is concomitantly contributing to enhanced/persistent
inflammation. When considering treatment options, TSLP may be a better target during early
infection but epigenetic targeting, such as KDM6, may need to be considered later in life, after
immunopathology has been established. This scenario is supported by literature that indicates that
targeting TSLP later in life, after an RSV-infection or during chronic allergy, has minimal

118,153

protection against enhanced disease , suggesting that the window for treatment with anti-

TSLP is narrow. Additionally, targeting epigenetic enzymes such as KDM6 during strong
persistent inflammatory responses has been suggested in other disease, such as cancer?>"2°%, To

test this hypothesis, we plan to perform time-course studies. The use of anti-TSLP monoclonal

antibody will be used at multiple time points in neonatal studies, including prior to early-life RSV-
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infection, during peak RSV infection (4 days post-infection) at the time of immunopathology
development (8 days post-infection) and prior to allergen challenge. Similar studies will be
performed using GSK J4 to inhibit KDM6 enzymatic activity in neonatal mice at the same time
points. This will help to elucidate when these key players are contributing to RSV disease and to
offer insights to be adopted into the clinic.
5.4. Conclusions and Future Studies

Overall, the studies described in this dissertation have determined a novel role for TSLP in the
neonatal response to RSV by altering transcriptional and epigenetic pathways of immune cell
populations in a sex-dependent manner to persistently alter the immune system. These studies
have helped to elucidate why boys may be more susceptible to severe RSV-infection and have
more incidences of childhood asthma than do girls and have identified TSLP as a possibly
relevant clinical target, specifically in boys hospitalized due to severe RSV disease.
Importantly, there is a monoclonal TSLP antibody currently being tested in clinical trials in adult
asthmatics that could be used for this target. Our data further suggest that the innate immune
system can itself lead to strong immunological memory; indicating that targeting innate immune
responses should be considered when determining treatment options as well as vaccine
development. While the field has made striking discoveries in RSV biology and mechanisms,
much more is left to be discovered and studies beyond what have been presented here need to be
considered.

We show strong support for the role of TSLP in male-specific pathologies but it will be crucial
to determine what is leading to persistent upregulation of TSLP. We have data to suggest that this
may be due to decreased ability of males to produce IFN-B. Without type-1 interferon to inhibit

TSLP and Th2/Th17 responses, the immune system may essentially “lock” into a Th2 (or Th17)
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phenotype. On the other hand, there may be a direct effect on TSLP expression itself through
epigenetic mechanisms that lead to the persistent activation of TSLP, such as remodeling and
stability of chromatin activation marks/accessibility or the persistence of epigenetic modifiers
and/or transcription factors. Finally, it may be a combination of both of these scenarios.

How or why IFN-B is expressed to a greater extent in females than in males needs to be
evaluated. A previous study has shown that plasmacytoid DC (pDC) isolated from females
produce more IFN-o than do pDC isolated from males'®*. A similar phenomenon has not yet been
reported for IFN-B but there is support for this idea. TLR7 and IRAK-1, both found on the X
chromosome, have the ability to escape X-inactivation?>>2°¢, and lead to high levels of IFN-B2>7-
260 Furthermore, neonatal female infants have significantly higher levels of IRAK-1 in their cord
blood compared to male infants**®. The TLR7/IRAK pathway has also been implicated in Th1-
driven autoimmune disease, which is more common in females than males?¢%2%, Therefore, RSV
stimulation through TLR7 may lead to a stronger IFN-B response in females. Future studies to
examine the role of TLR7 could be performed using TLR7 knockout mice. There are multiple
chemical inhibitors of the IRAK proteins, including IRAK-1, which could also be used to
interrogate this pathway, specifically in female mice. While females are protected from allergic
responses following early-life RSV infection, it would be intriguing to evaluate if there is a link
between early-life RSV infection in females and increased incidences of autoimmunity. Our
studies here have focused on the expression of only IFN- and cDC populations; interrogating the
role of IFN-a and pDC may further enhance these findings and determine what specific IFN
subtypes are involved in this model.

Questions also remain about the role of hormones. During childhood, the levels of female

hormones (estrogen, progesterone) are nearly equivalent between males and females until
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puberty?%426>. However, testosterone is known to peak and wane throughout childhood to develop
male-specific characteristics and the first testosterone peak occurs between 2-4 months of age?%°.
Interestingly, clinical data indicate that the infants with the highest likelihood to develop severe
RSV disease resulting in hospitalization during peak RSV season are male AND 3-6 months of

age266—269

correlating with this testosterone peak. It might also be interesting to examine a cohort
of males hospitalized with severe RSV disease and observe future viral/allergic exacerbations for
correlations with testosterone peaks. Additionally, it is known that TLR3/4 stimulation inhibits
testosterone signaling and once testosterone dips to a low enough level, Tyro/Axl/Mer (TAM)
proteins are produced to downregulate TLR3/4?7027! Low level testosterone, as that observed in
neonatal males, indicates that TLR3/4 would likely be shut down rapidly to inhibit this signaling
and subsequently type-1 IFN. Since RSV signals through TLR3/4, this pathway in males may be
inhibiting production of IFN-f. Interrogation of this pathway would be very difficult as it is likely
dose-dependent as the incidence of allergy/asthma switches to more predominantly female after
puberty. High levels of androgen have been shown to decrease Th2 response?’? while large spikes
in estrogen/progesterone are known to lead to Th2 response as well as TSLP induction?”>-27° during
puberty in females, which may explain this switch of predominance.

Another pathway to consider is androgen/MIDI1. Studies in castrate-resistant prostate cancer
have determined that androgen is a strong inhibitor of MID1 and in the absence of testosterone,
MIDI1 expression is highly increased®’®. Testosterone in the male may be inhibiting the type-1
pathway through inhibition of MID1. We have observed significant differences in the expression
of Midl in WT vs TSLPR-/- BMDC isolated from male mice with TSLPR-/- BMDC having higher
expression of Mid1, suggesting that testosterone alone is not enough to inhibit MID1. Itis possible,

however, that TSLP is required for testosterone to inhibit MIDI1. Studies have shown that
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testosterone upregulates HIF-102"7 and HIF-1a, which is induced during RSV-infection, leads to
the expression of TSLP27827 Therefore, a reasonable scenario is that during RSV infection, HIF-
la is expressed to a greater extent in male mice due to the presence of testosterone that leads to
increased expression of TSLP and TSLP then targets MID1 for inhibition. HIF-1a also has the
ability to increase production of testosterone?®’, suggesting that this could lead to a continuous
positive feedback loop. Additionally, HIF-1a targets KDM6B, which is also persistently expressed
in BMDC from early-life RSV-infected male mice, further supporting a role for its involvement in
these responses. HIF-1a inhibitors have been developed as well as HIF-1a flox/Cre mouse systems
that could be used to elucidate this pathway which would have an impact on multiple fields of
study.

Our data described in these studies as well as the differences in TLR signaling between males
and females suggest that sex of the infant should be considered when determining treatment
options during RSV infection and vaccine development. For instance, knockdown of TSLP
signaling had no additional protection in the early-life RSV-infected female mice when exposed
to allergen; therefore, whether this treatment would be beneficial in treating females in not clear.
Additionally, since the 1960s vaccine trial failure was attributed to improper TLR signaling
following vaccination??%234235 TLR-specific adjuvants should be considered for successful RSV
vaccine development. However, different TLR adjuvants may be needed dependent on sex of the
infant; a TLR7 adjuvant may lead to increased likelihood of autoimmune disease in females while
TLR3/4 adjuvant in males be unsuccessful due to increased inhibition by testosterone and/or
deleterious effects on testosterone signaling.

In addition to the studies detailed in this dissertation, we have evidence that early-life RSV-

infection also leads to lung remodeling that may negatively impact lung function later in life.
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Airway remodeling, including fibrotic deposition, is a hallmark symptom of asthma?*! and RSV-
infection has previously been suggested to lead to fibrosis and collagen deposition®®. TLC2
production of amphiregulin (Areg), while necessary for lung repair following epithelial injury,
may lead to lung fibrosis’>*%23 and  DC-specific AREG is linked to ILC2-driven
inflammation/fibrotic responses®®*. Studies with TSLP have indicated that it is required for
initiation/persistence of airway remodeling during chronic allergy?®®, that may or may not be
directly immune-related. It is interesting to note that we see increased CD45+ cells in lungs
isolated at 4 weeks post-infection from early-life RSV-infected male mice (Appendix 4; Figure
4-2A-C) that correlates with increased DC and ILC2 shown in Figure 2-4, whereas TSLPR-/-
mice appear more like naive (Appendix 4; Figure 4-2A-C). Furthermore, Areg was a predicted
DAR gene in WT BMDC suggesting a role for TSLP in this pathway that will be further evaluated.
Remodeling is also directly linked to a decrease in lung function during pulmonary function tests
(PFT)?6-287 At 4 weeks post-early-life RSV-infection, we performed PFT and observed significant
defects in measured parameters consistent with decreased lung function (Appendix 4; Figure A4-
3A-D). These data correlate with clinical data as well as that which is seen during bleomycin
treatment and the fibrotic response?®8-2%,

Airway simplification may also occur following RSV-infection and is another hallmark of
childhood pulmonary pathologies®®! that leads to either physically larger airways or less elasticity
in the airways causing a “floppy” lung or a lung that is unable to inflate/deflate properly. To
evaluate airway simplification, we observed the distal airways in histological slides and found that
early-life RSV-infected male lungs have a simplified appearance compared to naive age-matched

controls and TSLPR-/- mice (Appendix 4; Figure A4-4A). The Wellik lab determined that

expression of HOX genes were crucial for proper lung development during the neonatal period
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and that knockout of these genes leads to lung simplification®*?. Evaluation of HOXS5 genes
(Hox5a/b) showed that WT early-life RSV-infected male mice have slightly decreased HOX
expression (~30%) compared to naive and that lack of TSLP signaling rescues this expression
(Appendix 4; Figure 4-4B). While these are exciting preliminary findings, much more work
needs to be done to verify these phenotypes and determine the mechanism of how RSV and TSLP
could be altering lung development.

In conclusion, the studies described in this dissertation have elucidated novel and exciting
aspects of RSV-driven immunopathology and suggest that it is imperative to consider sex
differences in neonates as well as the innate immune system during RSV disease. To our
knowledge, this is the first time that a sex-specific role for TSLP has been shown as well as a link
between TSLP regulation of IFN-f and MID1 pathway during RSV-infection (Figure 5-1). These
studies have also led to unanswered questions that may be more thoroughly explored to further
increase our knowledge and understanding of RSV. Hopefully, together with other published
literature, this will ultimately lead to better treatment options and the development of a successful
vaccine candidate which will not only decrease RSV burden but will also limit the development

of childhood asthma, the number one chronic childhood illness.
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Figure 5- 1. Proposed model of TSLP-driven immune alterations leading to enhanced allergic response in male mice
following early-life RSV-infection.
Figure created with BioRendor.com

110



Appendix 1: Chapter 2 Supplemental Figures

Figure Al- 1. Naive neonatal male and female mice have similar local lung environment.

Tissues were collected from age-matched male and female uninfected mice at the time of 2 (9 days old), 8 (15 days old), and 14
(21 days old) day post-infection analysis for infected mice. A,B. Lungs were embedded in paraffin and Periodic acid-Schiff stain
(PAS) was performed. Representative photos shown
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Figure Al- 2. Naive male and female mice have similar local lung environment at 5 weeks of age.

Tissues were collected from 5 week old male and female uninfected mice at the time of 4 week post-infection analysis for infected
mice. A,B. Lungs were embedded in paraffin and Periodic acid-Schiff stain (PAS) was performed. Representative photos shown
C-E. Lungs were homogenized and mRNA extracted to determine relative gene expression compared to 18s housekeeping gene
(N =2 3). Data represent Mean + SEM (2 individual experiments)
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Figure Al- 3. No significant differences are observed in male and female WT or TSLPR-/- mice following CRA challenge
alone.

Male and Female WT and TSLPR-/- mice were exposed to CRA allergen challenge at 5 weeks of age (initiated at the time of 4
weeks post-infection for RSV/CRA animals). A. Lungs were embedded in paraffin and Periodic acid-Schiff stain (PAS) was
performed to visualize mucus (bright pink staining). Representative photos shown B. AHR was determined using full-body
plethysmography and methacholine challenge (N > 3) C, D. Lungs were homogenized and mRNA extracted to determine mucus
and cytokine gene expression (N > 3) E, F. Lungs were processed into single-cell suspension and stained for flow cytometry
analysis. (N> 7) G. Lung draining lymph nodes in single cell suspension were re-stimulated with CRA in vitro for 48 hours to
determine cytokine protein levels (N> 3). Data represent Mean + SEM (2-3 individual experiments)
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Appendix 2: Chapter 3 Supplemental Figures and Tables
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Figure A2- 1. Lack of TSLP signaling in BMDC increases T cell production of IFN-y.
RSV-infected DC co-cultured with CD4+ T cells isolated from the lymph nodes of RSV-infected mice at 8 days post-infection.
Supernatant collected and protein concentration analyzed using Bio-Plex. Data represent Mean + SEM (N = 3). * =p <0.05.

113



Table A 1. DAR predicted gene hits.

seqnames

chr5
chr5
chr5
chrd
chr5
chr5
MG4310_MG4311_PATCH
chrd
chrl
chr5
chré
chrd
chr5
chrd
chr5
chr9
chr5
chrl5
chrd
chr9
chr2
chr2
chrd
chrl7

chrl3

log2(Fold p.value

Change)
7.06
4.95
2.99
2.78
2.47
2.09
2.05
1.93
1.67
1.64
1.6
1.57
1.39
1.34
1.32
1.27
1.26
1.22
1.22
1.19
1.19
1.17
1.12
1.11

1.08

8.4E-118

3.11E-43

6.15E-42

4.67E-16

6.51E-26

9.04E-42

3.35E-17

2.65E-10

2.74E-16

2.17E-19

1.33E-10

2.82E-13

2.99E-10

4.94E-09

4.44E-13

1.29E-07

1.02E-09

3.27E-07

2.16E-06

1.33E-08

1.69E-07

8.56E-07

2.97E-06

1.52E-05

1.50E-08
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FDR

2.0E-113

3.74E-39

4.94E-38

9.38E-13

2.24E-22

5.44E-38

8.07E-14

2.90E-07

6.00E-13

5.80E-16

1.52E-07

4.24E-10

3.13E-07

4.25E-06

5.94E-10

7.39E-05

9.84E-07

0.000144

0.000592

1.07E-05

9.06E-05

0.000286

0.000777

0.00265

1.17E-05

gene

Crif2
Galnt9
Arhgap24
Zfp981
Pitpnb

Crif2

Zfp981
Epha4d
Arhgap24
Mir7661
Zfp985
Affl
Zfp985
Cops4
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Arhgap24
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Ptprd
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Olfr1258
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Zfp985
Kcng3

1700006H21Rik



chr5

chr8

chr9

chrl5

chrl4

chr5

chrl5

chrX

chré

chrl8

chrl5

chr5

chr10

chré

chr5

chr2

chrX

chrX

chr3

chrl2

chr10

chr3

chr5

chr5

chrd

chrl

chrl2

chrl2

1.08

1.08

1.08

1.07

1.06

1.04

1.04

1.03

1.03

1.02

1.02

1.01

0.99

0.99

0.98

0.98

0.98

0.98

0.97

0.96

0.96

0.96

0.94

0.93

0.93

2.04E-06

9.59E-06

1.53E-05

5.55E-08

0.000114

9.99E-08

1.44E-05

2.85E-09

8.56E-07

7.13E-07

5.19E-05

2.86E-06

6.43E-09

1.48E-07

2.28E-05

8.00E-07

3.10E-06

1.17E-13

4.60E-07

6.40E-07

7.29E-07

4.99E-08

1.98E-06

6.52E-05

0.000142

2.83E-07

1.01E-05

3.14E-05
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0.000579

0.00192

0.00265

3.61E-05

0.00989

6.01E-05

0.00259

2.64E-06

0.000286

0.00026

0.00585

0.000758

5.34E-06

8.13E-05

0.00355

0.000275

0.000804

1.88E-10

0.000182

0.000245

0.000261

3.34E-05

0.000568

0.00686

0.0114

0.000131

0.00199

0.00445

1700028D13Rik
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chr8

chré
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chr10
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0.91
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0.9

0.9
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0.88

0.88

0.88

0.88
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0.87

0.87
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0.85

0.85

0.000487

3.80E-05
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6.53E-05
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0.000284

0.000857

9.08E-06

9.52E-06

6.28E-07

7.63E-07

116

0.0236
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0.000527

0.00879

0.0105

0.000376

0.00103
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0.00189
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Appendix 3: Chapter 4 Supplemental Figures
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Figure A3- 1. Chapter 4 Supplemental Figure 1.

A, B. Male C57BL/6 or Balb/c mice were infected with RSV (2 x 10° pfu) and lungs collected 8 days post-infection and compared
to naive control animals. Lungs were harvested and the CD11c+ cell population isolated using MACS bead separation, mRNA
extracted and qPCR performed to determine RSV F gene expression (N > 3). C. BMDC isolated from Balb/c mice were infected
in vitro with RSV and cells collected at the indicated timepoints, mRNA extracted and qPCR performed to determine RSV F gene
expression (N =4). D. BMDC isolated from Balb/c mice were exposed in vitro to UV-inactivated RSV and cells collected at the
indicated timepoints, mRNA extracted and qPCR performed to determine epigenetic enzyme expression (N = 3). Data represent
Mean + SEM (Representative of 2 individual experiments).
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Figure A3- 2. Chapter 4 Supplemental Figure 2.

BMDC were isolated from Balb/c mice, cultured for 6 days in the presence of GM-CSF and infected with RSV in vitro for the
indicated time points. A. mRNA was extracted and qPCR performed to determine cytokine/chemokine gene expression (N = 3).
B. BMDC were exposed to GSK J5 or vehicle control during RSV-infection for 24 hours, mRNA was extracted and qPCR
performed to determine cytokine/chemokine gene expression (N = 3). C,D. BMDC were exposed in vitro to UV-inactivated RSV
and cells collected after 24 hours, mRNA extracted and qPCR performed to determine cytokine/chemokine gene expression (N =
3). E. Kdm6b gene was knocked down in BMDC using siRNA (siKdm6b) (non-targeting control (siNC) used for control) for 48
hours, followed by RSV-infection for 24 hours. Cells were collected, processed and stained for flow cytometry analysis of APC
markers (N = 3). Data represent Mean + SEM (Representative of at least 2 individual experiments). * =p < 0.05; ** =p <0.01,;
*HE =p <0.001; #¥** =p <0.0001.
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Appendix 4: Chapter 5 Additional Results
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Figure A4- 1. Neonatal RSV infection of TSLPR-/- male mice leads to increased Ifnb and faster viral clearance.

Male WT and TSLPR-/- mice were infected with RSV at 7 days of age and tissues collected at 4 days post-infection to evaluate
primary response and clearance of RSV gene. A, B. Lungs were homogenized and mRNA extracted to determine interferon-f3
and RSV F gene expression, respectively (N > 3)

A

Naive WTRSV  TSLPR-/-RSV

Figure A4- 2. Increased CD45+ cells in lungs of WT mice at 4 weeks post-early-life RSV-infection.

Male WT and TSLPR-/- mice were infected neonatally with RSV at 7 days of age and CD45+ immunofluorescence staining
(staining in blue) performed at 4 weeks post-infection. A. Naive age-matched control B. WT early-life RSV. C. TSLPR-/- early-
life RSV. Representative photos shown
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Figure A4- 3. PFT analysis following early-life RSV-infection.
Male WT and TSLPR-/- mice were infected neonatally with RSV at 7 days of age and analyzed for indications of lung
remodeling at 4 weeks post-infection A-D. Pulmonary Function Test analysis. £ SEM (N > 3). ** =p <0.01; *** =p < 0.001.
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Figure A4- 4. Lung remodeling following early-life RSV-infection.

Male WT and TSLPR-/- mice were infected neonatally with RSV at 7 days of age and analyzed for indications of lung
remodeling at 4 weeks post-infection A. Lungs were embedded in paraffin and H&E staining was performed to visualize alveolar
spaces. Representative photos shown B. Lungs were homogenized and mRNA extracted to determine HOXS gene expression. +
SEM (N > 3).
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