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CHAPTERI

Introduction’

Thesis Overview

Respiratory virus infections are a significant burden on healthcare systems, yet
the balance between immune protection and pathology in these infections is poorly
understood. This thesis establishes the role of immunoregulatory cells and molecules,
specifically Tregs and PD-L1, in the immune response to infection by human
metapneumovirus (HMPV) and other respiratory viruses. The thesis also uncovers the
contribution of STATZ2 in host species restriction of HMPV infection. In Chapter |, |
provide background information about HMPV and influenza, the innate immune
response to respiratory viruses and viral innate evasion strategies, and adaptive
immunity to ARI along with regulatory mechanisms that modify the adaptive immune
response. In Chapter II, | describe how regulatory T cells (Tregs) respond to infection by
HMPV. | further demonstrate that Tregs have an essential temporal function in
respiratory virus infection and that deficiency of these cells during priming of infection
reduces the CD8" T cell response via impaired cell migration. Treg deficiency early in
infection also skews the immune response towards type 2 immunity in both adaptive

and innate cells. In Chapter lll, | report the role of the inhibitory ligand PD-L1 in PD-1-

*Some sections of this introduction are from: Rogers MC & Williams JV. 2018. Quis
Custodiet Ipsos Custodes? Regulation of Cell-Mediated Immune Responses Following
Viral Lung Infections. Reprinted with permission from the Annual Review of Virology,
Volume 5 © 2018 by Annual Reviews, http://www.annualreviews.org/.



mediated impairment of the CD8" T cell response to respiratory virus infection. Genetic
deficiency of PD-L1 does not restore function to impaired CD8" T cells, despite the fact
that antibody blockade of the same molecule leads to more functional virus-specific
cells in WT mice. However, in bone marrow chimera experiments, PD-L1 deficiency on
hematopoietic cells appears to drive increased inhibitory receptor expression on CD8" T
cells. Chapter IV establishes how HMPV'’s capacity to control antiviral innate immunity is
specific to host species and how STAT-2 contributes to this host species restriction of
HMPYV infection. | summarize the thesis work in Chapter V and speculate on future

directions of these projects as well as of the field.

Burden of respiratory viruses

Acute lower respiratory infections are a leading cause of death in children
worldwide and a major cause of morbidity and mortality among adults (1). In high-
income nations, deaths from acute respiratory illness are less common due to
supportive therapies and hospital resources; nonetheless, the US spends an estimated
$51.8 billion annually on treatments for acute respiratory infections, a figure that does
not factor in the economic burden of lost productivity faced by patients or their
caregivers (2). The most common etiologies of these infections are viruses, including
respiratory syncytial virus (RSV), human metapneumovirus (HMPV), influenza virus,
parainfluenzaviruses, adenovirus, rhinovirus, and others. Since licensed vaccines are
not available for any respiratory virus except influenza, these infections will continue to
be a strain on health care systems globally. Moreover, acute viral lower respiratory

infections can lead to sequelae related to immunopathology, such as asthma,



bronchiectasis, and exacerbations of underlying lung diseases (3). A thorough
understanding of the immune response to respiratory viruses, including regulation of
these immune responses by Tregs and inhibitory receptors, is crucial to develop

effective treatments and vaccines.

Viral causes of acute respiratory infection

Human metapneumovirus

Discovered in 2001 (4), HMPV is a leading cause of lower respiratory tract
infection in pediatric and elderly populations (5-9). Serologic evidence indicates that
essentially all children are infected with HMPV by the time they are 5 years old (4, 10).
In the majority of children, HMPV infection resolves without incident. However, HMPV
can cause bronchiolitis and pneumonia in some patients (11, 12), and some of these
will require supportive inpatient care. It is not yet fully understood why some pediatric
patients progress to severe disease or even death; underlying conditions such as
prematurity and asthma can predispose towards severe HMPV (12, 13), but as
evidenced by cases of severe disease in infants and children who are otherwise healthy
(5, 13), there are many other factors that have yet to be uncovered. HMPV infection can
lead to asthma exacerbations and wheezing in all age groups (13-17), similar to RSV,
indicative of immune skewing towards a type 2 response by HMPV. There is also
evidence that early HMPV infection can predispose towards development of asthma
(18). In my Treg data in chapter 2, | present one potential driver of type 2 immune bias

in HMPV and influenza infection.



Reinfection with HMPV is common: 5-15% of upper respiratory infections are due
to HMPV (5, 6). Reinfection likely occurs throughout life, as adults maintain anti-HMPV
antibody titers over time (19, 20). Generally, reinfection is confined to upper respiratory
infections or subclinical infection (5, 13, 15). However, children and adults who are
immunocompromised due to chronic conditions, immunosuppression, or advanced age
can have severe HMPV reinfection (7, 16, 21, 22). The incidence of severe disease in
patients who have deficient T cell immunity supports the idea that a robust adaptive
immune response is essential for fighting HMPV infection. As | show in this thesis work,
careful balance of proinflammatory and suppressive signals are crucial for control of

HMPV infection.

Human metapneumovirus genome

HMPYV is an enveloped, negative-sense, single-stranded RNA virus in the
Pneumoviridae family, which includes its closest human disease-causing relative, RSV
(23). Based on genetic diversity, HMPV can be divided into 4 genotypes: A1, A2, B1,
and B2, which circulate simultaneously in the human population (5, 6, 24, 25). HMPV
produces 9 viral proteins from 8 genes (26). The HMPV surface proteins include the F
fusion protein, which is required for virus entry (27), the G protein, which is glycosylated
and has been proposed as an attachment protein (26, 28), and the small hydrophobic
SH protein. The HMPV M matrix protein provides structure to the virion membrane and
proteins contained within the envelope (29). Inside the virion, the HMPV genome is
encapsidated by the N nucleoprotein. Also in the virion interior are the P

phosphoprotein, two ORFs of the M2 protein (M2-1 and M2-2), and the L polymerase,



all of which have roles in viral transcription and replication (Figure 1-1) (30-32). Viruses
with small genomes often encode polyfunctional proteins that carry out the many varied
functions that a virus requires to successfully infect and replicate inside a cell (33), and
thus even proteins with well-defined functions could have a secondary role in

antagonism of host proteins.

T
e
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Phosphoprotein
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Genomic RNA coated
with nucleoprotein

Matrix protein

Figure 1-1. HMPV virion structure. From Wen & Williams 2015, Clin. Vaccine
Immunol. (34).

All viruses that belong to the pneumovirus and paramyxovirus families (the
Pneumovirinae subfamily to which HMPV previously belonged was elevated to its own
family in 2016 (23)) use at least one mechanism to antagonize the host innate immune
response, which promotes infection. However, HMPV has no gene with sequence
homology to other pneumo or paramyxovirus interferon antagonists (e.g. RSV NS1/NS2

(35)) (Figure 1-2), and thus it is important to define the proteins that HMPV uses to



evade the host response. A number of unique HMPV genes have a role in innate

immune evasion. These will be discussed below.

Orthopneumovirus — human respiratory syncytial virus A2 (15 222 nt)

3{ HHN HPHMHHGH F Jw2 L =

NS1NS2 SH

Metapneumovirus — human metapneumovirus A1 (13 350 nt)
3{ NHpP M F Hvefsif ¥ L k5’

Figure 1-2. Comparison of RSV and HMPV genomes. From Rima et al. 2017, J. Gen.
Virol. (36).

Influenza virus

When studying the immune response and immune regulation during respiratory
virus infection, it is important to determine which elements of the immune response are
virus-specific, and which are a feature of the lung environment in general. In this thesis |
use mouse-adapted strains of influenza A virus (IAV) as a secondary model of
respiratory virus infection, to determine whether my findings regarding Tregs and PD-L1
are virus- or lung-specific.

IAV is a common cause of respiratory virus infection in all age groups. Similar to
HMPV, people who are very young, elderly, or immunocompromised tend to bear the
highest burden of severe infection that requires hospitalization during influenza season
(37). However, during pandemics of novel IAV subtypes, healthy young adults are often
hardest hit due to a lack of heterosubtypic immunity, where exposure to one subtype of

influenza can confer a small degree of resistance to infection by other subtypes (38).



IAV is a member of the Orthomyxoviridae family, which are characterized by
segmented, negative-sense, single-stranded RNA genomes (39). IAV subtypes are
defined by the antigenicity of the hemagglutinin (HA) and neuraminidase (NA) surface
glycoproteins on the viral envelope (40). Due to its segmented genome, IAV can
undergo reassortment to generate viruses with new HA and NA combinations. IAV also
undergoes antigenic drift, which contributes to the reduced efficacy and duration of
protection afforded by the yearly influenza vaccine.

T cell immunity to IAV is important, both in clearing the virus as well as in
affording some cross-protection between IAV subtypes. It is generally thought that a
universal vaccine to IAV will require one that generates a robust T cell immunity (41,
42). Because of the essential role of T cell immunity in IAV infection, immune regulation
by Tregs or inhibitory receptors may alter both the response to acute infection as well as

the memory response to future challenge, as we will see below.

Innate immune response to HMPV

The innate immune system serves as a first line of defense against microbial
infection, and programs the initiation of the adaptive immune response a few days later.
Viral infections can be severe in individuals who lack innate immune signaling (43, 44),
indicating the essential role of this system. In the laboratory setting, cells or mice
deficient in steps of innate immune signaling permit increased HMPV replication, as |
report in chapter IV of this thesis.

Pattern recognition receptors (PRRs) recognize pathogen-associated molecular

patterns (PAMPSs), essential viral or bacterial components. Binding of a PRR to its



PAMP triggers signaling cascades that lead to induction of proinflammatory cytokines
and other proteins. For example, double-stranded RNA, which is produced during
infection by RNA viruses, is recognized in the cytoplasm by the RIG-I-like receptors
RIG-I and MDAS5 (45, 46).

HMPV double-stranded RNA is sensed by RIG-I (47, 48) and MDAS5 (49) in the
cytoplasm. Additionally, some Toll-like receptors (TLRs) have roles in sensing viruses.
For example, in endosomal compartments, TLR3 senses double-stranded viral RNA,
while TLRs 7 and 8 detect single-stranded RNA; however, thus far no studies have
shown that HMPYV infection specifically activates TLR3 or 8. TLR7 detects HMPV
specifically in plasmacytoid dendritic cells (47).

RIG-I and MDAS5 activate MAVS, which activates IRF3 and NF-kb, leading to
transcription of IFNs and other proinflammatory molecules. TLR-7 signals through
MyD88 and IRF7, also inducing transcription of proinflammatory genes (reviewed in
(50)). Others have found that HMPV is recognized by a MyD88-dependent pathway in
human DCs (51); this pathway could be triggered by TLR-7 or another TLR.

A principal product of signaling via PRRs is type | and Il interferons. Type |
interferons consist primarily of o and p interferons, though other interferons, including ¢
and m, have been described (52). IFNa comes in multiple isoforms, which differ in tissue
expression and affinity for their receptor, IFNAR (52). Type lll interferon, or IFNA, also
exists in multiple subtypes that have different expression patterns and affinity for the
IFNA receptor, IFNLR (53). Type | and type Il interferons act in an autocrine and

paracrine manner to establish an antiviral state in infected and neighboring cells.



The role of type | IFN in HMPV infection was recently uncovered using a mouse
model of infection. Mice deficient in the IFNAR receptor had higher virus titer but less
inflammation compared to wild-type counterparts, indicating that IFN contributes to virus
control but has the off-target effect of increasing weight loss and airway dysfunction in
HMPV infection (54). HMPV infection also induces expression of IFNA, which restricts
virus replication and reduces inflammation (55).

The type | IFN receptor is composed of two subunits, IFNR1 and IFNR2. IFNR1
is associated with tyrosine kinase 2 (TYK2), while IFNR2 associates with the JAK1
tyrosine kinase. Binding of IFNa/f to IFNAR leads to activation of JAK1 and TYKZ,
which phosphorylate STAT1 and STAT2. pSTAT1 and pSTATZ2 form a heterodimer, and
associate with IRF9 to form the IFN-stimulated gene factor 3 (ISGF3) complex. ISGF3
translocates into the nucleus to act as a transcription factor for interferon-stimulated
response elements (ISREs), which transcribe a variety of antiviral genes (52). Hundreds
of interferon-stimulated genes (ISGs) have been identified, including antiviral mediators
such as Mx1, tetherin, and IFITM proteins, interferon regulators such as SOCS, and
even STAT-1, STAT-2, and IRF9 in a positive feedback loop (56, 57).

STAT1 also forms a homodimer upon Type Il interferon signaling through the
IFNy receptor and is involved in signaling of a variety of cytokines (58). On the other
hand, STATZ2 is uniquely used in Type | and Ill interferon signaling and thus represents
a point of convergence in the innate antiviral response. As a result, it is a natural target
of some viruses to promote infection, which will be discussed below. One goal of the

work in chapter IV of this thesis was to determine whether STAT2 is targeted by HMPV.



Innate immune inhibition by HMPV

In Chapter IV, | show HMPV antagonizes the innate immune molecules STAT1
and STAT2 in a species-specific manner. Other strategies of innate immune evasion by
HMPYV have also been uncovered. Many viruses encode proteins that interfere with
innate immunity. Viral proteins can interfere with essentially any step in the innate
immune response from virus recognition to interferon signaling. Some of these include
virus sequestration of the genome away from intracellular sensors, binding of STAT
proteins, or degradation of ISGs (reviewed in (59)).

Viruses related to HMPV in the pneumovirus and paramyxovirus families use a
variety of strategies to inhibit steps in the innate immune pathway (reviewed in (60)).
For instance, the V protein of multiple paramyxoviruses binds the RNA sensor MDAS to
inhibit detection (61) and inhibits signaling via RIG-I (62, 63). The HPIV3 M protein
induces mitochondrial degradation, preventing signaling through MAVS (64).

Interestingly, HMPV does not encode homologous proteins to those that have
well-established anti-innate immune roles in paramyxo- and pneumoviruses. HMPV is
genetically similar to RSV, yet it lacks the NS1 and NS2 proteins that are used by RSV
for interferon inhibition/inhibition of STAT1/STATZ2 (35) or the V proteins of
paramyxoviruses. However, HMPV is able to antagonize the innate immune system (65,
66) via other proteins.

Considerable work has gone into trying to identify which HMPV proteins mediate
immune inhibition. With its small genome lacking homology to known anti-IFN proteins

in other viruses, it is understandable that multiple HMPV proteins may antagonize
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different steps of innate immunity. The HMPV proteins P, G, SH, and M2-2 have been

reported to play a role in immune inhibition (Figure 1-3) (47, 51, 55, 66-71).
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Figure 1-3. Mechanisms of HMPV evasion from innate immune recognition. From
Céspedes et al. 2016, Clin. Microbiol. Rev.

SH, through an unknown mechanism, downregulates expression and
phosphorylation of STAT1 (69). HMPVASH fails to inhibit this phosphorylation in human
cells—however, this work did not study whether there is a similar inhibition in murine
cells. SH also inhibits NF-kB phosphorylation as well as the transcription of cytokines
controlled by this transcription factor (66). Interestingly, a HMPVASH strain is

significantly restricted in the lungs of experimentally challenged hamsters and mice (72,
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73). This finding in mice is notable, as in this thesis | show that HMPV inhibition of
innate immunity is host species dependent.

The HMPV phosphoprotein (P) has a putative role in RIG-I inhibition, but in an
HMPV-subtype specific manner. Investigators found that a HMPV B1 strain inhibits RIG-
I, which is dependent on P, but an A1 strain fails to achieve this inhibition (47).

HMPV M2-2 interacts with and inhibits MAVS in human airway epithelial cells.
Virus deficient in M2-2 fails to inhibit IFNB production by infected cells. The middle and
C-terminal thirds of M2-2 are required for this phenotype (71). Infection of DCs by an
HMPYV strain lacking M2-2 leads to increased production of proinflammatory cytokines
compared with WT HMPV. In these cells, M2-2 associates with MyD88, and
cotransfection of M2-2 and MyD88 leads to reduced IFN transcription (51). A
HMPVAM2-2 virus may be a vaccine candidate, as there was significantly less virus
replication despite neutralizing antibody production against the strain in a hamster
model (30).

HMPV G protein has the most evidence to implicate it in anti-host immunity.
Infection of cells with HMPVAG leads to increased IRF and NF-xB phosphorylation and
nuclear translocation as well as increased IFNa/f and proinflammatory cytokines (66).
The cytoplasmic C-terminus of G specifically interacts with the RIG-I N-terminal CARD
domain in order to inhibit RIG-I mediated signaling (66, 67). HMPV also regulates
production of IFNA through the G protein. Just as HMPVAG allows for increased IFNo/p
production, it allows for increased IFNA. In mice, HMPVAG allows for 13-fold higher

induction of IFNA in the pulmonary tissue (55).

12



Others have found that HMPV G interferes with signaling through TLR4 in DCs
(70). In an in vitro reporter cell line model, recombinant MPV F protein stimulates TLR4
(74), similar to how TLR4 recognizes the fusion protein of RSV (75).

In vivo, infection by HMPVAG leads to increased IFNa production but decreased
neutrophil recruitment, though it is unclear whether G is directly involved in recruitment
of neutrophils or if the immune response to HMPVAG is altered by the changed
inflammatory environment in response to this virus mutant (68). HMPVAG has also
been proposed as a vaccine candidate due to its restricted replication in hamsters (72).

HMPV downregulates JAK1/TYK2 levels via proteasome degradation and
reduces IFNAR cell-surface expression, though the viral protein involved is unknown
(76). HMPV can also inhibit inflammatory signaling through IL-6 by inhibition of
phosphorylation and nuclear translocation of STATS3, via blockade of phosphorylation of
JAK2 (77). It is possible that the SH protein, which decreases STAT1 phosphorylation
(69), could act by inhibiting activation of JAK/TYK kinases.

Additionally, SH and G also have putative roles in curtailing the adaptive immune
response by inhibiting virus uptake by DCs and inhibiting DC activation of CD4+ T cells
(78).

Together, it is clear that HMPV antagonizes innate immunity through a variety of
mechanisms, and more work is required to fully understand the impact of each viral
protein on different stages of innate immunity. The goal of chapter IV of this thesis was

to further elucidate the innate immune antagonism by HMPV.
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Interference of STAT signaling by viruses

Many viruses, including most, if not all, pneumo- and paramyxoviruses, inhibit
STAT1, STAT2, or both to promote viral infection (reviewed in (60, 79)). The relatively
ubiquitous nature of STAT1 being required for multiple signaling pathways likely
constrains this protein evolutionarily. STAT1 is 98% conserved between humans, the
natural host for HMPV infection, and mice, the widely used animal model of infection. In
contrast, STAT2 is much less conserved between species: there is only ~70% amino

acid similarity between humans and mice (Figure 1-4)(80, 81).
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Figure 1-4. STAT2 is less conserved than other STAT proteins. From Chowdhury
2013, JAK STAT.

Inhibition of STAT proteins occurs by many mechanisms, from STAT degradation

to inhibition of nuclear translocation. These and other strategies have been used by

pneumo-and paramyxoviruses.
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HMPYV degrades STAT1 and inhibits phosphorylation via SH protein, though my
work in this thesis contrasts with that of others who found that HMPV did not degrade
STATZ2 (65, 69). The RSV nonstructural proteins NS1 and NS2 degrade STATZ2 by
proteasomal degradation via E3 ligase (82-86). RSV NS1/NS2 also upregulate SOCS
proteins (87), which form a negative feedback on signaling through STATs by
ubiquitination and inhibition of JAK phosphorylation (reviewed in (88)). In addition to
targeting STAT2, RSV NS1/2 proteins also interfere with other steps in the type 1 IFN
response (reviewed in (79)).

Paramyxoviruses most commonly inhibit STAT1 and STATZ2 via alternative
isoforms of the viral P phosphoprotein (reviewed in (60)). Table 1-I illustrates the
ubiquitous nature yet unique mechanisms of STAT inhibition by a variety of

paramyxoviruses.

STAT2 as a host determinant of virus tropism

Because STAT2 is divergent between species, viral mechanisms to specifically
inhibit STATZ2 are often species-specific. It seems probable that virus antagonism of
STATZ2 has driven sequence divergence: viruses that preferentially infect one organism
develop strategies to combat signaling via STAT2, which push this protein to mutate in
the arms race between host and virus. Over time, viruses became so specialized for
one version of STATZ2 that they lost the capacity to antagonize this protein in other
hosts. For a number of viruses, STATZ2 contributes to host-species restriction, although
other mechanisms of innate immune evasion are also used. As a consequence, STAT2

can be a barrier for adaptation of a virus to a new species.
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Table 1-l. STAT inhibition by paramyxoviruses

Virus Protein | STAT Mechanism Reference
Target
hPIV1 c STAT1/2 Inhibit phosphorylation, form perinuclear | (89)
aggregates
hPIV2 Vv STAT1/2 | Protein destabilization and degradation (90, 91)
Degradation of STAT1 in STAT2 (90, 92,
hPIVS v STAT1/2 dependent manner 93)
Binding of STAT1 by C inhibits (94-96)
. STAT1/2 | phosphorylation;
Sendai | C STAT1 required for STAT2 inhibition
STAT1 Ubiquitination and degradation (97-100)
Hendra |V STAT1/2 | Inhibition of nuclear translocation (101)
Tripartite complex formation of (102-104)
Vv STAT1/2 | V+STAT1/2 alters subcellular distribution
Nipah and prevents nuclear translocation
Inhibition of phosphorylation and (105, 106)
P, V, W | STAT sequestering in cytoplasm or nucleus
Vv STAT1/2 Inhibition gf phosphorylation and nuclear | (107-111)
Measles translocation
N STAT1/2 | Inhibition of nuclear translocation (110, 112)
Inhibition of phosphorylation and nuclear | (113, 114)
Mumps |V STAT1/2 translocation
STAT1 Ubiquitination and degradation (115, 116)

HPIVS (formerly known as simian virus 5) replicates efficiently in human cell lines

but not in mouse cells (117). The V protein of hPIV5 allows virus replication in human

cells (118). Differences between the human and murine forms of STATZ2 are responsible

for the V protein’s reduced capacity to dampen innate immunity and allow for replication

in mouse cells (119). In a mouse model engineered to express the human version of
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STATZ2, transgenic hSTAT2 mice have significantly higher virus titer compared to
littermate controls (93).

RSV also inhibits STATZ2 in a species-specific manner. After stable transfection
of the STAT2-deficient UGA human fibroblast cell line with either hSTAT2 or mSTATZ,
RSV infection inhibits phosphorylation of hSTATZ2 but not mSTATZ2 in a dose-dependent
manner (82).

STAT2 is also a host restriction factor for flavivirus infections. The NS5 protein of
dengue virus antagonizes STAT2 (120, 121), but NS5 fails to antagonize murine STAT2
(122). Similarly, Zika virus is restricted in host species tropism by STAT2, which is
inhibited by NS5 in human cells (123). As with hPIV5, a mouse expressing human
STATZ2 is competent for Zika virus replication (124). It seems likely that the same host
species restriction exists for other viruses that antagonize STATZ2 signaling, although
these studies have yet to be reported.

In Chapter IV, | report that HMPV is restricted from antagonizing STAT1/2 in
murine cells compared to human or monkey cells, and that the murine form of STATZ2 is
a source of this restriction. No data on host species restriction or HMPV antagonism of
STATZ2 had previously been reported.

A consequence of the divergence of STAT2 proteins is that mouse models for
human viruses may not properly reflect the innate immune response of natural infection,
as virus proteins cannot antagonize mouse STAT?2 efficiently. If a virus cannot dampen
the IFN response, the degree of inflammation by flow cytometry or histology may be

greatly exaggerated compared to that in human disease. On the other hand, as we will
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see below, overabundant inflammation is a potential sequela for respiratory viruses,

even in the natural human host.

Adaptive immunity to respiratory viruses and cell-mediated immunopathology

A balance between the adaptive immune response to respiratory viruses and
immune regulation of this response is necessary to ensure virus clearance while limiting
immunopathology.

When a virus bypasses physical barriers to infect an epithelial cell in the lung,
dendritic cells phagocytose the virus, process viral proteins in the inflammasome,
upregulate surface co-stimulatory molecules, and traffic to regional lymph nodes where
antigen is presented to CD4" and CD8" T cells. Educated effector T cells expand and
travel to the lung parenchyma, where they encounter and kill infected epithelial cells.
Cytotoxic CD8" T cells (CTLs) are the principal cells involved in clearing viral infections,
including respiratory viruses, and are important for HMPV clearance (125-128). To Kkill
virus-infected cells, CTLs release proinflammatory cytokines such as IFNy, and create
pores in cell membranes via perforin to allow granzymes to induce programmed cell
death. However, once a CTL has followed a chemokine gradient toward infected lung
tissue, multiple off-target complications are possible. First, the lung is the site of
essential gas exchange, but massive immune cell infiltration into the airways increases
the interstitial space between the airway and the capillaries, interfering with this
function. Second, cytokines produced by CTLs can damage uninfected cells as well as
the virus-infected cells. Left unchecked, CTLs can cause devastating injury to the lung,

an organ that heals poorly after injury. Acute lung injury and acute respiratory distress

18



syndrome can result from pneumonia and other severe lung infections (129), leading to
permanent deficits in lung function due to emphysematous changes or irreversible
fibrosis.

Despite this potential for bystander injury, robust T cell effector function is
required for clearing pathogens from the lung, emphasized by the fact that some of the
most severe cases of lower viral respiratory infections are in immunocompromised
persons with poor T cell function (130). However, the potential for damage induced by
effector T cells must be kept in check. The immune system uses a variety of
mechanisms to ensure that effector T cells are not allowed to go unchecked. Some of
these include regulation of CTLs by CD4" regulatory T cells (Tregs) and inhibitory

receptors expressed by CD8" T cells.

CD8" T cell impairment in respiratory virus infection

CD8" T cell function is reduced after infection by multiple respiratory viruses.
After RSV infection, the frequency of IFNy-producing virus-specific CD8" T cells is
significantly reduced in the lung compared to those in the spleen (131, 132).
Additionally, pulmonary lymphocytes stimulated ex vivo fail to degranulate (133) and to
exert efficient cytolytic activity compared to splenocytes after RSV infection (131).
Pulmonary CD8" T cell impairment occurs regardless of mouse strain used (131, 134).
Reduced CD8" T cell function in primary infection also occurs during infection by hPIV5
(135), pneumonia virus of mice (PVM) (136), influenza (133, 137, 138), HMPV (138),
and intranasal vaccinia virus (137). Of note, CD8" T cell impairment occurs only in the

pulmonary compartment. Secondary challenge with RSV (131, 137), HMPV (138, 139),
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vaccinia virus (137), hPIV5 (135), PVM (136), and influenza (137, 138) also leads to
impaired CD8" T cell responses. Mechanisms of pulmonary CD8" T cell impairment
have been elucidated in recent years and include regulatory T cells and inhibitory
receptor signaling pathways, which | discuss in chapters Il and Il of this thesis (Figure

1-5).
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Figure 1-5. T cell impairment in respiratory virus infection. Suppression and
regulation of CD8" T cell function is mediated by Tregs and inhibitory receptors. Virus
infection promotes expression of PD-L1 and other inhibitory ligands on infected
epithelial cells and APCs (such as dendritic cells (DC) and alveolar macrophages (AM)),
while signaling through the TCR upregulates inhibitory receptor expression on T cells.
Tregs suppress CD8" T cells and modulate APC function. From Rogers & Williams
2018, Annu. Rev. Virol.
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CD4" Regulatory T cells

In chapter I, | investigate the role of CD4" regulatory T cells (Tregs) in
respiratory virus infection. Tregs are master regulators of the immune system. While
there are multiple cell types that are capable of suppressor function, the name Treg
refers to a subset of CD4" cells that are suppressive and require the transcription factor
FoxP3 for differentiation and maturation (140). Tregs are essential for immune
homeostasis. Individuals with nonsense mutations of the gene that encodes FoxP3
develop IPEX syndrome (immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome), which is associated with severe autoimmunity and is universally fatal
without treatment. Mice with genetic deletion or disruption of FoxP3 develop a similar

autoimmune disorder called scurfy, which leads to death within 3 weeks of birth (141).

Although Tregs require FoxP3 for development, expression of FoxP3 is not
limited to these cells. Effector CD4" and CD8" T cells in humans can transiently
upregulate FoxP3 upon activation (142). While murine Tregs are most often identified
by the expression of CD4 and FoxP3 using flow cytometry, human FoxP3" cells require
further analysis to confirm suppressor function. The difficulty of definitively identifying
human Tregs (as well as the difficulty in collecting cells from patients) has meant that
studies of human Tregs in respiratory virus infection are relatively uncommon. Most

studies of Tregs during respiratory virus infections have used mouse models.

There are two types of Tregs: thymically derived Tregs (tTreg) and peripherally
induced Tregs (called pTreg when induced in vivo, iTreg when induced in vitro) (143).
Both sets arise from the common lymphoid progenitor and mature in the thymus. tTregs

emerge directly from the thymus as a FoxP3" cell and are thought to function in
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prevention of autoimmunity (144-146). pTregs, in contrast, emerge from the thymus as
a naive CD4" cell and do not adopt the Treg phenotype until stimulated with the correct
cytokines, such as TGFp and IL-2, in the peripheral tissues (147). Generally speaking,

pTregs are thought to be more active in the context of foreign antigen or infection, such

as by HMPV or other respiratory viruses (144-146).

Reports indicate that FoxP3 expression in pTregs and iTregs may be unstable
(148). This is due to evidence that tTreg DNA is demethylated at a FoxP3 locus, the
Treg-specific demethylated region (TSDR) (149, 150). In contrast, iTregs that have
been generated in vitro do not demethylate the TSDR (149-151). Chemical DNA
methylation inhibitors promote stability of FOxP3 expression on iTregs (149). In contrast,
when TGFb is removed from the iTreg culture, or when iTregs are adoptively transferred
into wild-type mice, most, but not all, iTregs lose FoxP3 expression (148, 150, 151) and
suppressor function (151). On the other hand, while some pTregs can lose FoxP3
expression, their TSDR tends to be demethylated. Furthermore, even when pTregs lose
FoxP3 expression, upon restimulation these cells can regain FoxP3 expression and
suppressor function, indicating that the regulatory nature of the pTreg population is

more stable than that of iTregs (152, 153).

Both types of Tregs perform regulatory functions by a variety of mechanisms
(Figure 1-6). Tregs express inhibitory cytokines such as TGFp, IL-10, and IL-35, which
inhibit effector cell function and proliferation. Through abundant surface expression of
CD25, which is a component of the high-affinity IL-2 receptor, Tregs can act as an IL-2
“sink”, removing it from the environment. Since IL-2 promotes function of CD8" T cells,

competition for IL-2 by Tregs can cause CD8" T cells to lose their functional capacity
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(154). Another major Treg function is the ability to adjust dendritic cell function via
interaction of receptors such as CTLA-4, PD-1, or LAG-3 with their cognate ligands.
Tregs also produce adenosine via CD39/CD73, which interrupts effector T cell function.
Lastly, Tregs can exhibit cytolytic function to kill effector cells via perforin and granzyme
A or B (155, 156). Tregs likely use a variety of these methods in their control of

immunopathology during lung infections, and | explore some of these in chapter Il of this

thesis.
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Figure 1-6. Tregs function by a variety of mechanisms. 1) Tregs produce inhibitory
cytokines, including IL-10, IL-35, and secreted- and surface-bound (157, 158) TGFf. 2)
Tregs sequester IL-2 from the inflammatory environment via the high-affinity IL-2
receptor, CD25. 3) Tregs use CD39 and CD73 to convert ATP/ADP into adenosine,
which suppresses effector T cells. 4) Tregs modulate APC function via interactions
between inhibitory receptors and ligands, including PD-1/PD-L1 and CTLA-
4/CD80&CD86. PD-1 Signaling on Tregs promotes expression of FoxP3 (159). 5) Tregs
produce perforins and granzyme to directly kill effector T cells. From Rogers & Williams
2018, Annu. Rev. Virol.
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Treq Mouse Models

To study the requirements for Tregs in virus infection models, multiple methods
have been used to deplete these cells in mice. When they were first described, Tregs
were defined by the abundant expression of CD25 (160); therefore, antibodies (Ab)
against CD25 were used for depletion. In mice, the PC61 Ab can reduce Treg
percentages by ~50%, and those Tregs that remain are less functional due to blockade
of CD25 (161, 162). However, anti-CD25 Ab treatment can be nonspecific, since
effector T cells express the same receptor upon activation (163). Additionally, in the
lung many Tregs express FoxP3 but do not express CD25 (164, 165), though in our
own studies we found that a minority of pulmonary CD4" cells express FoxP3 without
CD25 (unpublished data). These differences may be due to differing genetic

backgrounds or microbiota between mouse colonies at different institutions.

Once FoxP3 was identified as a master regulator of Tregs (166), two mouse
models were developed for specific depletion of FoxP3" cells. Since complete genetic
absence of FoxP3 causes fatal autoimmunity, complete knockouts are impractical.
Instead, two groups independently developed mice that express the human diphtheria
toxin (DT) receptor under the control of the FoxP3 promoter (167, 168). These mice,
called FoxP3°™® (167) or DEREG (168), have become the gold standard for studies
involving complete depletion of Tregs in mature mice, but only became widely available
in the past several years. Therefore, the Treg respiratory virus literature contains reports
using both anti-CD25 Ab and DT-mediated depletion, with important differences in

observations and conclusions depending on the method used.
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In my thesis work | primarily use FoxP3°™R

mice, though | also validate findings
using anti-CD25 Ab. One important limitation of both DT-mediated Treg depletion
models is that DT may have off-target effects, even though mice do not express DTR.
For example, cells that nonspecifically take up antigen from the environment, such as
DCs and macrophages, could also take up DT, leading to killing of these cells.
Furthermore, since FoxP3 expression can be unstable on Tregs (148, 152, 153) or can
be expressed on activated effector cells (169), it is possible that DT treatment can
deplete non-Tregs or can fail to capture some Tregs. In one study using DEREG mice,
authors found that after DT treatment, a population of Tregs emerged that did not
express DTR, whereas in a setting of systemic inflammation, DT treatment of WT mice
could be fatal (170). In this thesis work | attempted to control for some of these
limitations. | measured FoxP3 expression on CD8" T cells and could not detect FoxP3
on these cells. | also injected WT mice with DT to control for nonspecific DT activity, and
found no difference in CD8" T cell function between DT-treated WT mice and PBS-

DTR
3

treated FoxP mice after HMPV infection. However, it is possible that other assays

would reveal detrimental effects of DT treatment in WT mice or that DT may deplete

DTR
3

cells other than Tregs or may fail to deplete some Tregs in FoxP mice.

Tregs in respiratory virus infection

Until my thesis work, no reports existed on the role of Tregs in HMPV infection.
However, there were studies of Tregs in RSV and influenza infections. As will be seen
below, discrepancies exist depending on the study and the virus, which makes it critical

to understand whether Tregs are beneficial or detrimental in HMPV infection.
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Additionally, it is important to determine which findings are virus-specific, and which can

be generalized to other respiratory virus infections.

Little is known about how Treg populations change after natural RSV infection in
humans. Infants who are severely infected with RSV and require hospitalization have
decreased circulating Tregs compared to uninfected controls (171). However, whether
this decrease is due to recruitment of Tregs to the infected lungs, or due to depression

in Treg numbers, cannot be determined without invasive techniques.

Mouse models provide a tractable method of studying RSV infection and the
Treg response to RSV. After inoculation of mice with RSV, Treg populations (defined in
these studies as either CD4" CD25" cells or CD4" FoxP3™ cells) expand in the lung,
mediastinal lymph nodes, and BAL fluid, while the splenic population of Tregs remains
largely unchanged (165, 172, 173). This expansion in the lung is in part due to
proliferation of Tregs already in the tissue rather than solely from recruitment from the
blood. Furthermore, these cells express common T cell activation markers (165). Tregs
are a major source of IL-10, a well-established anti-inflammatory cytokine (174). IL-10
receptor blockade or knockout worsens RSV disease severity, although without a
difference in viral titers, suggesting that Treg-secreted IL-10 suppresses CD8" T cell
effector function during RSV infection (175, 176). Pulmonary Tregs also express
granzyme B (GzmB) after RSV infection (177). Mice with GzmB-deficient Tregs exhibit

increased weight loss, inflammatory lung infiltrate, and increased effector T cells after
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RSV infection, suggesting that another mechanism of Treg function during RSV

infection is perforin/granzyme-mediated cytolytic killing of effector CD8" T cells (177).

Tregs, like other CD4" T cells, have T cell receptors (TCRs) that recognize a
specific peptide presented in the context of an MHC-II molecule. A significant proportion
of FoxP3" CD4" T cells in RSV-infected mice recognize an epitope in the viral M protein
(178). Immunization of mice with this same peptide leads to reduced clinical illness and
immunopathology without a defect in virus clearance, suggesting that induction of

epitope-specific Tregs suppresses immunopathology (179).

Depletion of Tregs during RSV infection using the anti-CD25 Ab method leads to
peak virus titers that are similar in depleted and control animals; however, virus
clearance is paradoxically delayed in treated animals even though CD8" T cells are
highly functional in the absence of Tregs (165, 173). In other mouse infection models,
such as with herpes simplex virus (HSV), anti-CD25 Ab treatment accelerates virus
clearance (180), indicating that the effects of Treg depletion on virus infection may be
organ-specific. Treg-depleted mice have fewer RSV-specific CD8" T cells in the lung at
day 6, despite a larger number of total CD8" T cells in the tissue, which may account for
this discordant result. Moreover, Treg depletion is correlated with an increase in the
number of virus-specific cells in the mediastinal lymph nodes, which suggests that mice
depleted of Tregs fail to recruit RSV-specific CD8" T cells from the lymph nodes to the
site of infection in a timely manner, causing a delay in virus clearance (165, 173).
Furthermore, the peak of the virus-specific CD8" T cell response in Treg-depleted mice
is delayed by at least 3 days (173). Thus, while Tregs suppress CD8" T cell effector

function, Tregs also may be required to initiate the CD8" T cell response.
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RSV infection is cleared by day 8 regardless of whether Tregs are present or not
(173); thus, one possible role for Tregs in lung infection is ramping down the effector
CD8" T cell response once the virus is no longer present to prevent immunopathology.
In support of this idea, Treg depletion during RSV infection is associated with increased
weight loss and a prolonged reduction in airway function as well as increased

inflammation (165, 172, 173).

After anti-CD25 Ab treatment, the ratio of the immunodominant to secondary
dominant CD8" T cell epitopes is skewed in favor of the immunodominant epitope. This
finding suggests that Tregs serve to balance immunodominance, which may also assist
in efficient virus clearance (173). Decreasing immunodominance may be a beneficial
adaptation in the evolutionary battle between host and pathogen. If a virus can escape
by mutating one epitope (such as the case with HIV), then such a change might put
selective pressure on the immune system to be able to mount responses against

multiple epitopes in the same pathogen.

In contrast to the delay in viral clearance seen with anti-CD25 Ab treatment,
when mice are depleted of Tregs before RSV infection using DT injection of DEREG
mice, peak virus titer is reduced and virus clearance is accelerated (177). However,
when using the FoxP3P™ mouse, Treg depletion has no effect on viral titers (181). The
discordant results using different methods to answer the same question are somewhat
unsatisfying. However, one likely explanation for the variation in virus clearance is that
anti-CD25 Ab treatment does not eliminate Tregs completely and also may deplete
CD25" effector cells. Intriguingly, perhaps there could be different roles for CD25" and

CD25 Tregs in RSV and other lung infections. Importantly, immunopathology is
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increased when Tregs are reduced, regardless of the Treg depletion method,

emphasizing the critical regulatory role of these cells.

A gain-of-function approach to enhance Treg number and activity via IL-2/anti-IL-
2 antibody immune complexes leads to lessened weight loss and immune cell infiltrate
without an effect on viral clearance (177), again demonstrating a role for Tregs in
controlling inflammation and suggesting a potential treatment to reduce disease

severity.

RSV, Tregs, and Asthma

Much of the literature analyzing the role of Tregs in RSV infection focuses on the
fact that RSV infection in infancy can predispose to the development of asthma later in
life (182). HMPV can also predispose to asthma (18), though the link between RSV and
asthma is much more concrete. Asthma is characterized by mucus production, airway
hypersensitivity, and airway remodeling mediated by Tn2 cells, type 2 innate lymphoid
cells (ILC2s), eosinophils, and other sources of type 2 inflammation (183). Repeated
infection of young mice with RSV leads to increased sensitivity to allergens and a
skewing towards type 2 immunity, characterized by expression of IL-5 and IL-13,
increased mucus production, and airway hyperresponsiveness (184). Treg depletion
during RSV infection is associated with increased Ty2-associated molecules in BAL
fluid (181), as well as an influx of eosinophils (177, 181). Additionally, late in infection of
Treg-depleted mice, the majority of CD4" T cells in the BAL fluid express the type 2

transcription factor GATA-3, a hallmark of Tn2 cells, while very few express the type 1
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transcription factor T-bet that drives Tu1 differentiation (181). These studies indicate

that Tregs serve to suppress Th2 cells and type 2 cytokines in RSV infection.

RSV reinfection skews the CD4" T cell response towards Ty2 and Ty17 cells and
away from Tregs (185). Recurrent RSV infection is associated with Tregs that express
IL-13 and GATA-3 and have reduced capacity to suppress proliferation of naive effector
cells (184). Even after secondary RSV infection, virus-specific Tregs do not expand as
robustly as in primary infection (186). These results indicate that under repeated RSV
challenge, Tregs lose their regulatory nature and instead acquire features of effector
cells. Incubation of Tregs with the type 2 cytokines IL-4 and IL-13 promote GATA-3
expression by Tregs, suggesting that RSV infection leads to a self-perpetuating cycle of
type 2 cytokines inducing type-2-like Tregs, which themselves can produce type 2
cytokines (184). Additionally, Tregs are known to constrain Ty2 cells over Ty1 cells
(187-191); therefore, ineffective Treg function could result in a further pathogenic Ty2
loop. If Tregs are permanently altered to a type-2 phenotype in patients infected with
RSV, and perhaps with other respiratory viruses that predispose towards asthma, this
skewing could explain, at least in part, the predisposition towards allergic asthma. In
chapter Il of this thesis | explore the role of Tregs in controlling type 2 immunity in both
HMPV and influenza infection, and propose that in respiratory virus infections in
general, strong Treg activity is important for dampening down type 2 immunity and

potentially reducing the risk of type 2 mediated consequences, including asthma.
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Influenza A virus (IAV) and Tregs

While influenza and RSV are both respiratory virus infections, the immune
response to each of these differs, and as seen below, the role of Tregs in each virus
may be fundamentally different, or may simply reflect differences in mouse models and

study protocols.

Similar to RSV, the Treg population expands in the lung in response to IAV
infection in mice, with a peak in total Treg number at day 7-8 in the lung. In contrast, the
Treg percentage in the spleen and mediastinal lymph nodes decreases during IAV
infection, while the absolute number increases (192, 193). The Treg peak precedes the
peak of the effector CD8" T cell response on day 11 (192). IAV-induced Tregs express
activation markers, are capable of suppressing effector T cell proliferation, and
proliferate after incubation with IAV antigen in an MHC class |I-dependent manner,
indicating that at least a portion of the Tregs recognize |IAV-specific epitopes (192).
IAV-specific Tregs express the type 1 transcription factor T-bet and produce IL-10 in
response to influenza virus infection, which decreases IFNy production from virus-

specific CD8" effector T cells (193).

Anti-CD25 Ab treatment increases the number of IFNy-producing IAV-specific
CD8" T cells in the spleen and peritoneum (194) and the number of CD4" and CD8" T
cells in the lung (193). Treg depletion using FoxP3°™® mice enhances the number of
IAV-specific CD8" T cells in mediastinal lymph nodes, while decreasing the proportion
of these cells (195), similar to that observed with RSV (165, 173). Furthermore, Treg
depletion markedly skews the distribution of epitope-specific CD8" T cells towards

immunodominant epitopes (194). While immunodominance is important in successful
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antiviral CD8" T cell responses, these high-affinity CD8" T cells might also have more
off-target effects and contribute to more immunopathology. Therefore, the presence of
Tregs during natural infection may direct the immune response towards less dominant
epitopes to preserve tissue (194). Although anti-CD25 treatment altered the CD8" and
CD4" T cell immune response to IAV in one study, it did not affect the CD8" or CD4" T
cell compartments, alter disease severity, or change peak virus titer in other work (196).
These conflicting findings may result from different dosage and frequency of anti-CD25
Ab treatment for Treg depletion, as there is no recognized standard dosage for this

antibody.

Several lines of evidence show that Tregs are important for lung recovery by
other mechanisms after IAV clearance. Depletion of Tregs using DEREG mice during
resolution of infection leads to delayed weight loss recovery without a change in virus
clearance. Additionally, in WT mice infected with AV, the number of Tregs in the lung
correlates with the recovery of body weight (197). Furthermore, mice with a selective
Treg deficiency in amphiregulin, an epidermal growth factor receptor ligand, have
increased weight loss and lung damage upon IAV infection, despite no difference in viral
loads (198). This is distinct from a suppressive function of Tregs on effector cells, as the
frequency of epitope-specific CD8" or CD4" T cells and the cytokine production by
effector cells is unchanged in mice with Tregs that are sufficient or deficient in
amphiregulin (198). Thus, the arms of effector immune suppression and tissue healing

appear to be independent in Tregs after IAV infection.

Pharmacologic enhancement of Treg function can reduce IAV-related

immunopathology. Treg-mediated resolution of IAV infection in mice is improved by
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administration of a DNA methyltransferase inhibitor, which increases suppressive
activity and proliferation of Tregs (199). Depletion of Tregs using FoxP3°™® mice prior to
drug treatment fails to accelerate lung repair, indicating that the DNA methyltransferase
inhibitor specifically alters Tregs to promote resolution of lung injury (199). Treatment of
IAV-infected animals with an ICOS agonist delays viral clearance but reduces
immunopathology, which is associated with expansion of Tregs and increased IL-10

production (200).

Treg-mediated suppression may contribute to susceptibility to re-infection. After
recovery from primary IAV or bacterial pneumonia or during secondary pneumonia, the
proportion and number of pulmonary Tregs is higher than in uninfected mice or during
primary infection (201). Treg depletion during recovery from |IAV pneumonia does not
change clearance of the primary pneumonia, but upon secondary bacterial pneumonia,
challenged mice mount a greater CD4" T cell response and clear bacteria more

effectively (201).

CD8" T cell exhaustion and inhibitory receptors

CD8" T cell impairment in acute respiratory virus infection is similar to the antigen
unresponsiveness (CD8" T cell exhaustion) that occurs during chronic viral infections
such as lymphocytic choriomeningitis virus (LCMV), hepatitis C virus (HCV), and human
immunodeficiency virus (HIV), and cancer (reviewed in (202-204)). In these infections,
constant antigenic stimulation of CD8" T cells leads to a loss of effector functions in a
progressive and hierarchical manner, with IL-2 production lost first, followed by TNFa,

and finally IFNy late in infection (205). Inhibitory receptors, such as PD-1, Tim-3, LAG-3,
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and others are key mediators of T cell exhaustion in chronic infections and cancer (202-
204). Therapies directed against these inhibitory molecules (“checkpoint inhibitors”)
have shown tremendous promise in cancer immunotherapy (reviewed in (206)). As
discussed below, these receptors also contribute to CD8" T cell impairment in acute

respiratory virus infection.

Characteristics of inhibitory receptors

Programmed cell death-1 (PD-1) has been the most widely investigated inhibitory
receptor in respiratory infections. Binding of PD-1 by either of its ligands, PD-L1 (207) or
PD-L2 (208), leads to inhibition of signaling through the T cell receptor (202-204).
Specifically, signaling through PD-1 leads to recruitment of the tyrosine phosphatases
SHP-1 and SHP-2 (209), which dephosphorylate Zap-70, CD3C (210), and CD28 (211).
Ultimately this signaling has the downstream effect of inhibiting PI3K/Akt and Ras
pathways (212) and leads to broad effects in the cell, including downmodulation of T-bet
and Eomes, two signatures of effector CD8" T cells (213), inhibition of cell cycle
progression (212), and metabolic changes (214). Signaling through the TCR
upregulates expression of PD-1, while interferons and other cytokines stimulate
expression of PD-L1 and PD-L2 (215). The net effect of these signaling pathways is to
inhibit key effector CD8" T cells functions including cytokine secretion and

degranulation.

Blockade of PD-1/PD-L1 signaling by Abs in chronic LCMV infection rescues
exhausted CD8" T cells, allowing them to exert cytotoxic function, produce cytokines,

and decrease viral burden in mice (216). Abs directed at PD-1 or PD-L1 are FDA-
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approved for cancers such as melanoma, non-small lung cancer, and colon cancer, and
are being investigated for treatment of many others (217). Studies of circulating CD8" T
cells in patients with HIV, hepatitis C, and hepatitis B have also shown PD-1-mediated
exhaustion of T cells (218-222), and clinical trials of PD-1 blockade in hepatitis C and
HIV have been conducted. Other inhibitory receptors, including CTLA-4, LAG-3, Tim-3,
TIGIT, and 2B4, also mediate exhaustion in chronic infection and cancer (223, 224),

and some mediate T cell impairment in respiratory virus infection.

Initial studies of T cell exhaustion in chronic infection led to the paradigm that
persistent antigen stimulation due to chronic infection led to PD-1-mediated T cell
exhaustion, while T cells in acute infections expressed PD-1 as an activation marker.
Mice infected with the acute LCMV Armstrong strain transiently express PD-1 on
epitope-specific T cells; however, this expression declines by day 8 post-infection and
PD-L1 blockade during acute LCMV infection has no effect on virus-specific CD8" T cell
function (216). Moreover, mice acutely infected with Friend retrovirus upregulate PD-1
on virus-specific cells, yet these cells are functional (225). However, some acute
infections are improved by inhibition of PD-1/PD-L1 signaling. For example, rabies
infection in PD-L17 mice is less severe, with lower viral loads and increased numbers of
CD8" T cells migrating to the CNS (226). Blockade of PD-L1 in mice infected with
neurotropic coronavirus leads to significantly more functional virus-specific CD8" T cells
in the CNS (227). However, while infected mice deficient in PD-L1 have lower viral
loads, they also have more morbidity, reflecting the importance of PD-1-mediated
immune regulation in this sensitive tissue (227). There is a similar need to preserve

tissue integrity and function between the CNS and lung, considering that disruptions in
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either of these organs bode poorly for survival.

PD-1-mediated T cell impairment in acute respiratory virus infection

The role of PD-1 in mediating pulmonary CD8" T cell impairment was recently
discovered using HMPV and IAV infections as models for respiratory virus infection
(138, 228). Mice infected with respiratory viruses develop progressive dysfunction of
cytokine secretion and degranulation in lung but not splenic CD8" T cells. Both lung and
spleen virus-specific CD8" T cells from infected mice upregulate PD-1; PD-1 expression
is transient on splenic cells but prolonged on lung CD8" T cells and correlates with their
decrease in functionality (138). Ab blockade of PD-L1 or genetic ablation of PD-1 leads
to significantly more functional epitope-specific CD8" T cells. CD8" T cell function is also
improved in the absence of PD-1/PD-L1 signaling in secondary challenge with HMPV
and influenza (138, 139, 228). While PD-L1 blockade is associated with decreased viral
load in primary (138) and secondary (139, 228) infection, airway dysfunction is elevated
in the absence of PD-1/PD-L1 signaling (138), illustrating the immunoprotective role of

CD8" T cell regulation.

Lung CD8" T cell impairment differs in some ways from CD8" T cell exhaustion
during chronic infection and appears to occur more rapidly. Impaired pulmonary HMPV-
specific CD8" T cells on day 7 have a gene expression profile that resembles the
signature of exhausted CD8" T cells on day 30 during chronic LCMV infection (229).
Moreover, CD8" T cell impairment proceeds even if HMPV infection is abolished by

neutralizing Ab during the first 24 hours post-infection (unpublished data).

36



PD-1-mediated CD8" T cell impairment may vary with disease severity.
Comparison of moderate and severe influenza infection shows significantly reduced
virus-specific CD8" T cell function in severely ill mice (230). Additionally, PD-1, PD-L1,
and PD-L2 expression is higher on influenza-specific CD8" T cells in severe infection
compared to moderate infection. Ab blockade of PD-L1 restores virus-specific CD8" T
cell function in severely ill mice, but does not have an effect on mice with moderate
infection. PD-L1 blockade correlates with a reduction in viral titers for the severely ill
mice, but without a change in weight loss or survival (230). Blockade of PD-L1 in mice
infected with RSV leads to enhanced function of bulk CD8" T cells. The treatment also

increases weight loss and lung inflammation but does not affect viral titers (231).

A number of studies have explored the role of PD-1/PD-L1 signaling in
respiratory viral infection of humans. RSV infection leads to upregulation of PD-L1 on
human lung epithelial cells (232, 233). In in vitro co-culture of RSV-infected primary
bronchial epithelial cells with CD8" T cells, PD-L1 blockade increases cytokine
production and cytolytic activity by CD8" T cells, and ultimately reduces viral loads in
the infected cells (233). Human rhinovirus-infected DCs upregulate PD-L1, leading to
impairment of co-cultured CD8" T cells; Ab blockade of PD-L1 partially reverses the
CD8" T cell impairment and allows proliferation (234). Rhinovirus infection of primary
bronchial and nasal epithelial cells leads to induction of both PD-L1 and PD-L2
expression, and nasal epithelial cells from rhinovirus-infected patients show
upregulation of PD-L1 and PD-L2 mRNA (235). Human PBMCs stimulated in vitro with
pandemic H1N1 influenza demonstrate induction of PD-L1 on DCs and both PD-L1 and

PD-1 on T cells; blockade of PD-L1 in these cultures decreases CD8" T cell apoptosis
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and increases cytokine production (236). Patients infected with pandemic influenza

virus also have increased PD-L1 expression on DCs and T cells compared to healthy
controls (236). Our group has found that both PD-1 and PD-L1 are upregulated in the
lungs of autopsy specimens from patients with fatal RSV, influenza, or PI1V-3 infection,

with PD-L1 expression on both epithelial and hematopoietic cells (138).

One unanswered question that | explore in chapter Il of this thesis is which cells
are required for expression of PD-L1 to engage PD-1 and mediate CD8" T cell
impairment. Many different types of cells are capable of expressing PD-L1 (215), and in
respiratory virus infection, expression of PD-L1 on epithelial cells and dendritic cells has
been observed (231-235, 237). PD-L1 expression on inflammatory DCs is increased
after RSV infection compared to expression on other cell types (231). Anti-PD-L1
treatment of ex vivo co-cultures of CD8" T cells with either epithelial cells or DCs from
RSV-infected mice leads to significant restoration of T cell function only in the DC co-
cultures, whereas anti-PD-L1 treatment of epithelial/CD8" T cell co-cultures show no
difference (231). Collectively, these results suggest that DCs provide the PD-L1 signal
to bind PD-1 in T cell impairment; however, conditional cell-specific knockouts of PD-L1

are necessary to prove that DCs provide this signal in vivo.

The contribution of PD-1-mediated CD8" T cell impairment in vaccine responses
is unclear. One murine influenza vaccine model showed that limited CD8" T cell function
was associated with high levels of PD-1 expression induced by alum (238). In contrast,
PD-1 modulation enhances CD8" T cell memory responses in mouse models of HPV,
HIV, and cancer vaccination (239-241). VLP-based vaccination of mice against HMPV

initially leads to CD8" T cells that are more functional and express lower levels of PD-1
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and other inhibitory receptors. However, HMPV challenge of these mice still leads to
CD8" T cell impairment and inhibitory receptor expression similar to mice that had been
previously infected with HMPV and then challenged (128), indicating that devising
methods to sustain virus-specific T cell function might be necessary in vaccine

development for respiratory viruses.

Other inhibitory receptors may contribute to CD8" T cell impairment. In both
primary and secondary HMPV infection, virus-specific lung CD8" T cells upregulate
expression of Tim-3, LAG-3, and 2B4 in addition to PD-1 (139, 229, 237). Though PD-1
mediates early CD8" T cell impairment, CD8" T cell impairment still occurs at later time
points in the absence of PD-1 (237). In vitro blockade of Tim-3, LAG-3, and 2B4, either
alone or in combination with PD-L1 blockade, restores IFNy production by virus-specific
CD8" T cells. However, in vivo blockade of Tim-3 does not change CD8" T cell function
or viral titers. Blockade of LAG-3 in either the presence or absence of PD-1 enhances
CD8'T cell function, but does not reduce viral titer (237). Thus, the role of other
inhibitory receptors in regulating antiviral immunity vs. immunopathology in respiratory

viral infection is complex and requires further exploration.

Project Goals and Hypotheses

In this thesis, | address a number of knowledge gaps regarding the field’s current
understanding of HMPV infection and respiratory virus infections in general. The first
aim of my thesis was to elucidate the role of Tregs in HMPV infection, as this was
completely unknown before my work. Considering that there was no consensus of the

role of Tregs in other respiratory virus infections, | thought it was essential to address
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whether these cells were beneficial or detrimental to HMPV infection. | hypothesized
that Tregs were detrimental to HMPV infection. As will be seen in chapter Il, this is true
later in infection; however, | discovered that these cells are necessary for immune

priming to HMPV and influenza.

My second aim was to address the contribution of PD-L1 on different cell types in
respiratory virus infection, as there was no clear consensus of whether these cells were
required on infected epithelial cells, DCs, another cell type, or some combination in
respiratory virus infection. | initially hypothesized that antigen presenting cells would
provide the essential PD-L1 signal. Though | was unable to either prove or disprove this
hypothesis, in chapter Il | report that deficiency of PD-L1 on hematopoietic cells
appears to drive increased inhibitory receptor expression on CD8" T cells, pointing to a

potential feedback mechanism of PD-L1 controlling inhibitory receptor levels.

My final aim was to understand mechanisms of species restriction of HMPV
infection. While there were previously data regarding inhibition of STAT1 by HMPV,
there were no reports that HMPV antagonizes STAT2. Due to my initial preliminary data
that showed that HMPV titers were significantly higher in STAT2" mice compared to
WT, | hypothesized that HMPV inhibits STATZ2. | further hypothesized that this inhibition
was species-specific. In chapter IV | confirm both hypotheses: HMPV inhibits primate,
but not murine, STAT2. | also report for the first time mouse-to-mouse passage of
HMPV, which indicates that murine adaptation of the virus may be achieved via this

method.
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CHAPTERII

CD4" regulatory T cells exert differential functions during early and late stages of

the immune response to respiratory viruses’

Introduction

Acute respiratory infection by HMPV, influenza, and other viruses leads to CD8"
T cell functional impairment (131, 133, 137, 138). Optimal immune responses to viral
infections require a careful balance of effector responses to clear infection and
regulatory mechanisms to prevent immunopathology (242-245).

CD4" regulatory T cells (Tregs) are a principal mediator of immune regulation
and have been implicated in a variety of diseases, including autoimmunity, cancer, and
infectious disease (246, 247). Studies of respiratory virus infections have yielded
conflicting data about the role of Tregs in these different models. In this study, we
sought to understand the role of Tregs in HMPV infection. We further sought to
differentiate the roles of Tregs at different time points of respiratory virus infection. Other
groups have found that Tregs are important for priming the adaptive immune response
(165, 248, 249), but have not investigated whether these cells are beneficial or

detrimental later in infection.

* This chapter contains excerpts from the manuscript published in The Journal of
Immunology. Rogers MC, Lamens KD, Shafagati N, Johnson M, Oury TD, Joyce S,
Williams JV. 2018. CD4" Regulatory T cells exert differential functions during early and
late stages of the immune response to respiratory viruses. J. Immunol. vol. 201, pp.
1253-1266. Copyright 2018 The American Association of Immunologists, Inc.



We found that Tregs are increased and become activated in the murine lung in
response to HMPV and that Treg depletion leads to significantly more functional anti-
viral CD8" T cell responses and reduced HMPV peak virus titer. Treg depletion
immediately before inoculation with either HMPV or influenza reduces the frequency of
virus-specific CD8" T cells in the lung and delayed virus clearance. In contrast,
depletion after inoculation enhances CD8" T cell function with no defect in CD8" T cell
frequency and also accelerates clearance of influenza. In the absence of Tregs during
the priming stage of infection, dendritic cells and CD8" T cells fail to migrate efficiently.
The absence of Tregs before inoculation leads to type 2 immune skewing characterized
by increased type 2 innate lymphoid cells (ILC2s) and IL-4* CD4" cells, which was not
seen when Treg depletion was delayed to 2 days post-inoculation. Furthermore, Treg
depletion skews the Ty1:Tn2 cell ratio as well as the ILC1:ILC2 ratio in favor of type 2,
indicating that Tregs are strong suppressors of both innate and adaptive type 2

immunity.

Results

Tregs are increased and activated in response to HMPV

To determine the Treg response to HMPV infection, we inoculated WT mice with
HMPV and measured the frequency of Tregs in the lung, bronchoalveolar lavage (BAL)
fluid, and spleen at day 6 post-inoculation. Compared to mock-infected mice, Tregs
were significantly increased in the lungs and BAL fluid (Figure 2-1A). We next
measured the absolute number of FoxP3" CD4" T cells in the lung and spleen

throughout the course of infection. Treg numbers peaked in the lung at day 4 of
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infection, while splenic Tregs did not change significantly in number during infection
(Figure 2-1B). To assess the activation state of these cells, we measured expression of
the inhibitory receptor PD-1 on the cell surface of pulmonary Tregs. PD-1 is involved in
activation, maintenance, and function of Tregs (250). PD-1 was significantly upregulated
on Tregs over the course of infection, suggesting that they were becoming activated
(Figure 2-1C). In contrast, PD-1 expression on splenic Tregs did not change during
infection (data not shown). To further characterize the Treg phenotype, Tregs were
stained for surface expression of LAG-3, TGF@, GITR, and neuropilin-1, and
intracellular expression of Helios, at day 6 of infection. The median fluorescence
intensity of activation markers was higher on Tregs in infected mice compared to mock-
infected mice, and Tregs from HMPV-infected animals expressed lower levels of Helios
and neuropilin-1, two suggested markers of thymic Tregs (251-253) (Figure 2-1D-E).
These results indicate that Tregs respond to HMPV infection by becoming activated and

increasing in number and frequency.
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Figure 2-1. Tregs become increased and activated in the lungs of HMPV-infected mice
C57BL/6J mice were intranasally inoculated with HMPV and the percentage (A) of CD4" CD25"
FoxP3" Tregs was quantified in various organs at day 6 of infection compared to naive mice. (B)
The absolute number of pulmonary and splenic FoxP3" cells was quantified for the duration of
HMPV infection. (C) The expression of PD-1 on Tregs was measured throughout infection. The
expression of Treg activation markers (D) and thymic Treg markers (E) was measured in mock
and infected mice at day 6 and median fluorescence intensity (MedFI) was calculated. Shaded
gray represents isotype control (GITR, TGF, Helios, Neuropilin-1), or FMO (fluorescence
minus one) control (Lag-3) when isotype staining was brighter than sample staining, dashed line
represents mock infection, and solid line represents HMPV-inoculated. *p<0.05, **p<0.01,
Student’s t test; #p<0.01, One-way ANOVA with Tukey’s post-hoc test. ** indicates significant
compared to day 0, p<0.01, one-way ANOVA with Tukey’s post-hoc test. N=3-6 mice/group,
combined 2 repeat experiments (A-C) or representative of 2-3 experiments (D-E).

Treq depletion leads to enhanced anti-HMPV responses during infection

We next tested whether Tregs inhibit the HMPV-specific CD8" T cell response
during infection. For these experiments, we used FoxP3°™® mice, which express the

human diphtheria toxin (DT) receptor downstream of the FoxP3 promoter, so that Tregs
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are specifically eliminated by injection of DT (167). In our study, DT injection reduced
Treg numbers by >95% in the lung (data not shown). FoxP3°™® mice were depleted of
Tregs before and throughout HMPV infection, and the virus-specific CD8" T cell
response was measured by flow cytometry. At days 7 and10 of infection, the
percentage of pulmonary CD8" T cells that recognized the immunodominant HMPV
F528 epitope (138), as well as a secondary dominant epitope, N11 (138), was
significantly reduced in Treg-depleted mice (Figure 2-2A,E and data not shown).
However, this reduced frequency was primarily due to an increase in the total number of
CD8" T cells in DT-treated mice, as the absolute number of epitope-specific cells did not
significantly differ between DT-treated and control mice at day 7 (Figure 2-2B) or day
10 (Figure 2-2F). Similarly, at day 7 the percentage of HMPV-specific IFNy-producing
CD8" T cells was lower in Treg-depleted mice (Figure 2-2A), with an IFNy mean
fluorescence intensity (MFI) similar to controls (Figure 2-2D). At day 10, however, Treg-
depleted mice had significantly increased numbers of IFNy” cells (Figure 2-2F) with
greater IFNy production per cell (Figure 2-2H). To quantify the frequency of functional
cells, the percentage of IFNy" cells was divided by the percentage of tetramer” cells in
each mouse. Treg-depleted mice had significantly more functional CD8" T cells at both
days 7 and 10 of infection (Figure 2-2C,G). This increase in functionality per cell was
also seen for a secondary dominant epitope, N11 (data not shown). To ensure that DT
treatment had no off-target effects (170), WT mice were injected with DT on the same
days, and the CD8" T cell response was quantified. No difference was seen in CD8" T
cell functionality in DT-treated WT mice compared to PBS-treated FoxP3°™® mice (data

not shown). These data indicate that the absence of Tregs allows CD8" T cells to
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become more functional in response to infection, even though the relative frequency of

epitope-specific CD8" T cells is reduced relative to bulk CD8" T cells infiltrating the lung.
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Figure 2-2. Treg depletion leads to an enhanced HMPV-specific CD8" T cell response.
FoxP3°™® mice were depleted of Tregs by injection of DT or injected with PBS before and during
infection with HMPV. The percentage (A,E), absolute number (B,F), and functionality (C,G) of
the pulmonary CD8" T cell response was analyzed by flow cytometry at day 7 and day 10. Mean
fluorescence intensity (MFI) of the IFNy signal was quantified at days 7 (D) and 10 (H).
Functionality was calculated by dividing %IFNy*/tet’. *p<0.05, **p<0.01, Student’s t test. N=4-5
mice per group, combined 2 repeated experiments (A-C, E-G) or representative of 2 repeated
experiments (D, H).
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Tregs inhibit immune control of HMPYV replication while decreasing inflammation

Since Treg depletion led to enhanced CD8" T cell function, we next tested the

3PTR mice as above,

biological effect on HMPV infection. We depleted Tregs in FoxP
inoculated them with HMPV, and at various times post-inoculation homogenized and
quantified lung virus titer by plaque assay. At day 5 of infection, which is the peak of
HMPYV replication in B6 mice (138), HMPV titers were significantly lower in DT-treated
mice compared to PBS-treated controls (Figure 2-3A). The kinetics of virus clearance
on days 7 and 9 were not altered in the absence of Tregs. Lung sections were stained
with H&E and scored histologically at days 7 and 10 (Figure 2-3B-D) to determine
whether reduced viral titers came at the cost of increased immunopathology. While DT-
and PBS-treated mice had similar lung histology at day 7, DT-treated mice exhibited
greater perivascular lymphohistiocytic inflammation than PBS controls at day 10 post-
inoculation. Additionally, Treg-depleted mice had a greater number of lung fields that
scored 3 or higher (greater than 50% inflammation) compared to PBS controls.
However, Treg-depleted, infected mice scored similarly to Treg-depleted, mock-infected
mice, which suggests that increased inflammation was due primarily to the absence of
Tregs rather than to damage mediated by the virus itself. Taken together, these data

suggest that Tregs inhibit immune control of peak HMPV virus replication but restrain

immune-mediated pathology.
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Figure 2-3. Treg depletion reduces virus titers but increases histopathology. FoxP3°™®

mice were injected with PBS (Mock) or DT (DT+Mock) and mock-infected, or were injected with
PBS (PBS) or DT (DT) and inoculated with HMPV. (A) Lungs were harvested at indicated times
post-inoculation to quantify virus titer by plaque assay. Lung specimens were taken at days 7
and 10 and stained with H&E (B), and scored by a pathologist (C,D). Histological scoring was
calculated by percent inflammation per field of view, with scores of 0, 1, 2, 3, and 4 representing
0%, 1-25%, 26-50%, 51-75%, and 76-100%, respectively. **p<0.01, Student’s t test, #p<0.05,
#1<0.01, One-way ANOVA with Tukey’s post-hoc comparison. N=3-6 mice/group, combined 4
repeated experiments (A) or representative of 3 repeated experiments (B-D).
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Depletion and blockade of Tregs using aCD25 treatment improves anti-HMPV CD8" T

cell response

As a complementary approach, and because previous studies of RSV
demonstrated different outcomes depending on the method of Treg depletion (165, 177,
181, 249, 254), we depleted and blocked Tregs in vivo using PC61, an antibody against
CD25 that has been commonly used for Treg depletion in WT mice. Since a variety of
dosages and schedules have been reported in the literature for respiratory virus
infection (165, 249, 254), we performed a pilot study to define the optimal dose for our
model. We determined that i.p. injection of 500 ug at days -3 and 0 had the greatest
effect on Treg frequency in the lung while sparing CD8" T cells (data not shown). Mice
that received aCD25 had increased HMPV-specific and functional CD8" T cells, as
measured by production of IFNy and CD107a, an indicator of cytotoxic granule release
(255), despite only a modest reduction in Treg percentages (Figure 2-4A-D).
Furthermore, o.CD25-treated mice exhibited increased IFNy production by CD8" T cells
(Figure 2-4E). aCD25-treated mice had slightly lower virus titers than isotype-treated
controls, which approached statistical significance (Figure 2-4F). This intermediate
phenotype compared to Treg depletion in FoxP3P™® mice was likely due to the fact that
aCD25 is not sufficient to completely eliminate all Tregs (Figure 2-4A). These findings
indicate that aCD25 treatment directed at Tregs during HMPV infection has a similar,
though less robust, effect on CD8" T cell cytokine production and degranulation and

DTR
3

virus clearance compared to complete elimination using FoxP mice.
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Figure 2-4. Depletion and blockade of Tregs with aCD25 restores CD8" T cell function.
WT mice were injected with 500 ug anti-CD25 antibody or isotype at days -3 and 0 of HMPV
infection. Treg percentages (A), percent CD8" T cell response (B), function (C), and absolute
number (D) were quantified at day 7 of infection. (E) Mean fluorescence intensity (MFI) of IFNy
signal was measured at day 7. (F) HMPYV virus titer was calculated at day 5 of infection.
*p<0.05, **p<0.01, Student’s t test. N=2-6/group, combined 2-3 experiments (B-D,F) or
representative of 2 experiments (A,E).

Treq depletion early or late in HMPYV infection reveals differential functions of Tregs

Since Treg depletion throughout infection led to a decreased proportion of
HMPV-specific CD8" T cells (Figure 2-2A,D), we hypothesized that Tregs might be
necessary to prime the adaptive immune response to HMPV. To test this, we depleted
Tregs before and throughout infection (DT), only before inoculation with HMPV (early),
or from 2 days post-inoculation onward (late) (Figure 2-5A). At day 7 of infection, Tregs
in the “early” group were restored to nearly the same level (8.42% +/- 0.41) as the PBS
group (9.93% +/- 0.60). Mice that were depleted of Treg later had a greater frequency
and absolute number of HMPV-specific and IFNy-producing CD8" T cells at day 7 of

infection (Figure 2-5B,C). In contrast, mice that underwent Treg depletion only before
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inoculation had decreased CD8" T cell percentages and similarly functional cells as
those that received DT throughout (Figure 2-5D). All mice had similar day 5 titer
(Figure 2-5E); however, mice that received late depletion had significantly reduced
virus titers at day 7 compared to those mice that had Tregs depleted early (Figure 2-
5F). Both DT and early groups had delayed virus clearance compared to PBS-treated
mice. Histologic analysis showed that both early and late Treg depletion led to
increased lung immunopathology (Figure 2-5G), with the early group having more
instances of inflammation scores of 2 or higher (Figure 2-5H). Lung sections were also
stained with Periodic acid-Schiff (PAS) to detect mucus. Early Treg-depleted groups
had marked PAS positivity in large and small airways. DT and late groups had less PAS
positivity than the early group, while the PBS-treated mice had rare PAS positivity in
bronchioles (Figure 2-51). These data indicate that Treg depletion after inoculation is
sufficient to enhance function while also maintaining the number and frequency of
HMPV-specific CD8" T cells. Additionally, these findings suggest that Tregs play a role
at the onset of infection for the recruitment of CD8" T cells but then impair CD8" T cell

function later on to prevent immune pathology.
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Figure 2-5. CD8" T cells fail to mount a robust response and clear virus efficiently when
Tregs are depleted before inoculation. (A) FoxP3°™® mice were depleted of Tregs by injection
of DT on days -2 and -1 (Early); on days 2, 3, and 5 (Late); or before and throughout the course
of infection (DT); or injected with PBS before and throughout (PBS). Mice were inoculated with
HMPV. The pulmonary CD8" T cell response was analyzed by flow cytometry at day 7 for
frequency (B), absolute number (C), and percent functionality (D). Virus titers were measured
via plaque assay at days 5 (E) and 7 (F). Histological sections were stained with H&E (G) and
scored (H) as in Figure 2-3, or stained with Periodic-acid Schiff (PAS) (1). *p<0.05, #p<0.01,
One-way ANOVA with Tukey’s post-hoc comparison. N=4-6 mice/group, pooled from 2-3
experiments (E-H) or representative of 3-4 experiments (B-D, ).
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Absence of Tregs during priming phase of infection impairs migration of DCs and CD8"

T cells to lymph nodes and lung

We next sought to understand the mechanism of how a lack of Tregs at the
priming stage of the immune response leads to a deficient proportion of HMPV-specific
CD8" T cells in the lung (Figures 2-2A, 2-5B). In the absence of Tregs, dendritic cells
(DCs) exhibit reduced migration to lymph nodes in response to HSV infection (248). To
determine whether depletion of Tregs leads to impaired DC migration from the lung to
the draining mediastinal lymph nodes (MLN), we instilled CFSE-labeled, HMPV peptide-
loaded bone marrow derived DCs (BMDCs) intratracheally into mice that had either
been depleted of Tregs or given PBS control. We found that at 22 hours post-instillation,
significantly fewer CFSE* BMDCs were found in the MLN of Treg-depleted mice
compared to PBS controls (Figure 2-6A,B). There was a similar reduction of BMDCs in
Treg-depleted mice at 40 hours post-instillation, though this was not statistically
significant (Figure 2-6B). To better understand the mechanism of this reduction, we
measured levels of the chemokine CCL21, a ligand for CCR7 on DCs and other cells,
and found that CCL21 was reduced in MLNs of infected Treg-depleted mice compared
to infected PBS controls (Figure 2-6C). We next asked whether a reduction of DCs led
to decreased expansion of HMPV-specific CD8* T cells in the MLN. We measured the
percentage of CD8" T cells specific for the HMPV epitopes F528 and N11 as well as the
expression of CD69, an early marker of activation, on these cells at day 4 of infection in
the MLN. We found that despite a phenotype that suggested impaired DC migration in
Treg-depleted mice, there was a significantly greater frequency of HMPV-specific CD8"

T cells, as well as more activated CD8" cells, in the MLN compared to PBS controls

53



(Figure 2-6D). However, when we measured HMPV-specific CD8" T cell recruitment to
the lung at day 4 (the earliest time point that we could detect HMPV-specific CD8" T
cells in the lung (data not shown)), Treg-depleted mice had significantly fewer epitope-
specific CD8" T cells by frequency and number compared to PBS controls, suggesting a
failure of migration in the absence of Tregs (Figure 2-6E,F). The frequency of HMPV-
specific CD8" T cells in MLN at day 3 of infection was less than 0.05% for either group
(data not shown), which suggests that the difference in MLN and lung CD8" T cell
frequency was not due to earlier migration of HMPV-specific CD8" T cells from the MLN
to the lung in control mice.

To better understand the mechanism of how Treg depletion leads to impaired
CD8" T cell migration to the lung, we measured a variety of chemokines that contribute
to T cell migration in lung homogenate at day 5 of infection in PBS, Early, and DT
treatment groups by qrtPCR (Table 2-1). We found that CXCL11, CCL4, CX3CL1, and
IL-15 were reduced up to 2-fold in the lungs of DT and Early groups compared to PBS
controls (Figure 2-6G,H). These data indicate that in the absence of Tregs, cell

migration in response to HMPV infection is impaired.
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Figure 2-6 (previous page). Treg deficiency leads to impaired DC and CD8" T cell
migration early in infection. FoxP3°™® mice were depleted of Tregs via i.p. injection of
diphtheria toxin at days -2 and -1 (DT) or given PBS control (PBS). BMDCs were generated and
matured overnight in the presence of 100 ng/ml LPS and 10 uM HMPV F528 peptide. Mature
BMDCs were labeled with CFSE and intratracheally instilled into mice at day 0. (A,B) 22 and 40
hours post-instillation, mediastinal lymph nodes were collected from mice, and the percentage
of CFSE" CD11c¢” cells was quantified via flow cytometry. (C) Mice were depleted of Tregs as
above, and inoculated with HMPV. At day 2 post-inoculation, mediastinal lymph nodes were
harvested, and expression of CCL21 was measured by gRT-PCR. At day 4 of infection,
mediastinal lymph nodes (D) and lungs (E,F) were harvested, and the frequency, number, and
activation status of CD8" T cells recognizing the HMPV epitopes F528 and N11 were measured
by flow cytometry. Chemokines were measured by qRT-PCR at day 5 of infection in the lung,
and the fold change of DT (G) or Early (H) groups was compared to PBS controls. *p<0.05,
**p<0.01, Student's t test. N=2-5 mice/group, combined from 2-3 independent experiments (A-
C,G,H) or representative of 2 experiments (D-F).

Table 2-1. Chemokines with a role in T cell migration
Chemokine Role in T cell migration Reference
CXCL11 Recruit CD4" and CD8" effector T | (256-258)
cells (Teff) to sites of inflammation
CCL4 (MIP-1b) | Made by activated CD8" T cells (259)

CX3CL1 Attract and induce endothelial (260, 261)
adhesion of activated T cells

IL-15 Induce migration of CD8 Teff to (262)
lung

CXCL9 Recruit CD4" and CD8" Teff to (257)
sites of inflammation

CCL5 Recruit CD4"/CD8" T cells (263)

(RANTES)

CCL3 (MIP-1a) | Attract CD8" T cells to airways (264)

CXCL10 Recruit CD4" and CD8" Teff to (257)
sites of inflammation
CCL8 (MCP-2) | Attract human T cells (limited data | (265)
in mice)
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Early Treq depletion leads to type 2 immune skewing, while late depletion maintains

type 1 response

To further investigate the mechanism of how early Treg depletion alters the lung
environment and delays virus clearance, we analyzed protein levels of cytokines and
chemokines in lung homogenates in the groups defined in Figure 2-5A at days 5 and 7
post-HMPV inoculation. At day 5 of infection, IL-10 was lower in DT, early, and late
treated groups compared to control mice. IL-5 levels were significantly higher in both DT
and early treated mice, while type 1 cytokines IL-2 and IFNy were higher in PBS
controls and late depleted mice (Figure 2-7A). We found that type 2 cytokines,
including IL-4, IL-5, IL-13, and eotaxin, were increased at day 7 in mice that received
early Treg depletion (Figure 2-7B). Furthermore, early Treg depletion led to even higher
IL-5 and IL-13 levels than DT treatment throughout infection, indicating that the timing of
Treg depletion was critical for this phenotype. To determine which cells are responsible
for the type 2 cytokine skewing, we stimulated lung cells from infected mice in the 4
treatment groups ex vivo with PMA/ionomycin. We used flow cytometry to
immunophenotype CD4" T cells and measure type 2 innate lymphoid cell (ILC2)
numbers and cytokine production. We found that after early Treg depletion, there was a
greater frequency of IL-4-producing CD4" T cells than after DT, late depletion, or PBS
control (Figure 2-7C). Additionally, early Treg depletion led to greater numbers of ILC2s
compared to late depletion (Figure 2-7D; for gating strategy see Figure 2-8) as well as
greater production of IL-5 and IL-13 from these cells (Figure 2-7E,F). Since previous
studies have used a variety of markers to identify ILC2s (which may differ between

tissue type and mouse strain) (266-270), we further stained the ILC2 population for ST2,
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CD25, and KLRG-1 (Figure 2-9A). We found that although the overall absolute number
of cells varied depending on the marker of interest, all revealed nearly identical patterns
of increased ILC2s in Treg-depleted mice (Supplemental Figure 2-9B). When IFNy
(produced by ILC1s) and IL-13 (from ILC2s) were measured on bulk ILCs, the DT and
early groups had a smaller proportion of IFNy" ILC1s compared to IL-13" ILC2s (2.5:1),
while this ratio was maintained near 5:1 in PBS-treated and late groups (Figure 2-7G).
These data indicate that early Treg depletion is associated with skewing of both innate
and adaptive cells towards a type 2 phenotype and that Tregs control the ratio of both

innate and adaptive type 1 and type 2 immune cells.
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Figure 2-7. Early Treg depletion leads to imbalance of T42 cytokines, Ty2 cells, and ILC2s.
Cytokines and chemokines were measured by Luminex multiplex analysis of lung homogenate
of groups from Figure 2-5A at day 5 (A) and 7 (B). FoxP3°™ mice were depleted of Tregs and
inoculated as in Figure 2-5, and CD4" cells (C) and ILC2s (D-F) were quantified and
phenotyped by flow cytometry at day 7 post-inoculation. (G) The ratio of IFNy* to IL-13" ILCs
was calculated. CD4" cells and ILC2s were stimulated prior to staining in C and E-G. For panel
G, pan-ILCs were defined as CD45", CD127", Lin", CD90"; for panels D-F, ILC2s were defined
as pan-ILC markers plus ICOS* (see Figure 2-9). *p<0.05, #p<0.01, One-way ANOVA with
Tukey’s post-hoc comparison. N=4-6 mice/group, pooled from 2-3 independent experiments (A-
D) or representative of 2 independent experiments (E-G).
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Figure 2-9. ILC2 markers. Gating strategy (A) and quantification of ST2* CD25", KLRG-17, or
CD25'KLRG-1" ILC2s from FoxP3°™® mice treated with DT or PBS at the indicated time points
and infected with HMPV (B) or influenza (C). *p<0.05, #p<0.01, One-way ANOVA with Tukey’s
post-hoc comparison. N=4-6 mice/group, pooled from 2-3 independent experiments (B,C).
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Tregs have differential roles in early and late influenza virus infection

To determine whether the roles of Tregs early and late in infection was specific to
HMPYV or could be generalized to other respiratory viruses, we depleted Tregs either
early or late during infection with influenza x31, a mouse adapted H3N2 strain. Since
x31 is a mouse-adapted strain, mice had increased morbidity than with HMPV infection
(19% vs. 5% body weight loss at day 7 post-inoculation, data not shown). As we
observed with HMPV, at day 7 post-inoculation, mice depleted of Tregs either early or
throughout infection had significant reductions in epitope-specific CD8" T cells as well
as significantly fewer IFNy-producing cells compared to PBS-treated mice (Figure 2-
10A,B). Although late Treg depletion led to significantly more IFNy production by CD8"
T cells compared to DT- or early-treated groups, the frequency of epitope-specific cells
in the late group was not equivalent to the PBS control group, in contrast to that
observed in HMPV infection (Figure 2-5B). This difference may be attributable to the
increased severity of the mouse-adapted influenza virus infection. Mice depleted of
Tregs at any time point had a trend towards more functional CD8" T cells than PBS-
treated mice (Figure 2-10C). At day 7 of infection, virus titers in the late group were
reduced by 100-fold compared to early and DT groups, and 10-fold compared to PBS
controls (Figure 2-10D). When we analyzed helper T cell skewing, there were
significantly more IL-4" CD4 cells as well as more IL-4 produced per cell in the early and
DT groups (Figure 2-10E,F). Absolute numbers of ILC2s were significantly increased in
early-depleted mice (Figure 2-10G and Figure 2-9C). The early group had a higher

proportion of IL-5/IL-13" ILC2s as well as more IL-5 per cell (Figure 2-10H,l). These
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data suggest that the temporal differences in the role of Tregs are conserved between

infections by multiple respiratory viruses.

M Tetramer*
O iFny

#e
T 24

%NP366-specific of >
Lung CD8* T Cells
3

PBS DT

Late

Early

Virus Titer (Log10) (PFU/g)

®

of ILC2s

Absolute Number

PBS DT Early Late

DT Early Late

B C
5 @ H Tetramer* @ 150
°3 Orny 8
3 = m 100
t :
= =
¢ 0 § 50
g g =
z3 L
e DT Early Late PBS DT Early Late
E F
8 “ .
4 i Il PBS 250 B4 ui
w []
£ : DT .
(%]
o 111 .. BEY lew L
8 L KR S s - a
1 m *
;2 T |l| 2 15001y g Tyt
B =215 1000
IFNy L4 PBS DT Early Late
H |
]
& 250
S 2 B L-ste13t #
2. . 2 200 s .
8 o o Wie gl
T4 T 100 sy L
- -l = o
o
K T 500{ swe
Il?
=| 0 T T T L3
= PRS PBS DT Early Late

Figure 2-10. Tregs exert differential functions in the early and late immune response to
influenza infection. FoxP3°™® mice were depleted of Tregs early, late, or throughout infection
as in Figure 2-5, then inoculated with 50-100 PFU influenza x31. (A-C) At day 7 of infection
mice were sacrificed and the influenza-specific CD8" T cell response was quantified. (D) Virus
titers were measured at day 7 of infection. Cytokine production from CD4" cells was measured
at day 7 (E,F), and numbers (G) and cytokine production from ILC2s (H,I) was also measured.
#p<0.05, #p<0.01, One-way ANOVA with Tukey’s post-hoc comparison. N=4 mice/group,
combined from 2-3 experiments (E,G) or representative of 2-3 independent experiments (A-

D,F,H-1).
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Neither early nor late depletion of Tregs affects the CD8" T cell memory recall response

to HMPV

Since early Treg depletion led to a reduction in HMPV-specific CD8" recruitment
to the lung and delayed virus clearance during primary infection (Figure 2-5), we
hypothesized that depletion of Tregs immediately before primary infection would also
impair the recall response to subsequent HMPV challenge. To test this, we depleted
Tregs before, throughout, or immediately after HMPV inoculation as in Figure 5 until day
5 post-infection. We let the primary infection clear and then challenged the mice with the
same strain of HMPV 30-35 days after initial infection. In a pilot experiment, we found
that multiple mice that received DT (from DT, early, and late groups) died around day 14
post-infection, likely from lethal autoimmunity caused by a lack of thymic Tregs (data not
shown). To account for this, we adoptively transferred 1.5-2x10° naive CD4" cells from
a congenic donor at day 6 post-infection. Interestingly, after adoptive transfer the mice
in the DT group nevertheless succumbed to autoimmunity around day 14 post-infection,
likely because the naive cells were not sufficient to counteract the 9-day absence of
Tregs, which suggests that there is a “point of no return” when autoimmunity cannot be
reversed by Treg adoptive transfer. In contrast, all but one mouse in the other groups
survived to at least day 35, when the experiment concluded. After secondary challenge,
mice were euthanized at day 5 or 7 post-challenge for analysis of HMPV-specific CD8"
cells by flow cytometry. Overall CD8" percentages were significantly higher in both early
and late groups, possibly indicating ongoing autoimmunity in these mice (Figure 2-
11A). We found that all groups had similar percentages and numbers of CD8" T cells

specific to F528 and N11, primary and secondary dominant epitopes in B6 mice (Figure
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2-11B,C and data not shown). Additionally, similar proportions of CD8" T cells from
each group produced IFNy in response to peptide (Figure 2-11D). These results
indicate that timing of Treg depletion skews the effector CTL response during primary

infection but does not affect the formation of the effector CD8" memory response.
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Figure 2-11. Early or late Treg depletion during primary infection does not affect memory
recall response to secondary challenge. Tregs were depleted early or late in HMPV infection,
as in Figure 2-5. At day 6, 1.5-2x10° naive CD4" cells were adoptively transferred into Treg
depleted mice. At day 30-35, mice were challenged with the same strain of HMPV and
sacrificed at day 5 post-infection. Percent CD8" lung lymphocytes (A), percent virus-specific
CD8" T cells (B), absolute number of virus-specific CD8" T cells (C), or percent functionality (D)
were determined at day 5 by flow cytometry. p<0.05, #*p<0.001, One-way ANOVA with
Tukey’s post-hoc comparison. N=3-5 mice/group, representative of 2 experiments.

Tregs do not function additively or synergistically with PD-1 to impair CD8" T cell

responses to HMPV and other respiratory viruses

Here we found that depletion of Tregs restores CD8" T cell function and reduces

HMPV titers. We previously found that blockade of the ligand for the inhibitory receptor
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PD-1 also restores function and reduces virus titer (138). Therefore, to determine
whether these two mechanisms for CD8" T cell impairment work coordinately, we used

3™ mice were depleted of

a combination of Treg depletion and PD-L1 blockade. FoxP
Tregs and given anti-PD-L1 Ab for the duration of HMPV infection. The CD8" T cell
response at day 7 of infection (Figure 2-12A-D) was not significantly different in mice
that received the combined treatment compared to mice that received DT alone.
Additionally, virus titer was equivalent for mice receiving combined treatment or either
DT or antibody blockade alone (Figure 2-12E). These data suggest that a threshold
may exist over which a CD8" T cell cannot become more functional or that anti-PD-L1

may be working through its effect on PD-1 expressed by Tregs, so in the absence of

these cells the PD-L1 treatment has reduced efficacy.
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Figure 2-12. Treg depletion combined with PD-L1 blockade does not enhance CD8" T cell
function more than Treg depletion alone. FoxP3°™® mice were depleted of Tregs by injection
of diphtheria toxin throughout infection and were given either blocking antibody against PD-L1
or an isotype control on the same days. Mice were infected with HMPV. The percentage (A,B)
and absolute number (C,D) of the pulmonary CD8" T cell response was analyzed by flow
cytometry at day 7. (E) Lungs were harvested at days 5 and 7 post-infection to quantify virus
particles by plaque assay. N=3-4 mice/group.

Discussion

The results from these studies demonstrate the importance of timing for
determining whether Tregs are detrimental or beneficial during respiratory virus
infection. We found that a complete absence of Tregs during the entire course of HMPV

infection led to enhanced CD8" T cell function and reduced peak virus titer; however,
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the magnitude of the HMPV-specific CD8" T cell response was not increased. This
observation led us to question whether the timing of Treg depletion could influence the
CD8" T cell response. We found that Tregs were required early in infection for
enhancing the CD8" T cell response through DC and CD8" T cell migration and that
early depletion led to impaired virus clearance for both HMPV and influenza. In contrast,
when Treg depletion was delayed until 2 days post-inoculation, the frequency of virus-
specific CD8" cells was maintained, while the functionality of these cells was enhanced.
Furthermore, late Treg depletion enhanced the clearance of influenza. However, despite
their role in immune priming, we did not see that Treg depletion affected the CD8™ T cell
memory response. Additionally, Tregs and PD-1 blockade did not act synergistically to
restore CD8" T cell function. These results suggest that Tregs play an important role in
priming the immune response to respiratory virus infections, but they are dispensable
and in some ways even detrimental after the immune response has already been
initiated.

The findings from our studies contrast with results from other respiratory viruses.
The closest human pathogen to HMPV is RSV. Previous studies that explored the role
of Tregs in the immune response to RSV found that while Treg depletion led to a
greater percentage of functional epitope-specific CD8" cells, virus clearance was
delayed (165, 249, 254) or unchanged (181). In contrast, for HMPV, we saw that Treg
depletion led to lower peak virus titer but unchanged virus clearance. These discordant
findings could simply be due to the fact that even though these are both pneumoviruses,
they are distinct viruses. In addition, RSV is often studied using BALB/c mice, while the

experiments in this study were conducted using C57BL/6 mice. Most previous studies of
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Tregs in RSV relied on aCD25 antibodies to deplete and block Tregs (165, 249, 254).
However, in this study aCD25 treatment led to increased cytokine production and
cytotoxic degranulation, with a trend towards reduced peak virus. It is possible that
these differences using aCD25 antibodies can be explained by different dosing
schedules. aCD25 may have targeted effector cells in those earlier studies, since
effector CD8" and CD4" T cells can upregulate CD25 upon activation. If this was the
case, then the reduced CD4/CD8 response could have delayed virus clearance in those
previous reports. DT-mediated depletion of FoxP3" cells has become standard for Treg
depletion studies. One RSV study using DEREG (168) mice, which also allow for DT-
mediated Treg depletion, demonstrated lower viral titers with DT treatment, similar to
our findings for HMPV infection (177).

This study primarily relied on FoxP3°™R mice to deplete Tregs. It is important to
acknowledge the inherent limitation of DT-mediated depletion. While this method is
regarded as the best technique currently available, off-target effects of DT are possible.
DCs could non-specifically take up DT or could be affected by DT in the process of
phagocytosing apoptotic Tregs. In the experiments in figure 6, we did not attempt to
distinguish whether the observed reduced DC migration could be due to these
nonspecific effects. Others have found that DT treatment of WT mice revealed
nonspecific effects of DT (170); however, when we treated WT mice with DT, we did not
see changes in CD8" T cell function or histopathology (data not shown).

Additionally, use of FoxP3P™® mice relies on the assumption that all Tregs
express FoxP3. Since there was increased histopathology and weight loss in DT-treated

FoxP3P™ mice regardless of whether they were infected with HMPV or not (Figure 3), it

69



is likely that a majority of Tregs were depleted by this method, though it is possible that
some Tregs were not depleted if they had a transient reduction of FoxP3 expression.

It is also possible that some FoxP3" cells were not Tregs but were depleted with
DT treatment. Some have found that effector T cells can transiently upregulate FoxP3,
though we did not detect FoxP3 expression on CD8" T cells in this study (data not
shown). Though we defined Tregs as CD4" FoxP3-expressing cells (and measured
percentage and numbers of both FoxP3" and FoxP3"CD25" cells) and measured
expression of activation markers of these cells, we did not confirm their regulatory

capacity with an ex vivo suppression assay.

Tregs of thymic origin (tTregs) are often primarily involved in preventing
autoimmunity, while Tregs derived from a naive CD4" cell (pTregs) are typically specific
to exogenous antigen and therefore dampen the immune response to pathogens and
other foreign insults (144-146). Some controversy exists over markers to discriminate
thymically or peripherally derived Tregs; therefore, we used both Helios and neuropilin-1
to phenotype the Tregs responding to HMPV infection. Both of these markers have
been suggested to have higher expression on tTregs, even if some tTregs or pTregs
either do or do not express either of these molecules (271). In our experiments, we
found that Tregs in the lungs of mice inoculated with HMPV had fewer Helios™ cells
compared to those from mock-infected mice, which suggests that more of the Tregs
responding to HMPV might be peripherally derived. However, our results cannot
definitively conclude whether the increased number of Tregs seen at days 4 and 6 in the

lung are specifically due to maturation of naive CD4" cells into pTregs.
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When we measured the effect of early and late Treg depletion, we found that the
absence of Tregs before inoculation reduced epitope-specific CD8" T cells in the lung
tissue (Figures 2-5, 2-10). This reduction is consistent with earlier studies (165, 248,
249) that suggested that Tregs are important for priming CD8" T cells at the beginning
of infection.

Our finding of delayed BMDC trafficking and reduced CCL21 levels in Treg-
depleted mice is consistent with data from herpes simplex virus that showed that Tregs
are necessary early in HSV infection for DC trafficking to lymph nodes (248). We show
that this is also true for respiratory virus infection, and by pre-loading the BMDCs with
antigen, we further find that DC trafficking is impaired regardless of antigen uptake
efficiency.

Additionally, we found that CD8" T cell trafficking to the lung was impaired in
mice that had been depleted of Tregs before infection. Even though Treg depletion led
to reduced DC trafficking to the mediastinal lymph node, there was still a greater
frequency of HMPV-specific CD8" T cells in the lymph node in Treg-depleted mice. This
could have been due to an overall increased proliferative capacity of these cells in the
absence of Tregs. However, these HMPV-specific cells were reduced both by frequency
and number in the lung of Treg-depleted mice compared to PBS controls. Because the
absolute number of these cells was lower in the lungs of Treg-depleted mice at day 4, it
is unlikely that the difference in frequencies between the groups at this time point was
simply due to overabundant proliferation of bulk CD8" T cells triggered by an absence of

Tregs immediately before infection.
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It is possible that the reduced HMPV-specific CD8" T cell numbers and
frequencies could be due to decreased proliferation of these cells once they had
migrated from the MLN to the lung, rather than due to strict deficiencies in migration.
However, when we measured lung expression of a variety of chemokines that promote
T cell migration, we found that Treg-depleted mice had significantly reduced levels of
CXCL11, CCL4, CX3CL1, and IL-15, which supports a mechanism of a failure of virus-
specific CD8" cells to traffic efficiently to the lung.

Of the chemokines measured, CXCL11 (also known as I-TAC (Interferon-
inducible T-cell alpha chemoattractant)) had the greatest fold reduction in expression in
Treg-depleted mice compared to PBS controls (Figure 2-6G,H). CXCL11 is related to
CXCL9 and CXCL10, but has the highest affinity of the three for the CXCR3 receptor on
activated T cells (258). CXCL11 is strongly induced by IFNy (256), which was reduced
in the lungs at day 5 of infection in the absence of Tregs (Figure 2-7A). Therefore, a
potential mechanism for the observed reduction in virus-specific CD8" T cells at day 7 in
the lung is that the absence of Tregs leads to reduced IFNy in the lung early in infection,
which causes reduced CXCL11 levels, and finally, deficient effector CD8" T cell
migration to the infected lung.

Interestingly, when Tregs were depleted 2 days after influenza inoculation, there
was a significant reduction in viral titer at day 7 post-inoculation compared to all other
groups (Figure 2-10D). This accelerated virus clearance was unique to influenza, as at
day 7 of HMPYV infection, titers were equally low in the late and PBS groups (Figure 2-

5F). This discrepancy may be attributable to differences in the kinetics of HMPV and
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influenza clearance or differential roles of Tregs between the two infections and merits
further investigation.

Early Treg depletion in both infections was associated with immunological
skewing towards a type 2 biased response. It is unclear whether this type 2 skewing
contributed to the reduction in virus-specific effector T cells during early Treg depletion
or whether type 2 skewing also occurs in the population of virus-specific effector cells in
the absence of Tregs. A future study could assess this by quantifying the ratio of
IFNYy*/IL-4™ CD4" cells after stimulation with a pool of HMPV peptides representing CD4"
epitopes; however, MHC-II epitopes have not yet been identified for HMPV.

Tregs constrain T2 cells more strongly than they do Ty1 or Ty17 cells in
respiratory virus infection (181, 272, 273). There not only was skewing towards T2
CD4" cells following early Treg depletion, but there were also increased numbers and
function of type 2 ILCs and an increased ratio of ILC2s to ILC1s in Treg-depleted mice
(Figures 2-7, 2-10). This finding is consistent with other groups that demonstrated that
Tregs suppress ILC2s (274, 275), but here we further demonstrate that Tregs also
control the innate type 1 to type 2 ratio.

Overall, our findings and those from other groups indicate that Tregs exert tight
control over both innate and adaptive type 2 responses in the lung, which is important
when considering the pathogenic role of T42 and ILC2s in immune-mediated diseases
such as asthma (276). Treg control of type 2 immunity is especially significant given the
known association between infection by respiratory viruses such as HMPV or RSV and
subsequent asthma (277). It would be worth investigating whether Treg numbers or

function during respiratory infection in early life could have predictive value on the
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predisposition to future allergic asthma and perhaps could be manipulated during
infection in order to reduce this risk.

We have demonstrated that Tregs constrain the antiviral CD8" T cell response in
HMPYV infection, allowing higher virus titers while reducing immunopathology. Tregs are
essential during the priming phase of respiratory virus infection, and depletion of these
cells immediately before infection impedes immune cell migration and virus clearance.
Interestingly, early Treg depletion skews both the innate and adaptive immune response
towards a type 2 bias in viral respiratory infection.

Our findings and those of other groups emphasize the fine-tuning required to
balance the antiviral immune response against harmful immunopathology. Moving the
dial too far in either direction could lead to establishment of chronic infection or
potentially severe reductions in lung function. Immunopathology is already a potential
consequence of the increasing use of immunomodulatory drugs in diseases such as
cancer. As immunomodulatory therapies such as PD-1 blockade are used more widely,
off-target effects such as immune-related lung injury associated with common
respiratory viruses could become more frequent. An understanding of the mechanisms
regulating the lung immune response to viruses is essential to managing these

therapeutic complications.

Materials and Methods
Mice and viruses
C57BL/6 and FoxP3°™® (Alexander Rudensky (167)) mice were purchased from

The Jackson Laboratory. Animals were bred and maintained in specific pathogen free
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conditions in accordance with the Institutional Animal Care and Use Committees of
Vanderbilt University and University of Pittsburgh. 6-14 week-old age- and sex-matched
mice were used in all experiments. HMPV (clinical strain TN/94-49, subtype A2) and
influenza virus (strain HK/x31, H3N2) were grown and titered in LLC-MK2 or MDCK
cells as previously described(138, 278). For all animal experiments, mice were
anesthetized with ketamine-xylazine and intranasally inoculated with 1x10°-5x10° PFU
HMPV or 50-100 PFU influenza x31, in a 100-pL volume. Mock-infected mice were
inoculated with the same volume of UV-inactivated virus or mock cell lysate after we
had determined that UV inactivated virus and cell lysate performed equally (data not
shown). Viral titers were measured by plaque assay as previously described (278, 279).
For bronchoalveolar lavage, mice were euthanized and lavaged twice with 1 ml cold

PBS.

Flow cytometry

Pulmonary CD8" T cells were tetramer-stained as described previously (138).
MHC class | tetramers for HMPV (H2-D®/Fs25_536 and H2-K®/N11_19) were generated as
previously described (280). MHC class | tetramer for influenza (H2-D°/NPags.374) was
obtained through the NIH Tetramer Core Facility. Lung Tregs were identified as viable
(live/dead violet, Life Technologies), CD4" (clone RM4-5, eBioscience), FoxP3" (clone
FJK-16s, eBioscience), +/- CD25" (clone PC61 or 3C7, Biolegend). Tregs were stained
for PD-1 (clone RMP1-30), LAG-3 (clone C9B7W), GITR (clone YGITR 765), TGFp
(clone TW7-16B4) Helios (clone 22F6), all BioLegend, and Neuropilin-1 (clone

3DS304M, eBioscience), or with appropriate isotype control Abs (all BioLegend). (Cell
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surface rather than intracellular TGFf was measured, as reports have suggested that
Treg suppression is mediated by cell surface-bound TFGp rather than soluble
TGFp.(157, 158)) Cells were fixed and permeabilized with Foxp3/Transcription Factor
Fixation/Permeabilization solution (eBioscience) before FoxP3 and Helios staining.
Type 2 innate lymphoid cells (ILC2s) were stained for viability (live/dead violet, Life
Technologies), CD45 (clone 30-F11), CD127 (clone A7R34), lineage cocktail (TER-119
(clone TER-119), CD45R/B220 (clone RA3-6B2), Ly-6G/Ly-6C (Gr-1) (clone RB6-8C5),
CD3e (clone 145-2C11), CD11b (clone M1/70), CD4 (clone RM4-5), and FceR1a (clone
MAR-1)), CD90.2 (clone 30-H12), and ICOS (clone 15F9), all from BioLegend. ILC2
identity was validated by exposing sorted cells ex vivo to IL-2 and IL-33 and measuring
production of IL-5 and IL-13 (Figure 2-8). ILC2s were also stained for ST2 (clone
RMST2-2, eBioscience), CD25 (clone PC61, Biolegend), and KLRG-1 (clone
2F1/KLRG1, Biolegend). See figures 2-8 and 2-9 for ILC2 gating schematic. Flow
cytometric data were collected using an LSRII or Fortessa cytometer (BD Biosciences)
and analyzed with FlowJo software (FlowdJo, LLC). MedFI refers to median fluorescence

intensity, MFI refers to geometric mean fluorescence intensity.

Intracellular cytokine staining

Peptide restimulation and ICS for CD8" T cells were performed as previously
described (138). For CD4" T cell and innate lymphoid cell ICS, lung cells were
stimulated with PMA (50ng/ml) and ionomycin (1ug/ml) (Sigma) in the presence of
0.067% GolgiStop (BD) for 5 hours. After stimulation, cells were stained for viability

(live/dead violet, Life Technologies) CD4 (clone RM4-5, eBioscience), IFNy (clone
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XMG1.2, BD), and IL-4 (clone 11B11, Biolegend), or ILC markers (for Fig 6F, pan-ILC
markers CD45, CD127, Lineage, CD90; for all ILC2 ICS figures, pan-ILC markers plus
ICOS)(see above for clones) and IL-5 (clone TRFKS5, BD), IL-13 (clone eBio13A,

eBioscience) and IFNy (clone XMG1.2, BD).

In vivo Treg depletion
FoxP3P™ mice were injected i.p. with 50 ng/kg diphtheria toxin (Sigma) in 200 pL
PBS or with PBS alone for two days before inoculation and every other day thereafter,

as previously described (167), or for the indicated days as described in figure legends.

In vivo antibody blockade
For CD25 depletion, C57BL/6 mice were injected i.p. with 500 pg in 200 yL PBS
anti-CD25 mAb (clone PC61.5.3) or isotype control (clone HRPN) (both Bio X Cell) at

days -3 and 0 of infection.

ILC2 Stimulation

ILC2s were stained with Live/Dead, CD45, Lineage markers, CD127, CD90, and
ICOS (see above) and sorted using a BD FACSAria Il. 2,500 sorted cells were plated in
a total volume of 200 ul RPMI with 10% FBS in a round-bottom 96-well plate. ILC2s
were stimulated with 10 ng/ml IL-2 and/or 10 ng/ml IL-33 (both PeproTech). After 5 days
cell supernatant was collected and IL-5 and IL-13 were measured by ELISA according

to manufacturer instructions (DY405 and DY413, R&D Systems).
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Mediastinal lymph node harvest

At indicated time points post-inoculation, mediastinal lymph nodes were collected
and placed into RPMI supplemented with 10% FBS (R10) on ice. All 3 nodes were
analyzed when possible, but when only 2 were found, these were analyzed. Absolute
numbers were not calculated due to the difference in numbers of lymph nodes collected
between mice. A single-cell suspension was made by pushing the lymph nodes through
a 70 ym nylon cell strainer (Falcon). Cells were washed with R10 and red blood cells
were lysed (ACK lysing buffer, Gibco). Cells were then stained for flow cytometry. CD8"
cells from mediastinal lymph nodes were stained for tetramers (see above) and CD69

(clone H1.2F3) (Biolegend).

Labeling and tracking of peptide-loaded BMDCs

Bone marrow derived dendritic cells (BMDCs) were generated as previously
described (138). At day 7 of culture, BMDCs were matured overnight with 100 ng/ml
LPS (Sigma-Aldrich) and 10 uM F528 HMPV peptide. The next day BMDCs were
collected, counted, and resuspended in PBS. BMDCs were labeled as described (281)
with some modifications. BMDCs were incubated in 8 yM CFSE (Molecular Probes) for
10 min at 37°C, then washed with RPMI supplemented with 10% FBS. BMDCs were
allowed to rest for 1 hour at 37°C before 2x10° BMDCs were intratracheally instilled into
mice in a total volume of 50 uL. At various time points post-instillation, mediastinal
lymph nodes were harvested and prepared for flow cytometry as above. Migratory

BMDCs were identified as CFSE*, CD11c" (clone N418, Biolegend).
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Memory experiments

FoxP3°™® mice were injected with diptheria toxin as described in figure legends,
and intranasally infected with 1x10°-5x10° PFU HMPV in a 100 pL volume. At day 6
post-infection, congenic donor CD45.1 mice were sacrificed and spleens were
harvested to single cell population as previously described (Erickson JCI 2012). CD4+
cells were magnetically sorted by negative selection (Miltenyi). 1.5-2x10° naive CD4"
cells were injected intravenously. 30-35 days after primary infection mice were
challenged again with 1x10°-5x10° PFU HMPYV intranasally and sacrificed 5-7 days

post-challenge for analysis of the recall response.

Quantitative RT-PCR

Lung homogenate from the whole lung or total mediastinal lymph node
homogenate was frozen at -80°C until use for gRT-PCR. RNA was extracted from the
lung homogenate with the Ambion MagMAX-96 Viral Isolation Kit (ThermoFisher) on an
Applied Biosystems MagMAX Express-96 Deep Well Magnetic Particle Processor
(ThermoFisher) and stored at -80°C until further use. 5 pl of extracted RNA was used
for gRT-PCR in 25 pl reaction mixtures on an ABI StepOnePlus Real-Time PCR System
(ThermoFisher) using the AgPath-ID One-Step RT-PCR kit (ThermoFisher). TagMan
primers and probes were used according to the manufacturer’s instructions (all
ThermoFisher): IL-15 (Mm00434210_m1), CCL3/MIP-1a (Mm00441259 g1),
CCL4/MIP-1b (Mm00443111_m1), CXCL9 (Mm00434946_m1), CXCL10
(Mm00445235_m1), CXCL11 (Mm00444662_m1), CCL8 (Mm01297183_m1),

CCL5/RANTES (Mm01302427_m1), CX3CL1 (Mm00436454_m1), CCL21
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(MmO03646971_gH). Cycling conditions were 50°C for 30 minutes, followed by an initial
activation at 95°C for 10 minutes and 45 cycles of 15 seconds at 95°C, and 30 seconds
at 60°C. All values were normalized to the housekeeping gene Hprt, and fold change in
chemokine was measured in DT or Early groups compared to PBS groups using the

AACt method.

Multiplex cytokine analysis

Lung homogenate from the whole lung (Day 5) or left lung (Day 7) was used for
cytokine analysis by Bio-plex Mouse Cytokine 23-plex Assay (BioRad, Hercules, CA)
according to manufacturer’s instructions. The following cytokines and chemokines were
measured: IL-1q, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13,
IL-17A, Eotaxin, G-CSF, GM-CSF, IFNy, CXCL1, MCP-1, MIP-1a, MIP-13, RANTES,

TNFa. Observed concentrations were normalized to lung weight.

Histology

Either the left lobe or accessory lobe of the lung was inflated and fixed in
formalin, then subsequently sectioned and stained with H&E or PAS. All fields of each
H&E stained slide were scanned at 200x magnification and each field was scored as
follows: O0: normal lung tissue; 1: >0 to 25% of tissue area with inflammation; 2: 25-50%
of tissue area with inflammation; 3: 50-75% of tissue area with inflammation; 4: 75-
100% of tissue area with inflammation (282). Scores were added for each slide and
divided by total number of fields scored to calculate average score. Scale bars

represent 50 um.
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Statistical Analysis

Data analysis was performed using Prism v 6.0 (GraphPad Software).
Comparisons between two groups were performed using an unpaired, two-tailed
Student’s t test, and significance is noted by asterisks (*). Comparisons between
multiple groups were performed using a one-way ANOVA with Tukey’s post-hoc test,
and significance is noted by hash signs (*). Error bars on each graph represent SD
unless otherwise noted. ** or * denotes p<0.01, even when p values were calculated to

be <0.001 or <0.0001
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CHAPTERIII

Genetic absence of PD-L1 does not restore CD8" T cell function during

respiratory virus infection and delays virus clearance’

Introduction

A key mediator of T cell impairment is the action of inhibitory receptors,
specifically PD-1 (138, 228, 233, 283), though others, including LAG-3, Tim-3, and 2B4
are also upregulated in respiratory virus infection and contribute to some degree of
impairment (229, 237). PD-1 is induced on T cells following antigen exposure, whereas
proinflammatory cytokines upregulate its ligands PD-L1 and PD-L2 (228, 232, 250,
284). PD-L1 is expressed or can be induced on most or all cells, while PD-L2
expression is restricted to antigen presenting cells (250, 285). In the lung and in vitro,
respiratory virus infection leads to upregulation of PD-L1 on airway epithelial cells as
well as dendritic cells (231-235, 237). PD-L1 is also highly expressed on alveolar
macrophages at baseline (54).

One essential question in the field of T cell impairment is which PD-L1-
expressing cells contribute the necessary “stop” signal to PD-1-expressing CD8" T
cells? Work in LCMV infection and T cell exhaustion has suggested that, at least in
chronic systemic infection, PD-L1 on hematopoietic cells reduces CD8" T cell function,

while PD-L1 on somatic cells contributes to virus persistence (286). In cancer T cell

* This chapter contains unpublished data in preparation for submission. Rogers MC,
Lamens KD, Tollefson ST, and Williams JV.



exhaustion, roles of PD-L1 on tumor cells and host immune cells have been hotly
debated within the past year, and appear to vary in different cancers and different
patients (287, 288).

However, the role of PD-L1 on different cell types in acute infections and in
respiratory virus infections in particular has not been satisfactorily elucidated. /n vitro
and in vivo data have suggested that epithelial cells (228, 233) or DCs (231) are
important for providing PD-L1 in respiratory virus infection; however, these relied on cell
culture or antibodies that bind nonspecifically.

To address the role of PD-L1 on different cell types in CD8" T cell impairment,
we used a genetic model of PD-L1 deficiency. Surprisingly, we found that PD-L1"" mice
challenged with HMPV or influenza showed a similar level of CD8" T cell impairment
compared to WT counterparts, even though antibody blockade of PD-L1 has been
shown to restore CD8" T cell function. Furthermore, virus clearance was delayed in PD-
L17" mice compared to WT. The CD8" T cells from the impaired PD-L1-deficient mice
expressed higher levels of inhibitory receptors both at baseline as well as after
respiratory virus challenge. Antibody blockade of PD-L2 failed to restore function to the
impaired cells, indicating that PD-L2 did not compensate for a lack of PD-L1. While
reciprocal bone marrow chimeras between WT and PD-L17 mice did not restore CD8* T
cell function after respiratory virus challenge, mice that received PD-L1" bone marrow
had higher inhibitory receptor expression on CD8" cells. This discrepancy in inhibitory
receptor expression suggests that cells of the hematopoietic compartment contribute to

T cell impairment on CD8" T cells.
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Results

PD-L 17" mice have impaired T cell function and virus clearance

To test whether PD-L17" mice had improved T cell function after infection, we
infected PD-L17" and WT mice with HMPV. Surprisingly, at both days 7 and 10 of
infection, both PD-L17 and WT mice had similar a percentage of CD8" T cells that were
specific for the HMPV immunodominant epitope F528, and CD8" T cells from PD-L1" or
WT stimulated ex vivo had similar IFNy production (Figure 3-1A,B). To determine the
kinetics of HMPV clearance in these mice, lungs were harvested and virus was
quantified by plaque assay after infection. HMPV replicated to higher peak titer in PD-
L17" mice with delayed virus clearance compared to WT mice (Figure 3-1C). This result
was contrary to previous findings of accelerated virus clearance with PD-L1 antibody
blockade (138). To understand whether the increased impairment of PD-L1"" mice was
restricted to HMPV, mice were infected with murine adapted influenza PR8 both at high
and low inoculum. Once again, virus-specific CD8" T cells were similarly impaired
between WT and PD-L17 mice (Figure 3-2). These data indicate that CD8" T cells from
PD-L17 mice are as impaired or even more impaired as those from WT mice,

regardless of virus or viral load.
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Figure 3-1. PD-L1” mice have an impaired CD8" T cell response to HMPV infection. WT
and PD-L1"" mice were infected with 1x10° PFU HMPV. Lung lymphocytes were harvested after
infection and CD8" T cells were analyzed by flow cytometry and intracellular cytokine staining.
(A) Percentages of CD8" T cells recognizing and producing cytokines in response to the
immunodominant HMPV epitope F528 were quantified. (B) The percentage of functional F528-
specific CD8" T cells was calculated by dividing the percentage of tetramer™ into the percentage
producing CD107a/IFNy in response to peptide. (C) Virus titer was quantified from the lungs of
WT and PD-L1" mice via plaque assay. N=5-7/group, combined from 2-3 independent
experiments.
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*p<0.05, Student’s t test. N=4-5/group, representative of 2 experiments.
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PD-L 17" mice uprequlate multiple inhibitory receptors

Because PD-L17 mice had impaired T cell function and delayed virus clearance
in the absence of PD-L1/PD-1 signaling, we hypothesized that other inhibitory receptors
might compensate for a lack of signaling through PD-1. To test this, we measured
expression of PD-1, LAG-3, Tim-3, and 2B4 in PD-L17 and WT mice. CD8" T cells in
naive PD-L17 mice had inhibitory receptor expression that was at least twice that of
CD8" T cells in WT mice, and had higher expression per cell (Figure 3-3A). After HMPV
infection, inhibitory receptor expression on bulk CD8" T cells increased for both WT and
PD-L1" mice, but remained significantly higher in knockout mice (Figure 3-3B,C). In
contrast, inhibitory receptor expression on CD8" T cells specific for the HMPV
immunodominant epitope F528 was similar between WT and knockout mice (Figure 3-
3D,E). These data suggest that increased inhibitory receptor expression could explain

the predisposition for T cell impairment in PD-L17" mice.
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Figure 3-3. PD-L1” mice upregulate inhibitory receptors at baseline and during infection.
(A) Expression of inhibitory receptors PD-1, Tim-3, LAG-3, and 2B4 on CD8" T cells from naive
WT and PD-L1"" mice and mean fluorescence intensity of inhibitory receptor expression.
Inhibitory receptor expression and mean fluorescence intensity were measured on bulk CD8" T
cells at days 7 (B) and 10 (C) of HMPV infection in WT and PD-L1" mice. Inhibitory receptor
expression was measured on F528-specific CD8" T cells at day 7 (D) and 10 (E) of HMPV
infection. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, Student’s t test. N=4-5/group,

representative of 2 experiments.

Antibody blockade of PD-L2 does not restore T cell function in PD-L17" mice

Thus far, two ligands for PD-1 have been identified; PD-L1 is expressed on many

cell types, while PD-L2 is restricted to antigen presenting cells (250, 285). PD-L2 has a

higher affinity for PD-1, but PD-L2 signals tend to be significant only with high PD-L2

expression (289). In respiratory virus infection, signaling through PD-1 appears to occur

predominantly through PD-L1, as antibody blockade of PD-L2 in WT mice has limited

effect on CD8" T cell function and combined PD-L1/PD-L2 blockade results in similar

function as PD-L1 blockade alone (237). We hypothesized that in the genetic absence
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of PD-L1, PD-L2 might compensate and explain the phenotype of impaired PD-L17"
mice in Figure 3-1. To address this, we quantified expression of PD-L2 on pulmonary
dendritic cells in WT and PD-L17 mice and found that, contrary to our hypothesis, PD-
L2 was expressed on fewer CD11¢* MHCII* DCs in PD-L17" mice during infection
(Figure 3-4A). However, even lower levels of PD-L2 might provide effective inhibitory
signaling in PD-L1"" mice, especially considering the abundance of the PD-1 receptor
on CD8" T cells (Figure 3-3). To test whether PD-L2 compensated for the lack of PD-L1
in these mice, we performed antibody blockade of PD-L2 in WT and PD-L1 mice before
and during the course of HMPV infection. We found that even in the absence of PD-L2
signaling, pulmonary CTLs in PD-L17" mice remained as impaired as those from WT
mice (Figure 3-4B-D). These data indicate that compensation by PD-L2 is not

responsible for the impaired CD8" T cells in respiratory virus infection.
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were infected with HMPV. (A) At days 7 and 10 post-inoculation, PD-L2 was measured on
CD11c¢* MHCII* dendritic cells by flow cytometry. (B,C) WT and PD-L1" mice were injected with
anti-PD-L2 antibody at days -2, -1, and every other day thereafter during infection. Mice were
infected with HMPV and CD8" T cell functionality was analyzed on F528- and N11-specific cells

by flow cytometry at days 5 and 7 of infection.

Percent functionality of F528-specific (D) and

N11-specific (E) CD8" T cells was quantified at day 7 of infection. **p<0.05, ****p<0.0001,

Student’s t test. N=4-5 per group.
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Bone marrow chimeras of WT/PD-L 17" mice have equal T cell function, but

hematopoietic PD-L1 appears to limit inhibitory receptor expression

Previous studies of LCMV infection showed that PD-L1 had a compartment-
specific effect on CTL function and virus clearance (286). However, since LCMV is a
systemic infection, we sought to determine whether PD-L1 has a differential role in the
hematopoietic and somatic compartments of the lung during HMPV infection. We
generated reciprocal bone marrow chimeras between WT and PD-L17 mice and
infected these with HMPV. We found that CTLs from each group had equivalent
functionality by percentage and absolute number (Figure 3-5A,B). Virus titers were not
statistically significant between groups (Figure 3-5C). Interestingly, inhibitory receptor
expression was highest on mice that had PD-L17 hematopoietic cells (either PD-L1/PD-
L1 or WT/PD-L1), which may indicate an importance of the hematopoietic lineage for
controlling inhibitory receptor expression (Figure 3-5D). Considering the somewhat
contradictory prior reports that either DCs or epithelial cells are essential for contributing
PD-L1 to T cell impairment (228, 231, 233), it is possible that both cell types are

essential, at least in HMPV infection.
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Figure 3-5. WT/PD-L1 reciprocal bone marrow chimeras do not have more functional
CD8" T cells in response to HMPV infection. Bone marrow chimeras were generated by
lethally irradiating WT and PD-L1™ mice and transplanting 2x10° donor bone marrow cells 24
hours later. Bone marrow was allowed 8 weeks to reconstitute before infection. Mice were
infected with HMPV, and the percentage (A) and absolute number (B) of F528-specific CD8" T
cells were analyzed by flow cytometry. Virus titers were quantified via plaque assay at day 5 of
infection (C) and inhibitory receptor expression was analyzed at day 7 of infection (D). X-axes
and figure legends indicate somatic/hematopoietic genotype (e.g. WT/PDL1 = WT somatic cells
and PD-L1"" hematopoietic cells). *p<0.05, **p<0.01, ***p<0.001, One-way ANOVA with Tukey
post-hoc test. N=4-5/group, representative of 2-4 experiments.

Discussion

In this study, we sought to elucidate the role of PD-L1 on different cell types by
using a genetic PD-L1 knockout. Despite the fact that PD-L1 blockade or PD-1 knockout
restores CD8" T cell function (138, 228, 283), we were surprised to find that genetic
deficiency of PD-L1 still led to functional impairment of CD8" T cells, and further,
resulted in delayed clearance of human metapneumovirus. Considering this level of

impairment in PD-L17" mice, it is perhaps not surprising that bone marrow chimeras
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between WT and PD-L1"" mice did not show a change in CD8" T cell function. However,
the finding of increased inhibitory receptor expression in mice that had PD-L1 deficiency
specifically in the hematopoietic lineage indicates that hematopoietic expression of PD-
L1 is important for limiting the expression of PD-1 and other inhibitory receptors.
Moreover, the higher inhibitory receptor expression on lung CD8+ T cells in PD-L1™"
mice both at baseline and during infection suggests that the lung environment favors T
cell impairment.

It is notable that absence of PD-1 in respiratory virus infection leads to restored
function (138) while absence of PD-L1, with or without PD-L2 signaling, does not
restore T cell function. However, there is evidence that PD-1"7 and PD-L1"" mice are
fundamentally different. PD-17" mice eventually develop a lupus-like autoimmune
response later in life (290). In contrast, PD-L17 mice have no apparent autoimmune
phenotype (291), although one strain of PD-L1"~ mice may be more susceptible to
experimental encephalitis (292). PD-1"" mice are able to clear tumors that PD-L1" or
PD-L1/L2" mice fail to clear (293). Systematic review of PD-1 and PD-L1 inhibitors in
lung cancer found that PD-1 inhibitors had a slightly but significantly increased risk of
pneumonitis and other autoimmune side effects compared to PD-L1 inhibitors (294,
295).

Several explanations are possible for the discordant phenotypes between PD-L1"
" and PD-1"" mice. First, PD-L1, but not PD-L2, interacts in a bidirectional manner with
the costimulatory molecule B7-1 (also known as CD80) (296). In canonical
costimulatory APC-T cell signaling, B7-1 and B7-2 (CD86) on APCs bind to CD28 on T

cells to enhance signaling through the T cell receptor (297). One mechanism of
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downregulating this costimulation is that the coinhibitory receptor CTLA-4 competes
with CD28 for binding to B7-1 and B7-2 (297). PD-L1 acts as an additional competitive
inhibitory ligand for B7-1 but not B7-2 (296). An elegant model using an antibody that
specifically blocked the interaction of PD-L1 with B7-1 but not PD-1 showed that PD-
L1/B7-1 interactions are important for T cell tolerance, indicating that general PD-L1
antibody blockade may work through the interaction of PD-L1 with both B7-1 and PD-1
(298). If PD-L1/B7-1 interactions are important in immune system development, then
the absence of these could account for the inhibitory receptor skewing and CD8" T cell
impairment in PD-L17" mice.

Another explanation is the possibility of a third ligand for PD-1, which has been
proposed by others (299). However, considering the extensive active research on PD-1,
it seems unlikely that a third PD-1 ligand would not have been discovered in the almost
20 years since the discoveries of PD-L1 and PD-L2 (207, 208, 300, 301).

It is generally thought that PD-1 signaling requires ligation (302). However, some
studies have suggested ligand-independent activity of PD-1 (303). Ligand-independent
signaling has been identified for some receptors, including the B cell receptor (304) and
EGFR (30%5). Ligand-independent signaling through these receptors activates different
signaling pathways than ligand-dependent activation (304, 305), and if ligand-
independent PD-1 signaling occurs, this has not been recognized in models where the
measured output is the same signaling cascade that is activated by PD-1/PD-L
interactions. A baseline level of “tonic” PD-1 signaling on tumor infiltrating lymphocytes
(TILs) in the absence of ligation with PD-L1 or PD-L2 was reported (303). However, this

study assumed that TILs did not express PD-L1; in contrast, baseline and inducible PD-
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L1 expression on T cells has been reported (250) and even low ligand expression can
provide the necessary signal through a receptor. To fully understand whether signaling
through PD-1 is possible on CD8 T cells independently of ligantion, gene expression
profiling of PD-L17 cells or PD-L1"-CD8%® cells after overexpression of PD-1 could be
performed.

Finally, though some have suggested that the short cytoplasmic domain of PD-L1
indicates that reverse signaling is not possible (306), there is some evidence that PD-
1/PD-L1 signaling may be bidirectional. (Though it should be mentioned that a
significant body of work from the Pease lab that supported signaling through PD-L1 has
since been retracted.) As mentioned above, PD-L1 and B7-1 appear to signal in a
bidirectional manner (296), which would suggest that PD-L1 and PD-1 are capable of a
similar interaction. In vitro, a PD-1-Ig fusion protein bound to PD-L1 on macrophages
and activated an anti-inflammatory phenotype, characterized by increased IL-10 and
decreased IL-6 production (307). Perhaps a bidirectional role of PD-L1 signaling is
important for immune system development, which is altered in genetic depletion of PD-
L1.

In this study, we used mice developed by the Chen lab, who described a putative
costimulatory role for PD-L1 (291). In contrast, the PD-L17 mouse from the Sharpe lab
did not reveal a costimulatory phenotype (292). We also characterized the PD-L17"
mouse from the Sharpe lab and CD8" T cells were impaired in response to respiratory
virus infection in these mice as well (data not shown).

It is possible that the delayed virus clearance in PD-L17" mice was due to

inefficient activity of a cell type other than CD8" T cells. For example, CD4" Th cells
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could have a role in T cell impairment. CD4" epitopes tend to be in very low abundance
in infected mice and have not yet been mapped for HMPV; nevertheless, it would be
interesting to measure the function and contribution of virus-specific CD4+ T cellsto T
cell impairment in the presence or absence of PD-L1.

Future experiments to better understand the role of PD-L1 in respiratory virus
infection will help elucidate the mechanism of PD-1-mediated T cell impairment.
Considering that we saw increased expression of other inhibitory receptors in the
absence of PD-L1, it would be interesting to block one or more inhibitory receptors,
either in vivo or in an ex vivo ELISPOT assay, which has previously been utilized to
understand the role of various inhibitory receptors in WT mice (237). More inhibitory
receptors continue to be evaluated for a role in chronic infections (223); it would be
worth understanding whether other receptors such as TIGIT or VISTA also play a role in
T cell impairment.

T cell impairment mediated by inhibitory receptors continues to be an
incompletely understood feature of respiratory virus infections. A more complete picture
of how impairment proceeds and what steps in this process can be manipulated will
provide important information of how the immune system specifically generates
impaired T cells in lung infection but not other acute infections and may reveal potential

strategies for manipulating this response in both therapeutics and vaccination.
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Materials and Methods
Mice and Viruses

C57BL/6 mice were purchased from The Jackson Laboratories. PD-L1"" (aka B7-
H1"') mice were obtained with permission from Liepeng Chen (291). Animals were bred
and maintained in specific pathogen free conditions in accordance with the Institutional
Animal Care and Use Committees of Vanderbilt University and University of Pittsburgh.
6-14 week-old age- and sex-matched mice were used in all experiments. HMPV (clinical
strain TN/94-49, subtype A2) was grown and titered in LLC-MK2 cells (previously
described (278). Influenza virus strain A/34/PR/8 (PR8; H1N1; ATCC) was grown in
MDCK cells and titered in LLC-MK2 cells as described (138). For all animal
experiments, mice were anesthetized with ketamine-xylazine and intranasally infected

with 1x10°-5x10° PFU HMPV, or 10-50 PFU PRS, in a 100 uL volume.

Surface and tetramer staining
Lung and mediastinal lymph node lymphocytes were surface stained with

tetramers as described previously (138, 308). MHC Class | tetramers for HMPV (H2-
D®/Fs28-536 and H2-K®/N11_19) and for influenza (H2-D®/NP3ss_374) Were generated as
previously described (138, 280). Lung cells were stained for PD-1 (clone RMP1-30),
TIM-3 (clone RMT3-23), LAG-3 (clone C9B7W), and 2B4 (clone m2B4 (B6) 458.1) or
with appropriate isotype control Abs (all from BioLegend). Flow cytometric data were
collected using an LSRII (BD Biosciences) and analyzed with FlowJo software (Tree

Star).
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Peptide restimulation and intracellular cytokine staining
Peptide restimulation and intracellular cytokine staining were performed as

previously described (138).

Virus titration

Viral titers were measured by plaque assay as previously described (278).

In vivo antibody blockade
Mice were injected i.p. with 200 ug in 200 uL PBS with either anti-mouse PD-L2
(Bio X Cell, clone TY-25) or isotype control antibody for two days before infection and

every other day thereafter.

Bone marrow chimeras

6-week-old WT and PD-L17" mice were irradiated with a total of 10 Gy (5Gy4
hours apart) to deplete bone marrow, either in a Cs437 irradiator or an x-ray irradiator.
WT and PD-L17 bone marrow was obtained from femurs and tibiae of donor mice, lysed
of erythrocytes, and resuspended to 2x10° cells/ml in PBS. Recipient mice were
anesthetized with isofluorane and 2x10° bone marrow cells were injected retroorbitally
20-24 hours after irradiation. Mice were kept in sterile housing and given
sulfamethoxazole/trimethoprim in their drinking water for 2 weeks post-transplant. Bone

marrow was allowed to reconstitute for 8 weeks before experiments were performed.
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Statistical analysis

Data analysis was performed using Prism v 6.0 (GraphPad Software).
Comparisons between two groups were performed using an unpaired, two-tailed
Student’s T test. Comparisons between multiple groups were performed using a one-
way ANOVA with a Bonferroni posttest. Error bars on each graph represent SD unless

otherwise noted.
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CHAPTER IV

STAT2 limits host species specificity of human metapneumovirus’

Introduction

It is essential to better understand the virus and host factors that are involved in
promoting and restricting HMPV infection. The innate immune system is a first line of
defense against microbial infection, and therefore many viruses encode at least one
protein that interferes in some way with innate immunity in host cells (59).
Pneumoviruses and parmamyxoviruses antagonize the host interferon signaling,
specifically STAT1 and/or STATZ, in the course of natural infection (35, 60).

Despite being related to RSV and paramyxoviruses, none of the 9 virally
encoded HMPV proteins have homology with pneumovirus or paramyxovirus inhibitors
of STAT1 or STAT2 (26). In spite of this, HMPV inhibits phosphorylation of STAT1 in
cell lines and primary human epithelial cells (65). Others found no inhibition of STAT2
by HMPV; however, these experiments used a relatively low multiplicity of infection
(MOQI) in cell culture (65).

In order to study HMPYV infection in vivo, mouse models have been developed,
most commonly using C57BL/6 mice. However, mice are only semi-permissive for
HMPV: an inoculum of 10° or higher, depending on the HMPV strain, is required for

productive in vivo infection ((278) and unpublished observations). Additionally, clinical

" This chapter contains unpublished data in preparation for submission. Rogers MC,
Miranda-Katz M, Xu J, and Williams JV. 2018.



features of murine infection with HMPV do not adequately mimic human disease (309);
how much of this is due to differences in mouse physiology, and how much is due to
differences in the virus’ ability to antagonize the human vs. mouse immune system, is
unclear.

Studies of RSV, hPIV2, and hPIV5 have revealed that the murine version of
STAT?2 restricts these human viruses (82, 119). We hypothesized that HMPV is similarly
restricted in a species-specific manner. We found that HMPV titers are significantly
higher in STAT2” mice compared to WT, and that HMPV could be serially passaged in
vivo in STAT1” and STAT2” mice. This led us to hypothesize that HMPV'’s capacity to
antagonize STAT signaling may be limited to primates. Since STAT1 is so highly
conserved, we further wondered whether HMPV antagonizes hSTATZ2, and if species
differences in STATZ2 could drive host restriction of HMPV.

We found that HMPV was able to antagonize expression, phosphorylation, and
nuclear localization of both STAT1 and STATZ2 in primate cells, while murine cells
maintained the capacity to upregulate and phosphorylate both molecules. STAT1 and
STAT2 inhibition occurred independently, suggesting HMPV does not specifically
antagonize the STAT1/STAT2 heterodimer. Transfection of UGA cells, which lack
STATZ2, with hSTAT2 or mSTAT2 revealed that suppression of both STAT1 and STAT2
were prevented by mSTATZ2. In contrast, transfection of hSTATZ2 into murine cells
enabled inhibition of STAT1 and STAT2 by HMPV. These data show that HMPV fails to
inhibit both STAT1 and STATZ2 in the presence of murine STATZ2 and suggest that

HMPV antagonizes STAT2 to promote infection in humans.
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Results

Serial passage of HMPV in STAT1” and STAT2” mice

Some respiratory viruses, including influenza, SARS-CoV, and MERS-CoV, have
been serially passaged in mice to generate mouse adapted virus strains. These mouse-
adapted viruses have provided important tools for studying viral and host determinants
of disease and tropism (310-314).

We sought to generate mouse-adapted HMPV. However, viral titers in lung
homogenate of infected C57BL/6 mice were not sufficiently high to productively infect a
recipient mouse (data not shown). Attempts to passage in Rag-2"~ and IFNAR™ mice
were also unsuccessful (data not shown). However, HMPYV titers are significantly higher
in IFNAR” mice (54), indicating that type 1 interferon signaling restricts HMPV in mice
in vivo. We therefore inoculated STAT1" and STAT2” mice with HMPV strain TN/94-49
and found that the virus grew to significantly higher titer in STAT2"" mice compared to
STAT1” or WT mice (Figure 4-1A). We subsequently inoculated STAT1” and STAT2™"
mice with HMPV (strains C1-718 and TN/94-49, respectively) and found that HMPV
could be serially passaged in these strains.

With each passage, weight loss increased (data not shown). Additionally, over
subsequent passages of C1-718 in STAT1” mice, cytokines measured from lung
homogenates transitioned from a type 2 to type 1 phenotype (Figure 4-1B). Over serial
passage of TN/94-49 in STAT2” mice, type 1 cytokines and chemoattractants
increased (Figure 4-1C). These data show that serial passage of HMPV is restricted by
STAT1 or STATZ in vivo, indicating that either or both of these proteins or the IFN

signaling pathway in general is a barrier to mouse adaptation by HMPV.
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Figure 4-1. Serial passage of HMPV in STAT1” and STAT2" mice. (A) Mice were infected
with HMPV TN/94-49 and euthanized at day 5 of infection. Lung virus titers were determined by
plaque assay. (B) HMPV C1-718 was serially passaged in STAT1" mice, and cytokines were
measured in lung homogenate at each passage at day 5 post-inoculation. (C) HMPV TN/94-49
was serially passaged in STAT2" mice, and cytokines were measured from lung homogenate at
each passage at day 5. ***p<0.001, ****p<0.0001, One-way ANOVA with Tukey post-hoc test.
N=2-5/group.
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HMPYV infection prohibits nuclear translocation of STAT1 and STATZ2 in human cells

Since we found that STAT1 and STATZ2 appeared to be important in restricting
HMPYV infection of mice, we next explored how HMPV infection affects STAT1 and
STATZ2 in humans. Previously, it had been shown by us and others that HMPV can
specifically inhibit STAT1 phosphorylation and expression (65, 69). We used a human
bronchoepithelial cell line, BEAS2D, to perform imaging studies of STAT1 and STATZ2 in
the presence or absence of HMPV. After infection with HMPV for 24 hours, BEAS2b
cells were treated with IFN to induce phosphorylation and nuclear translocation of
STAT1 and STAT2. After treatment with IFN, STAT1 and STATZ translocated to the
nucleus in mock-infected cells, whereas nuclear import was inhibited in HMPV-infected
cells (Figure 4-2). These data indicate that HMPV infection inhibits nuclear
translocation of the STAT1/2 heterodimer in vitro, indicating that antagonism of

STAT1/2 may be a key step to promote HMPV infection.
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Figure 4-2. Nuclear localization of STAT1 and STAT2 is inhibited by HMPV. Human
BEAS2b cells were infected with HMPV or mock for 20 hours, and treated with IFN for 40 min.
After IFN treatment, cells were fixed and stained for immunofluorescence. (A) HMPV infection
inhibits nuclear translocation of STAT1. (B) STATZ2 nuclear localization is impaired during
HMPYV infection.
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HMPV antaqgonizes STAT1 and STAT2 in primate but not murine cells

We were interested in the fact that HMPV grew to significantly higher titer in
STAT2" mice than in either WT or STAT1" mice and that STAT1"" and STAT2” mice
were permissive for serial HMPV passage. We hypothesized that HMPV inhibits STAT1
and STAT2 in primate cells but fails to inhibit these in murine cells. To test this
hypothesis, we infected both primate and murine cell lines with HMPV and measured
expression as well as phosphorylation of STAT1 and STATZ2 after IFN treatment. We
found that HMPV infection of VeroEG6 cells (primate cells that cannot produce IFN) led to
reduced phosphorylation of both STAT1 and STATZ2 and decreased expression of
STATA1. In contrast, when murine cell lines CMT64/61 (C57BL/6 lung adenocarcinoma)
and NIH/3T3 (murine fibroblast, deficient in some steps of IFN signaling (315)) were
infected with HMPV, STAT1 and STATZ2 expression and phosphorylation increased
(Figure 3-3). These data indicate that HMPV is able to antagonize STAT1 and STAT2
in human/primate cells but fails to achieve this inhibition when introduced to murine

cells.
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Figure 4-3. HMPV reduces STAT1 and STAT2 activation in primate cells, but not murine
cells. (A) VeroEG6 (primate), CMT64/61 (murine), and NIH3T3 (murine) cells were infected with
HMPYV for 24 hours, then treated with IFN for 30 minutes before cells were lysed for western
blotting against total and phosphorylated STAT1 and STATZ2. (B) Quantification of STAT1 and
pSTAT1 signals compared to mock-infected wells. (C) Quantification of STAT2 and pSTAT2

compared to mock-infected wells.

HMPV inhibition of STAT1 or STATZ2 occurs independently of the other

Studies of hPIV2 and hPIV5 showed that degradation of STAT2 or STAT1,
respectively, required the expression of both STAT1 and STATZ2 (316). To understand
whether HMPV inhibition of STAT1 and STATZ2 is dependent on expression of both

proteins, we infected U3A and UGA cells with HMPV. These cells are derived from a
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human fibrosarcoma cell line and are specifically deficient in STAT1 and STAT2,
respectively (317). We found that HMPV infection of STAT2-deficient UGA cells led to
reduced expression and phosphorylation of STAT1 in a dose-dependent manner with
increasing MOI (Figure 4-4A,B). HMPV infection of STAT1-deficient U3A cells also
antagonized STAT2 expression and phosphorylation but only at an MOI of 3 (Figure 4-
4A,B). At MOI=1, HMPV did not inhibit STAT2 phosphorylation, and STAT2 expression
was slightly increased compared to mock-infected cells. These data indicate that HMPV
has the capacity to target STAT1 and STATZ2 independently of each other; however,

antagonism of STAT1 by HMPV appears to be a more efficient process than STAT2

inhibition.
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Figure 4-4. HMPV does not require STAT1 or STAT2 to inhibit expression and
phosphorylation of the other. STAT1-deficient U3A and STAT2-deficient UBA cells were
infected with HMPV for 20 hours at an MOI of 1 and 3, treated with IFN for 40 minutes, and
lysed for western blotting. (A) Expression and phosphorylation of STAT1 and STATZ2 in UGA
and U3A cells. (B) Quantification of STAT1/pSTAT1 protein levels in UGA cells. (C)
Quantification of STAT2/pSTAT2 levels in U3A cells.
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Expression of hSTAT2 but not mSTAT2 promotes STAT1/2 inhibition by HMPV

So far, our data indicate that HMPV antagonizes STAT1/2 in human cells but not
mouse cells. However, we have not shown whether this phenotype is specifically due to
differences in the human and murine forms of STATZ2, or whether HMPV fails to inhibit
some other step in the innate immune response in murine cells.

To better understand the specific role of human and mouse STATZ2 during HMPV
infection, UBA (human) and NIH/3T3 (murine) cells were transfected with either human
or murine STAT2 and infected with HMPV. After HMPV infection, cells were treated with
IFN and processed for western blotting.

Expression and phosphorylation of STAT2 were inhibited in both human and
murine cell lines that expressed mSTATZ2 (Figure 4-5). Interestingly, we found that even
though STAT2 was not required for STAT1 inhibition, the presence of mMSTATZ2 in
human UGA cells inhibited both inhibition and degradation of STAT1 (Figure 4-5A,C). In
contrast, transfection of hSTAT2 into NIH/3T3 cells promoted degradation and inhibition
of STAT1 and STAT2 by HMPV (Figure 4-5B,D), though these effects were not
complete, which may have been due to limited overlap between cells that successfully
expressed the STAT2 plasmids and those that were infected. Overall, these indicate

that species differences in STAT2 control degradation of both STAT proteins by HMPV.
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Figure 4-5. Expression of human STAT2 promotes STAT1 and STAT2 inhibition, while
murine STAT2 inhibits STAT degradation. UGA and NIH/3T3 cells were transfected with
hSTAT2 and mSTATZ2, then infected with HMPV. Cells were treated with IFN 16 hours after
infection for 40 min before cell lysis. (A) STAT1 and STAT2 expression and phosphorylation in
UGA cells in the presence of human or murine STAT2. (B) STAT1 and STATZ2 in NIH/3T3 cells
after transfection of human and murine STAT2. (C) Quantification of band intensity as a
measure of fold change in UGA cells from (A). (D) Fold change of STAT1 and STATZ2 in NIH/3T3

cells from (B).

Discussion

Here, we show that HMPV promotes infection in primate cells by inhibiting
phosphorylation and expression of STAT1 and STATZ2, while the virus fails to inhibit
either STAT in murine cells. STAT inhibition occurs in an hSTAT2-dependent manner,

as transfection of mMSTAT2 into human cells prevents STAT1 and STATZ2 antagonism.
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Furthermore, HMPV can be serially passaged in both STAT1- and STAT2-deficient
mice and appears to become more virulent, whereas serial passage in WT mice is not
possible. These passaging data suggest that STAT1/2 in mice represents a significant
barrier to mouse adaptation of HMPV.

A relatively high MOI of HMPV (3 or more, depending on the cell line) to inhibit
STATZ2, whereas inhibition of STAT1 occurred at an MOI of 1. The different MOls
suggest that STAT1 inhibition by HMPV is more efficient than STATZ2 inhibition. HMPV
proteins could have a higher affinity for STAT1 compared to STAT2, or perhaps STAT2
inhibition is achieved with a viral protein that is transcribed at a lower abundance.

One limitation of this work is that both transfection and infection have limited
efficiencies, which will vary based on cell lines, cell confluency, and transfection and
infection protocols. Previously, the state of STAT1 and pSTAT1 in either infected or
non-infected cells was assessed by flow cytometry, using fluorescent labeling of HMPV
proteins and STAT1/pSTAT1 (69). A similar method could be used to assess the levels
of STAT2 and pSTATZ2 in HMPV-infected Vero or BEAS2b cells, and the level of STAT2
in murine cells. However, the only pSTATZ2 antibody that currently exists for flow
cytometry does not recognize murine pSTAT2.

A combination of transfection and infection, as in Figure 4-5, means it is possible
that only a fraction of cells both expressed the transfected STAT2 protein and were
infected. To circumvent this, stably transfected cells that express either human or
murine STATZ2 could be engineered, and then infected with HMPV to assess the state of

both STATS.
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Transfection efficiency of hSTAT2 and mSTAT2 may have been different and
may have varied between the U6A cells and the NIH/3T3 cells. However, we controlled
for this internally by comparing the levels of STATZ2 in infected wells with the level and
phosphorylation of STAT2 from mock-infected wells that were transfected with the same
plasmid. It would be interesting to titrate the transfection so that both human and murine
STATZ2 are expressed at the same level in mock-infected cells, as it is possible that
HMPV'’s capacity to target either could be limited by the amount of transfected protein in
a cell.

Previous work in the lab showed that the SH protein from HMPV is responsible
for suppression of STAT1. In an attempt to determine whether SH also inhibited STAT2,
we transiently transfected 293T cells with SH plasmid, but found no detectable
decrease in STAT2 (data not shown). However, this does not rule out SH as a possible
STATZ2 antagonist. It is possible that due to transfection efficiency, not enough virus
protein was synthesized to affect STATZ2, especially since transfection itself upregulates
STAT signaling.

It is possible that SH is also responsible for differences in STATZ2, but that SH
may preferentially target STAT1, especially in circumstances of low abundance. To
determine whether SH antagonizes STAT2, cells could be stably transfected with HMPV
proteins to analyze the STAT2 phenotype.

We attempted to assess an interaction between SH or G and STAT1 or STAT2
via co-immunoprecipitation; however, an interaction was not found (data not shown). It
is possible that an interaction exists, but that this is transient or not stable. Stabilization

of protein interactions using in vivo crosslinking with protein stabilizers may allow
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transient interactions to remain stable enough for analysis. Additionally, earlier time
points should be measured in case interactions happen earlier than the 24-hour time
point that we used. If STAT1/2 are degraded rapidly, proteasome inhibitors could allow
these proteins to remain long enough for Co-IP. Additionally, use of a proteasome
inhibitor would reveal whether degradation occurs in a proteasome-dependent manner.

It is possible that inhibition of STAT1 and STAT2 by HMPV occurs in an indirect
manner. For example, others have reported that HMPV infection downregulates Tyk2
and Jak1 expression (76), though it was not shown what HMPV protein is responsible
and whether this occurs in a direct manner. Murine and human Tyk2 and Jak1 have
80% and 95% amino acid homology, respectively (NCBI Homologene). It is unknown
how HMPV infection of murine cells affects Tyk2 and Jak1. However, we found that
transfection of mMSTATZ2 into human cells reduced the virus’ capacity to target both
STAT1 and STAT2, which suggests that mSTAT2 might need to directly interact with
the protein antagonized by HMPV to guard it from inhibition.

Mock-infected human and murine cells phosphorylate transfected mSTATZ2 and
hSTATZ2 (Figure 4-5). Therefore, the upstream mediators of STAT2 phosphorylation,
Tyk2 and Jak1, can interact with both human and murine forms of STATZ2, although it is
possible that phosphorylation efficiency could be reduced in cross-species protein
interactions.

In future work, it will be important to determine which domain of STATZ2 is
targeted by HMPV and whether these or other domains of STAT2 are responsible for
the virus host-species restriction. Previous work in hPIV2 and hPIV5 determined that

the N-terminus containing the coiled-coil domains of hSTAT2 was required for virus
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degradation (119). STAT2 has 7 domains (318). The coiled-coil domain of STATZ2 that is
essential in hPIV2 and hPIV5 is essential for interaction with IRF9. Additionally, STAT2
contains a DNA-binding domain and nuclear localization signal, a Src homology 2
domain that is necessary for STAT dimerization, a tyrosine phosphorylation site, and a
c-terminal transcriptional activation domain (TAD) (318). HMPV, or an HMPV-recruited
intermediate, could interact with any of these to cause protein degradation; mSTAT2 is
highly divergent in the c-terminal TAD, so this region could contribute to the host
specificity of HMPV.

It will be important to determine how human and murine STAT2 affect replication
of HMPV in either human or murine cells. We know that HMPV replicates in mice (278)
and in vitro in CMT64/61 cells (unpublished data), indicating that murine STAT2 does
not eliminate HMPV’s capacity to replicate in mice or murine cell lines. However, the
presence of hNSTAT2 may enhance replication in murine cells, while the presence of
mSTAT2 in human cells may restrict HMPV replication. Additionally, to assess whether
human STATZ2 enhances in vivo infection of mice, huSTAT2 mice, which have been
engineered to express human STAT2, will be infected, and virus titer and the immune
response to HMPV will be compared (huSTATZ2 mice were courtesy of Adolfo Garcia-
Sastre (124)).

Serial passage of HMPV in STAT1" and STAT2" mice has been completed to
P13 (data not shown). While we have found that this P13 lung homogenate is capable
of infecting WT mice, the virus did not replicate to high enough titer to productively infect
a subsequent mouse. Alternative strategies to achieve the transition from infection in

STAT-deficient mice into WT mice have been attempted. These have included sucrose
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purification of lung homogenate in order to concentrate the virus, in vitro passage in
murine cells, chemical inhibition of STAT1 with fludarabine (319), and siRNA and
morpholino knockdown of STAT2 to titrate STATZ2 levels in WT mice. Thus far, these
have not been successful, though it is possible that with more optimization, one of these
strategies will aid serial passage in WT mice. Additionally, DBA/2 mice will be infected
with the lung homogenate, as previous work in the lab has shown that this line is more
permissive for HMPV (278). DBA/2 mice or another more permissive mouse line could
be an intermediate in the transition from STAT1” and STAT2” passaged virus to a fully
mouse adapted virus for WT mice.

RNA from P13 lung homogenate has been extracted and will be sequenced in
order to determine which mutations have arisen during the 13 passages. By comparing
these sequences with the original parent HMPV, we will be able to determine other
mutations that enhance HMPV replication in mice.

Overall, these data indicate that HMPV targets expression and phosphorylation
of both STAT1 and STATZ2 in a host-specific manner. Future studies to determine the
specific HMPV and STAT interactions involved in STAT inhibition will reveal a
mechanism for how this virus achieves productive infection in humans. While all mouse
models of human diseases have limitations, these data highlight how the innate immune
response to HMPV in mice is likely to be profoundly different than it is during natural

infection of humans.

114



Materials and Methods
Cells

The following cell lines were used: BEAS2b (ATCC CRL-9609), 293T (ATCC
CRL-3216), Vero E6 (ATCC CCL-81), NIH/3T3 (ATCC CRL-1658), U3A (ECACC).
CMT64/61 (ECACC) and U6A (ECACC) cells were purchased from Sigma. All cell lines

were maintained, infected, and transfected in DMEM supplemented with 10% FBS.

Viruses
HMPYV clinical strains TN/94-49 and C1-718 (subtypes A2) were grown and

titered in LLC-MK2 cells (ATCC CCL-7) as previously described (278).

Plasmids

pUNO1-hSTATZ2 and pUNO1-mSTAT2 plasmids were purchased from Invivogen.
EGFP/mCherry tagged hSTAT2 and mSTATZ2 were generated by Jiuyang Xu by
subcloning the h/mSTAT2 sequence from the pUNO1 plasmids into pEGFP-
N1/pmCherry-C1 vectors (Clontech). Xhol/Kpnl sites were used for hNSTAT2, and
Kpnl/BamHI sites were used for mSTAT2.

Codon optimized constructs in a pcDNA3.1+ plasmid (Invitrogen) for HMPV
proteins SH, G, N, M2, M were previously generated in the lab (69) based on the
sequence for HMPV TN/94-49. C-terminal Myc-His-tagged proteins were generated by
subcloning into pcDNA3.1-myc-His (Invitrogen) using the Kpn1 and EcoRV sites by

Jiuyang Xu,
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In vitro infection

For cell experiments, cells were inoculated with HMPV strain TN/94-49 at an MOI
of 1-10 in a 24-well plate. Mock-infected cells were given media or cell lysate, which had
an equivalent effect on STAT1 and STAT2 protein levels and phosphorylation (data not
shown). 16-24 hours post-infection, cells were treated with 1000 U/ml human IFNa
(Alpha 2a) (PBL) for human and primate cells, or 1000 U/ml murine IFNg (PBL) for
mouse cells for 30-40 minutes. After treatment, media was aspirated from the tissue
culture dish and cells were lysed in RIPA buffer (ThermoFisher) for western blotting or

fixed in 4% paraformaldehyde for immunofluorescence.

Transfection

Transfections were performed using Lipofectamine 2000 (Life Technologies)
following the manufacturer’s protocol with some exceptions: for each well in 24-well
plates, 2.5 ul Lipofectamine 2000 was diluted into 37.5 ul Opti-MEM (not supplemented)
and was mixed with 1 ug plasmid in 37.5 ul Opti-MEM for a total volume of ~75 ul. This
was incubated for 15 min before being added to wells. 50% of media was replaced after
6 hours. 16-24 hours post-transfection, cells were treated with IFNa/f as above, and

lysed for western blotting.

Western blotting
Cells were lysed in ice-cold RIPA buffer (Thermo Scientific) that contained
protease and phosphatase inhibitors (Halt, Thermo Scientific). Samples were

centrifuged at 14,000xg for 15 minutes to pellet debris, and supernatant was used for
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protein analysis. Total protein from cell lysate was quantified by BCA assay (Thermo
Scientific) and protein was normalized between samples. Samples were diluted in 4x
LDS sample buffer (Invitrogen) and 10X Sample Reducing Agent (Invitrogen) and boiled
for 8 minutes at 95°C. Proteins were separated on a 4-12% Bis-Tris polyacrylamide gel
before transfer to a PVDF membrane. Membranes were blocked in 5% BSA in Tris-
buffered saline with 0.1% Tween-20 (TBS-T) or 5% nonfat dry milk boiled in TBS-T.
Primary antibodies against STAT1 (Cell Signaling Technologies (CST), D1K9Y),
pSTAT1 (CST, 58D6), STAT2 (CST, D9J7L), pSTAT2 (for human, CST D3P2P; for
mouse (polyclonal), EMD Millipore), actin (Hrp conjugated, Abcam), and GFP
(Invitrogen, A-11122) were used in a 1:1000 dilution (or a 1:10,000 dilution for actin)
overnight with rocking at 4°C. After TBS-T wash, HRP-conjugated secondary antibodies
against rabbit or mouse were added in 5% BSA-TBS-T or 5% milk-TBST for 1 hour.
Blots were washed with TBS-T and put in TBS until imaging. Western blots were
developed using West Femto (Thermo Scientific) and imaged on a ChemiDoc XRS+

(BioRad). Band quantification was performed using Image Lab v5.2 (BioRad).

Immunofluorescence

After infection and IFN treatment, cell supernatant was removed from BEAS2b
cells and cells were fixed with 4% PFA. Cells were permeabilized with 100% methanol
at -20°C. Cells were blocked with 5% goat serum and 0.3% Triton-X100 in PBS.
Primary and secondary antibodies were diluted in 1% BSA and 0.3% Triton-X100 in
PBS. DAPI (5ug/ml) was added to distinguish nuclei. Antibodies used were STAT1

(CST, D1K9Y) STAT2 (CST, D9J7L), HMPV anti-Fusion protein 54G10 (320),
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secondary Alexa Fluor 488-conjugated anti-human and Alexa Fluor 568-conjugated

anti-rabbit (Invitrogen).

Co-Immunoprecipitation

293T cells were seeded in a 100mm tissue culture dish and transfected when 50-
70% confluent with hSTAT2-eGFP, HMPV SH, HMPV G, or eGFP, either in
combination or alone using Lipofectamine 2000 (Life Technologies) as above. 16 hours
post-transfection, cells were harvested, lysed, and Co-IP was performed using the
Pierce Co-IP kit (Thermo Scientific) following manufacturer’s protocol. 30-50 ug of
capture antibodies (anti-GFP (Invitrogen, A-11122) or anti-His (Invitrogen, His.H8)) were
bound to each column. Capture step was performed overnight at 4°C with continuous

rotation.

Mice

C57BL/6 mice were obtained from Jackson Laboratories. STAT1” and STAT2"
mice were from Dr. Christian Schindler (Columbia University) and Dr. David Levy (New
York University), courtesy of Dr. John Alcorn. 6-14-week-old mice of both sexes were
used for all experiments. All mice were bred and maintained in specific pathogen free
conditions in accordance with the Institutional Animal Care and Use Committee of

University of Pittsburgh.
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Serial passage

For all animal experiments, mice were anesthetized with ketamine-xylazine and
intranasally infected with 1x10® PFU HMPV, or lung homogenate from a previously
infected mouse, in a 100-uL volume. For serial passage, mice were euthanized at day 5
post-inoculation. Lungs were harvested and homogenized in 1-2 ml 0% Opti-MEM in a
glass dounce homogenizer as previously described (278). Lung homogenates were
clarified by centrifugation at 1200 RPM (300xg) for 10 minutes. Clarified lung
homogenate was aliquoted into cryovials and snap-frozen in an ethanol-dry ice bath
before storage at -80°C. For serial passage, clarified lung homogenate was pooled from

2-3 mice before inoculation into recipient mice.

Virus titration
Virus titers were measured by plaque assay in LLC-MK2 cells (previously

described (278)).

Multiplex Cytokine Analysis

Lung homogenate from the whole lung was used for cytokine analysis by Bio-
plex Mouse Cytokine 23-plex Assay (BioRad, Hercules, CA) according to
manufacturer’s instructions. The following cytokines and chemokines were measured:
IL-1a, IL-1B, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-17A,

Eotaxin, G-CSF, GM-CSF, IFNy, CXCL1, MCP-1, MIP-1a, MIP-1B, RANTES, TNFa.
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Statistical Analysis

Data were analyzed using Prism version 6.0 or 7.0 (GraphPad Software). A two-
tailed Student’s T test was used to analyze comparisons between two groups. For
comparisons between multiple groups, a one-way ANOVA was performed using a

Bonferroni posttest. Error bars on graphs represent SD unless otherwise noted.
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CHAPTER V

Summary and Future Directions

Thesis Summary

The work | have presented here represents a diverse exploration into the
interactions of the innate and adaptive immune systems with respiratory viruses during
infection. | have discovered that despite their suppressive role in infection, regulatory T
cells (Tregs) balance types 1 and 2 immunity to allow for proper antiviral response and
control immune cell migration. | have also found that T cell impairment occurs even in
the absence of PD-L1, the principal ligand for the inhibitory receptor PD-1, which may
represent a preference for T cell impairment in the lung. Lastly, | established that human
metapneumovirus (HMPV) is restricted in host species tropism due to divergent
sequences of the innate immune mediator STAT2. While each chapter in this
dissertation explored a unique aspect of host-pathogen interaction, some important
themes emerge, both with host and virus.

Many, and perhaps all, respiratory virus infections cause T cell impairment
(Figure 5-1) (131-139). This phenomenon has been described numerous times in
mouse models of human infection as well as infections by murine viruses in mice (136).
Additionally, there is convincing evidence that this occurs in naturally infected humans
(138, 233). T cell impairment may be programmed as a universal response to
respiratory virus infections. It is striking that respiratory virus infections drive a

phenotype of dysfunctional T cells observed with few other acute infections. Instead, the



state of T cells during T cell impairment mimics the exhausted phenotype that T cells
adopt during chronic infection or cancer (202-204). T cell exhaustion is considered
detrimental for chronic disease; in contrast, T cell impairment might represent the best
possible immune strategy against a type of infection where immune-mediated pathology
is common and may be irreversible. In chapters Il and lll, | explored two potential

drivers of T cell impairment: Tregs and the inhibitory ligand PD-L1.
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Figure 5-1. T cell impairment in respiratory virus infection. Image created with
BioRender. Adapted from Rogers & Williams 2018, PLOS Pathog. (Under review)

In chapter Il, | sought to understand how Tregs influence the adaptive immune
response to respiratory virus infections. My goals in this project were twofold: first, to
understand the contribution of Tregs to the immune response to HMPV, as this had
never been described previously. Second, | wished to gain an understanding of what

role Tregs play at different stages of the immune response to respiratory virus infections
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in general, with the goal of establishing a more universal picture of the importance of
Tregs in lung infections.

When | depleted Tregs before and during HMPV infection, CD8" T cells became
more functional and virus titer was decreased. Although CD8" T cells were more
functional in the absence of Tregs, | found that the magnitude of HMPV-specific CD8" T
cells was reduced compared to that in control mice. To understand this, | depleted
Tregs early in infection and found that DC and CD8" T cell migration were impaired.
Moreover, when | measured markers of type 2 immunity in infected, Treg-depleted
mice, | found that type 2 cytokines, Tp2 CD4" T cells, and ILC2s were significantly
increased in mice that were depleted of Tregs before infection. In contrast, delayed Treg
depletion led to increased type 1 cytokines and Tu1 cells.

With this project, | was able to show that Tregs have an essential, previously
unappreciated role in control of immune cell migration during respiratory virus infection.
| also found that Tregs controlled the balance of types 1 and 2 immunity to respiratory
virus infection and demonstrated for the first time that Tregs could specifically control
the balance of types 1 and 2 innate lymphoid cells.

Chapters Il and Il are linked by two important features: both Tregs and inhibitory
receptors suppress CD8" T cell responses, and some of the actions of inhibitory
receptors may be through their expression on, and activation of, Tregs. Chapter IlI
addresses unanswered questions about the role of the ligand PD-L1 in respiratory virus
infection. This project initially began with the observation that both antibody blockade of
PD-L1 and genetic absence of PD-1 restored CD8" T cell function in respiratory virus

infection. We reasoned that a mouse deficient in PD-L1 would also demonstrate
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improved CD8" T cell function in respiratory virus infection, as this had been previously
shown for LCMV chronic infection (286). Therefore, we were surprised to find that not
only were CD8" T cells from PD-L17 impaired following both HMPV and influenza
infection, but that PD-L1”" mice also demonstrated delayed virus clearance. Impairment
of CD8" T cells was seen previously in the lab using a different strain of PD-L1"~ mice
(unpublished observation), so it seems clear that the inability to restore CD8" T cell
function is not simply due to the strain having unintentional defects in function due to
some other mutation. Additionally, | saw that PD-L2 did not compensate for a lack of
PD-L1, but that other inhibitory receptors were upregulated upregulated on CD8" T cells
from PD-L17" mice at baseline and during HMPV infection.

After generation of reciprocal bone marrow chimeras between WT and PD-L17"
mice, | found no obvious differences in CD8" T cell function or virus titer. Interestingly,
both WT and PD-L1"" mice that received PD-L1"" bone marrow had higher expression of
inhibitory receptors, similar to that observed in PD-L17 mice in earlier experiments. The
fact that the WT/PD-L1"" chimeras with PD-L1"~ hematopoietic cells had higher inhibitory
receptor expression on CD8" T cells, while the reciprocal chimeras did not, indicates
that PD-L1 on hematopoietic cells may control homeostasis of inhibitory receptors and T
cell impairment.

Despite evidence that PD-L1 has a compartment-specific role in T cell
exhaustion (286), | was unable to determine whether PD-L1 expression by a particular
compartment or cell drives T cell impairment in respiratory virus infection. Epithelial and
dendritic cells from respiratory virus-infected mice both upregulate PD-L1 (231-235,

237), likely due to the increased levels of proinflammatory cytokines in the lung during
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infection. Thus, it is possible that multiple cell types interact with PD-1" CD8™ T cells to
drive impairment. It may also be that genetic absence of PD-L1 drives immune skewing
in a way that does not occur in PD-1"" mice, or that interactions of PD-L1 and its second
receptor, B7-1 are important in immune system development.

There are multiple similarities between T cell impairment and T cell exhaustion,
such as inhibitory receptor expression, transcriptome profile, and loss of multiple
effector functions in T cells. However, in other aspects these processes are
fundamentally different—most importantly in differences in the time required for cells to
become exhausted or impaired. The difference in phenotype of PD-L17" mice that was
seen here in T cell impairment compared to that seen in T cell exhaustion (286) may be
one other important feature that differentiates these distinct immune programs.

Chapter IV focused on host species specificity of HMPV. Mouse adaptation of
viruses generates a new tool for the field that helps further the understanding of the
virus and host factors that are important for pathogenesis both in the natural host of the
virus as well as in the mouse. Murine adaptation of respiratory viruses has only been
successfully completed for influenza, SARS, and MERS viruses (310, 311, 321). Mouse
adaptation of RSV was previously attempted but was unsuccessful (personal
communication, Dr. Marty Moore, Emory University). It is reasonable to assume that
unsuccessful attempts in other respiratory viruses have been made. Previously, our lab
had attempted mouse passage of HMPV in B6 mice, but was unsuccessful.

| hypothesized that mice deficient in innate immunity might allow for serial
passage of HMPV, as mice with deficiencies in innate immunity allow HMPV to replicate

to higher titer (54). | infected STAT1” and STAT2"" mice with HMPV and found that
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both strains of knockout mice were permissive for serial mouse-to-mouse passage of
HMPV. Attempts to transition the mouse-passaged virus into WT mice and develop a
completely murine-adapted HMPV are ongoing.

| became intrigued over the course of these serial-passage studies about the role
that STAT2 might play in HMPV infection and pathogenesis. Other labs had previously
shown that STAT2 controlled host species permissiveness of hPIV2 and hPIV5, RSV,
dengue, and Zika viruses (82, 119, 122, 123). | infected both primate and murine cells
with HMPV and saw inhibition of STATZ2 only in primate cells. Furthermore, when
MSTATZ2 was transfected into human cells, both STAT2 and STAT1 were resistant to
HMPV. In contrast, when | transfected murine cells with hSTAT2 and infected them with
HMPV, HMPV gained the ability to target both STAT2 and STAT1.

This work highlights an essential role of one host protein and its capacity to
confer susceptibility or resistance to HMPV infection depending on human or murine
form. Though a mouse-adapted virus has not yet been generated, STAT2 has been
identified as an essential determinant of HMPV host species specificity (Figure 5-2),
and therefore represents a barrier that most likely will need to be overcome to generate

a fully mouse-adapted HMPV.
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Figure 5-2. HMPV inhibition of STAT1/2. (A) Canonical Type | Interferon signaling is
mediated by STAT1 and STAT2. (B) HMPV, through the SH protein and unknown
mechanisms, antagonizes and degrades STAT1 and STAT2 in human cells. (C) Murine
STAT2 confers resistance of both STAT1 and STATZ2 to degradation by HMPV. Image
created with BioRender.

Viruses are obligate intracellular parasites that must rely on, co-opt, and inhibit
host cell machinery to achieve productive infection. To understand host-pathogen
interactions in virus infections, a thorough understanding of both innate and adaptive
immune responses to a virus is essential. In my dissertation work, | have made strides
towards revealing host factors of both the innate and adaptive immune systems that
play a role in infection by HMPV and other respiratory viruses. | discovered a novel role
of Tregs in controlling immune skewing and immune cell migration during respiratory
virus infection. Additionally, | found that Tregs have different functions early and late in

the immune response to infection. | also revealed that PD-L1 may play a differential role
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in T cell impairment and T cell exhaustion. Finally, | report for the first time that HMPV
inhibits STAT2, and host species restriction of HMPV is at least partially mediated by
species differences in the STAT2 protein. While | have answered some questions here,
these data bring to light new questions and opportunities to better elucidate the host

immune response to respiratory virus infection.

Future Directions

The findings from this thesis present new avenues to further evaluate the
importance of Tregs, inhibitory receptors, and STATZ2 in respiratory virus infections, in
both the laboratory setting as well as in patients. With regard to immunoregulation,
some of the most intriguing of these potential studies are: how does PD-1 affect Treg
function in respiratory virus infection”? Do polymorphisms of inhibitory receptors affect
outcomes to respiratory virus infections in patients? Can Tregs or inhibitory receptors be
manipulated during infection or vaccination? Additionally, how does HMPV antagonize
STATZ2, and can this be harnessed to create a fully mouse-adapted form of the virus? |

explore these questions below.

Cell-specific roles of PD-1/PD-L1

Treg-specific role of PD-1 in T cell impairment
In Chapter Il of my studies | found that Tregs highly upregulate PD-1 during
HMPV infection. | also found that antibody blockade of PD-L1 after Treg depletion could

not enhance CD8" T cell function further than Treg depletion alone. Others have found
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that PD-1 is important for induction and maintenance of Tregs. However, the role of PD-
1 on Tregs in respiratory virus and T cell impairment is unclear.

One method to understand the requirement and function of PD-1 on Tregs is to
perform adoptive transfers of PD-1" Tregs into WT mice, or into Treg-depleted
FoxP3°™® mice, and assess the function of the Tregs as well as the immune response
to respiratory virus infection. However, this is somewhat convoluted, and Treg function
itself could have been altered due to genetic deficiency of PD-1. Instead, PD-1"" mice
were recently developed by Arlene Sharpe’s lab, and one strain of these, PD-1""-
CDB8°®, are currently breeding in our lab’s colony. The PD-1"" mice could be crossed to

a FoxP3 inducible Cre mouse (322) in order to specifically delete PD-1 from Tregs at

various time points before and during respiratory virus infection.

Cell-specific role of PD-L1

| was disappointed to find no obvious phenotype for T cell impairment and CD8"
T cell function in PD-L17" mice or with reciprocal bone marrow chimeras between PD-
L17-and WT mice. The fact that T cell impairment and T cell exhaustion appear to differ
in their requirement for PD-L1 (286) is worth further investigation. However, bone
marrow chimeras or experiments like adoptive transfers of PD-L1-deficient cells are
limited in specificity for assessing specific cell types. Instead, to study PD-L1 expression
only on certain cells, PD-L1"" mice, which were recently reported (323), could be used.
These mice could be crossed with a variety of mice that express Cre recombinase in

specific cells or tissues, such as CD11c" cells (324) or club cells (325).
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These experiments may lead to the conclusion that PD-1" CD8" T cells receive
PD-L1 signals from multiple cell types in T cell impairment, or that other inhibitory
receptor pathways make up for a lack of PD-L1 on any cell type in lung infections. This
would be one more piece of evidence regarding the differences between T cell
impairment and exhaustion. Perhaps the lung environment has been developmentally
programmed to suppress CD8" T cell function over the course of evolution, when long-
term lung defects due to immunopathology from clearing respiratory infections would
decrease fitness. The immune response to respiratory virus infections may be as a bell
curve, where an overactive immune response or a failure to respond to infection could
be fatal. Instead, by programming the pulmonary immune response in favor of
dampening the immune response at the cost of slightly delayed virus clearance, the
majority of people (and mice or other animals that are susceptible to respiratory virus

infections) could recover without consequence.

Human polymorphisms in PD-1/PD-L1 and their role in respiratory virus infection

To date, no humans have been identified with gene deletions of PD-1. Based on
studies of PD-17" mice, we would expect that this is due to a lack of obvious disease
phenotype in PD-1-deficient humans, rather than to embryonic lethality of a PD-1
deletion. In contrast, mutations in the inhibitory receptor CTLA-4 cause an autosomal
dominant autoimmune syndrome in humans (326). These CTLA-4-deficient patients
also had immune-mediated interstitial lung disease, and interestingly, recurrent

respiratory tract infections. CTLA-4 has a crucial role in Treg function (327), and it is
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intriguing to imagine that these patients could have defects in immune priming of
respiratory virus infection, as | have shown in my work, leading to recurrent infections.
PD-1 polymorphisms have been associated with increased susceptibility to
autoimmune diseases (328-330) and decreased susceptibility to some cancers (331).
PD-L1 polymorphisms have also been associated with cancer risk, graft rejection, and
autoimmunity (332-334). Limited data exist on the association between infections and
PD-1 polymorphisms; some found an association between one PD-1 polymorphism and
increased risk of hepatitis B infection (335), whereas others found no association (336).
No polymorphisms in PD-1 or PD-L1 have been reported to be associated with
respiratory virus infections, but this may be due to the very recent discovery of PD-1-
mediated T cell impairment during acute respiratory viral infection (138). These might be
challenging genetic association studies because respiratory virus infections are
ubiquitous. Nonetheless, polymorphisms in PD-1 or PD-L1 could be associated with
poor outcomes of respiratory virus infection. Most pediatric patients hospitalized with
HMPV or RSV are otherwise healthy with no underlying conditions (5, 13). Patients
hospitalized for severe lower respiratory infection and those who are treated as
outpatients for mild disease could have sequencing of PD-1 and PD-L1 (and potentially

inhibitory receptors such as CTLA-4), and polymorphisms compared between groups.

Manipulation of Tregs or inhibitory receptors during respiratory virus infection and

vaccination
One essential goal of research of respiratory virus pathogenesis and immunity is

to move toward the development of treatments and vaccines. It is possible that
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strategies for manipulating Tregs or inhibitory receptors could be one day used as
treatments or vaccination approaches.

Specific Treg manipulation has not been well studied for clinical use, and
therefore the side effects and potential harm or benefit to patients is unclear (though
considering the abundant expression of PD-1, CTLA-4, and other inhibitory receptors on
activated Tregs, checkpoint inhibitors likely work at least in part by disruption of Treg
function). One potential obstacle facing the development of Treg-specific therapies is
that while some surface markers are highly enriched on Tregs, no surface marker
identified so far is completely unique to these cells. Therapies that affect Tregs more
than other cell populations (e.g., anti-GARP (337) or anti-CD25) could be sufficient, but
specific Treg targeting might require a drug that could penetrate both the cell and
nucleus to interact with FoxP3.

Considering the tissue protective effects of Tregs in respiratory virus infection, a
therapeutic strategy could be to stimulate Tregs or inhibitory receptors during
respiratory viral infection to lessen immunopathology. Although inhibitory receptor
agonists have not been tested in respiratory virus infection, administering soluble PD-L1
or another inhibitory receptor ligand could potentially reduce immunopathology and
preserve lung function during infection. Additionally, enhanced Treg function during
respiratory virus infection might be protective against future asthma, based on studies in
RSV (184-186).

On the other hand, Treg inhibition could offer a target for vaccination
improvement. Studies of chronic infections and one study of IAV infection found that

Treg blockade during vaccination can enhance the immune response to subsequent
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viral challenge (338-340). Vaccination combined with manipulation of inhibitory
receptors is another possibility. Since deficits in CD8" T cell function in a vaccination
model is associated with high PD-1 expression (238), small molecule inhibitors or other
strategies to reduce PD-1 signaling during vaccination may be a useful strategy, and
has shown promise in antibody blockade of some mouse vaccination studies of chronic
infection or cancer (239-241). Whether Treg or inhibitory receptor inhibition could cause
similar improvements in antiviral response after respiratory virus vaccination in patients
remains to be determined, and is worth investigating in mouse models and humans.

Finally, there is a growing use of immunomodulatory treatments such as
checkpoint inhibitors for cancer immunotherapy. An uncommon but severe and
occasionally fatal adverse effect of checkpoint inhibition is pneumonitis (341). This side
effect suggests that patients who are on checkpoint inhibitor treatment could have
exacerbated disease severity if they become infected with a respiratory virus. However,
there is not yet any published data on the how these patients respond to respiratory
virus infection. A deeper understanding of the effect of community-acquired respiratory
virus infection during checkpoint inhibitor therapy is important, considering the

increasing use of these therapies.

Mouse adaptation of HMPV

My project on the role of STAT2 as a host determinant of HMPV originally started
with the goal of generated a mouse-adapted form of the virus. Considering that mice are

the primary in vivo model for studying HMPV, and that mice are only semi-permissive

133



for the virus, a mouse-adapted strain would allow for greater understanding of the
pathogenesis of HMPV and of the virus and host factors that contribute to virulence.

So far, | have passaged HMPV to P13 in STAT1” and STAT2” mice. The P13
viruses caused nearly 30% weight loss in mice, whereas irradiated lung homogenate
did not cause weight loss. This indicates that HMPV is becoming more virulent in STAT
knockout mice over subsequent passages. For influenza, SARS, and MERS virus
infections, 10-30 passages were required for mouse adaptation (310, 311, 321).
However, passaging of these viruses occurred in WT mice.

The limiting step in complete mouse adaptation of HMPV is the transition from
the partially adapted P13 STAT viruses into WT mice. While sequencing of the
passaged viruses will likely reveal some virus mutations that were essential for
increased virulence in mice, virulence in knockout mice is not sufficient, as | and others
have already shown that HMPV specifically antagonizes STAT1 and STATZ2 in the
course of infecting human cells.

One potential model to consider for the mouse passaged virus is a mouse that
was engineered to express the human form of STAT2 (124), which we recently
received. While this would not generate a virus that is 100% mouse-adapted, others
have used this same mouse to study mouse-adapted Zika virus (124), which is highly
virulent in huSTATZ2 mice. Another example of a “nearly mouse-adapted virus” is
MERS-CoV, where mouse adaptation required use of a human DPP4 knock-in mouse,
as DPP4, the natural MERS-CoV receptor in humans, is not sufficiently conserved in

mice (311)
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However, it may still be possible to develop a completely adapted HMPV. When |
challenged WT C57BL/6 mice with lung homogenate from STAT-knockout mice, virus
replicated but not to a high enough titer to infect a subsequent mouse. A mouse that is
naturally more permissive for HMPV replication may overcome this barrier. For
example, our lab has found that DBA/2 mice support higher viral replication than B6
mice and were permissive for all HMPV subtypes (278, 320). Thus, DBA/2 mice could
allow for complete adaptation and could represent an intermediate step before passage
into B6 mice, which are favored in the field because of the numerous immunological
tools available for this strain.

Other ideas to promote mouse adaptation include partially knocking down STAT1
or STAT2 in WT mice, and then gradually titrating the STAT levels to apply selective
pressure on the virus to mutate and inhibit STAT1 and STATZ2. | previously attempted
chemical inhibition of STAT1 and also tried siRNA and morpholino knockdown of
STATZ2 in murine cells and mice. However, | found poor knockdown of either STAT1 or
STATZ2 using these methods, which could be attributed to the long half-life of both
proteins. Inhibition of STAT1 and STATZ2 using these methods might not eliminate the
STAT proteins currently present in a cell, but these could prevent the translation of new
STAT1 and STATZ2 in response to infection. Alternatives to STAT titration would be to
generate bone marrow chimeras of WT and STAT1/2 mice so that either somatic or
hematopoietic cells expressed STAT1/2, or to add STAT expression back to STAT1”
and STAT2” mice using an adenovirus expression vector, which has been shown to be

titratable in other models (342). Another strategy to try might be transitioning the virus
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back and forth between WT mice and murine cells in vitro to propagate a high enough
titer to infect subsequent WT mice.

While there are numerous potential strategies for generating a virulent strain of
HMPV in WT mice, | believe that with perseverance, development of a fully mouse-
adapted virus is possible. After generating the fully mouse-adapted HMPV, it will be
important to determine which virus mutations were essential for this transition. By
swapping segments of the mouse adapted HMPV genome and the parent strain, we will
be able to determine which residues from which virus protein were responsible for
adaptation, and why. For example, | hypothesize that HMPV will need to mutate in order
to inhibit murine STATZ2. Other mutations could involve engineering a polymerase that is
more efficient in mouse cells, as in mouse adapted influenza (343). HMPV uses avf1
integrin as a receptor (27, 344), which is expressed in the murine lung (NCBI Protein).
However, other HMPV proteins such as the G protein, which has a putative role in

attachment (26, 28), may need to mutate to enhance replication and virulence in mice.

Interactions of HMPV and STAT1/2

My work here and previous work by our lab on STAT1 inhibition by HMPV utilized
the TN/94-49 subtype A2 virus (69). HMPV has 4 subtypes that all circulate in humans
(5, 6, 24, 25). Previous work in HMPV had found that the phosphoprotein from HMPV
subtype B1 was able to inhibit the pattern recognition receptor RIG-I, while this did not
occur with the A1 subtype (47). Thus, it will be important to test other HMPV subtypes

and different clinical isolates for their ability to antagonize STAT1 and STAT2.
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Though | found that HMPV specifically antagonizes STATZ2 in human and primate
cells, | was not able to identify which HMPV protein mediates this. Previous work in the
lab suggested that STAT1 expression and phosphorylation is inhibited by the HMPV SH
protein (69). However, the mechanism and the residues of SH and STAT1 required
were not determined.

| attempted to determine which HMPV protein antagonizes STATZ2 using
transient cell transfection. However, | did not see any decrease in STAT2 expression or
phosphorylation. Since | needed to use a higher MOI to see STAT2 antagonism with
HMPYV infection, | hypothesize that transfection efficiency was not high enough to inhibit
STATZ2. To understand which HMPV protein antagonizes STATZ2, cells that have been
stably transfected with different HMPV proteins could be used. Stably transfected cells
were previously used in the lab to determine that SH is responsible for STAT1 inhibition
and could be assessed for their capacity to inhibit STAT2. However, it is possible that
multiple HMPV proteins are required for STATZ2 inhibition. If there is no STATZ2 inhibition
in cells stably transfected with single HMPV genes, transfection with a combination of
HMPYV genes could be used. | would propose using SH, G, P, and M2-2 first, as all have
been reported to have some role in antagonizing innate immunity (47, 51, 55, 66-71).

All STAT proteins share similar domains: a coiled-coil region at the N terminus, a
DNA binding domain in the middle, SH2 domains (required for STAT1/2 heterodimer
formation) and phosphorylation sites towards the C terminus, and transcriptional
activation domains at the C-terminus (345). Considering that STAT1 and STAT2 share

similar structures, | would hypothesize that SH antagonizes both STAT1 and STAT2,

137



and furthermore, | hypothesize that inhibition of either protein by an HMPV protein
occurs in homologous domains.

After determining which HMPV protein is involved, the interacting residues of the
HMPV protein, STAT1, and STAT2 must be determined. For STAT1 and STATZ2, |
would transfect plasmids with truncated versions of each protein into U3A and UGA
cells, respectively, as these are deficient in either STAT1 or STAT2. Previous work in
hPI1V2 and hPIV5 found that the N-terminal coiled-coil domain of STAT2 was essential
for inhibition by the parainfluenza virus V protein (119). However, hPIV requires
expression of both STAT1 and STATZ2 for STATZ2 inhibition (316), which indicates that
inhibition of STATZ2 by these viruses occurs via a different mechanism than inhibition of
either STAT1 or STAT2 by HMPV, and therefore a different domain may be involved.

For determining which HMPV protein domain is required for STAT1 and STAT2
inhibition, plasmids with truncated versions of SH (or whichever HMPV protein was
identified for STATZ2 using stable transfection) would be constructed and stably
expressed in cell lines. If in earlier work it was determined that multiple HMPV strains
could antagonize STAT1 and STATZ2, this would indicate that a conserved protein
domain or amino acid residue is responsible, which would narrow the search—
especially if SH is responsible, as this protein is not highly conserved between HMPV
strains (346). Once the appropriate domain is determined, targeted point mutations in
this domain could enable identification of specific amino acid residues responsible for
antagonism of STAT1 and STATZ2. Then, HMPV could be reverse engineered with
these mutations to confirm the loss of STAT1 and STATZ2 antagonism in human cells.

Considering that HMPYV fails to antagonize mSTAT2, domain substitutions between
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hSTAT2 and mSTAT2 could also be constructed to determine which residues of
MSTATZ2 confer resistance to HMPV.

It is intriguing that STAT1 and STAT2 can be degraded by HMPV in the absence
of each other, yet expression of the murine form of STAT2 in human cells inhibits both
STAT2 and STAT1 degradation. This indicates that STAT1 and STATZ2 do not need to
form a heterodimer before HMPV inhibition. However, it is possible that a heterodimer of
STAT1 and mSTATZ2 could protect both proteins from HMPV. Degradation of STAT1
and mSTAT2 did occur at an MOI of 10, suggesting that HMPV can degrade mSTAT2
but with very low efficiency.

Finally, it will be important to determine whether HMPV and STAT1/2 interact in a
direct manner, in a protein complex, or indirectly via an intermediate. To determine
whether HMPV and STAT2 interacted either directly or in a complex, | previously
attempted to perform co-immunoprecipitation of STAT2 and HMPV proteins, and while
Coomassie stain showed that other proteins had been pulled down with STAT2 (as
would be expected based on STAT2’s multiple interactions with other cellular proteins
(347)), 1 did not see that either SH or G pulled STAT2 down. However, this does not
preclude an interaction between STAT2 and SH or another HMPV protein. It is possible
that this interaction is transient, or that STAT2 degradation occurs quickly after HMPV
protein binding. An interaction could be assessed using proteasome inhibitors or protein
cross-linkers to stabilize interactions (90, 120, 123, 348, 349).

It is possible that HMPV does not interact directly or in complex with STAT1 and
STATZ2. In this case, | would pull down SH or whichever HMPV protein inhibits STATZ2,

and send protein bands for mass spectrometry to identify them, an approach that has
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been previously used to identify STAT1-protein interactions (350). To then identify
which proteins were indeed intermediates in HMPV inhibition of STAT1/2, | would
knockdown the particular protein before HMPV infection and assess whether STAT1/2

were inhibited.

Conclusions and Significance

My thesis work provides insight into the roles of adaptive and innate immunity in
a common serious infectious disease with few treatments or vaccines, and lays the
groundwork for future studies on HMPV pathogenesis, T cell impairment, and
immunoregulation of respiratory virus infection. | discovered a role for Tregs in
promoting cell migration during different stages of the immune response to respiratory
virus infections. | identified that T cell impairment is a unique process that is highly
resistant to reversal. Finally, | have developed a partially mouse adapted strain of
HMPV and identified factors that restrict HMPV to human and primate cells.
Furthermore, in my studies | have developed assays for assessing Treg function, cell
migration, and HMPV antagonism of innate immunity.

The future directions | have described here will develop a completely murine
adapted HMPV virus, determine the mechanism of how HMPV interacts with STAT
proteins to promote infection, and determine how species differences in STAT2 confer
resistance to HMPV infection. These studies will also further understanding of the roles
of PD-1 and its ligands on specific cell types in T cell impairment. This future work will
also establish whether polymorphisms in PD-1 or other inhibitory receptors are

protective or detrimental to severe respiratory virus infections in order to better
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understand T cell impairment in human disease. Lastly, | have presented potential
strategies for manipulation of immunoregulatory cells and molecules for therapy and
vaccination against respiratory virus infections.

The work | have presented here represents a step towards the thorough
elucidation of T cell regulation, innate immunity, and host species restriction of
respiratory virus infection, and enhances understanding of lung infection and lung
immunobiology in the goal of developing treatments and vaccines against a class of

infections that is in need of novel strategies and therapeutics.
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