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The role of age and complement in CD8" T cell function during human metapneumovirus
(HMPV) infection

Olivia B. Parks, PhD

University of Pittsburgh, 2024

Human metapneumovirus (HMPV) is a leading cause of severe respiratory disease in young
children <5yrs old, older adults >65yrs old, and the immunocompromised. HMPV immunity is
incomplete with re-infections occurring throughout childhood and adulthood. Re-infections
usually result in mild, self-resolving disease except in the elderly, who are at risk for severe disease
and co-morbidities. The aged immune response to respiratory viruses such as HMPV is not fully
understood. Aging studies have identified marked CD8* T cell dysfunction due to cell-intrinsic
epigenetic changes in gene expression and subsequent function. Thus, we hypothesized that age-
related CD8" T cell dysfunction contributes to severe respiratory disease in the aged host. We
found that aged mice produced fewer HMPV tetramer* CD8* T cells, which had higher PD-1
expression and other inhibitory receptors and were less polyfunctional with decreased granzyme
B. Previous studies have also identified an integral role of PD-1/L signaling in CD8* T cell function
in a young host. Blockade of PD-1/L signaling improves CD8* T cell antiviral function in young
mice. We further hypothesized that PD-1/L signaling was also critical to rejuvenate exhausted
CD8* T cells in the aged host. We found that removal of PD-1 improved granzyme B production
and reduced the accumulation of cytotoxic tissue-resident memory CD8* T cells in the aged host.
In a concurrent study, we investigated other regulators of CD8* T cell function during HMPV
infection. Notably, we found that the complement protein, C1q, produced by inflammatory
monocytes modulates CD8* T cell antiviral function through the receptor, gC1qR. Taken together,

this work explores the relationship between severe respiratory disease in an aged mouse model



and CD8* T cell function upon primary infection and re-challenge, the role of PD-1/L signaling in

aged CD8* T cell antiviral function, and identifies C1q as a novel regulator of CD8* T cell function.
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all three of my F30 submissions, continually editing and offering experiment suggestions for each
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the Williams lab, I’ve learned so many crucial skills in experimental design, grant writing,
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PhD and I certainly never saw myself studying the aged immune response. However, the
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1.0 Introduction

1.1 Human Metapneumovirus: The Pathogen

1.1.1 Epidemiology

Human metapneumovirus (HMPV) was first discovered in 2001 in the Netherlands from
nasopharyngeal samples of 28 children with lower respiratory illness (1). Like other respiratory
pathogens, HMPV has a seasonal distribution, but in temperate regions tends to peak 1-2 months

later than RSV and influenza, which have the highest prevalence in the winter months (1, 2).

Nearly all children worldwide are seropositive for human metapneumovirus (HMPV) by age five
and reinfections occur throughout adult life, leading to mild, self-resolving disease (1, 3). Children
under two years old, immunocompromised individuals at all ages or those who have pre-existing
pulmonary conditions (i.e. asthma or emphysema), and the elderly are at the greatest risk of severe

disease (1, 4).

HMPV infections in children worldwide account for 6-40% of all acute respiratory illness (1, 5-
7). The peak hospitalization age for HMPV infection in children is 6-12 months (1, 3). Studies
have found that the majority of young adults <65 yrs who are hospitalized for HMPV have
underlying conditions such as cystic fibrosis or lymphoma (1, 8, 9). Adults >65 yrs old represent
an equal or larger proportion of HMPV-associated hospitalizations compared to children <5 yrs

old (8). A retrospective study over nine years found that older adults accounted for 45.9% of



hospitalizations for HMPV infection (median age 74) while 35.1% were children <5 yrs old (8).
These findings indicate the significant burden that HMPV infections place on young and aged

individuals.

1.1.2 Transmission & Clinical Features

HMPV is spread from direct or close contact with HMPV infected individuals or contaminated
objects (i.e. fomites). HMPV RNA can be detected in the respiratory tract five days to two weeks
after symptom onset (10). Common presenting symptoms of HMPV disease include fever, cough,
and rhinorrhea with 50% of cases also reporting wheezing (3). Infants and the elderly have higher
risk of hospitalization and death from HMPV (3). Adults hospitalized for HMPV infection
typically present with pneumonia and a spectrum of upper and lower respiratory tract symptoms
(e.g. cough, wheeze, dyspnea) (11). Viral or bacterial co-infections with HMPV are common,
especially in the elderly population. Usually, viral co-infections do not increase disease severity in
the elderly (12). However bacterial co-infections can increase the risk of co-morbidities (i.e.

pneumonia) and mortality (8, 13-15).

1.1.3 Diagnosis

The presenting symptoms of HMPV infection are indistinguishable from other respiratory viral
infections. The virus grows slowly in culture, so culture is not a reliable means for diagnosis of

HMPYV infections.



Methods of HMPV detection include: nucleic acid amplification tests such as RT-qPCR, cell
culture, enzyme immune-assay (EIA), direct immunofluorescent-antibody (IFA) test, and enzyme-
linked immunosorbent assay (ELISA) (2). RT-gPCR and cell culture can directly detect virus,
infected cells can be detected via IFA, while the host response to infection is best measured through
serologic tests EIA and ELISA. Most of these are not commonly used since they lack the sensitivity
and specificity of RT-gPCR (2). Serologic testing is useful for epidemiologic studies especially
when combined with RT-gPCR (10, 16). Therefore, the gold standard for diagnosis in the clinical

setting is RT-gPCR, for which there are several commercially available multiplex kits (17-19).

1.1.4 Virology of HMPV

HMPV is an enveloped, negative-sense, non-segmented, single-stranded RNA virus (1). HMPV
belongs to the Pneumoviridae subfamily along with respiratory syncytial virus (RSV), which is
distinct from but related to the Paramyxoviridae family (1). The HMPV genome is comprised of
approximately 13,000 nucleotides (1). There are eight genes which encode nine proteins: N
(nucleoprotein), P (phosphoprotein), M (matrix protein), F (fusion protein), M2 (M2-1 and M2-2
proteins), SH (small hydrophobic protein), G (attachment glycoprotein), and L (large polymerase

protein) (1). Fig. 1-2 depicts the gene arrangement, length, and function of the nine proteins.
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Figure 1-1. HMPV genome

A schematic of the HMPV genome showing each gene and the cooresponding proteins they transcribe.

HMPV has a long propagation time of up to fourteen days and is difficult to grow in culture,
requiring trypsin for adequate in vitro replication (20). HMPV grows optimally in LLC-MK2

(rhesus kidney) cells, creating cytopathic effects (20).

Phylogenetic evolutionary analyses suggest that HMPV derived from Avian metapneumovirus
about 200-400 years ago (21-24). Avian metapneumovirus infects turkeys, chickens, and ducks
with a 100% morbidity rate, but low mortality (25). Of the four subtypes of avian
metapneumovirus, HMPV is most closely related to avian subtype C, which was discovered in the
United States in 1996 (26). However, HMPV appears to be now fully adapted to humans and

cannot form a productive infection in birds (26).
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There are two main genetic lineages of HMPV, A and B, which are each divided into two clades
(i,e. Al, A2, B1, and B2) (21-23, 27). The dominant lineage of HMPV can vary each year, but all
HMPYV genes are highly conserved in these four clades (21). There is cross-protection and cross-
neutralization between clades, which suggests that HMPV isolates from these clades are not

distinct serotypes (28-30).

HMPV primarily infects ciliated airway epithelial cells and some innate immune cells including
monocyte-derived dendritic cells (MDDCs) (31). HMPV initially replicates in the upper
respiratory tract, but has the ability to spread to the bronchioles and alveoli in the lower respiratory
tract (32). The viral F and G proteins are the primary mediators of attachment to airway epithelial
cells (32). HMPV enters cells in a dynamin-dependent manner by clathrin-mediated endocytosis
before fusing with endosomes (33). In the HMPV F protein there is an invariant arginine-glycine-
aspartate (RGD) motif that binds to the integrin o'\VB1 and other RGD-binding integrins to promote
attachment and endocytosis of HMPV into the airway epithelial cell (33). HMPV infection is only
productive when the F protein is expressed and the virus is capable of infecting airway epithelial
cells even in the absence of G protein expression, indicating that F protein facilitates infection of

the upper respiratory tract independent of G protein (34).

1.1.5 Immune response to HMPV

Innate Immune Response
HMPV infection of airway epithelial cells induces the RIG-I/MAVS signaling pathways, which

causes IRF and NK-kB activation, leading to pro-inflammatory cytokine gene expression (35). In
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addition, infected airway epithelial cells express viral RNAs that is recognized by toll-like
receptors (TLRs) TLR3, TLR7, and TLR8 in innate immune cells, in particular in dendritic cells
(DCs) (35). DCs are one of the first cell types to encounter and respond to HMPV, thus facilitating
further innate cell recruitment to the lung and priming of naive CD4" and CD8* T cells in the
draining lymph nodes. Neutrophils (36), eosinophils (37, 38), DCs (39), and
monocytes/macrophages (40) have all been implicated in the innate immune response to HMPV.
However, natural killer cells (NK cells) do not significantly contribute to acute viral clearance

during HMPV infection (41).

Type | interferon (IFNo and IFN) signaling is critical in the acute phase of respiratory viral
infection. Type | interferon act via autocrine and paracrine signaling to activate 1SGs to promote
an antiviral response in cells at the site of infection (35). Type | IFNs are produced primarily by
infected airway epithelial cells as well as plasmacytoid DCs (pDCs) upon viral infection. Alveolar
macrophages (AM) are also capable of becoming infected with HMPV and can produce IFN (32).
Type | IFN then binds to the IFNaR receptor on innate immune cells, primarily DCs, activating a
signaling cascade leading to phosphorylation of STAT1/2 which promotes transcription of ISGs
(35). ISGs are viral sensors so the upregulation during infection allows more cells to detect the
virus (42). This process also regulates the recruitment of innate immune cells, particularly

neutrophils and inflammatory monocytes, to the lung early in infection (36).

HMPV and RSV are all capable of inhibiting IFN expression during infection (43). The HMPV
small hydrophobic (SH) protein impairs IFN production by inhibiting STAT1 phosphorylation

(44, 45). Innate immunity has been shown to exacerbate HMPV disease. A phenomenon still being



explored is that mice with the IFNo receptor genetically ablated (IFNAR- mice) exhibited less
severe disease, reduced lung inflammation, diminished viral spread in lung epithelial cells, and

mounted higher antibody titers compared to wild-type (WT) mice (43).

There is also a nexus between IFNAR expression and programmed cell death-ligand 1 (PD-L1)
expression on DCs and interstitial macrophages (IMs) (43). Type | IFNs play a role in shaping the
adaptive immune response by inducing expression of PD-L1 on DCs (43). DCs and IMs from
IFNAR~mice have decreased PD-L1 expression compared to WT mice and there were fewer DCs
recruited to the lung in IFNAR” mice (43). Despite the improved clinical outcome in IFNAR
mice, IFNAR”- CD8" T cells were more functionally impaired, which could be due to the
upregulation of another inhibitory receptor - T cell immunoglobulin and mucin-domain

containing-3 (TIM-3) expression (43).

Overall, the innate immune response to HMPV infection is important to control viral replication
in the upper airways and activate the adaptive immune response to ultimately form a memory T

cell compartment.

Adaptive Immune Response

B and T lymphocytes have distinct roles in the adaptive immune response. B lymphocytes mediate
the humoral arm of the adaptive immune response primarily by producing antibodies against viral
antigens. T lymphocytes regulate the cell-mediated response by coordinating with antigen
presenting cells (APCs) such as dendritic cells (DCs) to produce cytotoxic CD8* T cells that can

recognize and Kkill virally infected cells. Despite seropositivity reaching 100% of children



worldwide by five years of age, reinfections occur often throughout childhood and adult life (46),
suggesting that humoral immunity is insufficient to protect against reinfections. Neutralizing
antibodies primarily target the HMPV F protein (47). The neutralizing capacity of HMPV
antibodies is less robust compared to antibodies against RSV F protein (47). In addition,
neutralizing F protein antibodies isolated from memory B cells post-HMPV infection appear to be
less dominant against the antigen (47), which indicates that the humoral response is insufficient to
protect fully against re-infections (48). Therefore the T cell-mediated arm of the adaptive immune
system is important in preventing severe disease, particularly in vulnerable populations including

infants, the elderly, and immunocompromised (49, 50).

CD4*" and CD8* T cell depletion studies in mice show that CD4* T cells contribute to lung
pathology and clinical disease after HMPV infection (51). Removing CD4* T cell help resulted in
impaired antibody production (51). Despite this, mice that lacked CD4* T cells were still able to
clear virus, indicating that CD8* T cells were the primary cell type responsible for clearance of

HMPV (46, 51).

CD8*T cells in the lung become functionally impaired by day seven post-infection (p.i.), a state
characterized by decreased effector function (i.e. IFNy, granzyme B) and upregulation of
inhibitory receptors (i.e. PD-1, TIM-3, LAG-3) (52). Notably, CD8* T cells at day seven p.i. during
HMPV infection have a similar gene expression profile compared to canonically exhausted CD8*
T cells on day 30 during chronic LCMV infection (52). Despite vaccinating mice with virus-like

particles (VLPs) expressing the HMPV F and M proteins, CD8* T cells still upregulated inhibitory



receptors, including programmed cell death protein 1 (PD-1) and exhibited functional impairment

in degranulation (53).

PD-1 signaling has often been described as a “brake” that regulates CD8* T cell function (54).
Tumor-infiltrating CD8* T cells that have high PD-1 expression are usually described as being
“exhausted” (55). Therefore, one modality of cancer immunotherapy uses PD-1/L1 blockade to
improve the function of exhausted tumor-infiltrating CD8* T cells (56). This checkpoint blockade
therapy has also been extended to chronic viral infections, where a similar population of exhausted

CD8* T cells accumulates due to chronic antigen stimulation (57).

PD-1 is expressed ubiquitously on NK cells, B cells, and both CD4*and CD8* T cells (58). PD-1
also plays an important role in regulating CD8* T cell function during HMPV infection (46). PD-
1 interacts with ligands PD-L1 and PD-L2, which are expressed on a variety of cells including
innate immune cells, antigen-presenting cells, and airway epithelial cells (59, 60). During HMPV
infection, CD8* T cells upregulate PD-1 on the cell surface, which interacts directly with its ligands
to inhibit phosphorylation of ZAP70 and PI3K, by initiating recruitment of the phosphatases SHP1
and SHP2 (58). ZAP70 and PI3K are direct downstream mediators of TCR signal transduction
(58). In this way, PD-1 exerts its inhibitory effects to prevent the activation of CD8* T cells during
HMPV infection, which contributes to the CD8* T cell functional impairment and exhaustion-like

phenotype observed during initial infection and re-challenge (46, 52, 61, 62).

PD-1 also serves as an activation marker on T regulatory CD4* (Treg) cells (63). Tregs have

temporally distinct roles during HMPV infection. Treg depletion two days p.i. results in increased



CD8* T cell function and production of more virus-specific CD8" T cells (63). In contrast,
depleting Tregs prior to infection impairs CD8* tetramer production and causes delayed viral

clearance (63).

Taken together, numerous studies have shown that CD8* T cells are an integral part of the adaptive
immune response to HMPV. In particular, targeting the PD-1 pathway on CD8" T cells may be a

potential therapeutic to optimize CD8* T cell function and ameliorate severe disease.

1.1.6 Treatment & Vaccine Development

Currently, the first line treatment option for HMPYV infection is supportive therapy. However, there
are several therapeutic options tested in vitro and in animal models that exhibit potential for

preventing or ameliorating severe HMPV disease.

Immunoglobulins have been developed as therapeutic options for HMPV in animal models. The
HMPV-specific human Fab DS7, human monoclonal antibody, caused a dose-dependent reduction
in viral titer in the lungs of cotton rats (64, 65). In addition, an antibody that targets the HMPV
fusion F protein, Mab338, was effective both before infection, as prevention, and after infection
as a therapeutic option (66-68). In animal models, Mab338 reduced viral titer and neutralized all

four subgroups of HMPV (65).

Fusion inhibitors have also been considered as treatment options. Several fusion inhibitors show
efficacy in vitro in blocking HMPV replication. In BALB/c mice, the HRA2 fusion inhibitors

administered with a lethal HMPV infection protected against severe disease and mortality (69).
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Another group found that HR-1 peptides were able to inhibit HMPV post-infection, making them
potentially useful after exposure in patient populations particularly vulnerable to severe HMPV

infection (70).

Ribavirin is active against a broad spectrum of RNA and DNA viruses. Case reports suggest that
combination treatment of ribavirin and polyclonal intravenous immune globulin (IVIG)
ameliorates severe HMPV infection (71-73). However, there are no randomized controlled trials
to confirm these findings. Ribavirin and IVIG are expensive, and a small particle aerosol generator
is required to administer ribavirin, creating logistical challenges (74). Ribavirin is also a teratogen,

which limits its use in the clinical setting (74).

RNA interference (RNAI) represents yet another approach for treatment of HMPV infections,
although not necessarily practical in humans due to the cytokine storm this treatment can induce
(75). One study showed that small interfering RNA (siRNA) can target the G gene of HMPV in
vitro (76). While siRNA against G protein did not have a significant effect on viral growth in these
experiments, it still has potential to impact HMPV gene replication, since G protein is critical for

HMPV viral replication.

There are currently no licensed vaccines available for HMPV. Transgenic mice for the human
HLA MHC-I allele B*07:02 (HLA-B7) were used to screen CD8" T cell epitopes for the HMPV
F, M, and N proteins to identify potential vaccine antigens (77). Other avenues of vaccine
development include: inactivated vaccines (78, 79), viral protein-based vaccines (80), and live

attenuated vaccines (81). HMPV F protein is the most promising candidate for a protein-based
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vaccine (80). Inactivated vaccines led to increased pulmonary disease and a robust Th2 response
upon HMPV rechallenge in mice? (78, 79), which make them less promising candidates. When
mice received an intraperitoneal injection of F protein coupled with a retroviral core particle
carrier, there was a decrease in mortality and an increase in neutralizing antibody production to
both homologous and heterologous HMPV strains (80). Finally, a live attenuated HMPV vaccine

candidate has been approved for human trials (81).

In all, there are numerous therapeutics that show promising results both in vitro and in vivo in

animal models to target severe disease in vulnerable populations, such as the elderly. Furthermore,

there are also useful tools available to promote HMPV vaccine development.

1.2 Respiratory Viral Infections in The Elderly

Adapted from:

Respiratory Virus Immune Response in the Aged Host

Olivia B. Parks!, Anusha Kalavacharla!, John V. Williams!#

! Department of Pediatrics, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA

In preparation for publication in Frontiers Immunology

Respiratory viral infections (RVI) in the elderly are a major cause of morbidity and mortality,

comprising 13-31% of all respiratory illnesses documented in this population (82-85). By 2050, it

12



is projected that adults >60 years old will comprise 22% of the population worldwide (86). Prior
to the COVID-19 pandemic, RVI in the elderly placed a significant burden on the US healthcare
system. The average annual direct medical costs in the US calculated from several influenza
seasons was approximately $10.4 billion, with 64% of this cost allocated to individuals 65 years
and older (87). Since the pandemic began, patients 50 years and older infected with SARS-CoV-2
comprised greater than 94% of the deaths (88). In 2020 alone, $6.3 billion were spent on Medicare
costs for COVID-19-related hospitalizations (89). Thus, both before and after the COVID-19

pandemic, RVI take a significant toll on the healthcare system and quality of life of older adults.

Lower respiratory tract infections caused by influenza virus and respiratory syncytial virus (RSV)
are leading causes of hospitalization of elderly patients, resulting in approximately 53,800 deaths
annually in those 65 and above in the US (83, 84, 90). Further, up to 90% of all influenza-related
deaths in the US each year occur in the elderly (91). Rhinovirus and human metapneumovirus
(HMPV) are also common causes of severe LRI affecting the aged population (92). There is a
significant RV 1 burden in nursing homes, with an average LRI affecting 1.4-2.8/1000 resident days
(82, 93). One retrospective study of over 2000 subjects hospitalized for LRI identified RSV in
>10% of individuals >65 and 8% among those 50-64 years (94, 95). Another study of
hospitalizations due to HMPV over nine winter seasons found that 46% were individuals >65yrs
while 35% were children <2 years (8). This study also concluded that HMPV and parainfluenza
viruses 1-4 (PIV) had similar prevalence, accounting for LRI that were not caused by RSV or

influenza virus (8).
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Studies in nursing homes have confirmed serious outcomes from LRI in the elderly, with one study
reporting a case-fatality rate of 8% among 480 residents with confirmed LRI (93). These effects
are compounded by the fact that many elderly patients suffering from LRI have atypical
presentations such as anorexia, confusion, dizziness, and ataxia (84, 96), which increase the risk
for late diagnosis and treatment (83). Patients that are clinically suspected of LRI may have false
negative rapid antigen detection tests since these tests are less sensitive in elderly patients (83). A
recent study also found that HMPV and COVID-19 share similar clinical presentations,
underscoring the importance of accurate diagnosis and testing especially in the elderly population
(97). Due to the atypical presentation and delay in diagnosis of LRI in the elderly, antiviral therapy
may not be provided in a timely fashion (98). In addition, secondary bacterial infection is a
common complication of LRI, found in about 10-30% of elderly patients infected with respiratory

viruses such as influenza virus or RSV (98-102).

Research into the aging immune system has identified changes in both innate and adaptive immune
cells that lead to decreased function using in vitro and in vivo models. Leukocytes are rapidly
dividing cells and therefore suffer disproportionately from the genetic effects of aging, including
genomic instability, epigenetic changes, and deteriorating telomeres (91). Impaired leukocyte
function leads to immunosenescence, a compensatory chronic pro-inflammatory state, as well as
immune cell exhaustion. The culmination of this disequilibrium in inflammatory and immune cell
response leads to delayed viral clearance, viral dissemination to the lower respiratory tract, and an

overall increased risk of morbidity and mortality.

14



1.3 The Immune System in the Aging Lung

Increased age affects virtually every aspect of the immune system. Specifically, monocytes,
macrophages, and CD8* T cells undergo several age-related phenotypic changes that affect their

function in the aged host particularly during respiratory virus infection.

1.3.1 Monocytes & Macrophages

Expression of the monocyte lineage marker CD68 is decreased in bone marrow from aged mice,
indicating a decrease in macrophage precursors (103, 104). Accordingly, sScRNA-seq analysis in
aged mice shows reduced fetal-derived tissue-resident macrophages particularly in the lung (105).
Aged mice had unchanged levels of circulating bone-marrow derived myeloid cells but increased
expression of pro-inflammatory genes such as Ccl5 and Gdf15 (105). Interferon (IFN)y-stimulated
macrophages from aged mice expressed 50% less major histocompatibility complex (MHC) class
I1 compared to young cells (103, 106). Studies on circulating monocytes in the peripheral blood of
elderly patients revealed that aged individuals had increased CD14* CD16* pro-inflammatory
monocytes, in line with studies in aged mice (107-109). When aged monocytes from elderly
humans were stimulated with TLR4 they exhibited impaired phagocytosis and increased
intracellular tumor necrosis factor (TNF) production, indicating impaired monocyte function
(107). Thus, both murine and human aged monocytes and macrophages exhibit defects in

signaling, MHC-11 expression, and phagocytosis.

Alveolar and interstitial macrophages represent the first line of defense in the lung against RVI

(32, 110). These macrophages are the primary producers of pro-inflammatory cytokines such as
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TNF, IL-6, and IL-8 that serve an essential role in controlling respiratory viruses such as RSV and
influenza (32, 111, 112). Alveolar macrophages (AM) are a self-renewing population of tissue-
resident macrophages that primarily serve an anti-inflammatory role to phagocytose foreign
particles and secrete anti-inflammatory cytokines such as TGF-f and IL-10 to control the
inflammatory immune response by neighboring cells (113). Interstitial macrophages (IM) are a
unique subset of macrophages that derive from circulating monocytes (113). They secrete
immunoregulatory cytokines such as IL-10, present antigen via MHC-II, and control Th2 allergic
inflammation (113). Influenza infection of aged mice showed a decreased number of macrophages
localizing to the lung as well as down-regulation of cell cycling pathways in AM (114). A recent
study used heterochronic adoptive transfer and parabiosis techniques to determine that the aged
lung microenvironment may prevent AM from proliferating during influenza infection, thus
contributing to delayed viral clearance (115). In addition, Blacher et al found that aged
macrophages had decreased expression of Kruppel-like factor 4 (KLF4) which regulates circadian
clock genes in macrophages (116). Age-associated downregulation of KLF4 in aged macrophages
could prevent diurnal trafficking of these cells from the bone marrow to sites of infection (116).
Furthermore, gene expression analysis revealed only 53 genes undergoing rhythmic transcription
in aged macrophages compared to 680 genes in macrophages from young mice (116). Humans 65
and older who were carriers of certain KLF4 hypomorphic alleles KLF4 were more prone to
developing infections and had increased mortality compared to younger individuals who were non-

carriers (116).

Taken together, there are distinct changes in the inflammatory profile and gene expression

signature of monocytes and macrophages in the aged host, particularly in the lung
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microenvironment where it has been heavily studied. This contributes to the increased

susceptibility of elderly patients to respiratory viral infections.

1.3.2 Inflammaging

The “Inflammaging Hypothesis” is an explanation of immunosenescence (117) and refers to the
observation that the aged host exhibits increased basal levels of pro-inflammatory cytokines, most
notably C-reactive protein (CRP), TNF, IL-1p3, and IL-6, and an impaired anti-inflammatory
response (117-119) (Fig. 1-3). It is posited that inflammaging is the “first hit” leading to a
heightened proinflammatory state, which predisposes the aged individual to a second hit consisting
of an absence of ‘robust” immune response genes and a presence of ‘frail” genes. This heightens
susceptibility to infection or systemic disease (119). This two-hit hypothesis helps explain the
pathogenesis of multisystem conditions such as atherosclerosis, diabetes, Alzheimer’s, and most
importantly for this discussion, immune dysfunction and increased risk of severe RV1 in the elderly
patient (119-121). In addition to this two-hit hypothesis, a decrease in cortisol production and
impaired function of the Hypothalamus-Pituitary-Adrenal (HPA) axis shifts the balance from an
anti-inflammatory to a pro-inflammatory response (122). Chronic inflammation in the aged host
is strongly associated with a greater incidence of chronic disease and decreased immune response
to infection leading to increased mortality and prolonged hospital stay (123-127). Studies in aged
humans, particularly centenarians, have shown that chronic inflammation is counteracted by anti-
inflammaging cytokines such as IL-1Ra, IL-4, IL-10, and TGF-B1 (117). When this balance
between pro and anti-inflammatory cytokines is lost, inflammaging dominates, leading to an

impaired immune response and increased susceptibility to RVI.
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Aged mice (>18 months) have elevated levels of pro-inflammatory cytokines at baseline compared
to young adult mice (2-6 months) (119, 123, 128). This imbalance leads to chronic inflammation
and multisystem pathological effects (129). Franceschi et al suggested there is a threshold, which
varies between individuals, for which the pro-inflammatory state is beneficial, promoting immune
cell maturation and immunological memory (119, 130). When the basal pro-inflammatory
response surpasses this threshold, the beneficial effects of inflammation are lost, and the
detrimental pathological effects of inflammation dominate. This promotes a shift towards more
pro-inflammatory macrophages and further perpetuates an impaired antiviral response leading to
severe LRI in the aged host. Individuals who live to extreme age, such as centenarians, may have

an inherently higher threshold for this pro-inflammatory shift (119, 131-133).

Chronic cytomegalovirus (CMV) infection, which is latent in most adults, can lead to an
accumulation of cellular debris and chronic inflammation (130, 134). CMV infection promotes a
pro-inflammatory microenvironment that accelerates immunosenescence and inflammaging (130,
135). In the presence of the inflammaging microenvironment, innate immune receptors such as
TLRs and NOD-like receptors (NLRs) respond to more danger associated molecular proteins
(DAMPS) which are a result of misfolded proteins, nucleic acids, and apoptotic cells. TLRs and
NLRs have increased basal activation from these DAMPS and produce more inflammatory

cytokines (130, 136).

In conjunction with inflammaging, there are substantial epigenetic and metabolic changes that
occur in innate immune cells, particularly monocytes and macrophages (137) (Fig. 1-3). Upon

each encounter with pathogens, these innate immune cells are reprogrammed via long noncoding
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RNAs (InRNAs) and modifications of histones (i.e. H3K4me3) to upregulate glycolysis and
oxidative phosphorylation (137). When the same pathogen is encountered again, these modified
innate immune cells are able to respond more quickly and robustly to the pathogen. Studies have
shown that BCG vaccination in humans can enhance trained immunity via heterologous protection

and promote increased expression of myeloid genes in HSCs (138).

Taken together, inflammaging represents a critical part of the aging immune system. Further
studies are needed to elucidate the interaction between inflammaging and trained immunity during

RVI in the aged host.

1.3.3 CD8* T lymphocytes

CD8" T lymphocytes are a crucial component of the immune response to HMPV and other
respiratory viruses. Studies of the human T cell response to influenza vaccine found that CD8* T
lymphocytes in the elderly patient failed to produce adequate levels of CD8* effector cytokines,
granzyme B, and IFNy (91, 139, 140) (Fig. 1-3). The inhibitory receptor programmed cell death
protein 1 (PD-1), which is associated with lung T cell impairment during RVI (46, 141), was
upregulated at baseline on T cells of uninfected, otherwise healthy, aged mice compared to their

young counterparts (142) (Fig. 1-3).

Although the CD8* T cell population is markedly increased in the aged host, sometimes
comprising as much as 70-80% of the total CD3* T cell population, these cells have reduced T cell
receptor diversity and impaired CD8* T cell response in a murine influenza model (143, 144). In
addition, with increasing age there is a decline in naive T cells (Tn) and an increase in virtual

19



memory T cells (Tvm) (145). Tvm are a subset of antigen inexperienced CD8* T cells that express
high levels of CD44 and the receptors for IL-15 and IL-17 (145). Tvm are rapid responders to
antigen in young mice, but with increased age these Tvm exhibit decreased function and a
senescence profile (145). One group found that aged Tvm failed to proliferate upon stimulation,
had impaired accumulation of cyclin D1, and increased expression of Bcl-2 in both in vitro and in
vivo studies (145). Furthermore, adoptive transfer of aged CD8* T cells into young mice failed to

recover the Tvm rapid response to antigen that was observed in young mice.

Overall, these findings support that there are significant deficits in CD8" T lymphocytes with
increasing age. The central hypothesis of this thesis is that age-dependent defects in CD8* T cells

contribute to severe HMPV disease in the aged host.
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Figure 1-2. The immune system in the aging lung.
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(A) Aging is associated with a skewing towards increased production of inflammatory cytokines and macrophages,
leading to impaired viral clearance. (B) The aged host produces more CD14* CD16" inflammatory macrophages that
circulate in the bloodstream and migrate to inflamed tissues, such as the lung. (C) CD8" T cells that were primed in
the lymph node migrate to the site of infection in the lung. Aged CD8* T cells upregulate inhibitory receptors such as
PD-1, TIM-3, and LAG-3 and have decreased production of antiviral cytokines granzyme B and IFNy. Abbreviations:
IL-6: Interleukin-6, CRP: C-reactive protein, TNFa: tumor necrosis factor «, IL-18: Interleukin-1 8, MHC-II: Major
histocompatibility complex-Il, PD-1: Programmed cell death protein 1, TIM-3: T cell immunoglobulin and mucin

domain-containing protein 3, LAG-3: Lymphocyte-Activation Gene 3.
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2.0 Terminally Exhausted CD8" T Cells Contribute to Age-Dependent Severity of

Respiratory Virus Infection
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2.1 Abstract

Background: Lower respiratory tract infections are a leading cause of severe morbidity and
mortality among older adults. Despite ubiquitous exposure to common respiratory pathogens
throughout life and near universal seropositivity, antibodies fail to protect effectively the elderly.
Therefore, we hypothesized that severe respiratory illness in the elderly is due to deficient CD8*
T cell responses.

Results: Here, we establish an aged mouse model of human metapneumovirus infection (HMPV).
Aged C57BL/6 mice exhibit worsened weight loss, clinical disease, lung pathology and delayed
viral clearance compared to young adult mice. Aged mice generate fewer lung-infiltrating HMPV
epitope-specific CD8* T cells. Those that do expand demonstrate higher expression of PD-1 and
other inhibitory receptors and are functionally impaired. Transplant of aged T cells into young
mice and vice versa, as well as adoptive transfer of young versus aged CD8* T cells into Rag1™
recipients, recapitulates the HMPV aged phenotype, suggesting a cell-intrinsic age-associated
defect. HMPV-specific aged CD8* T cells exhibit a terminally exhausted TCF1/7- TOX* EOMES*
phenotype. We confirmed similar terminal exhaustion of aged CD8* T cells during influenza viral
infection.

Conclusions: This study identifies terminal CD8* T cell exhaustion as a mechanism of severe

disease from respiratory viral infections in the elderly.
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2.2 Introduction: Aged CD8* T cells and RVIs

Respiratory viral infections are a leading cause of mortality worldwide, occurring predominantly
in children <2 years, adults >65 years, and the immunocompromised (1). Human
metapneumovirus (HMPV) is a leading cause of acute lower respiratory infections, with nearly
100% of children becoming seropositive by five years of age (1). Despite universal early exposure,
re-infections of HMPV occur throughout adult life, but usually result in mild, self-resolving
respiratory disease (1). However, elderly individuals infected with HMPV are at risk for increased
morbidity and mortality associated with HMPV pneumonia and both bacterial and viral co-
infections; in some studies, HMPV is as common among older adults as influenza and respiratory

syncytial virus (RSV) (11, 49, 146, 147).

There are limited data on HMPV immune responses and pathogenesis in humans, which comes
primarily from study of young children (3, 4, 148, 149). Previous studies using young adult mouse
HMPV models showed that CD8" T cells help mediate viral clearance and protective immunity
(46, 52, 61, 62). However, CD8" T cell responses are constrained during acute respiratory virus
infection by coordinated signaling of cell surface inhibitory receptors, predominantly programmed
cell death-1 (PD-1) and lymphocyte activation gene 3 (LAG-3), which remain upregulated even
after viral clearance (46). The persistent co-expression of these receptors, particularly PD-1, leads

to a state of functional impairment during acute respiratory virus infection manifested by
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diminished degranulation and cytokine production such as IFNy, and delayed viral clearance (46,

52, 61, 62).

The aging immune system is characterized by a functional decline in virtually all immune cells,
coupled with an increase in basal pro-inflammatory cytokine production, a state that has been
termed “inflammaging” (117, 130). Gene expression analysis at the single cell level has revealed
distinct transcriptional and epigenetic changes in immune cells in both mice and humans as they
age (150, 151). Bulk CD8* T cells in aged mice show increased expression of the transcription
factors thymocyte selection-associated high mobility group box protein (TOX) and eomesodermin
(EOMEYS), changes that promote terminal differentiation of CD8" T cells (150, 152, 153). A subset
of murine CD8* T cells have increased production of granzyme K with increased age, which
contributes to the inflammatory microenvironment (150). In addition, murine CD8* tissue-resident
memory T cells (Trm) have been identified as the cause of lung inflammation and fibrosis during
viral pneumonia in aged mice (154). CD8* T cell responses to influenza have been studied in aged
mice (155, 156) and older humans (157-159). Low granzyme B production by influenza-specific
cytolytic T lymphocytes (CTL) from elderly humans correlated with lower protection against
influenza and has been considered a marker for optimal protective vaccine responses in humans
(157, 158). Another report described decreased degranulation but lower PD-1 expression on
influenza-specific CD8* T cells from aged humans (158, 159). However, one limitation of human
studies is the use of viral peptide stimulation instead of tetramers, the former of which fails to

detect unresponsive virus-specific CD8* T cells.
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We developed an aged mouse model of HMPV infection to explore the contributions of both age
and virus-specific CD8* T cells to protection and disease. We found that aged HMPV-infected
mice exhibited worse clinical disease, delayed viral clearance, and enhanced lung pathology
compared with young mice. Virus-specific CD8* T cells in aged mice were fewer, expressed higher
levels of PD-1 and other inhibitory receptors, and exhibited markedly decreased granzyme B
production. Reciprocal transplant of aged T cells into young mice and vice versa, as well as
adoptive transfer of aged or young CD8* T cells into Rag1”- mice, confirmed this was a CD8* T
cell-intrinsic age-associated defect. Similarly, influenza-infected aged mice lost more weight,
produced fewer tetramer* CD8* T cells, had impaired granzyme B production, and accumulated
more Tcfl/7- Tox* Eomes* CD8* T cells. Collectively, these results identify a population of
dysregulated and dysfunctional terminally exhausted CD8* T cells in the aged host which

contributes to the severity of multiple respiratory viral diseases in this population.

2.3 Materials & Methods

2.3.1 Mice and viral infection

C57BL/6 (B6), congenic CD45.1, and Rag1”-mice were purchased from The Jackson Laboratory.
All animals were bred and maintained in specific pathogen-free conditions in accordance with the
University of Pittsburgh Institutional Animal Care and Use Committee. 6-7wks and 70-71wks
female animals were used in all experiments. HMPV (pathogenic clinical strain TN/94-49,
genotype A2) was grown and titered in LLC-MK2 cells as previously described (160). In select

experiments, influenza virus strain A/34/PR/8 (PR8) was grown in MDCK cells and titered on
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LLC-MK2 cells as in (46). For all experiments, mice were anesthetized with isoflurane in a heated
chamber and infected intratracheally with 2.0 x 106 PFU HMPV or 500 PFU PR8 in 100 pL
volume. Mock-infected mice were inoculated with the same volume of sterile PBS. Viral titers for
HMPV infected mice were measured by plaque assay as previously described (160, 161). Clinical
scoring of mice was performed by at least two individuals independently with one point given for
each of the following signs: hunched, huddled, rapid breathing, lethargy, or ruffled fur.
Bronchoalveolar lavage (BAL)

BAL was harvested as in described (162). Briefly, mice were euthanized and their trachea exposed,
cannulated with a blunt tipped syringe needle, and secured in place using suture. Lungs were
flushed with ImL BAL buffer (sterile PBS, 0.5% Fetal Bovine Serum (FBS), 1:250 0.5M EDTA)
at least four times. BAL was spun down at 500xg for 10min. Supernatant was collected for
Luminex. ACK lysis buffer (1 ml) was added to the cell pellet. After 1min, 1 mL of RPMI1/10%
FBS was added and spun down at 500xg for 5 min. Cells were resuspended in RPMI1/10% FBS

and used for flow cytometry staining.

2.3.2 Histopathologic score

10% formalin was injected into a section of the lower left lung lobe and stored in 10% formalin in
histology cassettes (Fisher Scientific B851000WH). Tissue sections were stained with H&E by
the UPMC Children’s Hospital of Pittsburgh Histology Core and slides were imaged and scored
in a blinded fashion at 200X magnification. Scoring criteria per field included: 0: no inflammation;
1: <25% inflammation; 2: 25-50% inflammation; 3: 50-75% inflammation; 4: >75% inflammation.
To generate the histopathologic score, the score for each sample was added and divided by the
total number of fields analyzed.
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2.3.3 Antibody treatment

CD8™* T cell depletion: One day prior to infection, aged and young B6 mice were treated with
300pg in sterile PBS of aCD8 (BioXCell BE0061) or rat isotype control (BioXCell BEO090) via
intraperitoneal injections. Mice were injected with 150 ug of aCD8 or rat isotype control every

other day post-infection.

2.3.4 IFNy ELISpot assay

ELISpot assay and analysis was performed as previously described (46, 163) adding HMPV Nu1-

18 peptide. Influenza NP366 peptide served as control.

2.3.5 Flow cytometry staining

Single cell suspension: Mice were euthanized and the right lung harvested. The lung was cut into
2mm segments using scissors in Eppendorf tubes. Lung tissue was resuspended in RPM1/10% FBS
in tissue culture tubes and incubated for 1 hr at 37°C with DNAse and collagenase. After enzymatic
digestion, the lung was filtered through 70 um filters, spun down at 1500rpm for 5min, and the
pellet resuspended in 2mL ACK Lysis Buffer (Gibco A10492-01) for 1min. 10 mL
RPMI/10%FBS was added after ACK Lysis and cells were spun down at 1500rpm for 5min. Cells
then underwent either tetramer staining or ex vivo peptide stimulation.

Tetramer staining: Cells were incubated with FACS/dasatinib for 30 min before adding APC
conjugated Nii-18 or BV421 conjugated Mos-102 tetramers 1:200 in FACS/dasatinib for 90 min.

Cells were then spun down at 1500rpm for 3min and washed 1x with FACS buffer.
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Ex vivo peptide stimulation: 100uL of cells were added to a flat-bottom 96-well tissue culture
plate. The following was added to cells: 100uL of 200uM N11 HMPV peptide or NP366 for
irrelevant control diluted 1:10 in RPM1/10% FBS, 6uL CD107a-PE, and 22uL BFA (BD Cat. #51-
2301KZ)/Monensin (BD Cat. #2092KZ). In addition, 1:1000 PMA/ionomycin instead of peptide
was added to one aliquot of cells for a positive control. Cells were incubated for 5hrs at 37°C.
For both conditions: After either tetramer staining or peptide stimulation, cells were stained with
Live/Dead dye 1:1000 in PBS for 12 min, washed 1x with PBS, and blocked with aCD16/32 Fc
block (Tonbo Biosciences Cat. #70-0161-M001) 1:100 in FACS buffer for 10 min. For surface
staining, cells were stained with surface antibody 1:100 in BD Brilliant Stain Buffer (BD Cat.
#566349) buffer for 30 min at 4°C. Cells were spun down at 1500rpm for 3min and washed 1x
with FACS buffer.
Intracellular cytokine staining: After cells were stained for surface antibodies, cells were fixed for
30min with eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher 00-
5523-00) at 4°C, spun down at 1640rpm for 3min, washed 1x with Foxp3 Fix/Perm Buffer, and
stained with 6 uL/antibody in Foxp3 Fix/Perm Buffer for 1hr at 4°C. Cells were spun down at
1640rpm for 3 min, washed 1x with FACS buffer, resuspended in FACS buffer, and stored in the
dark at 4°C until they were analyzed on the Cytek® Aurora multispectral flow cytometer.
Intracellular transcription factor staining: For transcription factor staining, cells were fixed for
18hrs in Foxp3 Fix/Perm at 4°C. After fix/perm, cells were washed 1x with Foxp3 Fix/Perm Buffer
and stained with 2.5uL antibody in Foxp3 Fix/Perm Buffer for 1 hr at 4°C.

After intracellular staining, cells were spun down at 1640rpm for 3min, washed 1x with
FACS buffer, resuspended in FACS buffer with 100 uL BioLegend Precision Count Beads™

(BioLegend Cat. #424902) and run on the Cytek® Aurora multispectral flow cytometer. A full list
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of antibodies used in all experiments is shown in Supplemental Table 1. Fluorescence minus one

(FMO) controls were used for all inhibitory receptors and transcription factors. For HMPV

tetramer staining, Flu NP366-APC and HLA-B-35:01-BV421 tetramers were used as the irrelevant

controls. Any irrelevant tetramer background staining was subtracted from the final tetramer

frequency. Unstained cells from each experiment were fixed for 20 min in 2% PFA and used on

the flow cytometer to minimize autofluorescence. Data analysis was performed with Flowjo

(v10.8.1). Boolean gating in FlowJo was used to assess inhibitory receptor and functional cytokine

co-expression. Patterns were visualized using the SPICE program (NIAID). All antibodies used in

this study are listed in Table 1.

Table 1. Aurora Cytek Full Panels

Cell marker Fluorophore Species Catalog Number Clone
Both plates
CD19 BV785 rat 115543 6D5
CD3e BUV395 hamster 565992 145-2C11
CD4 AF700 rat 100536 RM4-5
CD44 APC-Cy7 rat 560568 IM7
CcD62L BUV563 rat 741230 MEL-14
CD8a AF532 rat 58-0081-80 53-6.7
CD45.1 BV510 mouse 110741 A20
CD45.2 BUV496 mouse 741092 104
Tetramer plate only
Foxp3 PerCP-Cy5.5 rat 45-5773-82 FIK-16s
T-bet PE mouse 644809 4B10
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GATA-3 BV711 mouse 565449 L50-823
Roryt AF647 mouse 562682 Q31-378
EOMES AF488 mouse 53-4875-82 Danllmag
TOX eFluor™660 mouse 50-6502-82 TXRX10
TCF-7/TCF-1 R718 mouse 567587 S33-966
BCL6 BUV661 mouse 568062 K112-91
PD-1 (CD279) PE-Cy7 rat 109110 RMP1-30
TIM-3 (CD366) BV605 rat 119721 RMT3-23
LAG-3 (CD223) BUVS805 rat 748540 C9B7TW
2B4 (CD244.1) BUV737 rat 749155 C9.1
HMPV M94 Class | tetramer BVv421 -- From NIH --
HMPV N11 Class | tetramer APC -- From NIH --
Peptide stimulation plate only
Perforin FITC rat 11-9392-82 eBioOMAK-D
Granzyme B PE-Cy5.5 rat 35-8898-80 NGZB
IFNy BV650 rat 505831 XMG1.2
CD107a (LAMP1) PE rat 121611 1D4B
IL-2 APC rat 503810 JES6-5H4
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2.3.6 Bone marrow transplant

Irradiation: The day prior to transplant, recipient mice were conditioned with 10-11 cGy total
body irradiation in two split doses four hours apart from an X-ray source (MultiRad 350, Precision
X-Ray Irradiation). Irradiated mice were placed on an immunocompromised rack in animal
facility, given sterile autoclaved water, and supplied with irradiated food.

BM single cell suspension: Femur and tibia from Rag1~- mice were harvested, tissue removed, and
clean cuts made at either bone end. Using a 25G needle, marrow was flushed from the bone into a
conical tube using D-10 media (10% FBS, 1% Pen Strep antibiotics, 1% L-glutamine, 1% MEM

Non-Essential Amino Acids, 0.1% 50mM B-mercaptoethanol). BM was spun down at 350xg for

5min and cell pellet was filtered through 70um strainer, washed 2x with 5mL sterile PBS, and
counted on BD Accuri™ cytometer.

B and T cell magnetic column selection: For B and T lymphocyte magnetic column selection,
spleen and lymph nodes (inguinal, peritoneal, and submandibular) were collected from B6 and
congenic CD45.1 donor mice either 6-7wks or 70-71wks. All lymph nodes and each spleen per
mouse were passed through 70 um strainer, spun down at 350xg for 5min, pooled together through
a 40um strainer, and spun down again at 350xg for 5min. The spleen/lymph node single cell
suspension were combined from two mice and resuspended in 900uL aMACs buffer at which point
cells were incubated with CD90.2 microbeads or CD19-biotin and biotin labeled microbeads and
run over LS column (Miltenyi 130-042-401) per Miltenyi instructions. Plunge was collected from
the columns, spun down at 350xg for 5 min, and cell pellet was washed with 5mL sterile 1XPBS

x2. Cells were counted on BD Accuri™ cytometer.
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Tail vein injections: 1x10” T, B, and Ragl” BM cells were resuspended per ml of sterile PBS,
followed by injection of 200 uL of cells (2x10° of each cell type) into irradiated recipient mice via

tail vein injection.

2.3.7 CD4"and CD8* T cell adoptive transfer

CD4 and CD8 biotinylated antibodies along with anti-biotin microbeads were used to positively
select CD4 and CD8 subsets of T cells for use in combination experiments. 1x106 CD4 and 1x108
CD8 T cells were combined per mouse, with the remainder of the cell populations as outlined

above.

2.3.8 scRNAseq Data Analysis

CD8* T cell scRNAseq dataset from lungs of mice and humans was kindly shared with us from

Maxim Artyomov: https://www.synapse.org/#!Synapse:syn22255433/wiki/604556 and was

generated as described in (150).

2.3.9 Statistical analysis

Data analysis was performed using Prism version 9.0 (GraphPad Software). Comparisons between
2 groups were performed using an unpaired 2-tailed Student’s t test. Multiple group comparisons
were performed using a 1-way or 2-way ANOVA as appropriate. A P value less than 0.05 was

considered significant. Error bars in each graph represent SEM.

33


https://www.synapse.org/#!Synapse:syn22255433/wiki/604556

2.3.10 Declarations & Acknowledgements

Ethics Approval: All animals were maintained in accordance with Guide for the Care and Use of
Laboratory Animals (NIH publication no. 85-23. Revised 1985) and were handled according to
protocols approved by the University of Pittsburgh Subcommittee on Animal Care (IACUC).
Consent for publication: Not applicable.

Availability of data and materials: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Competing interests: JVW serves on the Scientific Advisory Board of Quidel and an Independent
Data Monitoring Committee for GlaxoSmithKline, neither involved in the present work. All other
authors declare no conflicts of interest.

Funding: Supported by NIH Al085062 (JVW), F30 HL159915-01A1 (OBP), T32 GM-008208
(OBP, JS), K12 HD000850 (TE), and the Henry L. Hillman Foundation (JVW). We thank the
University of Pittsburgh Unified Flow Core for help with flow cytometry.

Author Contributions: OBP: conceived, designed, and performed experiments, acquired and
analyzed data, and wrote manuscript. TE: performed experiments, revised manuscript. JS:
performed experiments, revised manuscript. JL: contributed analytic tools, revised manuscript.
YZ: contributed analytic tools, revised manuscript. TDO: acquired and analyzed data, revised
manuscript. MR: contributed analytic tools, performed experiments. JJE: conceived and designed
experiments, revised manuscript. CAB: conceived, designed, and performed experiments,
interpreted data, revised manuscript. JVW: conceived and designed experiments, interpreted data,

and revised manuscript.

34



Acknowledgements: We thank Anita McElroy, MD/PhD for discussion of the project and results.
We thank the NIH Tetramer Core Facility (contract number 75N93020D00005) for providing

tetramers. The authors have no additional financial interests.

2.4 Results

2.4.1 HMPV-infected aged mice exhibit more severe disease.

To establish an aged mouse model for HMPV, young (6-7wks) and aged (70-71wks) C57BL/6
(B6) mice were infected with HMPV TN/94-49. This strain causes mild, self-resolving disease in
young adult BL/6 mice with minimal weight loss, transient lung inflammation, and viral clearance
by day 7-9 post-infection (p.i.) (46, 52, 61, 62). Young infected mice in the current experiments
similarly exhibited a mild phenotype, while aged infected mice lost significantly more weight (Fig
2-1A) and displayed higher clinical illness scores (Fig 2-1B). Aged mice had higher viral titers at
day seven p.i. and delayed viral clearance, with 50% of aged mice having detectable viral titer at
day nine p.i. (Fig 2-1C). Moreover, aged mice retained enhanced lung inflammation late in HMPV
infection as evidenced by peribronchial and perivascular infiltrates and increased histopathology

scores (Fig 2-1D-F).

CD8* T cells contribute to viral clearance of HMPV in young mice (46, 52, 61, 62). To test the
role that CD8* T cells play in aged mice, CD8* T cells were depleted from young and aged mice.
Mice received aCD8 depleting antibody (Ab) or isotype control Ab via intraperitoneal injection

one day prior to HMPV infection and every other day p.i.. CD8* depletion was confirmed via flow
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cytometry with representative flow plots shown at day five p.i. (Appendix Fig 1A). Aged mice
again lost significantly more weight compared to young mice, but CD8* depletion did not result in
further weight loss in either age group (Fig 2-1G). CD8 depletion in aged mice had no major
impact on viral titer, although aged mice depleted of CD8* T cells tended to have higher viral titers
on day five p.i. compared to young CD8* depleted mice, and a trend towards higher titer on day
nine p.i. compared to aged isotype control (Fig 2-1H). There was no difference in CD19* B220*B
cells between isotype and CD8* depleted groups of either age (Appendix Fig 1B & C). However,
there was a significant increase in the absolute number of CD4* T cells in aged CD8-depleted mice
(Appendix Fig 1C). The lack of differences in young mice with CD8* depletion is most likely
because HMPV viral clearance is mediated by multiple cell types. For example, a prior study found
that CD4* T cells could compensate for a lack of CD8* T cells and contribute to viral clearance in
young mice infected with HMPV (51). Collectively, these data reveal enhanced susceptibility and
more severe clinical illness in aged HMPV-infected mice, with a trend towards delayed viral

clearance in aged mice depleted of CD8* T cells.
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Figure 2-1. Aged mice had more severe HMPV disease and delayed viral clearance
(A) Aged infected mice lost more weight during HMPV infection, P<0.0001 days 4-9 p.i. for aged vs. young HMPV.
(B) Aged mice had more severe clinical signs throughout infection. Clinical signs included: hunched, rapid
breathing,lethargy, and ruffled fur with one point given for each sign observed. Two individuals independently scored
each mouse daily and average score was calculated, P<0.0001 on day 2-9 p.i. for aged vs. young HMPV. (C) Aged
mice had delayed HMPV clearance. Viral titer in lung in PFU/g was quantified using plaque assay and normalized to
lung weight. Dotted line indicates limit of detection (LOD). (D) Aged infected mice accumulated more inflammatory
infiltrates in the perivascular and peribronchial spaces in the lung by day 9 p.i. The histopathology score: average
score per section field by a group-blinded experienced lung pathologist. 0 = no inflammation, 1 = <25% inflammation,
2 = 25-50% inflammation, 3 = 50-75% inflammation, and 4 = >75% inflammation. (E & F) Representative lung

histology at day 9 p.i. (G) Aged and young TN/94-49 HMPV infected mice were treated with either aCD8 blocking
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antibody (Ab) or rat isotype control Ab. Aged vs. young isotype groups weight loss significant at days 3, 4, 8, and 9
p.i; aged vs. young aCD8 groups significant at days 4, 5, 8, and 9 p.i. (H) Aged aCD8 mice tended to have delayed
viral clearance compared to young aCD8 mice. Dotted line indicates LOD. Number of mice per group at D5, D7, and
D9, respectively: Aged isotype (n= 3,7,6), Young isotype (n=3,7,6), Aged aCDS8 (n= 3, 9, 7), Young aCD8 (n=3,8,7).
Number of mice per group below LOD at D5, D7, and D9, respectively: Aged isotype (n= 0/3,0/7,4/6), Young isotype
(n= 0/3,7/7,6/6), Aged aCD8 (n= 0/3,0/9,4/7), Young aCDS8 (n= 0/3,6/8,7/7). *P<0.05,**P<0.01, ***P<0.001,

#=****P<(.0001, one or two-way ANOVA.

2.4.2 Aged mice generate fewer HMPV-specific CD8" T cells in the lung

We next quantified HMPV-specific CD8* T cell responses in the lungs of young versus aged mice.
We used MHC-1 tetramers bearing one of the immunodominant H2-K® HMPV epitopes, Ni1-1s
(46). At day seven post-infection, aged HMPYV infected mice produced fewer epitope-specific
CD8* tetramer* (tet*) T cells compared to young infected mice in both lung and bronchoalveolar
lavage (BAL) (Fig 2-2A-C). Similar findings were observed for a different HMPV epitope, Moas-
102, with a significant decrease in the percentage of tet™ cells in both lung and BAL, and only a
trend in absolute cell number (Appendix Fig 2). These findings demonstrate that the reduced
number of HMPV-specific cells in aged mice was not unique to a single epitope. While virus-
specific CD8* T cells were reduced in aged mice, the absolute number of bulk CD8* T lymphocytes
was not different between the two groups (Appendix Fig 3A). These findings suggest that changes
in aged mice were specific to infection-induced, lung-infiltrating, virus-reactive CD8" T cells.
Similarly, no difference in absolute number of CD8" tet* T cells was noted in the draining lymph
nodes or spleen between young and aged mice, though there were modestly increased but rare

tetramer-specific cells in the aged spleens (Appendix Fig 3B-D). These findings indicate that
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HMPV-specific CD8" T cells in aged mice were primed to a similar degree in lymphoid organs

compared to young HMPV-infected mice and did not exhibit migration defects.

To test whether aged mice possess reduced epitope-specific CD8* T cell precursors or an intrinsic
ability to differentiate into effector cells, we performed tetramer enrichment of spleen and
peripheral lymph nodes (combined to facilitate detection of rare precursors) in naive aged and
young mice. Aged mice had fewer epitope-specific precursor CD8* T cells compared to young
mice (Fig 2-2D-F). We then quantified total CD44- CD62L* naive CD8" T cells (Tn) in the lung
of naive aged and young mice and found that aged mice had substantially fewer Tn compared to
young mice (Appendix Fig 4A-B). Upon infection, aged mice failed to robustly increase CD44*
CD62L" T effector CD8" T cells (Tem) (Appendix Fig 4A-C). Collectively, these data indicate
significantly reduced naive CD8* T cell precursors and a diminished capacity to differentiate into

effector cells in aged mice.
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Figure 2-2. Aged mice produce fewer HMPV-specific CD8* T cells in the lung.
(A, B) Aged infected mice had decreased CD8* N11 tetramer* cells in lung (shaded bars) and BAL (open bars)
compared to young infected mice at day 7 post-infection. Both N11 percent of CD8" tetramer* T cells and absolute
cell number is shown. Absolute cell number was calculated by BiolLegend Precision Counting Beads. (C)
Representative flow plots from aged and young infected lung, respectively. (D-E) Aged uninfected mice had fewer
tetramer precursor cells in the spleen and lymph nodes compared to young uninfected mice. Tetramer precursors were
enriched from uninfected mouse spleen and lymph node via magnetic column selection using APC-labeled beads. (F)

Representative flow plots of CD8" tetramer precursor cells shown. *P<0.05, **P<0.01, unpaired t-test.
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2.4.3 Aged HMPV-specific CD8* T cells co-express inhibitory receptors and produce less

granzyme B

In addition to numerical differences and changes in differentiation potential of virus-specific CD8*
T cells, we sought to characterize functional attributes of aged compared with young CD8* T cells.
We previously showed in young adult mice that lung CD8" tet* cells upregulated numerous
inhibitory receptors by day seven p.i. and that PD-1 significantly contributed to CD8* T cell
functional impairment (46, 52, 61, 62). The fraction of HMPV N11-specific CD8" T cells co-
expressing the inhibitory receptors PD-1, TIM-3, LAG-3, and 2B4 increased in the BAL of aged
mice at day seven post-infection (Fig 2-3A & Fig 2-3B blue pie slice). The number of CD8* tet*
T cells expressing just one inhibitory receptor (orange pie slice) was also increased in aged CD8*
tet* T cells (Fig 2-3B). Additionally, aged HMPV-specific CD8" cells expressed more PD-1 on a
per cell basis as measured by mean fluorescence intensity (MFI) (Fig 2-3C). These results indicate
that aged virus-specific CD8* T cells more highly co-express the inhibitory receptors PD-1, TIM-
3, LAG-3, and 2B4, which could contribute to decreased ability of these cells to combat infection

(46, 52, 61, 62).

To test whether aged CD8* T cells were functionally impaired during HMPV infection, we
quantified intracellular cytokine production and degranulation in aged CD8* T cells from infected
mice following restimulation with HMPV epitope peptides (46). Following restimulation, aged
CD8* T cells displayed significantly decreased granzyme B production compared to young CD8*
T cells in the lung, with a similar trend in BAL (Fig 2-3D). There was also decreased production
of IFNy by aged CD8* T cells in BAL (Fig 2-3D). Representative flow plots and histograms of

granzyme B production in the lung are shown in Fig 2-3E & F. Combinatorial analysis based on
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expression of granzyme B, IFNy, TNF, CD107a, and perforin revealed that aged CD8* T cells were
significantly less polyfunctional with many more aged cells exhibiting zero measured functions
(Fig 2-3G). Taken together, these data indicate not only are HMPV-specific CD8* T cells
quantitatively reduced in aged mice, but they also co-express numerous inhibitory receptors and

are functionally impaired.
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Figure 2-3. Aged HMPV-specific CD8* T cells co-express inhibitory receptors and produce less granzyme B
(A) CD8* N11 tet* cells from aged infected mice had increased expression of all 4 inhibitory receptors PD-1, TIM-3,
LAG-3, and 2B4 compared to young infected mice. (B) Pie charts represent SPICE software analysis of inhibitory
receptor co-expression on CD8" N11 tet* T cells in BAL of infected aged and young mice on day 7 post-infection.
Asterisks indicate statistically significant differences between aged and young. (C) Aged CD8"* tet* cells in BAL had

increased mean fluorescence intensity (MFI) of PD-1 at day 7 post-infection while there was no difference in MFI in
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other inhibitory receptors. (D) CD8" cells from aged infected mice had decreased production of granzyme B in lung
(shaded bars). In BAL (open bars) aged CD8* T cells produced significantly less IFNy with a trend towards decreased
production of granzyme B and IL-2. (E & F) Representative flow plots and histograms of granzyme B production in
aged and young infected lung at day 7 post-infection with NP366 flu irrelevant as control. (G) Aged CD8* T cells in
lung were less polyfunctional. Functional markers measured: granzyme B, IFNy, TNEF, perforin, and CD107a.

*P<0.05, **P<0.001, unpaired t-test.

2.4.4 Aged T cells transplanted into young mice recapitulate the aged immune response to

HMPV.

To test whether CD8* T cell impairment in aged mice was due to T cell-intrinsic defects or systemic
age-dependent dysfunction, we used two complementary approaches. We first used chimeric bone
marrow (BM) transplantation. Aged and young CD45.2 mice were lethally irradiated and
adoptively transplanted with either young or aged CD45.1 T cells, along with young B cells and
BM from young Rag1”- mice (to reconstitute the non-B, non-T cell hematopoietic compartment).
Engraftment of donor cells and successful ablation of recipient cells was confirmed at five weeks
post-transplant (Appendix Fig 5A-C) and was equal in all groups in both transplant models, as
assessed by percentages of circulating and localized (lung, BAL) donor cells, on the day of
euthanasia (Appendix Fig 5A-C). There was a significant difference in recipient cell frequencies,
but no significant differences in donor cell engraftment (Appendix Fig 5A-C). At six weeks post-
transplant, the mice were infected with HMPV and CD8* T cell response analyzed on day seven
p.i. For clarity, the experimental groups are referred to as: age of T cells = age of host (i.e., young
T cells into an aged host = Y12 An) (Fig 2-4A). A1-> Y had a significantly diminished CD8" tet*
response compared to Y1 Yn while Y1 An produced more CD8" tet* cells compared to At=> Ax
(Fig 2-4B-D). Y1->An mice had more CD8" tet* cells that expressed no inhibitory receptors and
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fewer CD8" tet* cells that expressed at least one inhibitory receptor compared to At—>Awn (Fig 2-
4E). There was a trend towards increased inflammation measured by higher histopathological

score in At=>Yn compared to Y12 An (Appendix Fig 5D-F).

We next evaluated the function of the transplanted CD8* T cells via ex vivo HMPV peptide
stimulation, as in Fig 2-3. YTCD8* T cells exhibited increased granzyme B production independent
of the age of the host (Fig 2-4F). The percentage of functional CD8* HMPV-specific cells was
calculated by dividing the percentage of granzyme B* CD8* T cells by the percentage of tet* cells,
which was also increased in YT CD8* T cells (Fig 2-4G). Boolean gating of granzyme B, CD107a,
IFNYy, TNF, and perforin revealed that Y1->An mice tended to have more polyfunctional CD8* T

cells compared to At=>YH (Fig 2-4H).
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Figure 2-4. Aged T cells transplanted into young mice recapitulated aged CD8* T cell phenotype.
(A) Syngeneic transplant experimental design. Lethally irradiated CD45.2 aged mice were reconstituted with T
lymphocytes from young or aged CD45.1 donors, young B cells, and Ragl’- BM. (B, C) Aged mice that received
young T lymphocytes (i.e. Y1 -> An) had improved CD8* tetramer* response compared to At -> Ay control. At -> Yy
had a diminished tetramer response compared to Yt -> Yy (D) Representative flow plots of tetramer staining. (E)
Combinatorial analysis of PD-1, TIM-3, LAG-3, and 2B4 inhibitory receptors revealed that At -> Yy had increased
percent of CD8" T cells that expressed 0 inhibitory receptors and decreased percent of CD8* T cells that expressed at
least 1 inhibitory receptor compared to At -> Aw. (F) Percentage of CD8* T cells expressing granzyme B. (G) Percent

functional virus-specific CD8* T cells was calculated by dividing the percentage of granzyme B* CD8* T cells by the
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percentage of tet* cells. (H) Boolean analysis of polyfunctionality of CD8* T cells. Functional markers measured:

granzyme B, IFNy, TNF, perforin, and CD107a. *P<0.05, **P<0.005, ****P<0.0001, one-way ANOVA.

The second approach to test whether the age-dependent CD8* T cell defects were cell-intrinsic
involved adoptive transfer of purified CD8* T cells from young or aged donors into a young Ragl
" host, which avoided any potential effects of irradiation and BM reconstitution (Fig 2-5A). Similar
reduction in the percentage of epitope-specific CD8* T cells was noted in the adoptive transfer
model of Acps 1= YH which had a diminished CD8" tet” response compared to Ycos 1 =2 YH (Fig
2-5B-D). Aged CD8* T cells transferred to young Ragl”- recipients also displayed significantly
reduced granzyme B production (Fig 2-5E, F), a decreased percentage of functional granzyme B*
CD8*T cells (Fig 2-5G), and fewer polyfunctional CD8* T cells (Fig 2-5H-K). Collectively, these
findings from complementary experimental approaches reveal a cell-intrinsic age-related defect in
CD8*T cells leading to impaired generation and diminished functionality of HMPV-specific CD8*

T cells.
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Figure 2-5. Aged CD8" T cells in Rag1” mice recapitulated aged immune response to HMPV

(A) CD8* T cell adoptive transfer experimental design. Aged or young CD8* T lymphocytes were isolated and

adoptively transferred along with young CD4* T and B lymphocytes into young Ragl™ recipients. (B, C) Ragl™

recipients with aged CD8" T lymphocytes (i.e., Acos T -> Yn) had a significantly diminished epitope-specific CD8* T

cell response compared to Ycpst -> Yu control. (D) Representative flow plots of tetramer staining. (E-G) Acps 1 ->

Y produced less granzyme B and had fewer granzyme B functional CD8" tet* T cells. (H-K) Acps T -> Yn had

significantly fewer polyfunctional CD8* T lymphocytes as measured by combinatorial analysis of cytokines/markers

of degranulation and SPICE analysis. The percentage of functional virus-specific CD8" tetramer™ cells was calculated

by dividing the percentage of granzyme B* CD8* T cells by the percentage of tet* cells. Functional markers measured:

granzyme B, IFNy, TNF, perforin, and CD107a. *P<0.05, **P<0.01, ***P<0.005, unpaired t-test or one-way

ANOVA.
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2.4.5 Aged CD8* T cells exhibit a terminally exhausted phenotype resistant to

reinvigoration by PD-1 blockade and 4-1BB treatment

Given the high degree of functional impairment and expression of numerous cell surface inhibitory
receptors, we hypothesized that age-related terminal exhaustion was a contributing factor to the
impaired function of aged CD8* T cells, even when transplanted into young mice. To test this, we
first measured baseline expression of Eomes, Tox, and Tcf7 in HMPV-infected aged and young
mice since these transcription factors are key in characterizing terminal exhaustion (150, 164).
There was a striking increase in exhausted Tcf7- Eomes* Tox* bulk CD8* T cells (Tex) (Fig 2-6A)
and an increase toward more N11 epitope-specific Tcf7-Eomes* Tox" CD8* T cells in aged versus
young mice at day seven p.i. (Fig 2-6B). Representative gating is shown in Appendix Fig 6. To
determine if this phenotype represented an exhausted CD8" T cell as opposed to a transiently
impaired state, we depleted CD4* T cells from aged and young HMPV-infected mice. Previous
studies have shown that CD4* T cells prevent CD8* T cell exhaustion (165, 166). Therefore,
depleting CD4* T cells would be predicted to promote CD8" T cell exhaustion, similar to chronic
antigen stimulation models (i.e. chronic viral infection, cancer). Aged CD4 depleted mice had a
similar population of Tox* Eomes* CD8* T cells as isotype control treated mice of the same age
(Fig 2-6C). These findings indicate that this population of Tex CD8" T cells represents a CD8-

intrinsic exhausted state.

We next examined CD8* Tex cells in the BM chimera transplanted groups to determine whether
the aged CD8* Tex phenotype was dependent upon the age of the host. We saw a marked increase
in the Tex population in the At—>Yn mice compared to the Yt—>Yn mice, with a similar striking

increase in Tex in At=>An compared to YT2>Aw in both bulk and epitope-specific CD8* T cells
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(Fig 2-6D, F). The adoptive transfer model of aged or young CD8* T cells into Rag1”- mice also
demonstrated an increase in Tex in Acos 7> Y+ in both bulk and tetramer* CD8* T cells (Fig 2-6E,
G). Taken together, these findings suggest that a key cell-intrinsic driver of aged CD8* T cell
dysfunction is terminal exhaustion, which cannot be reversed by transplanting aged CD8* T cells

into a young host.

Using publicly available datasets from a prior study (150) in which scRNAseq was performed on
lungs from naive, uninfected young and aged mice, as well as on PBMCs from young and aged
healthy humans, we found a similar Tex CD8* population in aged murine lung (Fig 2-6H & 2-61).
Aged CD8* T cells from both uninfected mice and humans had decreased Tcf7 expression (Fig 2-
6J; 2-6M) while aged CD8* T cells from mice also upregulated Tox (Fig 2-6K) and Eomes (Fig
2-6L.). Furthermore, in our model, aged lung CD8" T lymphocytes, following ex vivo peptide
stimulation, produced significantly less IFNy compared to young lung lymphocytes (Fig 2-6N &
O). Taken together, these findings support the existence of a Tex CD8* T cell population in aged
mice that is functionally impaired and which cannot be reinvigorated by transplantation into a

young host.

We next sought to uncover whether aged CD8* T cell exhaustion could be reversed, and function
restored, by existing therapeutics. To this end, we administered a PD-1 blocking antibody (aPD-
1), a4-1BB agonist, or both to aged mice, which were then infected with HMPV. These approaches
have previously been shown to rejuvenate exhausted T cells in cancer models (167, 168), and PD-
1:PD-L blockade restored CD8" T cell function in HMPV-infected young adult mice (61, 62).

However, none have been described in the setting of HMPYV infection of aged individuals. Using
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our previously established ELISpot assay for assessing response to inhibitory receptor blockade
(61), we found that lung lymphocytes from aged mice produced less IFNy compared to young mice
(Appendix Fig 7A-C) and this response was not improved by PD-1 blockade and/or 4-1BB
treatment in aged mice (Appendix Fig 7A-C). These data indicate that aged CD8" T cells are
resistant to functional reinvigoration with checkpoint inhibitors that have shown clinical efficacy

in humans and mice for reversing T cell exhaustion in other settings.
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Figure 2-6. Aged CD8* T cells exhibit terminally exhausted phenotype
(A, B) Aged mice at day 7 p.i. had expanded population of terminally exhausted CD8* T cells (Tex) in both bulk CD8*
T cellsand CD8" N11 tet" T lymphocytes. Tex CD8* T cells are defined as Tcf7- Eomes*® Tox*. (C) Aged CD4 depleted

mice expressed similar levels of Tox and Eomes on CD8* T cells compared to isotype treated mice. Young CD4
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depleted mice did have a trend towards increased expression of Tox and Eomes on CD8* T cells. (D & F) At -> Yy
accumulated Tex bulk and HMPV-specific CD8* T lymphocytes to a similar degree as Ar -> Ay control while Yt ->
A and Y1-> Yy had reduced Tex populations. (E & G) A similar Tex CD8* population in both bulk and epitope-
specific CD8" T lymphocytes was seen in the Acps 1 -> Y adoptive transfer model. (H & 1) scRNAseq on naive
young and aged mice revealed similar expression patterns of Tox and Eomes in CD8* T cells from aged lung. (J-L)
Violin plots of Tcf7, Tox, and Eomes expression, respectively, in murine lung CD8" T cells in both age groups. (M)
Violin plot of TCF7 expression in PBMCs from healthy aged and young humans. (N) Representative IFN-g ELISpot
image. (O) IFN-f spot number significantly decreased in aged mice. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001,

unpaired t-test or one-way ANOVA.

2.4.6 Influenza-infected aged mice had improved CD8* T cell response and accumulated

terminally exhausted CD8* T cells

We sought to determine if this intrinsic CD8" T cell terminal exhaustion and functional impairment
was generalizable to other respiratory viruses. Aged mice infected with influenza tended to lose
more weight by day eight and nine p.i. (Fig 2-7A) and also produced fewer influenza-specific
CD8* T cells (Fig 2-7B-C). Aged influenza-infected mice failed to produce granzyme B or have
any granzyme B functional tet* CD8* T cells (Fig 2-7D-F). There was also a striking accumulation
of aged CD8* T cells that were Tox* Eomes* (Fig 2-7G-H). Furthermore, aged CD8* T cells were
functionally impaired, producing less IFNy at day 7 p.i. (Fig 2-71 & J). These findings underscore
that the aged mouse phenotype of functionally impaired, exhausted CD8* T cells is present in

response to multiple respiratory viral infections.
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Figure 2-7. Influenza infected aged mice had impaired and terminally exhausted CD8*
(A) Aged infected mice tended to lose more weight by day 9 p.i. (B) Aged mice produced fewer tet" CD8* T cells at
day 7 p.i. (C) Representative flow plots of NP366 flu tetramer staining at day 7 p.i. (D) Aged CD8" T cells failed to
produce granzyme B. (E) Aged CD8* T cells had no granzyme B functional tet* T cells. (F) Representative granzyme
B staining at day 7 p.i. (G) Aged mice accumulated more Tcf7- Tox* Eomes* CD8* T cells compared to young infected
mice at day 7 p.i. (H) Representative staining of Tox* Eomes* CD8* T cells. (I) Representative images of ELISpot.

(J) Aged mice had minimal IFNy production, *P<0.05, **P<0.01, ***P<0.005, unpaired t-test.
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2.5 Discussion

Here, we examined the aged CD8* T cell response to HMPV using a newly established mouse
model. We found that aged mice exhibit enhanced disease and delayed viral clearance compared
with young mice. Aged mice also generate fewer lung resident virus-specific T cells, possibly due
to reduced precursor frequency or differentiation potential, and those that do develop are
functionally impaired. Furthermore, the T cell phenotype in aged mice is intrinsic to the CD8* T
cell compartment, with a terminal exhaustion phenotype that was also found in single cell analysis
(150) from naive, uninfected, aged mice and healthy, aged humans, further supporting our
findings. Functionally, aged CD8* T cells were resistant to reinvigoration by PD-1 checkpoint
inhibitor and 4-1BB treatment. Moreover, this age-related CD8* T cell exhaustion contributes to

increased disease severity caused by multiple respiratory viruses, including HMPV and influenza.

These findings have important implications for our understanding of severe lower respiratory tract
infections in the elderly, which is a leading worldwide cause of morbidity and mortality in this
vulnerable population (11, 147). One previous study reported increased weight loss, enhanced viral
burden, and elevated pro-inflammatory cytokine production in 18-month-old HMPV-infected
BALB/c mice compared to 6-7 week-old mice (169). In that report, HMPV-infected aged and
young mice had similar numbers of pulmonary CD8* T cells, although antigen specificity and
function were not assessed. We developed an aged mouse model that recapitulated aspects of
severe HMPV illness observed in humans. Depletion of CD8* T cells in aged and young mice
during infection revealed that CD8* T cells are not solely responsible for weight loss and viral
clearance since we observed no difference in weight loss between isotype treated and CD8 depleted

groups of either age, with minimal difference in viral clearance. These findings are consistent with
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a previous study showing the dual role of CD8* and CD4* T cells in viral clearance (51). In our
study, we focused on the CD8* T cell response to HMPV, acknowledging that viral clearance and
weight loss during infection are multifactorial processes. We did find that aged CD8* T cells are
intrinsically impaired, which contributed to a diminished adaptive immune response and more
severe disease. CD8* T cell dysfunction has also been observed in other lower respiratory
infections in elderly humans, including influenza (157) and COVID-19 (170), supporting our

findings.

We found that aged mice produced significantly fewer HMPV-specific CD8* T cells in the lung
and BAL. This has been reported in aged mice infected with influenza (155), but has not been
shown for HMPV previously. Our findings suggest that this decrease in epitope-specific CD8" T
cells was not due to impaired migration, as there was no epitope-specific aged CD8" T cell
accumulation in the draining lymph nodes or spleen. Aged uninfected mice had a diminished pool
of naive CD44 CD62L* CD8* T cells, which may lead to the reduced number of naive CD8* T
cells and the limited capacity of these naive CD8" T cells to differentiate into Tem. Depletion of
naive T cells in aged antigen-experienced mice leading to a limitation of antigen-specific precursor
repertoire has been described for both CD4* and CD8* T cells (171, 172). A previous study using
vaccina virus characterized virus-specific precursors and determined their importance to confer
protective T cell immunity (173). Thus, the important finding of fewer epitope-specific precursor
CD8* T cells in our model in uninfected aged mice further supports and underscores an age-

dependent diminished virus-specific CD8* T cell response to HMPV infection (167, 174).
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Virus-specific CD8" T cells in aged mice infected with HMPV expressed more inhibitory receptors
and were less polyfunctional compared to those from young mice. Notably, aged CD8* T cells had
a striking decrease in granzyme B production, a phenomenon that has been described for other
aged mouse models using single cell RNA sequencing analysis (150) as well as in elderly humans
infected with COVID-19 (170). Our results show that HMPV-infected aged mice produced fewer
virus-specific CD8" T cells that also expressed more inhibitory receptors and were deficient in
granzyme B production and IFNy secretion, thus explaining many features of the aged HMPV

phenotype.

We used two complementary models, syngeneic transplant and adoptive transfer, to determine
whether this aged CD8* T cell phenotype was due to a cell-intrinsic or host-dependent extrinsic
cause. With both approaches, we observed that aged CD8* T cells exhibited decreased function
regardless of whether the recipient host was young or aged. Similarly, young CD8* T cells did not
show any impairment when transplanted into an aged host. Previous studies support these findings
by showing that transplants of aged bone marrow or aged CD8* T cells alone into a young host is
insufficient for the aged immune cells to be rejuvenated (150, 175). Collectively, these results
indicate that the aged CD8* T cell phenotype we observe in response to HMPYV infection originates
primarily from a cell-intrinsic source. Of note, transfer of young CD8* T cells into aged mice by
either transplant approach did not fully recapitulate all immunologic, virologic, and pathologic
features of T cells in young mice during primary HMPV infection. This could be due to
immunologic alteration secondary to the irradiation and transfer procedures, the semi-permissive
nature of murine models for human pathogens, or a contribution of aging in the somatic cell

compartment. Ongoing work is exploring the last possibility.
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Since HMPV causes an acute infection, we thought it unlikely that HMPV disease was causing
classical CD8" T cell exhaustion that has been described in chronic infection (176) and cancer
models (167, 177). Rather, the aged microenvironment may promote a terminal exhaustion-like
state in CD8* T cells, which then impairs the immune response when the aged host is exposed to
HMPV. Previous studies have shown a baseline increase in Eomes and Tox with a decrease in
TCF1/7 on CD8* T cells in both uninfected aged mice (150) and aged humans (159, 178). In our
study, we found that aged mice, both uninfected and infected, accumulated a large population of
Tcf7-Eomes* Tox" CD8* T cells (i.e., Tex) compared to young mice, which correlated with a loss
of IFNy production in aged mice. This finding was recapitulated in the transplant and adoptive
transfer models, where aged bulk and, importantly, virus-specific CD8* T cells retained this Tex
phenotype despite being transferred into young hosts. Conversely, young CD8* T cells did not
acquire a Tex phenotype when transferred into an aged host. When aged and young HMPV-
infected mice were depleted of CD4 T cells to promote CD8* T cell exhaustion, there was no
significant increase in the population of Tcf7- Tox® Eomes* CD8* T cells between isotype and
CD4* depleted aged mice, indicating that the CD8* Tex phenotype observed during HMPV
infection was canonical exhaustion. Importantly, we observed an increase, although not
statistically significant in Tcf7- Tox" Eomes* CD8* T cells in young CD4-depleted HMPV-infected
mice compared to young isotype control. We may not have seen a robust increase in Tcf7- Tox*
Eomes® CD8* T cells in young CD4-depleted mice because our model is an acute viral infection
while other studies (165, 166) use CD4 depletion as a synergistic approach along, with a cancer or

chronic infection model, to promote CD8* T cell exhaustion. Overall, these findings suggest an
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age-dependent progression of CD8* T cells to a terminally exhausted phenotype, which limits

antiviral CD8* T cell responses.

Terminal exhaustion has been partially reversible in other models of T cell exhaustion in which
there is chronic antigen stimulation or a tumor microenvironment. In mice chronically infected
with the Clone-13 strain of lymphocytic choriomeningitis (LCMV), Tcf7* CD8" T cells were
identified as the CD8* T cell subset responsive to PD-1 blockade (179). PD-1 blockade and 4-1BB
treatment were also able to reverse CD8* T cell exhaustion in cancer models (167, 180). In our
model, we identified a subset of CD8* T cells in the aged host that possess transcriptional markers
resembling Tex found in these chronic infection and cancer models. However, unlike cancer (174,
180) and chronic viral infection (179), attempts to reverse the Tex phenotype in aged CD8* T cells
using PD-1 blocking and/or 4-1BB agonist antibodies were not successful. Taken together, the
data from the current experiments suggest that age-dependent changes in CD8* T cells related to
viral infection may be irreversible and thus represent a true terminal exhaustion phenotype similar
to chronic antigen stimulation models. These data point towards a need to identify other targets or
novel approaches to therapy. Future studies will focus on understanding why checkpoint inhibitors
fail to improve the immune response in the aged host and finding additional treatments that can be

used.

2.6 Conclusions

Here we present evidence that a major contributor to severe HMPV disease in older adults is due

to age-dependent, cell-intrinsic CD8* T cell dysfunction. Aged mice exhibited a diminished virus-
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specific response to both HMPV and influenza with decreased T cell functionality, which led to
clinical and virologic consequences. We identified an accumulation of terminally exhausted CD8*
T cells in the aged host during both HMPV and influenza, which was not meaningfully restored
with checkpoint inhibitor treatment. These findings have important implications for severe
respiratory virus infections among elderly individuals, as well as older adults with cancer receiving
checkpoint inhibitor therapy who acquire respiratory viral infections. Additionally, these findings
provide further insight into the pathophysiology of severe respiratory viral infection among older
adults and our model builds a foundation for future studies to improve the aged immune response

to respiratory viruses and vaccines.
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3.1 Abstract

Human metapneumovirus (HMPV) is a leading cause of respiratory infection in adults >65 years.
Nearly all children worldwide are seropositive for HMPV by five years of age, but re-infections
occur throughout life and there is no licensed vaccine. Recurrent HMPV infection is mild and self-
resolving in immunocompetent individuals. However, elderly individuals develop severe
respiratory disease upon HMPV re-infection that leads to a high risk of morbidity and mortality.
In this study, we developed a mouse model to mirror HMPV re-infection in elderly humans.
C57BL/6J mice were infected with HMPV at 6-7wks old, aged in house, and re-challenged with
high-dose virus at 70wks. Aged re-challenged mice had profound weight loss similar to primary
infected mice, increased lung histopathology, and accumulated cytotoxic CD8* CD44* CD62L"
CD69* CD103* memory cells despite having undetectable lung virus titer. When aged mice 14
months p.i. or young mice five weeks p.i. were restimulated with HMPV cognate antigen to mimic
epitope vaccination, aged mice had an impaired CD8* memory response. Convalescent serum
transfer from young naive or five weeks post-infection into aged mice on day of infection did not
protect. Aged mice vaccinated with UV-inactivated HMPV also exhibited diminished protection
and poor CD8* memory response compared to young mice. These results suggest that aged
individuals with HMPV re-infection have a dysregulated CD8* memory T cell response that fails
to protect and actually exacerbates disease. Moreover, aged mice exhibited a poor memory
response to either epitope peptide or UV-inactivated vaccination, suggesting that aged CD8* T cell

dysfunction presents a barrier to effective vaccination.
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3.2 Introduction: Aged CD8* T cell memory response

Human metapneumovirus (HMPV) is a leading cause of respiratory infection in children <2 years,
adults >65, and the immunocompromised (1, 181). Despite children reaching 100% HMPV
seroprevalence worldwide by five years of age, reinfections occur throughout life but these usually
manifest as mild, self-resolving illness (1, 181). However, HMPV infection in the elderly can result
in severe disease with an increased risk of mortality and comorbidities such as bacterial pneumonia
(8, 182-184). HMPV prevalence in older adults is similar to influenza and respiratory syncytial
virus (RSV), underscoring the burden of these viruses in the aged population (147). The
contribution of immune memory response to HMPV in the aged host is not well understood (94,
147, 182, 185). One study using primary infection of 18-month-old BALB/c mice compared to 6-
seven week-old mice found that HMPV-infected aged mice had increased weight loss, viral
burden, and elevated pro-inflammatory cytokine production (169). However, memory T cell
formation and response to HMPV re-exposure were not assessed. Previous studies have also shown
that increased age leads to a progressive decline in function of several immune cell types which
contributes to impaired cell-mediated responses and maintenance of memory T cells, leading to
poor vaccine responses (186, 187). Thus, impaired immune memory in older adults may contribute

to severity of HMPV reinfection and represents a gap in our knowledge.

Aged humans accumulate a population of CD69* CD8* tissue-resident memory (Trwm)-like cells in
the lung that is not present in young adults (188). This population of T cells is the main driver of
chronic lung sequelae and fibrosis in aged mice infected with influenza virus (154, 189). Moreover,

depletion of CD8" Trm following primary influenza virus infection in aged mice led to decreased
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inflammatory monocyte recruitment and diminished lung fibrosis (154), indicating a role for CD8*

Trwm in lung damage following influenza infection.

In addition to altered T cell function, humoral immunity is affected by age. Older adults have a
diminished antibody response to inactivated influenza vaccine (190) that is enhanced by
adjuvanted and high-dose vaccines (191, 192). HMPV reinfections do occur in older adults, despite
the presence of humoral immunity (193). Furthermore, re-infection by RSV in humans and mice
can occur despite high neutralizing antibody titer (94, 194). These data underscore that humoral
immunity alone is not sufficient to provide protection against HMPV in the aged host. We thus
sought to define the CD8* T cell memory response in the aged host and elucidate cell-mediated

mechanisms of severe HMPYV re-infection.

Here, we established an aged mouse model that mimics re-infection in elderly humans, using mice
correlated in age to a human >65 years (195). Mice 6-7 weeks old were infected with HMPV, aged,
and re-challenged with high-dose virus fourteen months after primary infection. Aged re-
challenged mice had no detectable virus in lungs, yet exhibited severe weight loss and accumulated
CD8* CD69* CD103* T cells with more potent cytotoxic functions than both aged and young
primary infected mice. HMPV epitope vaccination of aged mice fourteen months p.i. proved to be
ineffective at inducing a CD8" memory response. Furthermore, vaccination strategies with UV-
inactivated virus or HMPV cognate peptide five weeks prior to infection with live virus did not
improve outcomes in aged mice. Overall, these data show the aged mouse HMPV re-challenge
model resembles what is reported in elderly humans. These results also underscore the poor

vaccine response in the aged host and show that while immune memory reduced detectable lung
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virus, it did not protect against disease in aged mice, and in fact induced immune-mediated lung

damage.

3.3 Materials & Methods

3.3.1 Mice and viral infection

C57BL/6 (B6) mice were purchased from The Jackson Laboratory. All animals were bred and
maintained in specific pathogen-free conditions in accordance with the University of Pittsburgh
Institutional Animal Care and Use Committee. 6-7 week-old and 70-71 week-old female animals
were used in all experiments. HMPV (pathogenic clinical strain TN/94-49, genotype A2) was
grown and titered in LLC-MK2 cells as previously described (160). For all experiments, mice were
anesthetized with isoflurane in a heated chamber and infected intratracheally with either 2.0x10°
or 1.0x10” PFU in 100 pL, depending on the experiment. Mock-infected mice were inoculated
with the same volume of sterile PBS. Viral titers were measured by plaque assay as previously
described (160, 161). To generate UV-inactivated HMPV virus, TN/94-49 virus stock was placed
in a sterile 6-well tissue culture dish and placed in the Stratagene® 1800 UV Stratalinker run
automatic cross-linking (1200x100uJ) for 3x10 min intervals, gently agitating the dish in between
each dose. UV-inactivated virus was titered via plaque assay to confirm no replicating virus was

present.
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3.3.2 CD45.2 1V labeling

Mice were administered 4 ug of CD45.2-BUV496 (BD Cat# 741092) in 200 uL sterile PBS via

tail vein injection and were euthanized 3 mins. post-injection as in (154).

3.3.3 N11/LPS Treatment

Mice were administered 100ug HMPV N11 peptide (GenScript Peptide Sequence: LSYKHAIL)
and 10 pg LPS (Sigma Cat# L2360) in 200 pL sterile PBS via intraperitoneal injection. Daily

weights were taken and mice were euthanized 5 days post-treatment.

3.3.4 Histopathologic score

10% formalin was injected into a section of the lower left lung lobe and stored in 10% formalin in
histology cassettes (Fisher Scientific B851000WH). Tissue sections were stained with H&E or
Picrosirius red stain by the UPMC Children’s Hospital of Pittsburgh Histology Core and slides
were imaged at 200X magnification. Scoring criteria for H&E slides per field included: 0: no
inflammation; 1: <25% inflammation; 2: 25-50% inflammation; 3: 50-75% inflammation; 4: >75%
inflammation. To generate the histopathologic score, the score for each sample was added and

divided by the total number of fields analyzed.
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3.3.5 IFNy ELISpot assay

ELISpot assay and analysis was performed as previously described (46, 163). In select
experiments, 10 ug of aPD-1 mAb (BioXCell Cat# BE0033-2), agonist 4-1BB mab (BioXCell
Cat# BE0239), a combination of both, or rat IgG2a isotype control (BioXCell Cat# BE0O089) were
added to ELISpot wells along with HMPV Nau1-1s peptide. Influenza NP366 peptide (GenScript

Peptide Sequence: ASNENMETM) served as control.

3.3.6 1I9gG HMPV ELISA

1ug of TN/94-49 HMPV in 1x ELISA coating buffer (BioLegend Cat# 421701) was plated per

well overnight at 4°C. The remainder of the ELISA was performed as in (196).

3.3.7 Luminex

Lung homogenates were clarified by centrifugation (10,000xg for 10min) and analyzed via
ProcartaPlex™ Cytokine & Chemokine 36-Plex Panel 1A (Cat# EPX360-26092-901) per

manufacturer’s instructions.

3.3.8 Convalescent serum transfer

Serum was harvested from young mock or HMPV infected mice 5 wks p.i. by terminal bleed.

200uL of serum was passively transferred into mice as described in (197).
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3.3.9 Flow cytometry staining

Single cell suspension: Mice were euthanized and the right lung harvested. The lung was cut into
2 mm segments using scissors, resuspended in RPMI1/10% FBS, and incubated for 1hr at 37°C with
DNAse and collagenase. After digestion, the lung was filtered through 70um filters, spun at
1500rpm for 5 min, and the pellet resuspended in 2mL ACK Lysis Buffer (Gibco A10492-01) for
1 min. 10 mL RPMI/10%FBS was added after ACK Lysis and cells were spun at 1500rpm for

5min. Cells then underwent either tetramer staining or ex vivo peptide stimulation.

Tetramer staining: Cells were incubated with 1:2000 100mg dasatinib in 1XPBS/1% FBS (FACS)
for 30 min before adding APC conjugated N11-18 1:200 in FACS/dasatinib for 90 min. Cells were

then spun down at 1500rpm for 3min and washed 1x with FACS buffer.

Ex vivo peptide stimulation: 100 uL of cells were added to a flat-bottom 96-well tissue culture
plate. The following was added to cells: 100 uL of 200 uM N11 HMPV peptide or NP366 for
irrelevant control diluted 1:10 in RPMI/10% FBS, 6 uL CD107a-PE, and 22 uL BFA (BD Cat.
#51-2301KZ)/Monensin (BD Cat. #2092KZ). In addition, 1:1000 PMA/ionomycin instead of

peptide was added to one aliquot of cells for a positive control. Cells were incubated for 5hrs at

37°C.

For both conditions: After either tetramer staining or peptide stimulation, cells were stained with
Live/Dead dye 1:1000 in PBS for 12 min, washed 1x with PBS, and blocked with aCD16/32 Fc
block (Tonbo Biosciences Cat. #70-0161-M001) 1:100 in FACS buffer for 10min. For surface
staining, cells were stained with surface antibody 1:100 in BD Brilliant Stain Buffer (BD Cat.
#566349) buffer for 30min at 4°C. Cells were spun at 1500rpm for 3 min and washed 1x with

FACS buffer.
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Intracellular cytokine staining: After cells were stained for surface antibodies, cells were fixed for
30min with eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher 00-
5523-00) at 4°C, spun at 1640rpm for 3 min, washed 1x with Foxp3 Fix/Perm Buffer, and stained
with 6ul/antibody in Foxp3 Fix/Perm Buffer for 1hr at 4°C. Cells were spun at 1640rpm for 3min,
washed 1x with FACS buffer, resuspended in FACS buffer, and stored in the dark at 4°C until they

were analyzed on the Cytek® Aurora multispectral flow cytometer.

Intracellular transcription factor staining: For transcription factor staining, cells were fixed for
18 hrs in Foxp3 Fix/Perm at 4°C. After fix/perm, cells were washed 1x with Foxp3 Fix/Perm Buffer

and stained with 2.5 pL antibody in Foxp3 Fix/Perm Buffer for 1 hr at 4°C.

After intracellular staining, cells were spun down at 1640rpm for 3 min, washed 1x with FACS
buffer, resuspended in FACS buffer with 100 uL BioLegend Precision Count Beads™ (BioLegend
Cat. #424902) and run on the Cytek® Aurora multispectral flow cytometer. A full list of antibodies
used in all experiments is shown in Table 1 with additional antibodies specific for this study in
Table 2. Fluorescence minus one (FMO) controls were used for all inhibitory receptors and
transcription factors. For HMPV tetramer staining, influenza NP366-APC tetramers were used as
irrelevant controls. Any irrelevant tetramer background staining was subtracted from the final
tetramer frequency. Unstained cells from each experiment were fixed for 20 min in 2% PFA and
used on the flow cytometer to minimize autofluorescence. Data analysis was performed with
Flowjo (v10.8.1). Boolean gating in FlowJo was used to assess inhibitory receptor and functional

cytokine co-expression. Patterns were visualized using the SPICE program (NIAID).
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Table 2. Memory T cell markers

Cell marker Fluorophore Species Catalog Number Clone
CD69* BV510 hamster 104532 H1.2F3
CD69* PE-Cy5 hamster 104510 H1.2F3
CD103 BUV661 rat 741504 M290

*across the experiments, two different fluorochromes of CD69 were unintentionally used.

However, both CD69 antibodies are identical clones.

3.3.10 Statistical analysis

Data analysis was performed using Prism version 9.0 (GraphPad Software). Comparisons between
2 groups were performed using an unpaired 2-tailed Student’s t test or Mann-Whitney as
appropriate. Multiple group comparisons were performed using a 1-way or 2-way ANOVA as
appropriate with correction for multiple comparisons (Dunnett test). A P value less than 0.05 was

considered significant. Error bars in each graph represent SEM.

3.3.11 Study Approval

All animals were maintained in accordance with Guide for the Care and Use of Laboratory
Animals (NIH publication no. 85-23. Revised 1985) and were handled according to protocols

approved by the University of Pittsburgh Subcommittee on Animal Care (IACUC).
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3.3.12 Author contributions

OBP: conceived, designed, and performed experiments, acquired and analyzed data, and wrote
manuscript. TE: contributed analytic tools, revised manuscript. YZ: contributed analytic tools,
revised manuscript. AM conceived and designed experiments, revised manuscript. TDO: acquired
and analyzed data, revised manuscript. JVW: conceived and designed experiments, interpreted

data, and revised manuscript.

3.4 Results

3.4.1 Aged mice re-challenged with virus 14 months after primary infection exhibit reduced

virus in lung yet more severe disease.

Since most older adults with HMPV are seropositive from prior infection (193), we developed a
re-infection model where 6-7wk old B6 mice were infected with 2x106 PFU of TN/94-49 HMPV,
aged in-house for 64 weeks, and re-challenged with 1x10” PFU TN/94-49 at 70-71wks. The
TN/94-49 strain at dose 2x106 PFU causes mild, self-resolving disease in young adult B6 mice
with minimal weight loss, transient lung inflammation, and viral clearance by day 7-9 post-
infection (p.i.), fully protecting against challenge for >8 weeks (61). Thus, we chose to re-
challenge mice with a higher dose of 1x107 PFU TN/94-49 to overcome immunity from their prior
infection (Fig 3-1A). Aged mice re-challenged with a higher dose of virus lost weight to a similar
degree as aged and young mice receiving primary infection of 1x107 PFU, and all mice were

euthanized at day 5 p.i. due to extreme weight loss (Fig 3-1B). Despite the severe weight loss
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similar to primary infected mice, aged re-challenged mice had no detectable titer in lungs at day 5
p.i. (Fig 3-1C). Additionally, aged mice that were previously infected had a significant HMPV
1gG antibody response, which increased further upon re-challenge (Fig 3-1D). Aged re-challenged
mice had increased collagen deposition within the alveolar parenchyma indicative of lung fibrosis

compared to aged primary infected mice (Fig 3-1E-F). Aged re-challenged mice also tended to

have more inflammatory infiltrates in lungs (Fig 3-1G-1).
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Figure 3-1. Aged mice re-challenged with virus 14 months after primary infection exhibit reduced virus in
lung yet more severe disease
(A) Experimental schematic (B) Aged mice re-challenged with 1x10” PFU had increased weight loss day 5 p.i. similar

to aged and young primary infected mice with the same dose. (C) Aged re-challenged mice cleared virus by day 5 p.i.
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(D) Aged re-challenged mice had significantly increased HMPV IgG antibody pre re-challenge compared to young
primary infected mice at day 5 p.i. There was also a significant increase in 1gG antibody post re-challenge as measured
by absorbance via HMPV-specific ELISA. (E, F) Aged re-challenged mice have increased linear fibrosis in the
alveolar parenchyma denoted by black arrows. (G) Aged re-challenged mice tended to have increased pathology
scores and inflammation in the lung. (H, I) Representative histology images. Data in B and C represent 3 independent
experiments with 2-3 mice per experiment. Data in D and G represent 1 independent experiment. *P<0.05, **P<0.01,

***pP<(.005, ***P<0.0001, one- or two-way ANOVA.

3.4.2 Aged re-challenged mice accumulate CD44* CD62L" CD69* CD103* memory CD8* T

cells that have increased cytotoxic function

Aged mice produced fewer tetramer* (tet*) CD8* T cells following primary HMPV infection
compared to young primary infected mice (Fig 3-2A; Appendix Fig 8A). However, aged mice re-
challenged fourteen months after primary infection had increased tet* CD8* T cells compared to
primary infection in both age groups (Fig 3-2A; Appendix Fig 8A). Aged re-challenged mice had
significantly more CD44* CD62L effector CD8* T cells and significantly fewer CD44- CD62L"*
CD8* T cells compared to young mice (Appendix Fig 8B-C). Aged re-challenged mice
accumulated significantly more tet” memory CD8" T cells as defined by CD44* CD62L" CD69*
CD103*expression (Fig 3-2B-C; Appendix Fig 8D). Upon ex vivo peptide restimulation, CD8* T
cells from aged re-challenged mice produced significantly more granzyme B (Fig 3-2D; 3-2G)
and tended to degranulate more as measured by CD107a (Fig 3-2E). In addition, memory CD8" T
cells in aged re-challenged mice were more functional, having increased granzyme B production
(Fig 3-2F). There was no difference in the percentage or absolute number of CD19* B or CD4* T
cells between groups (Appendix Fig 8E-F). Gating strategies shown in Appendix Fig 9. In

addition, we found increased concentration of T cell chemoattractants, including CCL2, CCL3,
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CCL7, and CXCL2 in the lungs of aged, primary infected mice late in HMPV infection, which

could explain the accumulation of CD8* T cells in the lung of aged mice (Appendix Fig 10A-B).

Taken together, aged re-challenged mice exhibited severe disease and lung inflammation despite

undetectable virus in lung. Furthermore, aged re-challenged mice accumulated significantly more

tet" memory CD8* T cells with increased cytotoxic function, suggesting immune-mediated

disease.
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Figure 3-2. Aged re-challenged mice accumulate CD44* CD62L- CD69* CD103*memory CD8* T cells that

have increased cytotoxic function.

(A) Aged re-challenged mice produced more, but aged primary infected mice produced significantly fewer, tet* CD8*

T cells compared to young primary infected mice. (B-C) Aged re-challenged mice accumulated significantly more

virus-specific CD44* CD62L" CD69" CD103" CD8* T cells in lung compared to aged and young primary infected
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mice. (D-E) Upon ex vivo peptide restimulation, aged re-challenged mice produced significantly more granzyme B
and tended to degranulate more as measured by CD107a staining. (F) Significantly more of the CD44* CD62L" CD69*
CD103* CD8* T cells were functional in producing granzyme in the aged re-challenged mice. This was calculated by
granzyme B cells percent divided by memory CD8* T cell percent. (G) Representative flow plots of granzyme B
staining. Data represent 3 independent experiments with 5-6 mice per experiment *P<0.05, **P<0.01, ***P<0.005,

***pP<(0.0001, one-way ANOVA.

3.4.3 Serum from young mice five weeks post-infection did not protect aged or young mice

against HMPV infection.

Considering that aged mice re-challenged with virus fourteen months after primary infection had
undetectable lung viral titer, we questioned whether the humoral response neutralized the virus
upon re-infection to abort replication. To test the role of the humoral response during HMPV
infection, serum was collected from either naive or HMPV-infected young mice five weeks p.i..
Naive or HMPV serum was injected into aged or young mice on the day of infection (Fig 3-3A).
Aged mice that received naive serum lost significantly more weight on days three and four p.i.
compared to young mice with naive serum (Fig 3-3B). There was no difference in viral titer
between all four groups (Fig 3-3C). Aged mice that received either naive or HMPV serum
produced fewer tet* CD8* T cells compared to young mice (Fig 3-3D). While young mice injected
with HMPV serum had significantly fewer tet* CD8* compared to young mice injected with naive
serum (Fig 3-3D). Aged mice produced fewer CD44* CD62L CD69* CD103* CD8* T cells in the
lung regardless of serum given (Fig 3-3E-F). Young mice that received HMPV serum did have
modest increase in memory CD8* T cells compared to young mice with naive serum (Fig 3-3E-
F). Aged CD8* T cells in both groups produced less granzyme B via ex vivo peptide stimulation
(Fig 3-3G). In addition, aged T cells stimulated with class | peptide in ELISpot produced less IFNy
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regardless of serum type (Fig 3-3H-1). Young mice did tend to produce more IFNy when given
HMPV serum compared to aged mice with HMPV serum (Fig 3-3H-1). In an attempt to improve
the aged CD8* T cell IFNy response, PD-1 blockade or 4-1BB co-stimulation were added to the
ex vivo peptide stimulation, both of which have been used to potentiate CD8* T cells in cancer
models (167, 174, 180). However, neither treatment increased IFNy production in aged CD8" T
cells (Fig 3-3H-1). Taken together, these data suggests that the humoral response is only partially
protective in young mice but suggests that the weight loss in aged mice is not mediated by HMPV -
specific antibody. These data would support the idea that cellular immunity, such as dysfunctional

CD8* T cells, are critical drivers of immunopathology rather than humoral immunity.
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Figure 3-3. Serum from young mice 5wk p.i. did not protect aged or young mice against HMPV infection.
(A) Schematic of experimental design. (B) Aged mice that received naive serum lost more weight at day 2 and 4 p.i.
(C) There was no difference in viral titer between any of the age groups. (D) Aged mice produced fewer CD8* tet* T
cells regardless of whether they received naive or MPV serum. (E-F) Aged mice also produced fewer CD44* CD62L"
CD69* CD103* CD8* memory T cells regardless of serum treatment. (G) Aged CD8* T cells from both groups
produced significantly less granzyme B compared to young mice. (H-1) Aged CD8* T cells also produced less IFNy

as measured by ELISpot. Data represents 1 independent experiment with 3-4 mice per group. *P<0.05, **P<0.01,

***pP<0.005, ***P<0.0001, one-way ANOVA.
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3.4.4 Aged mice display impaired contraction of CD8* T cells in the lung 40 days post-

infection

We next sought to compare differences in T cell memory formation between young and aged mice
and identify lung tissue-resident CD8* T cells more precisely. Aged and young mice were infected
with 1x108 PFU HMPV and 40 days p.i., injected IV with CD45.2 antibody and immediately
euthanized (Fig 3-4A). Using this in vivo labeling method, tissue resident cells stain negative for
CD45.2 while cells trafficking to the lung from the blood stain positive (198). Aged mice
accumulated significantly more CD45.2- CD8* T lymphocytes, consistent with Trwm, in the lung
(Fig 3-4B-D). There was a trend towards an increase in frequency of CD45.2- CD44* CD62L"
CD69*CD103* Trm cells in young mice (Appendix Fig 10C). However, by absolute cell number,
aged mice accumulated more of these CD8* Trm in the lung (Fig 3-4E). While there was no
significant difference in the frequency or absolute number of bulk tet" CD8* T cells between the
age groups (Fig 3-4F; Appendix Fig 10D), aged mice produced more CD45.2" tet* CD8* T cells
(Fig 3-4G). Both bulk and tet* aged CD45.2- CD8" T had increased mean fluorescence intensity
(MFI) and percentage of cells expressing PD-1 compared to young mice (Fig 3-4H; Appendix
Fig 10E). This led us to consider whether treating lung lymphocytes with PD-1 blockade and 4-
1BB stimulation would impact CD8* T cell function in this model. Ex vivo peptide restimulation
of lung lymphocytes revealed that aged mice exhibited significantly more IFNy-producing cells
compared to young mice (Fig 3-41-J). However, PD-1 blockade, 4-1BB agonist treatment, or the
combination did not change IFNy production in either age group (Fig 3-41). There was no
difference in HMPV IgG production between aged and young mice (Appendix Fig 10F). These

results suggest that aged mice accumulate CD45.2° CD8* Trws in the lung following primary
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infection and that these aged CD8* T cells have increased cytotoxic function that is not restrained

by PD-1 or 4-1BB signaling.
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Figure 3-4. Aged mice failed to contract CD45.2"CD8" T cells in the lung 40 days p.i.
(A) Experimental design schematic. (B-C) Aged mice had significantly more CD45.2" CD8* T cells in the lung via
CD45.2 IV labeling at day 40 p.i. compared to young mice. (D) Representative gating of CD45.2 staining. (E) Aged
mice had increased absolute number of CD45.2- CD44* CD62L CD69* CD103* CD8* (i.e. Trm) T cells. (F) There
was no difference in CD8* tet* frequency between age groups. (G) Aged mice had increased absolute number of
CD45.2- CD8* tet* T cells in lung. (H) PD-1 MFI expression was increased on aged bulk CD8* and tet* Tgrm cells in

the lung. (1-J) Aged lung T lymphocytes had significant IFNg production after ex vivo peptide stimulation. Data
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represent 2 independent experiments with 3-5 mice per experiment. ***P<0.005, ***P<0.0001, unpaired t-test or one-

way ANOVA.

3.4.5 Aged mice restimulated with HMPV peptide/LPS adjuvant lost more weight and had

diminished CD8* memory response.

Elderly humans have a poor response to vaccines (199-201). We aimed to use this aged mouse
model to elucidate the CD8* T cell memory response. Aged mice fourteen months p.i. or young
mice five weeks p.i. were vaccinated with HMPV cognate peptide antigen for a dominant K/N11-
19 (N11) epitope (46, 61) adjuvanted with LPS via intraperitoneal injection (Fig 3-5A). fThis model
was designed to mimic what would occur if elderly humans received epitope or inactivated
vaccination for a virus they had previously been exposed to. Aged mice lost significantly more
weight compared to young mice (Fig 3-5B) and accumulated fewer bulk and tet* memory CD8" T
cells in the lung (Fig 3-5C-E; Appendix Fig 11A). Aged mice also produced fewer tet* CD8* T
cells compared to young mice (Appendix Fig 11B), as we observed in aged mouse primary
infection (Fig 3-2A). There was no difference in the absolute number of CD8* T cells in the lung
between the age groups (Appendix Fig 11C), which ruled out a global impairment in aged CD8*
T cell production. Since aged mice exhibited a diminished CD8* memory response to peptide
stimulation in this model, we hypothesized that HMPV cognate antigen and LPS adjuvant did not
adequately activate the CD8" T cell response in aged mice. To test this hypothesis, we assessed
inhibitory receptor expression on CD8* memory T cells. Combinatorial analysis of PD-1, TIM-3,
LAG-3, and 2B4 expression on bulk CD8* memory T cells revealed that the majority of memory
CD8 T cells from young mice had increased expression of only one inhibitory receptor (Appendix

Fig 11D), while aged mice co-expressed two or three of these receptors (Fig 3-5F), but neither age
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group expressed all four (Appendix Fig 11E). Analysis of CD44 and CD62L expression on CD8*
T cells showed that aged mice had increased CD44* CD62L" CD8* T effector cells and a
significantly diminished pool of CD44- CD62L* CD8* T cells (Appendix Fig 11F). Furthermore,
ex vivo HMPV peptide stimulation ELISpot revealed that aged mice generated significantly fewer
IFNy-producing cells compared to young mice whether treated with PD-1 blockade, 4-1BB agonist
treatment, or both (Fig 3-5G-H). These results indicate that aged mice mounted an impaired CD8*
memory response when re-challenged with HMPV cognate peptide antigen in the absence of viral

infection.

80



- CO44° B2L B89 103
g._) 3 Phaky ;g o Aaed
o |11 BE
ot s :a 0 N - "-[t-‘ L T
t 1 ~aT ; b i 1 2
L = B &:‘
B, T Iw 3
L}
et
Days post-reatment
E. Young Aged F. .
. Dbk 184 BET wy COs Wila 107 E LTl Jravar. Ll .
"] N o 40 F o3
= i w
8 iR
sl -1 @ 1 i} &
-- S edml ] ]
z o
n - b - a a 2 g %
D - PE-Cpd
G. H
g
= e
3 — Young Aged “Young Aged
200 . . —
% 250 " 3 : F o
2o + s S @ b8
% 150 . 1 o, -
T g -} T
F o NG -9 # (= "i
€= H ’ 1 1 G
& R A aPD-1 + 4-1BB
8 2L S
& &
oung Aged

Figure 3-5. Aged mice restimulated with HMPV-peptide/LPS adjuvant lost more weight and had diminished
CD8* memaory response.

(A) Experimental design. (B) Aged mice restimulated with HMPV N11 peptide + LPS lost significantly more weight
post-treatment. (C-E) Aged restimulated mice had diminished bulk and virus-specific CD8* Trum response. (F) CD8*
CD44* CD62L" CD69" CD103* T cells from aged restimulated mice co-expressed significantly more inhibitory
receptors PD-1, TIM-3, LAG-3, and 2B4 based on combinatorial analysis. (G-H) Aged restimulated mice produced
less IFN at baseline in ex vivo peptide stimulation and failed to increase IFNg production with PD-1, 4-1BB or
combination therapy. Data represent 1 experiment with 5 mice per experiment. *P<0.05, **P<0.01, ***P<0.005,

***pP<(0,0001, unpaired t-test .
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To further test this vaccine strategy, we vaccinated aged and young mice with HMPV cognate
peptide/LPS, waited five weeks, then re-challenged with live virus, and assessed the CD8* memory
response (Fig 3-6A). Aged mice tended to lose more weight post-infection (Fig 3-6B) and have
more virus in lungs (Fig 3-6C). Aged mice produced fewer tet" CD8* T cells (Fig 3-6D-E) as well
as CD44* CD62L" CD69* CD103* CD8* memory T cells (Fig 3-6F-H), and tet* CD8" memory T
cells (Fig 3-61-J). In addition, aged vaccinated mice produced less IFN via ex vivo peptide stim
which was not improved with PD-1 blockade or 4-1BB co-stimulation (Fig 3-6K-L). Taken
together, these results indicate that HMPV cognate peptide/LPS is an ineffective vaccine in aged

mice.
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Figure 3-6. Aged mice vaccinated with HMPV cognate peptide prior to infection had poor CD8* memory
response.
(A) Schematic of experimental design. (B) Aged vaccinated mice tended to lose more weight post-infection. (C) Aged
vaccinated mice also tended to have higher titer in lung. (D-E) Aged mice produced fewer tet" CD8* T cells. (F-H)
Aged vaccinated mice also produced fewer CD8* CD44* CD62L" CD69* CD103* memory T cells compared to young
mice. (I-J) Aged vaccinated mice tended to also have fewer tet* memory CD8* T cells. (K-L) Aged CD8* T cells also
produced less IFNg as measured by ex vivo peptide stim ELISpot. Data represent 1 independent experiment with 3-4

mice per experiment. *P<0.05, **P<0.01, unpaired t-test .
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3.4.6 Aged mice vaccinated with UV-inactivated HMPV exhibited severe HMPV disease

and poor CD8* memory response.

We have shown that re-challenged aged mice develop severe disease and lung inflammation while
accumulating dysfunctional CD8* Trm. Conversely, non-replicating peptide + LPS injection given
as vaccination prior to or post HMPV infection did not stimulate an adequate CD8* T cell response
in aged mice. Since vaccination of older individuals is a highly desirable preventive strategy, we
next aimed to assess the aged CD8* memory response in another vaccination model. Aged 70-71
week or young 6-7 week-old B6 mice were primed with either PBS, 2x108 PFU live virus, or an
equivalent volume of UV-inactivated virus followed by re-challenge five weeks later with live
virus (Fig 3-7A). Aged mice primed with UV-inactivated virus lost significantly more weight post-
rechallenge compared to aged mice primed with live virus (Fig 3-7B). Aged mice “primed” with
only PBS (thus undergoing primary infection) tended to have higher viral burden in lung compared
to young primary infected mice (Fig 3-7C), a phenomenon we have previously observed
(manuscript submitted). Aged mice vaccinated with UV-inactivated virus had significantly higher
viral titer compared to young UV-vaccinated mice, which lacked detectable lung virus (Fig 3-7C).
Aged and young mice primed with live virus had undetectable titer in lungs (Fig 3-7C). ELISA
showed a robust 1gG response by both aged and young mice primed with live virus (Fig 3-7E).
However, aged mice vaccinated with UV-inactivated HPMV had negligible 1gG response (Fig 3-
7E). Young mice vaccinated with UV-inactivated HMPV had a significantly greater 1gG response
compared to aged UV-vaccinated mice, but still less than young mice primed with live virus (Fig

3-7E).
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We next assessed the lung CD8" memory T cell response to this vaccination model. Aged mice
vaccinated with UV-inactivated HMPV had a significantly decreased bulk CD8* memory T cell
response compared to young mice while mice of both age groups primed with live virus had a
robust bulk CD8" memory T cell response (Fig 3-7D; F). There was also a modest but not
significant increase in tet* CD8" memory T cells in young mice primed with live virus compared
with aged mice (Fig 3-7G). Representative flow plots of CD69" and CD103* staining are shown
in Fig 3-7D. Since we observed this difference in CD8* memory T cells between the age groups
and based on vaccination or live virus priming, we performed combinatorial analysis to assess PD-
1, TIM-3, LAG-3, and 2B4 inhibitory receptor co-expression on CD8* memory T cells. Aged and
young vaccinated mice had significantly increased co-expression of 3 inhibitory receptors
compared to aged and young mice primed with live virus with no significant difference in 0, 1, 2,
or 4 inhibitory co-expression (Appendix Fig 11G-H). Taken together, these data indicate that
vaccinating aged mice with UV-inactivated virus led to less effective 1gG antibody production and
more impaired CD8" memory T cells, resulting in increased weight loss and delayed viral
clearance. Without the inflammation that normally accompanies a live viral infection, UV-
inactivated virus did not mount a robust cell-mediated and humoral response in aged mice, which

could explain the poor vaccine response in older adults.
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Figure 3-7. Aged mice vaccinated with UV-inactivated HMPV exhibited severe HMPV disease and poor CD8*

(A) Schematic of experimental design. (B) Aged mice primed with UV-inactivated virus and re-challenged with live
virus lost significantly more weight post-infection compared to aged mice primed with live virus. (C) Aged mice
primed with UV-inactivated virus had significantly higher viral titer at day 7 post-infection. (D) Aged and young mice
primed with live virus mounted a robust 1gG antibody response compared to UV-inactivated virus priming. (E-F)
Aged mice primed with UV-inactivated virus had significantly decreased CD8" CD44* CD62L" CD69* CD103* cell
percent compared to aged mice primed with live virus or young mice primed with UV -inactivated virus. There was

no significant difference in virus-specific memory CD8* T cells. (G) Representative flow plots of CD69 and CD103

memaory response.
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staining. Data represent 2 independent experiments with 2-3 mice per experiment. *P<0.05, **P<0.01, ***P<0.005,

****P<(.0001, one-way ANOVA.

3.5 Discussion

In this study, we developed an HMPV re-challenge aged mouse model to recapitulate human
disease, where initial exposure occurs in childhood and re-exposure occurs again later in life. We
found that aged re-challenged mice developed severe disease comparable to primary infected aged
and young mice despite undetectable lung virus titer. Aged re-challenged mice had a robust
antibody response, suggesting this protected against lung virus replication. Nonetheless, aged re-
challenged mice exhibited more severe disease, lung inflammation and fibrosis, and increased
cytotoxic CD8" T cell response, all suggesting immune-mediated pathology. Aged re-challenged
mice did exhibit a greater number of lung CD8* Trwm, but these cells demonstrated enhanced
effector functions. We also observed an increase in chemoattractants in the aged lung late in
HMPV infection (i.e. days 7-9), which could explain, in part, the accumulation of lung CD8* T
cells in aged mice. We further show that the humoral response is not fully protective against
HMPV infection as even young mice given serum from young mice 5wks post MPV infection had

only a small decrease in lung viral titer.

We previously showed that PD-1 signaling restrains antiviral CD8* T cell functions in young adult
mice (46, 52, 61, 62). However, aged re-infected mice CD8* T cells demonstrated strong effector
function in the presence or absence of PD-1 blockade. Similarly, 4-1BB agonists restore function

to exhausted T cells in some cancer models (167, 174, 180), but blocking this pathway had no
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effect on the aged antiviral CD8* T cells. Importantly, there was also no effect of PD-1 blockade
or 4-1BB agonist in young mice at day 40 p.i. One explanation for these findings in young mice
could be that young mice contracted their memory CD8* T cell population in the lung by day 40
p.i., minimizing any differences that these agents would produce. When young mice were re-
stimulated with HMPV peptide/LPS, causing the memory CD8* T cell population to expand, they
exhibited a trend towards increased IFNy production with PD-1/4-1BB combination, supporting
our previous findings of PD-1 signaling in young mice (46, 52, 61, 62). In contrast, aged mice
failed to respond to PD-1 blockade of 4-1BB agonist treatment in either model. Collectively, these
data suggest that older mice developed a strong but ultimately dysfunctional and perhaps
unregulated memory CD8* T cell response. Similar to our findings, in aged mice infected with
influenza, cytotoxic CD8* CD69* Trm accumulated up to 60 days post-primary infection and
caused significant lung inflammation and fibrosis (154). These findings suggest that HMPV severe
respiratory disease in the elderly could, in part, be driven by these cytotoxic dysfunctional CD8*

memory T cells.

To test HMPV vaccination strategies, aged and young previously infected mice were re-challenged
with HMPV cognate peptide antigen fourteen months or five weeks after primary infection. We
hypothesized that a non-replicating immune memory stimulus with HMPV peptide plus LPS
would result in an improved immune response in aged re-challenged mice and induce a milder(?)
cytotoxic T cell response. However, aged mice restimulated with HMPV cognate antigen mounted
a poor CD8" Trm response characterized by co-expression of more inhibitory receptors and
production of less IFNy. In our complementary vaccination approach, aged mice primed with

HMPV cognate peptide plus LPS also had a poor memory response upon re-challenge with live
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virus. In contrast, the robust accumulation of CD8* memory T cells with low inhibitory receptor
expression we observed in young mice is similar to our previous vaccination strategies using virus-
like particles (VLPs) (202) or dendritic cell vaccination (52). LPS alters the immune response in
female mice that are twelve months old (203), so it is possible that using LPS as an adjuvant was
detrimental to the immune response in aged mice, leading to an impaired CD8* memory response
and weight loss. These findings in HMPV peptide re-stimulated aged mice may help to explain
why elderly humas exhibit a poor response to vaccines against viruses they have previously been
exposed to. Overall, these data suggest that there is an intrinsic defect in the aged CD8* memory
T cell population that causes immunopathology upon re-exposure to either live virus or HMPV

peptide vaccination later in life.

Older adults mount a poor memory response to many vaccines and as a result adjuvanted or high-
dose vaccines are often required to elicit protection in these individuals (190-192). Currently, there
is no licensed HMPV vaccine, although we and others have tested vaccine strategies in rodents
(52, 202, 204), non-human primates (205, 206), and humans (207, 208). UV-inactivated vaccines
have been tested in mice for other respiratory viruses and elicited promising results (209, 210).
Therefore, we tested whether a UV-inactivated HMPV vaccine approach might elicit robust T cell-
mediated immunity in aged mice. Aged mice previously vaccinated with UV-inactivated HMPV
exhibited severe disease upon exposure to live HMPV, with increased weight loss and delayed
viral clearance compared to young mice. In addition, aged, vaccinated mice had a lower 1gG
antibody response and a diminished CD8* memory T cell response with increased co-expression
of inhibitory receptors. Thus, vaccinating aged mice with UV-inactivated HMPV virus was

inadequate to protect against exposure to live HMPV virus. These findings underscore the
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dysfunctional CD8" memory T cell response in the aged host and emphasize the importance of
optimizing respiratory virus vaccine strategies in this vulnerable population. One recent study
showed improved protection against RSV after elderly humans were vaccinated with ASO1e-
adjuvanted RSV F protein (211). These findings suggest possible HMPV vaccine strategies to
pursue in future studies with the aged mouse model described here. Future studies are also
warranted to elucidate the mechanism behind the poor memory response to a UV-inactivated

vaccine in aged mice.

Taken together, we developed a novel fourteen month re-challenge mouse model that resembles
viral re-infections in elderly humans. We demonstrate multiple ways to use this model to elucidate
the aged immune response to re-challenge. This aged mouse model of HMPYV re-infection also
provides insight into the contribution of CD8" memory T cells to severe HMPV disease in aged
re-challenged mice. Furthermore, this model will be useful to optimize vaccine development in

this vulnerable population.
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4.1 Abstract

CD8* T cell dysfunction contributes to severe respiratory viral infection outcomes in older adults.
CD8* T cells are the primary cell type responsible for viral clearance. With increasing age, CD8*
T cell function declines in conjunction with an accumulation of cytotoxic tissue resident memory
(Trm) CD8* T cells. Given the importance of PD-1 regulating CD8* T cells during acute and
chronic infections, we sought to elucidate the role of PD-1 signaling on the function of aged CD8*
T cells and accumulation of CD8* Trm cells during acute viral respiratory tract infection. PD-1
blockade or genetic ablation in aged mice yielded improved CD8* T cell granzyme B production
comparable to young mice during HMPV and influenza viral infections. Syngeneic transplant and
adoptive transfer strategies revealed that improved granzyme B production in aged Pdcd1”- CD8*
T cells was primarily cell-intrinsic, as aged WT CD8* T cells did not have increased granzyme B
production when transplanted into young hosts. PD-1 signaling promotes accumulation of
cytotoxic CD8* Trm cells in aged mice. PD-1 blockade in aged mice during re-challenge infection
resulted in improved clinical outcomes that paralleled reduced accumulation of CD8* Trwm cells.
These findings suggest that PD-1 signaling impairs CD8* T cell granzyme B production and
contributes to CD8* Trm accumulation in the aged lung. These findings also have implications for
future research investigating PD-1 checkpoint inhibitors as a potential therapeutic option for

elderly patients with severe respiratory viral infections.
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4.2 Introduction: The Role of PD-1 Signaling

Lower respiratory infections contribute to increased morbidity and mortality in adults >65 years
of age (1). Human metapneumovirus (HMPV) is a leading cause of acute lower respiratory tract
infection and occurs with a similar incidence amongst older adults as influenza and respiratory
syncytial virus (RSV) (11, 49, 146, 147). Despite universal exposure to HMPV and 100%
seropositivity worldwide by five years of age, recurrent infections occur throughout life, especially
in adults >65 years of age, where reinfection can cause severe respiratory disease (11, 49, 146,

147).

Increased age is associated with a widespread decline in immune cell function and a subsequent
increase in basal pro-inflammatory cytokine production, referred to as “inflammaging” (117, 130).
In addition, aged mice and humans have increased levels of pro-inflammatory GZMK* CD8* T
cells (150), terminally differentiated CD8* T cells expressing thymocyte selection-associated high
mobility group box protein (TOX) and eomesodermin (EOMES) (150, 152, 153), as well as tissue-

resident memory CD8* T cells (Trm) that propagate lung inflammation and fibrosis (154).

CD8*T cells are the primary mediators of HMPV clearance (46, 52, 61, 62). Nonetheless, during
HMPV infection virus-specific CD8* T cells upregulate inhibitory receptors such as programmed
cell death-1 (PD-1) and lymphocyte activation gene 3 (LAG-3) (46). PD-1 expression impairs
CD8* T cell degranulation and cytokine production during HMPYV infection (46, 52, 61, 62).
Studies in aged mice revealed that virus-specific CD8* T cells and antiviral functions, particularly
granzyme B production, decline with age, impacting the immune response to respiratory viruses

(155, 157, 170, 212). We found that aged mice infected with HMPV displayed more severe clinical
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disease, delayed viral clearance, and exacerbated lung inflammation compared to young mice
(213). Aged HMPV-infected mice also generated fewer virus-specific CD8" T cells, which
possessed a terminally differentiated phenotype characterized by a loss of expression of
transcription factor 7 (Tcf7, which encodes the TF Tcfl) and increased expression of Tox and
Eomes, along with significantly decreased granzyme B production (150, 152, 153, 213). Upon
HMPV re-challenge, aged mice exhibited severe disease, and accumulated cytotoxic CD8* TrmsS

(214).

PD-1 blockade has been used successfully to rejuvenate “stem-cell like” exhausted CD8" T cells
in lymphocytic choriomeningitis virus (LCMV) chronic infection (179, 215) and cancer models
(216, 217). Immune checkpoint inhibitors targeting PD-1 signaling have comparable efficacy in
both young adults and elderly humans with metastatic solid tumors, indicating that the aged
immune system has the capacity to respond to PD-1 blockade (218). In young mice infected with
HMPV, PD-1 neutralization or genetic ablation resulted in improved CD8* T cell function and
improved viral clearance (46, 52, 61, 62). In addition, abrogating PD-1 signaling during influenza
virus infection improved viral clearance and increased CD8* T cell production of IFNy and
granzyme B (219). PD-1 signaling has been implicated in optimal CD8* memory T cell formation
following influenza infection, suggesting that the timing of PD-1 blockade during acute viral
infection is important to enhance CD8* T cell function while not impairing memory formation
(220). However, the effects of PD-1 blockade on the aged CD8* T cell response and Trm formation

during HMPV infection is poorly understood.
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Here, we sought to elucidate the role of PD-1 signaling on virus-specific CD8* T cell function and
memory Trm formation in aged mice. We found that aged Pdcd1”- mice had improved CD8* T cell
granzyme B production during either HMPYV or influenza infection. This increase in function was
primarily cell-intrinsic, since aged Pdcd1”- CD8* T cells transplanted into young congenically
marked recipients had improved antiviral function compared to aged WT CD8* T cells. In addition,
aged Pdcd1”- mice did not accumulate cytotoxic CD8* Trm cells at day 40 post-infection, which
was in contrast to the detrimental accumulation of cytotoxic CD8* Trm cells in aged WT mice.
Aged mice treated with PD-1 blockade and re-challenged with HMPV fourteen months after
primary infection lost less weight and had a trend towards improved CD8* T cell IFNy production
as compared to isotype control mice, but did not accumulate as many CD8* CD69* CD103*
memory T cells. Taken together, these results suggest that therapeutic PD-1 blockade in the aged

host may improve CD8* T cell function during respiratory viral infections.

4.3 Materials & Methods

4.3.1 Mice and viral infection

C57BL/6 (B6), congenic CD45.1, and Rag™ mice were purchased from The Jackson Laboratory.
Pdcd1”- mice were obtained with permission from Dr. Tasuku Honjo (Kyoto University, Kyoto,
Japan). All animals were bred and maintained in specific pathogen-free conditions in accordance
with the University of Pittsburgh Institutional Animal Care and Use Committee. 6-7wk and 10
month old Pdcd1”- and age-matched B6 mice were used in all experiments involving Pdcd1”- mice.

In select re-challenge experiments 70-71 week-old B6 animals were used. HMPV (strain TN/94-
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49, genotype A2) was grown and titered in LLC-MK2 cells as described (160). Influenza virus
strain A/34/PR/8 (PR8) was grown in MDCK cells and titered on LLC-MK2 cells (46). For all
experiments, mice were anesthetized with isoflurane in a heated chamber and infected via
orotracheal route with 2.0x10®° PFU HMPV, 500 PFU PRS, or sterile PBS in 100 pL. Mock
infected mice were infected under the same conditions with sterile PBS. Viral titers were measured

by plaque assay as described (160, 161).

4.3.2 Antibody treatment

On the two days prior to infection and days 1, 2, and 5 post-infection, aged and young B6 mice
were injected intraperitoneally with 200 ug in sterile PBS of aPD-1 (BioXCell Cat# BE0033-2)

or rat IgG2a isotype control (BioXCell Cat# BE0089) via intraperitoneal injections.

4.3.3 Bone marrow transplant

Irradiation: One day prior to transplant, an X-ray source (MultiRad 350, Precision X-Ray
Irradiation) was used to condition recipient mice with 10-11 cGy total body irradiation in two split
doses four hours apart. Irradiated mice were placed on an immunocompromised rack in the animal
facility and given sterile food and water.

Bone marrow (BM) single cell suspension: Femur and tibia from Ragl”- mice were harvested,
tissue removed, and clean cuts made at either bone end. Using a 25G needle, marrow was flushed
from the bone into a conical tube using Dulbecco’s Modified Eagle Medium with 10% FBS, 1%
Pen Strep antibiotics, 1% L-glutamine, 1% MEM Non-Essential Amino Acids, 0.1% 50mM -

mercaptoethanol (D-10 medium). BM was spun down at 350xg for 5 min and the cell pellet was
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filtered through a 70 um strainer, washed 2x with 5 mL sterile PBS, and counted on a BD Accuri™
cytometer.

B and T cell magnetic column selection: For B and T lymphocyte magnetic column selection,
spleen and lymph nodes (inguinal, peritoneal, and submandibular) were collected from B6 and
congenic CD45.1 donor mice aged either 6-7wks or 70-71wks. All lymph nodes and each spleen
per mouse were passed through a 70 um strainer, spun down at 350xg for 5 min, pooled together
through a 40um strainer, and spun down again at 350xg for 5 min. The spleen/lymph node single
cell suspension from two mice were combined in 900 uL aMACs buffer, incubated with CD90.2
microbeads or CD19-biotin and biotin-labeled microbeads, and separated via an LS column
(Miltenyi 130-042-401) per Miltenyi instructions. Plunge was collected from the columns, spun
down at 350xg for 5 min, and cell pellet was washed with 5 mL sterile 1XPBS x2. Cells were
counted on BD Accuri™ cytometer.

Tail vein injections: 1x10” T, B, and Ragl” BM cells were resuspended per ml of sterile PBS,
followed by injection of 200 pL of cells (2x108 of each cell type) into irradiated recipient mice via

tail vein injection.

4.3.4 CD4*and CD8* T cell adoptive transfer

CD4 and CD8 biotinylated antibodies along with anti-biotin microbeads were used for positive
selection of CD4 and CD8 subsets of T cells for use in combination experiments. 1x108 CD4 and
1x106CD8 T cells were combined per mouse, with the remainder of the cell populations as outlined

above.
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4.3.5 Mixed Bone Marrow Chimera

BM single cell suspension was harvested as outlined above from aged CD45.2 and young CD45.1
donors. BM was injected via tail vein injection into lethally irradiated aged CD45.2 and young

CD45.1 recipients in a 1:1 ratio.

4.3.6 CD45.1 1V labeling

Mice were administered 4pug of CD45.2-BUV496 (BD Cat# 741092) in 200uL sterile PBS via tail

vein injection and were euthanized 3 min post-injection as previously described (154).

4.3.7 IFNy ELISpot assay

ELISpot was performed as previously described (46, 163). In select experiments, 10ug of aPD-1
(BioXCell Cat# BE0033-2) or rat IgG2a isotype control (BioXCell Cat# BE0089) were added to
ELISpot wells along with HMPV Nuii-18 peptide. Influenza NP366 peptide (GenScript Peptide

Sequence: ASNENMETM) served as control.

4.3.8 1gG HMPV ELISA

One pg of TN/94-49 HMPV viral stock per well was diluted in 1x ELISA coating buffer
(BioLegend Cat# 421701) was plated overnight at 4°C. The remainder of the ELISA was

performed as in (196).
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4.3.9 Flow cytometry staining

Flow cytometry staining was performed as described previously (213, 214). In brief, mice were
euthanized and the right lung harvested. The lung was cut into 2 mm segments using Scissors,
resuspended in RPMI/10% FBS, and incubated for 1 hr at 37°C with DNAse and collagenase.
After digestion, the lung was filtered through 70 um filters, spun at 1500 rpm for 5min, and the
pellet resuspended in 2 mL ACK Lysis Buffer (Gibco A10492-01) for 1 min. 10 mL
RPMI/10%FBS was added after ACK Lysis and cells were spun at 1500rpm for 5min. Cells then

underwent either tetramer staining or ex vivo peptide stimulation.

Tetramer staining: Cells were incubated with 1:2000 100mg dasatinib in 1XPBS/1% FBS (FACS)
for 30 min before adding APC conjugated N11-1s 1:200 in FACS/dasatinib for 90 min. Cells were

then spun down at 1500rpm for 3 min and washed 1x with FACS buffer.

Ex vivo peptide stimulation: 100 uL of cells were added to a flat-bottom 96-well tissue culture
plate. The following was added to cells: 100 uL of 200 uM N11 HMPV peptide or NP366 for
irrelevant control diluted 1:10 in RPMI/10% FBS, 6 uL CD107a-PE, and 22 uL BFA (BD Cat.
#51-2301KZ)/Monensin (BD Cat. #2092KZ). In addition, 1:1000 PMA/ionomycin instead of

peptide was added to one aliquot of cells as a positive control. Cells were incubated for 5hrs at

37°C.

For both conditions: After either tetramer staining or peptide stimulation, cells were stained with

Live/Dead dye 1:1000 in PBS for 12 min, washed 1x with PBS, and blocked with aCD16/32 Fc
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block (Tonbo Biosciences Cat. #70-0161-M001) 1:100 in FACS buffer for 10min. For surface
staining, cells were stained with surface antibody 1:100 in BD Brilliant Stain Buffer (BD Cat.
#566349) buffer for 30 min at 4°C. Cells were spun at 1500 rpm for 3min and washed 1x with

FACS buffer.

Intracellular cytokine staining: Following staining for surface markers, cells were fixed for 30min
with eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher 00-5523-00)
at 4°C, spun at 1640 rpm for 3 min, washed 1x with Foxp3 Fix/Perm Buffer, and stained with
6uL/antibody in Foxp3 Fix/Perm Buffer for 1 hr at 4°C. Cells were spun at 1640 rpm for 3 min,
washed 1x with FACS buffer, resuspended in FACS buffer, and stored in the dark at 4°C until

analysis on a Cytek® Aurora multispectral flow cytometer.

Intracellular transcription factor staining: For transcription factor staining, cells were fixed for
18 hrs in Foxp3 Fix/Perm at 4°C. After fix/perm, cells were washed 1x with Foxp3 Fix/Perm Buffer
and stained with 2.5 pL antibody in Foxp3 Fix/Perm Buffer for 1hr at 4°C.

After intracellular staining, cells were spun down at 1640 rpm for 3min, washed 1x with FACS
buffer, resuspended in FACS buffer with 100 uL BioLegend Precision Count Beads™ (BioLegend
Cat. #424902) and run on the Cytek® Aurora multispectral flow cytometer. Fluorescence minus
one (FMO) controls were used for all inhibitory receptors and transcription factors. For HMPV
tetramer staining, influenza NP366-APC tetramers were used as irrelevant controls. Any irrelevant
tetramer background staining was subtracted from the final tetramer frequency. Unstained cells

from each experiment were fixed for 20 min in 2% PFA and used on the flow cytometer to
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minimize autofluorescence. Data analysis was performed with FlowJo (v10.8.1). A full list of

antibodies used in all experiments is shown in Table 1 & 2.

4.3.10 scRNAseq Data Analysis

CD8" T cell scRNAseq dataset from lungs of mice and humans was kindly shared with us from

Maxim Artyomov: https://www.synapse.org/#!Synapse:syn22255433/wiki/604556 and was generated

as described in (150).

4.3.11 qRT-PCR

Performed as in (46). All values were normalized to the housekeeping gene Hprt. Experimental
WT and Pdcd1” lung homogenate samples were reported as relative expression to housekeeping

gene (Hprt). Samples with Ct values less than 40 were considered positive.

4.3.12 Histopathologic score

Performed as in (213, 214). 10% formalin was injected into a section of the lower left lung lobe
and stored in 10% formalin in histology cassettes (Fisher Scientific B851000WH). Tissue sections
were stained with H&E by the UPMC Children’s Hospital of Pittsburgh Histology Core and slides
were imaged and scored at 200X magnification. Scoring criteria per field included: 0: no
inflammation; 1:75% inflammation. To generate the histopathologic score, the score for each

sample was added and divided by the total number of fields analyzed.

102


https://www.synapse.org/#!Synapse:syn22255433/wiki/604556

4.3.13 Study Approval

Data analysis was performed using Prism version 9.0 (GraphPad Software). Comparisons between
two groups were performed using an unpaired 2-tailed Student’s t test or Mann-Whitney as
appropriate. Multiple group comparisons were performed using a 1-way or 2-way ANOVA as
appropriate with correction for multiple comparisons (Dunnett test). A P value less than 0.05 was

considered significant. Error bars in each graph represent SEM.

4.3.14 Author Contributions

OBP: conceived, designed, and performed experiments, acquired and analyzed data, and wrote
manuscript. DA: contributed analytic tools, revised manuscript. TE: contributed analytic tools,
revised manuscript. SW: acquired data, revised manuscript. MJ: acquired data, revised manuscript.
TDO: acquire data, revised manuscript. RAG: contributed analytic tools, revised manuscript. JJE:
designed experiments, interpreted data, and revised manuscript. JVW: conceived and designed

experiments, interpreted data, and revised manuscript.

4.4 Results

4.4.1 Aged CD8" T cells upregulate PD-1 at baseline and during HMPV infection

PD-1 signaling regulates CD8* T cell function in young HMPV-infected mice (46, 52, 61, 62). In

addition, HMPV-specific CD8* T cells from aged mice demonstrated increased PD-1 expression
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(213). We hypothesized that PD-1:PD-L signaling also plays an important role in aged CD8" T
cell function during HMPV infection. To test this hypothesis, we first measured PD-1 and PD-
L1/L2 expression on young and aged immune cells in the lung by analyzing publicly available
ScCRNAseq datasets (150). Pdcdl was significantly increased on aged lung CD8* T cells compared
to young CD8* T cells (Fig 4-1A-B) while there was no difference in Pdcdl expression between
age groups for CD4* T cells or B cells (Fig 4-1C-D). In our aged mouse HMPV model, aged mock
infected CD4* T cells had increased Pdcdl expression compared to young CD4* T cells, but there
was no difference in CD19* B cells (Appendix Fig 14A). We also found that upregulation of PD-
1 during HMPV infection was specific to CD8* T cells, with no difference in PD-1 on CD4* T or
CD19* B cells between young and aged HMPV-infected mice (Appendix Fig 14B). PD-1
expression robustly increased with infection in young mice but stayed elevated in aged mice in
both mock and HMPV infection (Fig 4-1E). scRNAseq data revealed no difference in Havcr2
(Tim-3), Lag3, or Cd244 (2B4) inhibitory receptor expression on CD8* T cells (Appendix Fig
14C-E), which we confirmed at the protein level in mock infected mice via flow cytometry

(Appendix Fig 14F).

We performed a series of transplants and adoptive transfers of young or aged cells into young or
aged hosts to test whether elevated PD-1 expression on aged CD8* T cells is cell-intrinsic or
dependent on the host environment. Mixed bone marrow (BM) chimeras of congenically marked
young or aged BM transplanted in a 1:1 ratio into lethally irradiated young or aged hosts revealed
that there was a significant increase of PD-1 expression in aged CD8* T cells compared to young
cells in an aged host, with a similar trend for aged CD8" T cells in a young host (Fig 4-1F). When

congenically marked bulk young or aged purified T cells were transplanted into lethally irradiated
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young or aged hosts, aged CD8" T cells showed a trend toward increased PD-1 expression in a
young host (Fig 4-1G). There was no difference in PD-1 expression between aged and young CD8*
T cells in an aged host, but there was a significant increase in PD-1 in the aged CD8* T cells/aged
host compared to young CD8* T cells/young host control (Fig 4-1G). Lastly, to confirm if this
phenomenon was specific to CD8* T cells alone, we adoptively transferred young or aged CD8* T
cells along with young CD4* T and B cells into Rag1” recipients that lack all T and B lymphocytes.
Aged CD8* T cells significantly upregulated PD-1 in a young Ragl”’ host compared to young
CD8*T cells (Fig 4-1H). Overall, these findings indicate that there are both cell-extrinsic and cell-

intrinsic effects impacting PD-1 expression on aged CD8* T cells.

We next assessed expression of PD-L1 and PD-L2 in young vs. aged mice. There were no
significant differences in PD-L1 or PD-L2 expression between ages in mock- or HMPV-infected
groups across numerous innate immune cell types (Fig 4-11 & Appendix Fig 14G), with the
exception of a small increase in PD-L2 expression on aged mock-infected interstitial macrophages
(IMs) (Appendix Fig 14G). Notably, alveolar macrophages expressed very high levels of PD-L1
at baseline and under all conditions, as previously reported (43). We also found no difference
between ages in gene and protein expression of Cd274 (PD-L1) (Fig 4-1J) or in Pdcdl1lg2 (PD-

L2) (Appendix Fig 14H) in the lung myeloid cell ScRNAseq dataset (150).
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Figure 4-1. Aged CD8* T cells upregulate PD-1 at baseline and during HMPV infection.
(A) Heat map of Pdcdl on lung CD8* T cells from uninfected, naive aged and young mice. (B-D) Violin plot of Pdcd1-
" expression from uninfected, naive aged and young mice on lung CD8* T, CD4* T, and B cells, respectively. (E)
Mean fluorescence intensity (MFI) of PD-1 expression on CD8* T cells in young and aged mock or infected mice. (F-
H) MFI of PD-1 expression on lung CD8* T cells in day 7 post-infection (p.i.) in (F) aged/young mixed bone marrow
(BM) chimera model, (G) syngeneic transplant of bulk aged or young T cells along with young B cells and Ragl™
BM, and (H) adoptive transfer of aged or young CD8* T cells into young Ragl™ recipients. (1) PDL1 MFI expression
on lung innate immune cells at day 1 p.i. (J) Heat map of PDL1 (i.e. Cd274) expression in lung myeloid cell cluster

in uninfected, naive young and aged mice (TOP) and violin plot (BOTTOM). *P<0.05; ****P<0.0001, unpaired t-test
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or one-way ANOVA. Each data point represents one individual mouse. Data in (E) represent three experimental
replicates, 1 mouse/group. Data in (F) represents two experimental replicates, 3-7 mice/group. Data in (G) represent
four experimental replicates, 3-5 mice/group. Data in (H) represent two experimental replicates, 6-7 mice/group. Data
in () represent 1 experimental replicate, 3 mice/group. BM: bone marrow, MFI: mean fluorescence intensity, AM:

alveolar macrophages, IM: interstitial macrophages, DC: dendritic cells

4.4.2 Proportion of granzyme B expressing CD8* T cells increases after PD-1 blockade

Given the increased PD-1 expression on aged CD8" T cells, we tested whether in vivo PD-1
blockade would rejuvenate Tcfl Tox* Eomes* exhausted (Tex) CD8* T cells in aged mice. Studies
have previously shown PD-1 blockade improves CD8* T cell function in chronic viral infection
and cancer models (177, 180). We treated aged mice with isotype control or PD-1 blocking
antibody on the two days prior to HMPV infection and days 1, 2, and 5 p.i. (Fig 4-2A). We found
no significant difference in weight loss (Fig 4-2B) or viral burden in isotype control vs. anti-PD-1
treated mice (Fig 4-2C). PD-1 blockade had no significant impact on the production of HMPV-
specific lung CD8* T cells based on tetramer staining with the HMPV viral epitope H2-D/KP N11-
18 (N11) (Fig 4-2D-E), nor did it impact the Tex CD8* T cells that expressed Tox and Eomes (Fig
4-2F-G; Appendix Fig 141-K). However, in vivo PD-1 blockade in aged mice resulted in a striking
increase in granzyme B production in CD44* CD62L" CD8* T cells (Fig 4-2H-1), which was even
more pronounced for HMPV-specific (or N11 tetramer*) CD8* CD44* Tcfl - cells (Fig 4-2J).
IFNy production did not significantly increase in aged mice treated with PD-1 blockade (Fig 4-
2K-M). Thus, PD-1 blockade alone appeared to have a favorable impact on HMPV-specific

CD8*T cell granzyme B production.
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Figure 4-2. Proportion of granzyme B expressing CD8* T cells increases after PD-1 blockade.
(A) Aged mice were treated with 200g/200L PD-1 or rat isotype control via intraperitoneal injection two days prior to
infection and days 1, 2, and 5 post-infection. (B) Weight loss during infection. (C) Viral titer in PFU/g between aged
mice treated with isotype control of PD-1 blockade. (D-E) Cell percent and absolute cell number of lung CD44*
CD62L" TCF tet* CD8* T cells. (F) TCF TOX* EOMES* lung CD8* T cells in aged mice treated with isotype or PD-
1 blockade. (G) Representative flow plots of TOX and EOMES staining. (H) Bulk lung CD8* and CD44* CD62L"
Gzmb* cell percent. (1) Representative flow plots of Gzmb staining on lung CD8* CD44* CD62L" T cells. (J) GzmB

percent function of lung CD8* tet" and CD8* CD44* CD62L" TCF tet* in both groups. (K) Spot number from ex vivo
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peptide stimulation IFNy ELISpot of lung lymphocytes from aged isotype or PD-1 blockade treated mice and (L) spot
size. (M) Representative images of ELISpot wells. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Absolute cell
number calculation by Biolegend Precision Counting Beads. Each data point represents one individual mouse. Data
in (B-G) represent three experimental replicates 2-4 mice/group. Data in (H-J) represent two experimental replicates,

2-3 mice/group. Data in (K-M) represent one experimental replicate 2-4 mice/group.

4.4.3 Aged Pdcd1”- mice have improved CD8* T cell granzyme B production during HMPV

infection

As a complementary approach to antibody blockade, we utilized Pdcd1”- mice, which exhibited
increased CD8* T cell function during HMPV infection in young 6-8-week-old mice (46). We
therefore infected aged Pdcd1”- mice and age-matched WT mice, and evaluated the antiviral CD8*
T cell response at day seven post-infection. Of note, these age-matched Pdcd1”- and WT mice
were not littermates. In addition, Pdcd1”- mice develop severe autoimmune disease by 9-10
months, and thus these experiments used knockout mice that were at most ten months of age. We
confirmed PD-1 expression was absent on Pdcdl”- CD8* T cells (Appendix Fig 15A). Aged
Pdcd1”- mice infected with HMPV had no difference in CD8* N11-specific T cells at day seven
p.i. (Fig 4-3A-C) but exhibited a trend towards increased CD8" CD44* CD62L" Tcfl N11-specific
T cells (Fig 4-3D-F). There was no significant difference in weight loss (Appendix Fig 15B) or
viral titer (Appendix Fig 15C) in aged mice. We have previously shown that blocking the PD-1/L
pathway in young mice improves viral clearance (46). No difference was seen in Tim-3 expression
between aged Pdcd1”- and WT mice (Appendix Fig 15D-E). However, LAG-3 expression was
increased (Appendix Fig 15F-G) on Pdcd1”-CD8*tet* T cells. PD-1 absence did not significantly
affect the expression levels or absolute cell numbers of CD44 and CD62L on CD8* T cells

(Appendix Fig 15H & K). We also assessed whether the absence of PD-1 affected the terminal
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differentiation of CD4* T cell subsets. We found no significant differences in the frequencies or
absolute cell number of CD4* Foxp3*, T-bet*, GATA3*, (Appendix Fig 151 & L) or Th1:Th2
ratio between genotypes (Appendix Fig 15J). We also found no difference in accumulation of

inflammatory infiltrates in the lung as measured by histopathology score (Fig 4-3L-N).

Considering the minimal differences in clinical disease, CD8" tetramer production, and CD8*
differentiation to effector (CD44* CD62L") and memory (CD44 - CD62L*; CD44* CD62L")
subsets, we next assessed CD8* T cell antiviral function in the presence and absence of PD-1.
There was a trend toward increased granzyme B expression in bulk Pdcd1”- CD8* T cells and
significant increase in granzyme B production in CD44* CD62  CD8* T cells (Fig 4-3G). There
was also a striking increase in the percentage of CD44* CD62L* Tcfl" tet* cells making granzyme

B in aged Pdcd1”- mice (Fig 4-3H).

We next assessed whether this increase in CD8* T cell function was comparable to the increase in
function we observed in young Pdcd1” T cells compared to young WT T cells (Appendix Fig
15M) (46, 52, 61, 62). Comparing Pdcd1” and WT Gzmb* CD8* T cells for both age groups
revealed a similar increase in granzyme B production by cells lacking expression of PD-1 (Fig 4-
31). This finding indicates that granzyme B production of CD8* T cells is improved in the absence
of PD-1 signaling to a similar degree regardless of age. There was no significant increase in IFNy
production in aged Pdcd1”- CD8* T cells, suggesting that PD-1 signaling effects were specific to

granzyme B production (Fig 4-3J-K).
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We did investigate the baseline characteristics of CD4"and CD8* T lymphocytes in mock-infected
aged B6 and Pdcd1” mice. Interestingly, aged Pdcd1”- mock-infected mice had an increased in
the absolute number of CD4*and CD8" T lymphocytes in lung, in the absence of infection (Fig 4-
30). Aged Pdcd1” mice also had more CD4* Foxp3* T lymphocytes (Fig 4-3P). Lastly, aged
Pdcd1” mice accumulated more CD44- CD62L°, CD44 CD62L", and CD44* CD62L" CD8* T

lymphocytes at baseline (Fig 4-3Q).

Overall, these results indicate that the absence of PD-1 in aged mice has a specific effect on

improving granzyme B production in CD8* T cells during HMPV infection, but no discernable

clinical effect on the outcome of viral infection.
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Figure 4-3. Aged Pdcd1”- mice have improved CD8* T cell granzyme B production during HMPV infection.
(A-B) Cell percent (LEFT) and absolute cell number (RIGHT) of lung CD8* tet* T cells in B6 and Pdcd1™ mice at
day 7 p.i. (C) Representative flow plots of tetramer staining. (D-E) Cell percent (LEFT) and absolute cell number
(RIGHT) of lung CD8* CD44* CD62L" TCF tet* cells in aged B6 and Pdcd1” mice at day 7 p.i. (F) Representative
flow plots of TCF tetramer staining. (G) Granzyme B* bulk CD8* and CD44* CD62L" CD8* T cells. (H) Percent
function of granzyme B* CD44* CD62L" TCF tet* lung CD8" T cells. (I) Delta change of Pdcd1” CD8* Gzmb* T

cells minus B6 CD8* Gzmb* T cells in young and aged HMPV infected mice at day 7 p.i. (J) ELISpot ex vivo peptide
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stimulation IFNy production from B6 or Pdcd1” lung lymphocytes. (K) Representative ELISpot well images. (L-M)
H&E images of aged B6 and Pdcd1” lungs on day 7 p.i. (N) Histopathology score from both groups of mice. (O)
Absolute cell number of CD4*and CD8* T lymphocytes, (P) T-bet, GATA3, Foxp3* CD4* T lymphocytes, and (Q)
CD44, CD62L expression on CD8* T lymphocytes in aged B6 of Pdcd1” mock infected mice. Absolute cell number
calculation by BiolegendPrecision Counting Beads. The histopathology score: average score per section field by a
group-blinded experienced lung pathologist. 0 = no inflammation. 1 = <25% inflammation, 2 = 25-50% inflammation,
3 = 50-75% inflammation, and 4 = >75% inflammation. *P<0.05, ***P<0.001; upaired t-test or one-way ANOVA.
Each data point represents one individual mouse. Data (A-K) represent two experimental replicates, 2-3 mice/group.

Data (L-M) represent one experimental replicate 3-4 mice/group.

4.4.4 Aged Pdcd1” influenza-infected mice also exhibited improved CD8* T cell granzyme

B production

To test whether these findings were generalizable to other respiratory viruses, aged B6 or Pdcdl-
"~mice were infected with influenza strain PR8 and euthanized on day seven post-infection to assess
the CD8* T cell response. There was no significant difference in weight loss between the two
groups (Fig 4A). We again observed no difference in bulk CD8" tet* cell frequency or absolute cell
number (Fig 4B-C). There was also no difference in CD44* CD62L" Tcfl tet* T cells in Pdcd1”
mice (Fig 4D-E). Similar to aged Pdcd1”- HMPV-infected mice, aged Pdcd1”’- CD8* T cells had
significantly improved granzyme B production during PR8 influenza infection (Fig 4F-G) with no
significant difference in IFNy production (Fig 4J-K). Comparing granzyme B production (Fig
4H) between Pdcd1”- and WT CD8* T cells revealed that aged Pdcd1”-CD8* T cells had a robust
increase in granzyme B function, surpassing even that of young Pdcd1”- CD8* T cells (Fig 4l). In
addition, there was no difference in influenza titer in the lung between the two groups (Fig 4L).

These findings suggest that the absence of PD-1 in aged mice selectively improves CD8" T
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granzyme B production, but not other measures of CTL function, similar to or exceeding that of

young mice, against multiple respiratory viruses.
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Figure 4-4. Aged Pdcd1™ influenza-infected mice also exhibited improved CD8* T cell granzyme B
production.
(A) Weight loss of aged B6 and Pdcd1”- mice during influenza PRS infection. (B-C) Bulk lung CD8" tet* cell percent
and absolute cell number. (D-E) Terminally differentiated lung CD8" CD44* CD62L" TCF- tet" cell percent and
absolute cell number. (F) Bulk lung CD8" T cell and CD8* CD44* CD62L" granzyme B production. (G)
Representative flow plots of granzyme B staining. (H) Delta change of Pdcd1”- CD8* Gzmb* T cells minus B6 CD8*
Gzmb* in lungs of young and aged PR8 infected mice. (I) Lung CD8* granzyme B* cell percent in young B6 or Pdcd1
" mice. (J) Spot forming units from IFNy ELISpot ex vivo Class | peptide stimulation from aged B6 and Pdcd1” lung

lymphocytes. (K) Representative images of wells from IFNy ELISpot. (L) gRT-PCR relative expression to
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housekeeping gene (HPRT) or Influenza A transcripts in lung homogenate. Absolute cell number calculation by
Biolegend Precision Counting Beads. **P<0.05; ***P<0.001. unpaired t-test or two-way ANOVA. Each data point
represents one individual mouse. Data (A-G; 1) represent two experimental replicates, 2-3 mice/group. Data in H
represents one experimental replicate 3 mice per group. Data in (J-L) represent one experimental replicate 3-4

mice/group.

4.4.5 Aged Pdcd1”- CD8* T cells transplanted into young mice had increased granzyme B

production

To test whether increased CD8* T cell granzyme B production in the absence of PD-1 was cell-
intrinsic, young or aged WT or Pdcd1”- T cells were transplanted into lethally irradiated young
CD45.1 mice along with young CD45.1 B cells and Ragl”™ BM to reconstitute the myeloid
compartment (Fig 4-5A). Six weeks post-transplant, recipient mice were infected with HMPV and
euthanized at day seven p.i. We confirmed the identity of transplanted T cells by assessing PD-1
expression on CD45.2* CD8* T cells (Appendix Fig 16A). There was no difference in weight loss
or viral burden between the four groups (Appendix Fig 16B-C). We also assessed engraftment of
recipient (CD45.1) and donor (CD45.2) total CD3* lymphocytes, CD4*, and CD8* T cells
(Appendix Fig 16D). Pdcd1” lymphocytes engrafted better compared to B6 lymphocytes
(Appendix Fig 16D-G) especially in bulk CD3* (Appendix Fig 16E) and CD8" T lymphocytes

(Appendix Fig 16G), as previously observed (62).

There were no significant differences in the absolute number or percentage of CD8" CD44*
CD62L" Tcfl- tet* cells between mice that received aged WT or aged Pdcd1”- T cells, with aged
Pdcd1” T cells producing more Tcfl™ tet" CD8* T cells (Fig 4-5B-C). However, there was a

significant increase in stem-cell like CD8* T-bet'®” TCF* T cells previously described in (215) in
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aged Pdcd1”- compared to aged B6 mice, which could indicate a shift in the bulk CD8* T cell
repertoire toward more stem-cell like CD8* T cells (Fig 4-5D). Most notably, there was a
significant increase in granzyme B production (Fig. 4-5E; 51) and a marker of degranulation
(CD107a") (Fig 4-5F), with a trend toward increased IFNy production (Fig 4-5G), in aged Pdcd1"
- CD8* T cells compared with aged WT CD8* T cells transplanted into young recipients. In
addition, we assessed if the absence of PD-1 improved the function of aged CD8* T cells relative
to young CD8* T cells. Aged Pdcd1”’- CD8* T cells exhibited improved function by all three
measures to a similar extent as young Pdcd1”- cells, when comparing to age-matched B6 CD8* T

cells (Fig 4-5H).

To remove irradiation as a confounding variable, we performed adoptive transfer of young or aged
Pdcd1”- CD8* T cells into young Rag1 recipients along with young WT CD4* T cells and B cells
(Appendix Fig 17A). When we compared the function of young and aged Pdcd1”- CD8* T cells
in this model, we observed that young Pdcd1-- CD8* T cells were still more functional in granzyme

B and IFNy production compared to aged Pdcd1”- CD8* T cells (Appendix Fig 17B-D).

Taken together, these data indicate that the absence of PD-1 improves engraftment of not just CD8*
T cells but CD4* T cells as well. We hypothesize that the increased granzyme B production in aged
Pdcd1”- CD8* T cells may be a result of a cell-intrinsic effect caused by the absence of PD-1
signaling or simply a difference in the homeostatic expansion based on the improved engraftment

ability of Pdcd1”- lymphocytes.
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Figure 4-5. Aged Pdcd1”- CD8* T cells transplanted into young mice had increased granzyme B production.
(A) Experimental schematic - aged or young B6 or Pdcd1™” T cells, young B6 CD19* B cells, and young Ragl” BM
were transplanted into lethally irradiated CD45.1 young recipients. 6 wks post-transplant, mice were infected with
HMPV and CD8* T cell response assessed on day 7 p.i. (B-C) TCF tet* lung CD8* cell percent and absolute cell
number in all four groups. (D) Cell percent of stem-cell like T-bet'® TCF* lung CD8* T cells. (E-G) lung CD8* T
cells positive for granzyme B, CD107a, and IFNy, respectively. (H) Delta change of donor Pdcd1”- CD8* Gzmb* T
cells minus B6 CD8" Gzmb* T cells in young HMPV-infected recipient. (I) Representative flow plots of granzyme B
staining. *P<0.05; ***P<0.001; one-way ANOVA. Each data point represents one individual mouse. Data represent

one experimental replicate, 4-5 mice/group.
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4.4.6 Aged Pdcd1”- had fewer resident memory T cells 40 days p.i.

Since nearly all children are seropositive for HMPV by five years of age, adult infections are
considered to represent reinfections (1). While adult serum antibody titer affects susceptibility to
HMPV reinfection and disease (193), little is known about T cell memory and adult HMPV
reinfection. Thus, we tested how PD-1 signaling affected CD8* T cell memory formation in young
and aged mice. At day 40 p.i., aged or young B6 or Pdcd1” mice were injected with CD45.2
antibody to label blood (CD45%) vs. tissue (CD45") cells and then immediately euthanized (Fig 4-
6A). Young WT and Pdcd1”- mice were included in this study to assess whether any differences
we observed in the aged Pdcd1”- was due to the absence of PD-1 signaling irrespective of age. As
shown previously (214), aged B6 mice accumulated significantly more CD8* CD45.2" T cells in
the lungs compared to young B6 mice (Fig 4-6B-C). However, aged Pdcdl” mice had
significantly fewer lung CD8* CD45.2" T cells than aged WT B6 (Fig 4-6B-C). This decrease in
CD8*CD45.2" T cells was specific to aged mice as this difference was not observed in young mice
(Fig 4-6B-C). In addition, aged Pdcd1’- mice also had significantly fewer CD8* CD45.2- CD44*
CD62L CD69* CD103* tissue-residentmemory T cells in the lung (Fig 4-6D-F) compared to aged
WT mice, by both percentage (Fig 4-6E) and absolute number (Fig 4-6F). There was no significant
difference in CD8" CD45.2° CD44* CD62L" CD69* CD103* tissue-resident memory T cell
production in young mice of either genotype (Fig 4-6E-F), indicating that this difference in CD8*
T cell memory formation was specific to aged mice. Aged Pdcd1”- mice also had fewer HMPV-
specific CD8" CD45.2* N11 tet" and CD44* CD62L" CD69* CD103* N11 tet" T cells in the lung
than aged WT mice (Fig 4-6G-H). Lastly, there was minimal IFNy production in young WT and
Pdcd1” mice at day 40 p.i. (Fig 4-61-J). However, there was robust IFNy production from aged

WT T cells, as previously shown (214), which was significantly diminished in Pdcd1”- aged mice

118



(Fig 4-61-J). These findings suggest that there is an age-associated, PD-1 dependent, increase in

lung tissue resident memory CD8* T cells.
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Figure 4-6. Aged Pdcd1” mice had fewer resident memory T cells 40 days p.i
(A) Experimental schematic. (B-C) CD8" CD45.2" cell percent and absolute cell number in lungs of young and aged
B6 and Pdcd1” mice. (D) Representative flow plots of CD69 and CD103 staining. (E-F) Cell percent and absolute
cell number of CD8* CD45.2 CD44* CD62L" CD69* CD103* in all four groups. (G-H) Absolute cell number of bulk
lung CD45.2- CD8* tet* and memory CD44* CD62L" CD69* CD103* T cells in all four groups. (1) Spot forming units
from IFNy ELISpot ex vivo Class | peptide stimulation from lung lymphocytes. (J) Representative images from IFNy
ELISpot wells. Absolute cell number calculated using BioLegend Precision Counting Beards. *P<0.05; **P<0.01;
****p<0.0001, one-way ANOVA. Each data point represents one individual mouse. Data represent one experimental

replicate 3-4 mice/group.
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4.4.7 PD-1 blockade improves weight loss during reinfection of aged mice

To model reinfection of aged adults, B6 mice were infected with HMPV at 6-7 weeks of age, aged
in house, and re-challenged fourteen months p.i. (214). Two days prior to re-challenge, and on
days 1, 2, and 5 following re-challenge, aged mice were treated with either PD-1 blocking antibody
or isotype control (Fig 4-7A). PD-1 blockade prevented weight loss in re-challenged aged mice
compared with isotype treated controls (Fig 4-7B), but both groups had no detectable viral titer by
day seven post re-challenge (Appendix Fig 17E). Viral replication may have been limited in this
re-challenge by anti-HMPV antibody responses in all groups (Appendix Fig 17F). Aged aPD-1
mice produced fewer terminally differentiated Tcfl™ tet* CD8* T cells (Fig 4-7C), bulk CD45.2
CD69" CD103" (Trm) CD8* T cells (Fig 4-7D), and tetramer specific CD45.2" Trms (Fig 4-7E).
Representative flow plots of Trmgating are shown in Fig 4-7F. Despite this decrease in production
of Trm, in aged mice, PD-1 blockade slightly increased bulk IFNy CD8* T cell function (Fig 4-
7G; 7J) and IFNy production in CD44* CD62L" CD8" T cells (Fig 4-7H). In addition, the
percentage of IFNy-producing Trwm also tended to increase with PD-1 blockade (Fig 4-71). Overall,
these data suggest that PD-1 blockade does impact CD8* Trmmemory T cell production and weight

loss in aged mice after re-challenge.
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Figure 4-7. PD-1 blockade improves weight loss and memory CD8* T cell function during reinfection of aged
mice.

(A) Experimental schematic. (B) Weight loss post re-challenge. (C-E) Absolute cell number of lung CD8* CD44*

CD62L" (F) Representative flow plots of CD69 and CD103 staining. (G) Percentage of lung CD8* Gzmb* and IFNy*

cells in both groups. (H) Percentage of CD8* CD44* CD62L" IFNy* cells in lung. (1) Percentage of memory CD8* T

cells expresisng IFNy in lung. (J) Representative flow plots of IFNy staining. Absolue cell number calculation by

BioLegend Precision Counting Beads *P<0.05; **P<0.01; unpaired t-test or two-way ANOVA. Each data point

represents one individual mouse. Data represent one experimental replication with 3-4 mice/group.
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4.5 Discussion

In this study, we investigated the role of PD-1 signaling in an aged mouse HMPV model. We
found: (1) PD-1 expression was increased on aged CD8* T cells; (2) PD-1 signaling significantly
impaired granzyme B production of aged CD8* T cells against two respiratory viruses; (3) this
improved function was primarily cell-intrinsic or due to homeostatic differences in Pdcd1- CD8*
T cells, as aged B6 CD8* T cells failed to improve cytokine production when transplanted into
young hosts; and (4) removal of PD-1 signaling resulted in accumulation of fewer cytotoxic CD8*

Trwm in aged mice.

Consistent with our data, we found that PD-1 was upregulated in aged mice in publicly available
scRNAseq datasets (150). Our data in mock-infected aged mice corroborated these findings and
further showed that PD-1 expression persisted on aged CD8* T cells during HMPV infection
despite transfer into a young host. In a mixed bone marrow chimera transplant model, we observed
this same phenomenon during HMPV infection. However, there was no difference in PD-1
expression on young or aged CD8" T cells in aged hosts in the bulk T cell syngeneic transplant
model. Aging is multifactorial and the aged microenvironment and well-known inflammaging
hypothesis (117, 130) as well as epigenetic changes in aged CD4* T cells (153) could be possible
explanations for these findings. For example, there is known to be an accumulation of
inflammatory monocytes in aged mice (221, 222), which could propagate an inflammaging
phenotype. Our own scRNAseq analysis of whole lung cells from young and aged HMPV -infected
mice corroborate published data (221, 222), identifying a unique inflammatory monocyte
population present in uninfected aged mice that significantly expands following HMPV infection

(unpublished data). We hypothesize that these age-related changes in other immune cells
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significantly impacts PD-1 expression on CD8* T cells in the aged host, which could explain the
findings in Fig. 1. Future investigations will elucidate the contribution of the aged
microenvironment and somatic cells on CD8* T cell function and epigenetic changes associated

with increased age.

PD-1 blockade did not affect the population of Tex CD8* T cells that expressed TOX and EOMES,
which are markers of terminal exhaustion (150, 153). This suggests that PD-1 signaling does not
propagate or affect the expression of these markers in aged CD8™* T cells. This finding is consistent
with reports that CD8* T cell exhaustion can occur in the genetic absence of PD-1 (223); in that
context, PD-1 signaling promoted excessive expansion and differentiation of cytotoxic CD8* T
cells (223) leading to more exhausted CD8* T cells. In our model, Pdcd1”’- aged mice tended to
accumulate terminally differentiated CD8" tet* T cells. Importantly, at baseline aged Pdcd1”- mice
did have increased bulk CD4* and CD8* T lymphocytes with an increase in CD4* Foxp3* T
lymphocytes and an increase in naive (CD44- CD62L") and effector (CD44* CD62L") CD8* T
lymphocytes. This does indicate that there are baseline differences between B6 and Pdcd1”- aged

mice which could contribute to how aged Pdcd1” respond to HMPV infection.

In addition, the absence of PD-1 signaling did not have an impact on the clinical outcome in aged
mice (i.e. weight loss and viral titer). We hypothesize that this is due to the multifactorial nature
of the immune response to HMPV, especially in the aged host. We have previously shown that
CD8*T cells are not the only cell type responsible for viral clearance since CD8* depletion in either
aged or young mice had minimal effect on weight loss or viral clearance during HMPV infection

(213). Another study on HMPYV infection also supports these findings, indicating the dual role of
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both CD4+ and CD8+ T cells in affecting the clinical outcome in mice infected with respiratory

viruses (51).

Notably, the absence of PD-1 signaling had a predominant effect on CD8* T cell granzyme B
production. It is well known that PD-1 blockade has a profound effect on activation of CD8*
effector T cells during acute viral infection (224). In the current study in both HMPV and influenza
infection, aged Pdcd1”- CD8* T cells exhibited increased granzyme B production, which was
recapitulated in the transplant experiments. However, the impaired granzyme B production still
present in the adoptive transfer of aged Pdcd1/-CD8* T cells compared to young Pdcd1”’- CD8* T
cells indicates that aged CD8* T cells have other age-related cell intrinsic deficits that inhibit CD8*
antiviral T cell function (213). These findings also suggest that aged CD8* T cells may require
help from CD4* T cells and B cells that are unrestrained by PD-1 signaling. Furthermore, blockade
of other inhibitory receptors including Tim-3 failed to improve CD8* T cell function during HMPV
infection to the same degree as PD-1 blockade (62). LAG-3 blockade has been shown to enhance
CD8* T cell function against HMPV, but it also enhanced lung pathology, indicating that LAG-3

may play a role in limiting lung damage during infection (62).

Importantly, antibody blockade and PD1-deficient mouse approaches globally block or remove
PD-1 signaling from all cells. Thus, we cannot fully exclude the effect of other cells. PD-1 is
known to play an important role in the function of CD4* T lymphocytes, especially Foxp3* CD4*
regulatory T cells (Tregs) (225, 226). We saw some differences at baseline in expression of CD4*
T cell transcription factors with increased absolute numbers of Foxp3* CD4* T cells. This indicates

that, at least at the transcriptional level, removal of PD-1 signaling does have an effect on CD4* T
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cell differentiation, which could contribute to our findings in this study. We previously showed
that Tregs play an integral role early during HMPV infection (63). However, we focused the
current studies on the effects of PD-1 on CD8" T cells for a number of reasons, including: the
preferential increase in PD-1 expression on aged CD8" T cells but not CD4* T cells; the central
role of CD8* T cells in controlling HMPV (46, 52, 61, 62); and cell-intrinsic, age-associated, CD8*

T cell functional impairment (213).

Aged Pdcd1”- CD8* T cells had improved granzyme B production compared to aged WT CD8* T
cells even when transplanted into a young host. We previously showed in a transplant model that
aged WT CD8* T cells exhibited cell-intrinsic impairment of granzyme B production that was not
restored by a young microenvironment (213). In this study, we further show that in the absence of
PD-1, aged Pdcd1”- CD8* T cells have a cell-intrinsic increase in granzyme B production. The
significant increase in engraftment of Pdcd1”- lymphocytes was also observed in a prior mixed
BM chimera model (62). Others have found that the absence of PD-1 can cause an increase in
activation and proliferation of T lymphocytes (220, 223), which could provide one explanation for
this finding. We report the absolute cell numbers for these transplant results to try and account for
the differences in engraftment. However, considering these findings, we cannot rule out the
possibility that the improved granzyme B production in aged Pdcd1”- CD8* T cells could be due
to homeostatic or cell-intrinsic differences. Future studies can analyze this further investigating
proliferation capacity and metabolism potential of Pdcdl”- CD8* T cells. This increase in
engraftment, coupled with the increase in activation and terminal differentiation of Pdcd1”- CD8*

T cells, suggest possible avenues for PD-1 blockade therapy to be used in conjunction with CAR-
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T cells. Furthermore, studies have found a synergistic effect in mice against tumors when CAR-T

cells are genetically modified to express PD-1 blocking antibodies (227, 228).

It is not fully clear why older adults are more likely to experience severe respiratory disease upon
HMPV re-infection. HMPV and RSV re-infections in aged humans and mice occur despite the
presence of neutralizing antibodies (94, 193, 194). Importantly, mice are semi-permissive hosts
for HMPV, and thus are a limited model for re-infection. These findings together could explain
why aged mice had undetectable viral titer at day seven after re-challenge. Our previous studies
suggest that aged CD8* T cell dysfunction contributes to severe HMPV disease in older individuals
(213, 214). We and others have also previously found that CD8* Trm accumulate in aged mice and
can contribute to increased disease severity and lung pathogenesis in HMPV (214) and influenza
(189). This CD8* Trm accumulation was impaired in aged Pdcdl” mice, which leads to the
hypothesis that PD-1 signaling may be impacting the formation and accumulation of this CD8*
memory T cell population in the aged host. PD-1 signaling is required for optimal CD8* memory
T cell formation (220, 229). These studies reported that the timing of PD-1 blockade was important
to optimize effector CD8* T cell function without severely limiting memory formation (220, 224).
Further supporting this, one study found that PD-1 signaling serves as a mediator to limit CD8*
Trwm activity in the lung during influenza infection, which helped prevent lung fibrosis (230). Since
CD8* T cells develop age-associated functional impairment and accumulate cytotoxic memory
cells that contribute to severe disease in older adults infected with respiratory viruses (155, 157,
170), this opens up the possibility of using aPD-1 therapy in elderly individuals during a window

of time shortly after they are infected with a respiratory virus.
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Mice receiving PD-1 blockade upon re-challenge fourteen months after primary infection were
clinically better (i.e. less weight loss), had fewer CD8* Trwm, but with borderline more function.
We suspect that PD-1 blockade performed on mice aged in-house fourteen months after primary
infection was only semi-effective because the cytotoxic CD8* Trm population may have already
formed. Therefore, PD-1 blockade two days prior to re-challenge and subsequent boosting post-
re-challenge may not have been sufficient to affect the CD8" Trm function to the same degree as
other models in this study. Pdcd1”- mice have never expressed PD-1, which may have profound
effects on CD8* Trm formation that are not observed when giving PD-1 blockade to WT aged
mice. However, we are actively investigating the mechanism behind PD-1 blockade in fourteen
month re-challenged mice. While CD8* T cells contribute to pathogenesis, other immune cells
may have been affected by PD-1 blockade, leading to diminished inflammation and thus reduced
weight loss. Future experiments and conditional knockout mice are needed to define the role of

PD-1 on select immune cell subsets.

In summary, in this study we identified preferentially increased PD-1 expression on aged CD8* T
cells that persisted even when these cells were transplanted into young hosts. We also show that
removal of PD-1 signaling has a positive effect on granzyme B production by aged CD8* T cells
during multiple types of respiratory viral infection. We further demonstrated that Pdcd1”- aged
mice did not develop a cytotoxic CD8* Trm population in the lung 40 days p.i. These results
indicate a temporal role of PD-1 signaling in both the initial antiviral response to improve
granzyme B production, as well as during the resolution phase of infection when the memory CD8*
T cell compartment is formed. Lastly, using an aged re-challenge model we show that aged mice

receiving PD-1 blockade lost less weight and produced fewer CD8* Trm. These findings can
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inform future studies interrogating the therapeutic potential of PD-1 blockade in aged humans

infected with respiratory viruses.
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5.1 Introduction: CD4*and CD8* T cell coordinated response

The most important functions of an adaptive immune are to destroy invading pathogens and
provide long-lasting antigen-specific protection. T cells and B cells are the main components of
adaptive immunity. CD4 and CD8 T cells contribute to host defenses during acute and chronic

infection with viruses, intracellular bacteria, and other pathogens.

One of the roles for CD4* T cells is helping CD8* T cell responses. Decades of studies have shown
that CD8" T cell expansion depends on IL-2 secretion from CD4* T cells engage antigen presenting
cells such as macrophages and dendritic cells (231-233). However, other studies have challenged
this CD4°CD8 T cell cooperation model, finding that CD4* T cells were dispensable for the clonal
expansion of effector CD8" T cells during viral infection (234-239). Furthermore, studies using
LCMV infection revealed that CD4* T cells primarily sustained, rather than initiated, CD8*
effector responses (240-243). Thus, whether CD4* T cells are truly indispensable during the CD8*

T cell effector response is likely context dependent.

Antigen presentation via major histocompatibility complex (MHC) proteins is essential for
initiating the adaptive immune response. Peptide-MHC class | complexes presented on all
nucleated cells can be recognized by CD8* T cells (244). In contrast, the presentation of peptides
by MHC class Il, which is mediated only by specialized antigen-presenting cells, activates CD4*
T cells, leading to the coordination and regulation of CD8" T cells (245). Peptide-major
histocompatibility complex (pPMHC) multimers conjugated to fluorochromes make identification,
enumeration, and phenotypic characterization of antigen-specific T cells much more approachable.

Little is published on methods for staining epitope-specific CD4* and CD8* T cells together. To
130



address this gap in knowledge, we sought to establish a method to co-stain MHC-1 and MHC-II
tetramers (Class | and Class Il tetramers, respectively) within the same panel. We referenced
protocols previously published on optimal staining conditions for individual tetramers to determine
the optimal Class | and Class Il co-staining conditions. Additionally, we used two sets of Class |
and Class Il tetramers (HMPV and flu to establish a co-staining method that is generalizable across
pathogens. We incorporated this co-staining method into a multispectral Aurora flow panel which
provides a powerful method to comprehensively assess CD4* and CD8* lineage transcription

factors, memory markers, and virus-specific T cell responses within the same sample?.

5.2 Materials & Methods

5.2.1 Mice and viral infection

C57BL/6 mice (catalog number: 000664) were purchased from The Jackson Laboratory. All
animals were bred and maintained in specific pathogen-free conditions in accordance with the
University of Pittsburgh Institutional Animal Care and Use Committee. Mice 6-7wk old of age
were used in all experiments. HMPV (pathogenic clinical strain TN/94-49, genotype A2) was
grown and titered in LLC-MK2 cells as previously described (160). Influenza virus strain
A/34/PR/8 (PR8 H1N1) was obtained from ATCC, grown in MDCK cells, and titered on LLC-
MK?2 cells as previously described (46). For all experiments, mice were anesthetized with
isoflurane and infected intratracheally with 2.0x106 PFU HMPV or 500PFU PR8 HIN1 in 100 uL
volume. All animals were handled according to protocols approved by the University of Pittsburgh

IACUC.
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5.2.2 Flow cytometry staining

Lung tissue was harvested, physically disrupted with scissors and incubated for one hour with
collagenase and DNase at 37°C. Following digestion, lung tissue was strained through a 70um
strainer, treated with 2 mL ACK Lysis Buffer (Gibco A10492-01) for 1 minute, and resuspended
in RPMI+10%FBS. Cells were counted on the hemacytometer and 2x10° single cell suspension
was used for flow cytometry staining. For tetramer staining, cells were incubated for 30mins at RT
in 1:2000 100mg dasatinib in 1XPBS/1% FBS (FACS) and stained with 1:100 of MPV (APC
conjugated 1.4mg/mL, BV421 conjugated 1.2mg/mL) or Flu tetramer as appropriate. MPV and
Class | flu tetramers were generated at the NIH tetramer core. Class Il flu tet was generated in
house. Cells were incubated with Class I, 11, at either room temperature (RT) or 37C for 90 min or

3 hrs depending on the conditions tested. A full list of the conditions tested is shown in Table 3.

Table 3. Class | and 11 tetramer co-staining conditions tested

Tetramer Temperature | Incubation Time (min)
Class | RT 90
Class 11 37°C 180
1. Class | RT 90
2. Classll 37°C 180
1. Class Il 37°C 180
2. Class| RT 90
Class I and Il 37°C 180

Cells were then washed twice in FACS buffer, stained with 1:1000 Live/Dead in PBS for 10min
at RT, 1:100 anti-CD16/32 Fc block (Tonbo Biosciences Cat. #70-0161-M001) in FACS buffer
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for 10 min at RT, 1:100 surface antibodies in BV Buffer (BD Cat. #566349) for 30min at 4°C, and
fixed for 20 min at 4°C in 2% PFA. Cells were washed x2 with FACS after each staining step.
After fixation, cells were resuspended in 200 uL FACS and run on either the Fortessa flow
cytometer or Cytek® Aurora multispectral flow cytometer. For experiments staining for
intracellular transcription factors, cells were incubated for 18hrs at 4°C in eBioscience™
Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher 00-5523-00), washed 2x in Foxp3
Fix/Perm Buffer, and then stained 1:50 in Foxp3 Fix/Perm Buffer/5% rat serum for 1 hr at 4°C. A
full list of antibodies used in all experiments is shown in Tables 4-6. Fluorescence minus one
(FMO) controls were used for all inhibitory receptors and transcription factors. For MPV tetramer
staining, Flu tetramer was used as the irrelevant control and vice versa for Flu tetramer staining.
Any irrelevant tetramer background staining was subtracted from the final tetramer frequency.
Unstained cells from each experiment were fixed for 20 min in 2% PFA and utilized on the flow

cytometer to minimize autofluorescence. Data analysis was performed with Flowjo (v10.8.1).

Table 4. HMPV tetramer co-staining conditions flow cytometry panel

Marker Fluorochrome | Host | Catalog | Clone
Live/Dead Fixable Aqua -- L34957 --
CD19 BV785 rat 115543 6D5
NK1.1 BV785 mouse | 108749 | PK136
CD3e PE hamster | 553064 | 145-2C11
CD4 PE-Cy7 rat 552775 | RM4-5
CD8a AF700 rat 100730 53-6.7
HMPV M94 Class | BVv421 -- NA --
HMPV N37 Class 1l APC -- NA --
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Table 5. Influenza tetramer co-staining conditions flow cytometry panel

Marker Fluorochrome | Host | Catalog | Clone
Live/Dead Fixable Aqua -- L34957 --
CD19 BVv421 rat 115538 6D5
NK1.1 BVv421 mouse | 562921 | PK136
CD3e FITC hamster | 100306 | 145-2C11
CD4 PE-Cy7 rat 552775 | RM4-5
CD8a AF700 rat 100730 53-6.7
Flu NP366 Class | APC -- NA --
Flu NP311 Class Il PE -- NA --

Table 6. Aurora multispectral flow cytometry panel for tetramer co-staining

Marker Fluorochrome | Host Catalog Clone
Live/Dead Fixable Violet -- L23105 --
CD19 BVv421 rat 115538 6D5
CD3e FITC hamster 100306 145-2C11
CD4 BUV395 rat 740208 RM4-5
CD8a AF700 rat 100730 53-6.7
CD44 APC-Cy7 rat 560568 IM7
CD69 BUV496 hamster 741063 H1.2F3
CD103 BUV661 rat 741504 M290
Foxp3 PerCP-Cy5.5 rat 45-4773-82 | FIK-16s
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T-bet AF594 mouse 644834 4B10
GATA-3 BV711 mouse 565449 L50-823
Roryt AF647 mouse 562682 Q31-378
PD-1 PE-Cy7 rat 109110 RMP1-30
TIM-3 BV605 rat 119721 RMT3-23
LAG-3 BUV805 rat 748540 CI9B7W
2B4 BUV737 rat 749155 Ca.1
Flu NP366 Class | APC -- NA --
Flu NP311 Class Il PE -- NA --

5.2.3 Statistical Analysis

Data analysis was performed using Prism version 9.0 (GraphPad Software). Comparisons between
2 groups were performed using an unpaired 2-tailed Student’s t test or Mann-Whitney as
appropriate. Multiple group comparisons were performed using a 1-way or 2-way ANOVA as

appropriate. A P value less than 0.05 was considered significant. Error bars in each graph represent

SEM.

5.2.4 Study Approval

All animals were maintained in accordance with Guide for the Care and Use of Laboratory

Animals (NIH publication no. 85-23. Revised 1985) and were handled according to protocols

approved by the University of Pittsburgh Subcommittee on Animal Care (IACUC).
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5.3 Results

5.3.1 HMPV Class | & Il tetramers can be stained together for 3 hrs at 37C.

To establish optimal Class | and Il tetramer co-staining conditions, we developed four different
staining conditions (Table 3). We used previously established incubations and temperature
conditions for Class | (46, 52) and Il tetramers (unpublished data). NP366 and NP311 influenza

tetramers were used for irrelevant Class | and 11 tetramer staining, respectively (Fig 5-1A). A full
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list of antibodies used in this experiment found in Table 4. There were no significant differences
in background staining with NP366 at room temperature (RT) for 90min or 37°C for 3 hrs (Fig 5-
1A). However, NP311 had significant background compared to the fluorescence minus one (FMO)
control (Fig 5-1A). To establish baseline tetramer staining at the optimal conditions previously
reported (46, 52), we tested Class I staining alone at RT for 90 min and Class Il staining alone at
37°C for 3 hrs (Fig 5-1B). Class I and Class Il staining was unchanged whether Class | was added
before or after Class Il (Fig 5-1C & 5-1D). Class I and |1 cell frequencies were similar to individual
staining (Fig 5-1B) when both tetramers were stained together at 37°C for 3 hrs (Fig 5-1E). These
results indicate that staining Class | and 11 tetramers together at 37°C for 3 hrs yields frequencies

similar to staining Class | and Class Il tetramer alone.

A.

Irr = Class | Ier < Class | " Class | only " 1. Class | - RT, 90min "L Class 1l - 37C, 3n " Classtand tl
RT, 90min 37C 3h RT, 90min 2.Class Il - 37 C 3h 2. Class | - RT, 90min 37C 3n

L (] 144

(=] [ Class ! Class ¥
N

b Chasa )
o080 re
& E S —
AN ten - BVA2) NIL - svall
B Sren e Class W only 1. Class | - RT, 90min 1. Class i - 37 C, 3h Class tand il
37C 3h 37C 3h 37C 3h 2.Class M - 37 C, 3h 2. Class | - RT, 90min 37C 3k

g | ) i g
$ i NS ﬁ .
§.| 8. 8|8

E:h’ 4

$5C-A
-

NPRLE - ANC NIT - ANC

Figure 5-1. HMPV Class | & 11 tetramers can be stained together for 3hrs at 37C
Top panels show CD8* tetramer* T cells (Class 1) while bottom panels show CD4* tetramer* (Class Il) T cells. (A)
Irrelevant Class I, Class Il, and Class Il FMO staining at RT for 90min or 37°C for 3hrs. (B) Class | and Class 11 only
tetramer staining at RT for 90min for 3hrs, respectively. (C) Class | staining at RT for 90min following by a washing
step, then Class Il staining at 37°C for 3hrs. (D) Class Il staining at 37°C for 3hrs, wash cells, then Class I staining at

RT for 90min. (E) Class I and Il tetramer staining together at 37°C for 3hrs.
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5.3.2 Optimal tetramer co-staining conditions confirmed using influenza tetramers.

To confirm that these co-staining conditions were generalizable to other tetramers, we tested these
conditions in influenza infected mice. In this experiment, NP366 and NP311 were used to identify
flu-specific T cells. A full list of antibodies used in this experiment found in Table 5. Based on
previous studies (246, 247), the condition for MHC-I tetramer NP366 binding on CD8 T cells was
performed on 4°C for 30 minutes (Appendix Fig 12). To find the best staining condition for MHC-
Il tetramer NP311, we tested different staining conditions (248-252). We found the highest number
of NP311* CD8* T cells with the lowest amount of background when staining at 37°C for 1h
(Appendix Fig 13). There was minimal background staining using an irrelevant Class | tetramer
at either 4°C for 30 min or 37°C for 1 hr (Fig 5-2A). Similarly, minimal background staining was
found with Class Il irrelevant staining or FMO staining at 37°C for 1 hr (Fig 5-2A). Class | tetramer
frequency was slightly diminished when stained sequentially either before or after Class Il (Fig 5-
2C-2D). Class Il staining remained unchanged with either condition (Fig 5-2C-2D). Class | and |1
tetramers were stained together at 37°C for 1 hr resulted in optimal tetramer frequencies (Fig 5-
2E) most similar to Class I and Il tetramer staining alone (Fig 5-2A). Taken together, these results
suggest that MHC-1 and MHC-II tetramer can be stained at the same time under the specific
conditions required for MHC-I1 tetramer staining. This staining condition does not affect MHC-I

tetramer staining.
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Figure 5-2. Optimal tetramer co-staining conditions confirmed using influenza tetramers.
Top panels show CD8* tetramer™ T cells (Class I) while bottom panels show CD4" tetramer* (Class I1) T cells. (A)
Irrelevant Class I, Class I, and Class Il FMO staining at 4°C for 30min or 37°C for 1hr. (B) Class I and Il only at 4°C
for 30min or 37°C for 1hr, respectively. (C) Class I staining at 4°C for 30min, followed by a washing step, then Class
Il staining at 37°C for 1lhr. (D) Class Il staining at 37°C for 1hr, wash cells, then Class | staining at 4°C for 30min.

(E) Class | and Il tetramer staining together at 37°C for 3hrs.

5.3.3 Tetramer co-staining conditions can be used in multispectral flow panel.

Now that we had established optimal staining conditions for Class | and Il tetramers that are
generalizable across multiple respiratory viral pathogens, we next wanted to test these conditions
using our 19-color multispectral flow panel (Table 6). Using this panel, live, lymphocyte, single
cells CD44* CD3* CD19 (Fig 5-3A) can be isolated by CD8* tetramer* T cells (Fig 5-3B) and
CD4" tetramer® T cells (Fig 5-3C). Lineage specific CD4* T cells can also be identified by

expression of canonical transcription factors T-bet, GATA-3, Foxp3, Roryt (Fig 5-3D). In addition,
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CD8* memory T cell subsets can also be identified using CD69 and CD103 staining (Fig 5-3E).
Lastly, an integral part of respiratory viral infection is assessing tetramer* T cell impairment (46,
52, 61, 62). This can, in part, be evaluated by looking at inhibitory receptor (i.e. PD-1, TIM-3,
LAG-3, 2B4) expression on tetramer™ T cells (Fig 5-3F). Overall, combining this co-staining
protocol with our multispectral panel introduces a powerful modality in immunology research
which provides a comprehensive look at the immune landscape of both CD8* and CD4* virus-

specific T cells within the same mouse.
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Figure 5-3. Gating strategy for Aurora Cytek multispectral flow panel with tetramer co-staining.
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(A) Gating strategy to isolate live, single cell lymphocytes that are CD44* CD3*CD19. (B & C) Class | and Class Il
tetramer staining, respectively. (D) CD4* T cell lineage specific transcription factors: T-bet, GATA3, Foxp3, and Ror .
(E) CD8* T cell memory markers, CD69 and CD103 staining. (F) Inhibitory receptor expression off of CD8" tetramer*

T cells including PD-1, Tim-3, LAG-3, and 2B4.

5.4 Discussion

An integral part of studying the cellular immune response to viral pathogens involves assessing
the epitope specific T cell repertoire. Both CD4*and CD8* T lymphocytes are involved and often
have a coordinated response to viral clearance and the immune response (51). The interplay
between CD4*and CD8* T cells has also been observed in cancer models and controlling tumor

growth (253).

Respiratory viruses such as human metapneumovirus (HMPV), respiratory syncytial virus (RSV),
influenza, and SARS-CoV?2 are leading causes of morbidity and mortality in children less than 5
years old, adults over 65 years old, and the immunocompromised (1, 181). Considering the public
health burden of respiratory viruses, it is imperative to elucidate the CD4* and CD8" T cell

coordinated immune response to optimize treatments and vaccine strategies.

Here, we establish a method for co-staining class I and 1l tetramers in two different respiratory
viral models — HMPV and influenza. We have developed a 19-color multispectral flow cytometry
panel which identifies CD4* and CD8* antigen-specific T cells as well as lineage specific

transcription factors (i.e. T-bet, GATA3, Foxp3, etc) and memory markers. This panel and co-
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staining protocol collectively provides a comprehensive landscape of the T cell immune response
within the same mouse. Other studies, such as (254), have developed multispectral flow panels to
assess multiple CD4*and CD8* T cell subsets, but they have not also identified virus-specific CD4*

and CD8* T cells within the same panel, underscoring a unique aspect of this study.

Furthermore, we have validated that the Class | and Class Il tetramer staining is specific to CD8*
and CD4* T cells, respectively. There was an absence of any non-specific binding of Class I
tetramer on CD4* T cells or Class Il tetramer on CD8* T cells (Fig 5-1 & 5-2). This emphasizes
that our staining protocol is specific towards Class | and Class 11 tetramer-specific T cells without
any cross-reactivity. There was some additional background in the Class Il irrelevant tetramer
staining under 37°C for 3 hrs (Fig 5-1). Considering that this background staining was absent in
Class Il irrelevant tetramer at 37°C for 1 hr (Fig 5-2), we hypothesize that the extended incubation
time to 3 hrs contributed to the background staining. In future HMPV studies, we may consider

shortening the incubation time to avoid this issue.

One constraint of this protocol is the inability to perform Class I/11 tetramer staining and ex vivo
peptide stimulation intracellular staining in the same panel. Our lab has previously shown that
tetramer staining frequency decreases significantly when tetramer and ex vivo peptide stimulation
are performed in the same panel (46, 52) as tetramer begins to lose its affinity for peptide on the
surface of T lymphocytes during the ex vivo peptide stimulation. In our approach we separate
aliquots of cells for tetramer co-staining and ex vivo peptide stimulation to assess functional
cytokine production. In this way, we can determine the functionality of the tetramer* CD4* or CD8*

T cells by dividing the percent positive for a cytokine (i.e. IFNy) by the tetramer frequency.
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Therefore, our approach still enables us to analyze both the tetramer response and functionality of

CD4*and CD8* T cells from the same mouse in a single experiment.

Additionally, our staining protocol and panel does not include myeloid lineage cells or B cells. We
have previously shown that interferon gamma (IFNy) signaling and dendritic cells play integral
roles in the innate immune response to HMPV (43). Others have reported that re-infections of RSV
and HMPV can still occur despite a high neutralizing titer, indicating that the humoral immune
response is not always sufficient to protect against re-infection (193). Furthermore, our lab has
shown that HMPV viral clearance and establishment of immune memory are dictated by the cell-
mediated adaptive immune response (46, 52, 61, 62). Based on these findings, we developed this
protocol and multispectral panel focused on T lymphocytes and the adaptive immune response due

to their predominant effect on the immune response to HMPV.

This tetramer co-staining protocol has only been tested and validated in C57BL/6 mice. So another
drawback of this study is these conditions may not be suitable for mice with a genetic background
other than C57BL/6. A possible future direction to make this protocol even more widely applicable
would be to develop a multispectral panel, generate tetramers specific to the MHC repertoire, and

test co-staining conditions on other mice, such as BALB/c.

Taken together, this Class /11 tetramer co-staining protocol is generalizable to at least two different
respiratory viruses, has no cross-reactivity between the two tetramers, and provides a
comprehensive immune landscape of key surface and transcription markers canonical to CD4* and

CD8* T cells through this multispectral panel. Future directions will apply this co-staining protocol
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and multispectral panel using HMPV and influenza mouse models to elucidate key lymphocyte

populations driving the immune response and vaccine candidate effectiveness.

144



6.0 C1qg and CD8* T cell function

6.1 Introduction: C1g Complement Protein

The three complement pathways — classical, lectin, and alternative — have numerous critical roles
in both innate and adaptive immunity. The primary functions of these pathways are to recognize
and opsonize pathogens and cells, trigger enzymatic cascades for clearance of microbes and
infected or apoptotic cells, and activate inflammatory cascades that recruit immune cells (255).
Recent studies have implicated the initiating component of the classical pathway — Clg — as
serving dual roles in both the complement system and in regulating CD8* T cell function (256-

250).

The C1 complex is composed of three C1q subunits, C1ga, C1gb, C1lqc. To form the C1 complex,
the three C1q subunits assemble via disulfide bonds (Fig 6-1A & B) and form the C1q helical
polypeptide structure (Fig 6-1C) (255). The C1q polypeptide associates with two subunits each of
Clrand Cl1s (i.e. C1r2C1s) to form the functional C1 complex (Fig 6-1D) (255). The majority of
complement proteins are produced by the liver (260) with the exception of C1q, which is produced
mostly by macrophages (261). Bone marrow (BM) transplant of wild-type BM into a C1q” mouse
leads to normal serum levels of C1q, indicating that C1q production is primarily myeloid derived

(261).

The C1 complex and the complement classical pathway comprise an integral part of innate host-

defense against pathogens (255). The C1 complex binds to antigens displayed on infected or
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apoptotic cells as well as pathogen associated molecular patterns (PAMPS) (260). After binding,
the C1r and C1s enzymes are activated and cleave the C4 and C2 proteins (260). The product of
cleaving these proteins forms the C3 convertase enzyme (260). The formation of C3 convertase
initiates the downstream cascade of protein cleaving to form a membrane attack complex and

protein fragments that opsonize additional pathogens and infected cells (Fig 6-2) (260).
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Figure 6-1. C1q complex structure
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Figure 6-2. Classical complement pathway

Another well-defined role for the C1 complex is protection against autoimmune diseases.
Individuals deficient in C1q have a strong risk for developing systemic lupus erythematosus (SLE)
and rheumatoid arthritis (RA) (262). The C1 complex does not just remove pathogens, but also
apoptotic cells (262). When C1q is absent and the C1 complex cannot form, cells undergoing
apoptosis accumulate (262). Dying cells undergo lysis and their intracellular contents are exposed.
This initiates an immune response that recognizes the released intracellular antigens as “non-self”,
thus perpetuating the development of autoimmune diseases (262). Low or absent levels of C1q can
also cause hereditary angioedema (HAE) (263). Specifically, HAE is caused by genetic defects in
the C1 esterase inhibitor (C-Inh) which results in the uncontrolled production of bradykinin (263).
This can have life-threatening consequences, as patients with HAE can suffer from angioedema
attacks which target the upper airway, face, and abdomen (263). In addition, idiopathic
nonhistaminergic acquired angioedema (AAE) is a condition with spontaneous episodes of
urticaria in which the patient has normal C1q esterase inhibitor levels but low C1q levels with anti-

C1q antibodies present (264, 265).

Most importantly for the context of this discussion is the role of C1q role in regulating T cell

function. Previous studies in cancer and autoimmunity have found a unique population of produce
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Cl1g-producing inflammatory monocytes, which play a distinct role in disease pathogenesis

separate from the complement pathway (256-259).

There are several potential mechanisms by which complement can act on CD8* T cells. First, the
enzymatic cleavage of products followed by the convergence of the classical complement pathway
on C3 and membrane attack complex formation leads to multiple extracellular signals capable of
influencing CD8* T cell responses. C1qg can also directly interact with cells through membrane
bound receptors, such as high molecular weight kininogen (HK), Factor XII (Hageman factor),
fibrinogen, thrombin, calreticulin, and multimeric vitronectin (266, 267). Calreticulin in particular
is most abundantly expressed on dying cells, facilitating the clearance of apoptotic debris as
described above. C1Q binding protein, aka gC1gR, is a membrane-bound protein that binds
specifically to the globular heads of a fully assembled C1q and became a large focus of this study.
During viral infection gC1gR is upregulated on rapidly dividing cells (268). Complete knockdown
of gC1gR was incompatible with T cell survival (269). A partial gC1gR knockdown in CAR-T
cells exacerbated exhaustion of tumor-infiltrating T lymphocytes (TILs) and impaired the anti-

apoptotic capacity of T cells in cancer models (269).

In this study, we identify a novel role for Clg-producing inflammatory monocytes during
respiratory viral infection. In a murine model of HMPV, C1q was required for optimal CD8* T cell
effector function, which express the complement receptor gClgR. In human samples, the

C1g/gC1gR axis was present on CD8* T cells following severe respiratory viral infection.
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6.2 Monocyte and macrophage production of C1q potentiates CD8* T cell effector function

following respiratory viral infection
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6.3 Summary

Respiratory viral infections remain a leading cause of morbidity and mortality. Using a murine
model of human metapneumovirus (HMPV), we identified lung recruitment of a C1g-producing
inflammatory monocyte population concomitant with viral clearance by adaptive immune cells.
Genetic ablation of C1q led to reduced CD8* T cell function. Production of C1q by a myeloid
lineage was sufficient to enhance CD8" T cell function. Activated and dividing CD8" T cells
expressed a C1q receptor, gC1gR. Perturbation of gC1gR signaling led to altered CD8* T cell IFN-
y production, metabolic capacity, and cell division. Autopsy specimens from fatal respiratory viral
infections in children demonstrated diffuse production of Clg by an interstitial population.
Humans with severe COVID-19 infection also demonstrated upregulation of gC1gR on activated
and rapidly dividing CD8* T cells. Collectively, these studies implicate C1q production from

monocytes as a critical regulator of CD8* T cell function following respiratory viral infection.

6.4 Materials & Methods

6.4.1 Experimental model and study participant details

Mice and virus stocks

C57BL/6 (strain 664), 6(Cg)-C1lgatmdEUCOMMWi/Tenn] (strain 31675, referred to as Clga™),
B6.12954-C3™1C//] (strain 29661, referred to as C377), Ragl+ (strain 2216) and B6.SJL-Ptprc?
Pepc®/BoyJ (strain 2014, referred to as CDA45.1) mice were purchased from the Jackson

Laboratory. Six-to-eight-week old mice were anesthetized with 3% isoflurane and infected with
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2.0x10° PFU of HMPV strain TN/94-49 (genotype A2) in 100 pL sterile PBS. HMPV was grown
in LLC-MK2 cells and purified as previously described (160). Mice were treated with a mock-
infected LLC-MK2 lysate as a negative control. In select experiments, mice were infected with
1.0x10° PFU of clinical isolate C2-202 (genotype B1) (freeze/thawed a maximum of three times)
(20). Clinical scoring was performed with 1 point added for each of the following variables:
hunched, ruffled fur, rapid breathing, decreased activity. All animals were handled according to

protocols approved by the University of Pittsburgh Institutional Animal Care and Use Committee.

Human lung tissue staining

Lung samples from children who died from respiratory viral infections (autopsy cases) were
selected on retrospective review of specimens from the Department of Pathology, UPMC
Children’s Hospital of Pittsburgh. Normal lung tissues resected as perilesional lung in patients
with pleural blebs were used as normal control. Use of cadaveric and normal control tissue was
approved by the University of Pittsburgh Committee for Oversight of Research and Clinical

Training Involving Decedents (CORID).

6.4.2 Single cell RNA sequencing

The lungs were removed from HMPV-infected or mock-infected mice on day 7 post-infection.
The lungs were then minced via scissors, digested with DNAse/collagenase at 37°C for 1 hour,
passed through a 70um strainer, and treated with RBC lysis buffer (ACK, Gibco, Cat:A1049210)
to generate a single cell suspension. Cells were then stained with cell hashing antibody from

Biolegend following the CITE-seq protocol (https://cite-seg.com/protocols,

Cell_hashing_protocol_190213). After the final wash, cells were passed through a 40 uM cell
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strainer and enumerated by Cellometer2000 before loading onto 10x Chromium controller for cell
capture using 5’ V2 kits. Libraries for gene expression and hash tag oligos were constructed
following protocols from 10x Genomics and the New York Genome Center. Final libraries were
QCed by Agilent TapeStation then sequenced on an Illumina Novaseq 6000 targeting 50,000 reads
per cells. Sequencing data were processed with Cellranger 7.0 before downstream analysis using

Seurat.

6.4.3 Single Cell RNA-Seq data processing

Single cell RNA sequencing analysis was performed using Seurat 4.0 with R (version 4.1.1). QC
metrics included nFeature_ RNA>200, nFeature_ RNA<5000, and percent.mt<20 followed by
normalization. Samples were then demultiplexed by hash-tag-oligos (HTOs) and doublets
identified by HTOs were removed before downstream analysis. QC metrics were assessed for each
HTO after demultiplexing (Appendix Fig 28) and analysis was continued with QC cutoffs above.
Poor-quality droplets were excluded from subsequent analysis if a deficient number of genes or
high percentage of mitochondrial genes were detected. Quality control of the QC cutoffs was
performed on RNA (Appendix Fig 29). For human single-cell RNA sequencing analysis, the

following publicly available dataset was mined: GSE145926 (270).

6.4.4 Clq ELISA

Bronchoalveolar lavage fluid was obtained by cannulating the trachea of a euthanized animal and

insufflating the lungs with PBS as previously described (213). Quantification of C1lq on lung
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homogenate and bronchoalveolar lavage fluid (BAL) was performed via ELISA following

manufacturer’s instructions (Abcam, cat# 291069).

6.4.5 Viral burden titration

Viral titers were measured via plaque titration as described previously (160, 161). Briefly, lung
homogenates were serially diluted 1:10 in Opti-MEM media containing 1:2000 trypsin and
adsorbed to a monolayer of LLC-MK2 cells in a 24-well tissue culture dish for one hour at room
temperature. Methylcellulose-containing overlay media with 1:500 trypsin was added, followed
by a five-day incubation at 37°C. Plates were then fixed with formalin, blocked with PBST
containing 5% nonfat dried milk, stained using 1:1000 guinea pig anti-HMPV primary antibody
and 1:1000 anti-guinea pig-HRP secondary antibody, and developed using TrueBlue™ substrate

(KPL, Cat #5510-0050).

6.4.6 Histology

Following dissection and isolation, the lower half of the left lung lobe was insufflated with 10%
formalin, embedded in paraffin, sectioned, and stained with H&E. Histologic scoring was

performed by a pathologist in a blinded fashion.

6.4.7 Flow cytometry/ImageStream

Following generation of a single cell suspension from lung as above, cells were then plated for ex

vivo peptide stimulation or tetramer staining in parallel, as described previously (46). Full gating
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strategies can be found in prior publication (214). For peptide stimulation, cells were stimulated
with 10 uM N11 peptide or irrelevant control peptide in the presence of BFA/monensin and
CD107-PE antibody for 5 hours at 37°C. Cells were then stained with live/dead violet (1:1000 in
PBS, Invitrogen, Cat:L34964A), washed x2 in FACS, treated with Fc blockade (1:100 in FACS
buffer, Tonbo™, Cat:70-0161-M001), and stained for surface markers for 45 mins at 4°C (1.5uL
antibody/sample in BD Horizon™ Buffer, cat:566349, Table 7). Cells were then fixed with
FOXP3 fix/permeabilization buffer for 20 minutes (Invitrogen, Cat:50-112-8857), washed x1 in
permeabilization buffer, and stained for intracellular markers for 30 minutes at 4°C(4.5uL
antibody/sample in 1:1 mixture of BD buffer and fix/perm buffer, Table 7). Cells were
resuspended in FACS buffer. For tetramer staining, cells were incubated for 30mins at RT in FACS
buffer containing 1:2000 100mg dasatinib, followed by 1:100 N11 class I tetramer or an irrelevant
tetramer for 90 minutes at RT in the dark. After live/dead, Fc block, and surface staining as above,
cells were fixed for 18 hours with FOXP3 fix/permeabilization buffer. Cells were then washed in
fix/perm buffer x2 and resuspended in FACS buffer. Cells were then stained for transcription
factors (2.5uL antibody/sample in 1:1 mixture of BD buffer and fix/perm buffer, Table 7).
Following two washes, the cells were resuspended in FACS buffer with 100uL of Biolegend
Counting Beads. Fluorescence minus one (FMO) controls were used for all inhibitory receptor and
transcription factor gating. For macrophage staining, cells were stained for live/dead, Fc blockade,
and surface markers as above (Table 7). Cells were then fixed in FOXP3 fix/perm buffer for 40
minutes, stained with 1.5ul anti-C1g-FITC for 1 hour at 4°C, washed, and subsequently
resuspended in FACS buffer. For all conditions, samples were strained through nylon filters and
run on a Cytek® Aurora multispectral flow cytometer. Unstained cells from each experiment were

generated using 2% PFA and used to minimize autofluorescence. Data analysis was performed
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with Flowjo(v10.8.1). For ImageStream visualization, the same flow cytometry protocol was used
as described above with the exception that CD68-APC-Cy7, CD3-BV605, and Cl1g-PE
concentrations were doubled to account for compensation on the ImageStream® software.

ImageStream® data analysis was performed on IDEAS® Image Analysis Software.

Table 7. Key resources table for C1q studies

Adaptive panels Fluorochrome | Host Catalog Clone
CD19 BV785 rat 115543 6D5
CD3e BUV395 hamster 565992 145-2C11
CD4 AF700 rat 100536 RM4-5
CD8a AF532 rat 58-0081-80 53-6.7
CD44 APC-Cy7 rat 560568 IM7
CD62L BUV563 rat 741230 MEL-14
Tetramer plate
Foxp3 PerCP-Cy5.5 rat 45-4773-82 FIK-16s
T-bet PE mouse 644809 4B10
GATA-3 BV711 mouse 565449 L50-823
Roryt AF647 mouse 562682 Q31-378
PD-1 PE-Cy7 rat 109110 RMP1-30
TIM-3 BV605 rat 119721 RMT3-23
LAG-3 BUV805 rat 748540 C9B7W
2B4 BUV737 rat 749155 Ca.l
HMPV N11 Class | tetramer APC -- -- --

156



Influenza NP366 Class | APC -- -- -
tetramer
Peptide stimulation plate
Perforin FITC rat 11-9392-82 | eBioOMAK-D
GzmB PE-Cy5.5 rat 35-8898-80 NGZB
TNF BUV661 rat 750025 MIH44
IFNy BV650 rat 505831 XMGL1.2
CD107a (LAMP1) PE rat 121611 1D4B
Monocyte panel Fluorochrome | Host Catalog Clone
CD45.2 BUV496 mouse 741092 uv7
Ly-6G APC-Cy7 rat 127624 1A8
Ly-6C AF700 rat 128024 Hk1.4
CDo4 BV711 mouse 139311 X54-5/7.1
CD103 BV785 rat 121439 10F.9G2
CD11b APC rat 101211 MI/70
CD11c BUV805 hamster 749090 HL3
F4/80 BVv421 rat 123131 BMS8
SiglecF (CD170) AF647 rat 155519 S17007L
CD68 PE-Cy7 rat 137015 FA-11
Clq FITC mouse | MA1-403131 JL-1
ImageStream panel Fluorochrome | Host Catalog Clone
Clq PE rat 569965 RmC7HS8
SiglecF (CD170) PE-Cy7 rat 155527 155519
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CD8a BV510 rat 100751 53-6.7
CD3e BV605 hamster 100351 145-2C11
CD68 APC-Cy7 rat 137023 FA-11
Immunofluorescence staining | Fluorochrome | Host Catalog Clone
reagents
Anti-C1q antibody Unconjugated rat HM1044 7TH8
(diluted 1:1000)
Anti-CD68 antibody Unconjugated rabbit PA5-78996 --
(diluted 1:1000)
Donkey anti-rat 19G AF488 donkey A-21208 --
(diluted 1:1000)
Donkey anti-rabbit IgG AF594 donkey R37119 --

(2 drops/1mL)

6.4.8 Immunofluorescent staining

Mice were infected as above and lung tissue was removed and insufflated with 4%
paraformaldehyde and incubated at 4°C for 2 hours. Specimens were washed three times with PBS
(10 mins/wash), then transferred to a 15% sucrose solution until tissue sank. Specimens were
moved until 30% sucrose solution. Lungs were then embedded in OCT, frozen, and cryosectioned.
Tissue was then fixed to the slide with 4% paraformaldehyde, blocked with 1% bovine serum

albumin in PBS, and stained (Table 7) per prior protocol (271). Cells were mounted with DAPI-

containing mounting media and imaged using a Leica Stellaris 5 confocal microscope (272).
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6.4.9 Bone marrow transplantation and adoptive transfer models

For bone marrow transplantation, CD45.1 or Clga-- recipients were irradiated with two doses of
5.5 Gy 5 hours apart (MultiRad 350, Precision X-Ray Irradiation). Twenty-four hours later, bone
marrow from either CD45.2 B6 or C1ga’ mice was isolated by flushing the femur/tibia with D-10
media. Irradiated mice then received 2.0x108 cells in 200uL sterile PBS via tail vein injection.
Following a 6-week engraftment period, mice were infected with HMPV and analyzed for CD8
function as above. For adoptive transfer, CD19* cells, CD8* T cells, and CD4* T cells were purified
from donor lymph nodes/spleen via magnetic separation. Briefly, CD45.1 B6, CD45.2 B6 or Clga
"~lymph nodes and spleens were processed sequentially through 70um and 40um filters. For CD4*
and CD8* negative selection, cells were incubated for 5 minutes with selection antibody cocktail
(Miltenyi Biotec, cat # 130-104-454, 130-104-075) followed by a 10 minute incubation with anti-
biotin magnetic beads (cat# 130-090-485). CD19* cells were isolated via positive selection by
incubating cells with anti-CD19 biotin conjugated antibody (Invitrogen cat # 13-0193-82),
followed by incubation with anti-biotin beads. Labeled cells were then applied to primed LS
columns (Miltenyi Biotec cat # 130-042-401) and collected following two washes. Cells were then
washed with PBS and counted on a BD Accuri™ cytometer. A mixture of 2.0x10°B6 CD19*,
2.0x108 B6 CD4-+, and a 1:1 mixture CD45.1:C1lga’ of 2.0x106 total CD8* T cells was then
administered to Rag1” recipients via tail vein injection. Following a 3-week reconstitution period,

mice were then infected with HMPV and analyzed as above.
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6.4.10 Monocyte-T cell Co-Culture

B6 or Clga’ mice were infected with 1x108 PFU/100uL TN/94-49 HMPV. On day 7 p.i., mice
were euthanized and both right and left lungs were harvested. Lungs were enzymatically digested,
run through 70um and 40pm filters, and treated with ACK lysis buffer, as described above. The
single cell suspension was incubated with CD11b positive selection beads (Miltenyi Biotec cat#
130-126-725) for 10min and run through primed LS columns (Miltenyi Biotec cat # 130-042-401)
as described above. The unlabeled cells in the flow-through were incubated with CD8 negative
selection beads (Miltenyi Biotec cat# 130-104-075) as described above. The CD11b and CD8
selected cells were washed with PBS and counted on a BD Accuri™ cytometer. 0.2x10° CD11b
selected cells and 0.2x10° CD8 selected cells were resuspended in complete RPMI with 1:1000
10U of recombinant IL-2 (Cat# 200-02) and plated in a 48-well flat bottom plate. 200 uM N11,
M94, and F528 HMPV peptides were diluted 1:10 in complete RPMI and added to each co-culture
condition. In select wells, 10ug anti-gC1gR (clone 74.5.2, Santa Cruz cat# sc-23884-L), 10 ug of
recombinant C1g (M099, ComplementTech), or both were added. Plate was incubated at 37°C for
48 hrs. After incubation, cells were harvested from supernatant and from the well surface via 5
mM EDTA+PBS for 30 min on ice. Once isolated, cells were spun down, washed with 200uL

PBS, and proceeded with flow cytometry staining.

6.4.11 IFN-y ELISpot

Following generation of a single cell suspension from lung, 50,000 cells were plated per well in
triplicate on an IFN-y ELISpot plate (R&D systems, cat# EL485), with 10uM of irrelevant (LCMV

gp66-77 peptide) or a MHC class | restricted immunodominant HMPV epitope (N11). Antibody
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blockade was performed with 10 pg/mL anti-gC1gR (clone 74.5.2, Santa Cruz cat# sc-23884-L)
or anti-PD-L1 (clone 10F.9G2, BioXcell cat# BE0101). The plate was incubated for 48 hours at

37°C and developed per manufacturer’s instructions.

6.4.12 gC1gR blockade in vivo

On days 5 and 6 post-infection, 50 pg of anti-gC1qR or isotype control antibody was administered
to anesthetized mice via the oropharyngeal route. Equal volume PBS was used as control. CD8

endpoints were assessed as above.

6.4.13 Metabolic profiling

A single lung cell suspension was generated as above, followed by further enrichment of CD8* T
cells by magnetic bead separation (Miltenyi Biotec, cat# 130-104-075) per manufacturer’s
instructions. CD8* T cells were then counted using a BD Accuritm cytometer and plated with
200,000 cells/well with 10 pg/mL anti-gC1lgR. Metabolic status was assessed using Agilent
Seahorse XF Cell Mito Stress Test Kit (cat# 103010-100) per manufacturer’s instructions on the

Agilent Seahorse XFe96 analyzer.

6.4.14 Quantification and Statistical Analysis

All data displayed as mean +SEM. Analyses with two groups were analyzed using unpaired
student’s t tests, while analyses with three or more groups were analyzed using a one-way ANOVA

test with Tukey’s multiple comparisons. Analyses with two time points (e.g., day 1 and day 7)
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were analyzed using a two-way ANOVA with Holm-Sidak multiple comparisons. Significance
was defined as p<0.05 for all analyses. All statistical analyses for mouse experiments were
performed using GraphPad Prism (v.9.3.0). For single cell RNA sequencing analysis, differential
gene expression by assessing log2FC with an adjusted p-value of <0.05 using non-parametric
Wilcoxon rank sum test with Bonferroni correction for multiple comparisons. Permutation tests
were used for assessing differences in cell abundance and have been included as supplemental
figures. Global differential gene assessment was performed via pseudobulk analysis between mock
vs. HMPV infected animals. All single cell analysis was performed using the Seurat pipeline in R

studio.

6.5 Results

6.5.1 C1q is produced by an inflammatory macrophage population in the lungs of mice

infected with human metapneumovirus.

Single cell RNA sequencing using the 10x Genomics platform was performed on lung tissue from
mock-infected vs HMPV-infected mice on day seven post-infection, by which time at viral burden
is rapidly cleared due to adaptive immunity. An average of 5,730 cells were captured/sequenced
per sample, with an average of 24,964 reads per cell. Using clustering analysis, nine unique cellular
populations were identified: T cells, B cells, inflammatory monocytes, endothelial cells,
monocytes, fibroblasts, macrophages, NK cells, and neutrophils (Fig 6-3A). These clusters were
manually annotated based on expression of canonical markers (Fig 6-3B). Notably, the

inflammatory monocyte population shared expression of several genes associated with monocytes,
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but were differentiated by expression of C1ga, C1gb, and C1qc (Fig 6-3A-B). These clusters were
then visualized via UMAP non-linear dimensional reduction, with cells from every cluster
observed in both mock and HMPV-infected animals (Fig 6-3C). However, HMPV-infected mice
had a statistically significant expansion of the T cell and inflammatory monocyte compartments

compared to mock infected animals (Fig 6-3D, Appendix Fig 18A).

For the T cell compartment, this expansion was partially comprised of CD8* cells that expressed
granzyme B (Gzmb), PD-1 (Pdcdl) and IFNy (Ifng) (Appendix Fig 18B-C), consistent with prior
reports (46, 62). As PD-1 is prominently upregulated in this model, we next sought to characterize
signaling pathways and downstream targets in an unbiased manner using NicheNet (273). This
predictive package identified eighteen prioritized ligands, including PD-L1 (i.e., Cd274), the
ligand for PD-1 (Appendix Fig 18D). Further corroborating prior studies, PD-L1 was predicted to
regulate several target genes, including Ifng (Appendix Fig 18D). These data demonstrate that the
single cell RNA sequencing methodology and subsequent unbiased pathway analysis adequately
captured biologic processes consistent with our prior work, validating use of this dataset for
discovery purposes. As described above, the inflammatory monocyte (iMono) population was
noted to have marked expression of Clga, Clgb, and Clqc (Fig 6-3E) not observed in other
populations. Using differential expression analysis, Clga, C1lgb, and Clqc were significantly
upregulated in iMonos compared to Monos/Macs. As an alternative statistical approach, global
differential gene expression was also calculated between HMPV-infected animals and mock-
infected animals. In this analysis, C1qga, C1gb, and C1qc were significantly upregulated in HMPV -

infected lungs (p<1x10-°).
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Given the interesting expansion of both C1q* inflammatory monocytes and T cells, we next sought
to analyze cell-to-cell communication with an emphasis on these two populations. To model this,
we used CellChat, a package that quantitatively infers connections and signaling pathways
between scRNAseq cell clusters (274). HMPV-infected animals had an increased number of
interactions as well as increased interaction strength (Fig 6-3F). CellChat pathway analysis also
revealed a strong complement signature in HMPV-infected animals (Fig 6-3G). In the HMPV-
infected lung, inflammatory monocytes were the largest contributors of outgoing signals by
number, followed closely by macrophages and fibroblasts (Appendix Fig 19A-B). As for
receiving signals, T cells had the most incoming signals from inflammatory monocytes.
Inflammatory monocytes had several methods of communicating to T cells when analyzed at a
ligand:receptor level, including through chemotactic mechanisms (Appendix Fig 19C).
Collectively, these single cell RNA sequencing data demonstrate that HMPV-infected mice have
evidence of a C1g-producing inflammatory monocyte population and expansion of CD8" effector

T cells, with predicted cell-to-cell communication occurring between the two cell types.
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Figure 6-3. Identification of a C1q signature on day 7 after HMPV infection.
(A) Heat map demonstrating clustering of 9 different cell populations after single cell RNA sequencing. (B) Dotplot
with expression of marker genes used for manual annotation for individual clusters. (C) Uniform Manifold
Approximation and Projection (UMAP) representation of cell populations in mock infected vs. HMPV -infected
animals demonstrating an increased inflammatory monocyte (iMono) and T cell population post-infection. (D) Percent
abundance of cell populations by cluster in both mock and HMPV infected animals. (E) Feature plot of C1ga, C1lqb,
and Clgc shown as UMAPs, demonstrating production in iMonos. (F) CellChat analysis showing number of inferred
interactions (top) and interaction strength (bottom) in mock and HMPV infected animals. (G) Pathway analysis of
information flow using CellChat. Single cell RNA sequencing was performed as single replicate with two mice in

each group.
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To validate these single cell RNA sequencing findings, we next assessed C1q production at the
protein level. C1lg was upregulated in bronchoalveolar lavage fluid over the course of HMPV
infection, peaking at day seven post-infection (Fig 6-4A). Additionally, using validated surface
markers for various monocyte/macrophage populations, we next identified the inflammatory
monocyte population via flow cytometry (Fig 6-4B, Appendix Fig 20A-B). The number of
iMonos was significantly increased in HMPV-infected mice at day seven post-infection (Fig 6-
4B, Appendix Fig 20C). Similarly, there was a significant increase in Clg-expressing
inflammatory monocytes at day seven post-infection (Fig. 6-4B, Appendix Fig 20D). Clq
production was not seen in other myeloid cells, such as neutrophils (Appendix Fig 20E).
Additionally, if staining for C1q was performed prior to permeabilization, the signal in the
inflammatory monocyte population was absent, suggesting that the C1q detected was intracellular
(Appendix Fig 20F). To further assess production of C1q, we used ImageStream imaging flow
cytometry technology to capture high-resolution images of individual cells from the single cell
suspensions of either mock and HMPV-infected mice. Inflammatory monocytes from HMPV-
infected mice had a robust C1q intracellular signal (Fig. 6-4C, top), and Clq staining was not
observed in CD3*CD8* T cells (Fig. 6-4C, bottom). Minimal C1q production was noted in mock
infected animals in either cell type (Fig. 6-4C). Further assessing co-localization,
immunofluorescent staining on fixed lung specimens demonstrated C1q and CD68 overlap in the
B6 HMPV specimen, but not B6 mock or C1q deficient mice (Fig. 6-4D, Appendix Fig 21).
Collectively, these data demonstrate that HMPV-infected animals have a robust C1g-producing
inflammatory monocyte population in the latter stages of infection, coincident with adaptive

immunity.
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Figure 6-4. Validation of C1q production by inflammatory monocytes in HMPV infection.
(A) Clq protein quantity in bronchoalveolar lavage (BAL) specimens from mock or HMPYV infected animals
at various time points. * p<0.05, ** p<0.01 by two-way ANOVA with multiple comparisons, n=1-3 for mock
groups, n=4-12 for infected groups. (B) Enumeration of inflammatory monocytes (left) and C1g-producing
inflammatory monocytes (right) by flow cytometry isolated from the lung at day 7 post-infection. ** p<0.01
by two-way ANOVA with multiple comparisons, n=3/group, representative of single replicate. (C)
ImageStream analysis of C1q production in inflammatory monocytes (top) vs. CD8 T cells (bottom). (D)
Immunofluorescent staining of C1g, CD68, and DAPI showing co-localization of C1q with CD68 in the B6

HMPV infected group alone (white arrow heads). Scale bars represent 10 pm.
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6.5.2 C1q is required for optimal CD8 effector function.

We next assessed CD8* T cell responses in the absence of C1q using 6(Cg)ClgamidEUCOMM)Wis
[Tennd (referred to as Clga’) mice following infection with HMPV (TN/94-49), a well-
characterized strain of the virus that causes mild disease in adult B6 mice (46). Lack of Clq
induction was confirmed in C1ga” mice via ELISA (Appendix Fig 22A). There was no difference
in weight loss or viral titer between C1ga’ and B6 mice (Appendix Fig 22B-C). At day seven
post-infection, there was also no difference in the frequency or absolute number of epitope-specific
CD8* T cells recognizing the immunodominant HMPV epitope Nui1s (Fig 6-5A). Similarly,
inhibitory receptors (i.e. PD-1, Tim-3, LAG-3, and 2B4), activation markers (CD44, CD62L), and
transcription factors (i.e. T-bet, Gata3, Foxp3, Eomes, Tox, and Tcfl) on virus-specific CD8+ T
cells were unchanged between the two groups (Appendix Fig 22D-F). B6 and Clga’ mice
displayed similar extents of immunopathology following TN/94-49 infection. (Appendix Fig
22G-H). However, CD8* T cells from Clga’ mice exhibited a striking decrease in function,
producing significantly less granzyme B, IL-2, and IFNy (Fig 6-5B). Combinatorial analysis
assessing CD107a, IFNy, granzyme B, IL-2, and perforin production revealed that Clga’ CD8* T
cells were less polyfunctional compared to CD8* T cells from B6 mice (Fig 6-5C). To determine
the effects of C1q signaling to CD8* T cells during severe HMPV infection, we used a clinical
isolate of HMPV, C-202, known to cause severe disease in young adult mice (manuscript
submitted). C1ga”’ mice were able to clear the virus, but lost significantly more weight (Appendix
Fig 23A) and had higher clinical scores compared to B6 mice (Appendix Fig 23B). Clga™ mice
also had enhanced histopathology following C-202 infection when compared to B6 mice
(Appendix Fig 23C-D). These data indicate that the absence of C1q signaling has detrimental

effects to CD8* T cell function and lung pathology during severe respiratory disease.
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To determine if this CD8* T cell phenotype required the complement pathway downstream of C1q,
we used C37 mice which lack C3, a common protein utilized by all three complement pathways
(Appendix Fig 24A). There was no difference in weight loss (Appendix Fig 24B). In contrast to
WT B6 mice, C3”-mice had detectable viral titers at day seven post-infection (Appendix Fig 24C).
However, there were no differences in epitope-specific CD8* T cell frequency in C37 mice
(Appendix Fig 24D). There was also no difference in inhibitory receptor (Appendix Fig 24E),
transcription factor expression (Appendix Fig 24E), or polyfunctionality of CD8* T cells
(Appendix Fig 24F-G) between C37 and B6 mice, suggesting the alternative complement
activation and shared membrane attack complex formation pathway is not involved in the CD8

dysfunction.

To assess if myeloid-derived C1q was required for enhanced CD8* T cell function, we utilized a
four-way reciprocal bone marrow (BM) chimera approach. First, Clga’ or B6 BM was
transplanted into lethally irradiated CD45.1 recipients or the reciprocal where CD45.1 BM was
transplanted into lethally irradiated Clga”’ and B6 recipients (Fig 6-5D). For clarity, the
experimental groups are referred to as: BM = host (i.e. C1ga”’ BM into CD45.1 recipient = Clga
I~sm = CD45.11) There was no difference in viral titer between transplant groups. There were
equal numbers of inflammatory monocytes in Clga’sw = CD45.1+and B6sm = CD45.1+ groups
(Fig 6-5E), but C1ga’sw = CD45.1+ had negligible Clg+inflammatory macrophages compared
to B6sm = CD45.14 (Fig 6-5F). This was also reflected in the C1q protein level in whole lung
homogenate, with C1ga”em = CD45.1x mice having minimal C1q detection (Appendix Fig 25A).

Compared to B6sw = CD45.14, CD8* T cells from the Clga’sm = CD45.1x group tended to
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produce less granzyme B (Fig 6-5G), while there was no difference in CD8* production of I1L-2

or IFN-y in either group (Appendix Fig 25B).

To demonstrate C1lga’ CD8* T cells were not intrinsically defective, a competitive adoptive
transfer experiment of congenically labeled CD45.1 B6 vs CD45.2 Clga’ CD8* T cells into the
same Rag1l” recipient with reconstituted with CD45.1 CD4* T and B lymphocytes was performed
(Appendix Fig 25C). No difference was observed in granzyme B or IFN-y production in B6 vs

Clga’-CD8*T cells in this model (Appendix Fig 25D).
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Figure 6-5. Absence of C1q leads to less functional CD8* T cells.
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(A) Similar N11* CD8* T cells/CD3*CD8" leukocytes in the lung between B6 and Clga” in cell percent and
absolute cell number. (B) CD8" T cells in Clga’ mice had impaired production of effector cytokines,
granzyme B, IL-2, and IFN-y. (C) Combinatorial analysis of functional markers revealed that CD8* T cells
from C1q”- mice produced significantly less 3 or 4 markers. Bar graphs (left) show raw data, pie charts (right)
reflect summary of raw data. (D) Experimental schematic for fourway transplant. (E) Inflammatory monocyte
cell number isolated from the lungs at day 7 postinfection in transplant model. (F) The recipients that received
B6 BM had significantly more C1q producing inflammatory monocytes compared to recipients that received
Clga’ BM. (G) Recipient mice that received C1ga’ BM had CD8* T cells that produced less granzyme B
compared to mice that received B6 BM. *p<0.05, ** p<0.01, *** p<0.005, **** p<0.001 by two way
ANOVA with multiple comparisons. Data in A-C represents two experimental replicates, 3

mice/group/replicate. Data in D-G represents one experimental replicate 3-5 mice/group.

6.5.3 Blockade of gC1gR leads to reduced CD8 effector function.

As mice lacking myeloid-derived C1q had reduced CD8* T cell function following HMPV
infection, we next assessed if C1q was directly acting on CD8* T cells. Recombinant C1q bound
strongly to purified lung CD8* T cells from day seven post-HMPV infected C1ga’ animals (Fig
6-6A). To assess possible receptors for C1g on CD8* T cells, we further analyzed the T cell
compartment from the single cell RNA sequencing dataset, identifying naive, effector, dividing,
and nonspecific subsets (Fig 6-6B). One extracellular receptor for C1q, gC1gR (i.e. C1lgbp), was
expressed on a subset of dividing, cytotoxic CD8* T cells with increased expression of Mki67 and
on Gzmb CD8* T cells (Figs 6-6C, Appendix Fig 26A) (275). Both the dividing and non-dividing
CD8* T cell effector populations were significantly expanded in HMPV infected animals by
permutation testing (Fig 6-6D, Appendix Fig 26B). Additional C1q receptors were also assessed,
with calreticulin (Calr) representing the only other notable receptor expressed within T cells

(Appendix Fig 26A). Calreticulin is primarily surface bound on apoptotic cells and plays a critical
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role in complement-mediated clearance of cell debris (276, 277). Since these analyses suggested
gC1gR as a surface bound Clq receptor on CD8* T cells, we subsequently utilized a blocking
antibody on ex vivo stimulated lung cells from mice infected with HMPV. Production of IFN-y
was abrogated in cells treated with N11 HMPV peptide (a dominant MHC class | peptide) and a-
gC1gR antibody (Fig 6-6E). As described previously, IFN-y production was enhanced following
blockade of PD-L1 (Fig 6-6E) (61). However, agC1gR treatment reduced IFN-y production even
in the presence of PD-L1 blockade, suggesting two distinct pathways of IFN-y regulation in CD8”
T cells (Fig 6-6E). IL-2, IFN-y, and downstream IFN response genes Cxcl10 and Cxc9 protein
levels were also decreased when cells were treated with agC1qR and combination treatment;
again, agC1gR blockade reduced production of these cytokines despite the presence of PD-L1
blockade (Appendix Fig 27). Moreover, cells treated with recombinant C1q also demonstrated an

upregulation of IFN-y production, which was again blunted by agC1qR blockade (Fig 6-6E).

C1q has previously been shown to regulate CD8* T cell metabolism and function in a chronic viral
infection model (257). To that end, purified CD8* T cells isolated from the lungs at day seven post-
HMPV infection showed a diminished spare respiratory capacity (SRC) when treated with
agC1lgR antibody (Fig 6-6F). Given the expression of gC1gR on rapidly dividing CD8* T cells,
proliferation was next assessed using an ex vivo co-culture model whereby B6 CD8* T cells
isolated from HMPV infected mice were stimulated with peptide for 48 hours in the presence of
Clga™ monocytes (Fig 6-6G). Recombinant C1q administration led to increased Ki67MKI67
expressionwithin CD8* T cells (Fig 6-6G). Treatment with agC1gR had no effect on cell division
in the absence of C1q, but blunted the C1g-induced MKI67 expression (Fig 6-6G). Furthermore,

administration of anti-gC1gR Ab in vivo significantly reduced granzyme B production in CD8 T
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cells during HMPV infection, with a trend in reduced IFNy as well (Fig 6-6H). Collectively, these
data demonstrate a critical role for gC1gR receptor in maintaining optimal CD8* T cell effector

function and metabolic capacity that functions independently of PDL1 signaling.
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Figure 6-6. gC1gR blockade leads to reduced CD8* T cell function.
(A) C1g bound to cultured murine CD8* T cells. Representative flow plots (left), quantification of C1g-FITC*
CD8*T cells (right). Data shown of one replicate, n=3 (B) UMAP visualization of T cells by single cell RNA

sequencing split by infection status. (C) Violin plots showing expression of C1QBP (i.e gC1gR), CD8, SELL,
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CD4, GZMB, and MKI67. (D) Abundance plots of T cell subsets. (E) ELISpot of IFN-y in murine lung
lymphocytes undergoing ex vivo Class | peptide stimulation on day 7 p.i. +/- agClqR treatment.
Additionally, PDL1 blockade increased IFN-y production, combination treatment resulted in decreased IFN-
vy production (top). Bottom panel shows IFN-y ELISpot with addition of recombinant C1q +/- agC1qR. Two
replicates, n=3/group/replicate, performed in triplicate. (F) Purified CD8" T cells on day 7 p.i. had diminished
spare respiratory capacity (SRC) when treated with agC1gR. *p<0.05, ** p<0.01, *** p<0.005, ****
p<0.001 by unpaired t-test or two-way ANOVA with multiple comparisons. (G) Co-culture of 50,000 B6
CD8* T cells and 50,000 C1ga” monocytes isolated from mice at day 7 post-infection, followed by 48-hour
stimulation with HMPV peptides plus 10 pg of C1q and/or 10 pg agC1qR. Cells were then stained for Ki67
via flow cytometry to assess cell division. N=2, one replicate, normalized to untreated stimulated condition.
(H) Administration of agC1qR oropharyngeally in vivo on day 5 and 6 post-infection reduces CD8 T cell

effector function. Two replicates, n=2-3/group/replicate, *p<0.05 by student’s t-test.

6.5.4 C1q in human respiratory viral infection.

The production of C1q by myeloid populations is one of myriad differences between murine and
human immunology. Human alveolar macrophages produce Clq at steady state, while Clq
production in mice is often limited to interstitial macrophages and recruited alveolar macrophages
post-inflammatory stimulus (278-280). However, we tested whether respiratory viral infection
altered C1q production in the lung by using immunofluorescent staining on archived pediatric lung
specimens. In a child who had a partial lung resection due to pleural blebs, C1q was visualized in
the alveolar spaces (Fig 6-7A, top). In a case of fatal HMPV infection, the location of C1g* cells
markedly shifted to the interstitial and perivascular spaces (Fig 6-7A, middle). Likewise, staining
from a fatal case of mixed rhinovirus/parainfluenza virus pneumonia showed numerous interstitial

and perivascular inflammatory cells producing C1q (Fig 6-7A, bottom).
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We next queried publicly available single-cell RNA sequencing data from bronchoalveolar
immune cells in humans with COVID-19 infection (270). Healthy control participants and
moderate COVID-19 patients had high levels of C1q production at baseline in BAL specimens,
while severe COVID-19 patients had a loss of C1q expression (Fig 6-7B). Evaluation of the T cell
compartment in this data set demonstrated an increase in both dividing CD8* and CD4* T cell
populations in moderate and severe COVID-19 disease (Fig 6-7C-D, Appendix Fig 28A).
Notably, gC1gR (gene:C1QBP) expression could be noted on all T cell populations, but was most
abundantly expressed on the rapidly dividing CD8* T cell population (Appendix Fig 28B). Using
differential gene expression analysis, CLQBP expression was significantly upregulated in dividing
CD8s in severe COVID-19 disease compared to moderate disease (Appendix Fig 28C). Similar
to the animal model of HMPV, C1QBP and MKI67 expression largely co-localized to the rapidly
dividing CD8 cluster (Fig 6-7E). Collectively, these data demonstrate altered C1q production in
the human lung following respiratory viral infection and the presence of a known receptor for

globular C1q on CD8* T cells.
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Figure 6-7. Evidence of C1g:gC1gR axis in humans with respiratory viral infections.
(A) Immunofluorescent staining of human lung tissue (top: resection from child with pleural blebs, middle:
autopsy specimen from a child who succumbed to HMPV, bottom: autopsy specimen from a child who
succumbed to rhinovirus/parainfluenza (PI1V) infection). C1q (green) is present in alveolar spaces in healthy
child with re-distribution to interstitial spaces in infectious conditions. (B) C1QA expression (left) is reduced
in severe COVID-19 (S/C) infection compared to healthy controls (HC) or moderate cases (O). (C) UMAPs
of the subset of T cells from overall dataset separated by disease state. (D) Abundance plots of various subsets
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in moderate vs. severe COVID-19 disease showing. (E) Co-expression of MKI67 (marker of rapid division)

and C1QBP is largely confined to rapidly dividing CD8 cluster.

6.6 Discussion

Taken together, our data identify an integral role for C1q signaling in respiratory viral infection.
Three key findings from this study include: (1) there is a novel inflammatory monocyte population
that produces Clg concomitant with adaptive immune-mediated clearance of virus; (2) Clq
directly impacts CD8* T cell function in our murine model; and (3) the C1g/gC1gR axis presents
a possible mechanism as to how monocyte-derived C1q regulates CD8* T cell function in both

mice and humans across multiple respiratory viral pathogens.

C1q is canonically thought of as the initiator of the classical complement pathway in the innate
immune response (255). However, C1q has also been implicated in both homeostasis and
inflammation, including clearance of apoptotic debris and recognition of damage/pathogen
associated molecular patterns with resultant phagocytosis of extracellular pathogens (281).
Previous studies in cancer and autoimmunity models in mice identified inflammatory monocytes
and macrophages as key producers of C1q, which facilitates a unique role of C1q independent of

the complement cascade (256-259).

Here, we demonstrate a novel role of a C1g-producing myeloid population that promotes CD8*T
cell function following respiratory viral infection in our murine model. During HMPV infection,

the absence of C1q resulted in diminished effector CD8" T cell polyfunctionality and severe
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clinical disease when infected with a virulent strain of HMPV. In contrast to our data, in chronic
LCMV infection in Clga” mice, CD8* T cells differentiated into short-lived effector cells with
diminished metabolic capacity but more potent effector activity (257). These data suggest that the
duration of infection/exposure to antigen may play a role in this regulatory pathway on CD8" T
cells, as pathogen-specific antibody and/or immune complex formation may alter the effects of

Clqon CD8*T cells.

There are differences between murine and human C1q production in the lung. In the human lung,
alveolar macrophages produce C1q at baseline, while mice have negligible C1q production in the
absence of infection (278-280). In staining of human lung tissue, C1q could be distinctly seen in
the alveolar spaces of a lung section from an uninfected child; this distribution changed
dramatically to an interstitial population in the setting of lethal respiratory viral infection,
consistent with our animal model. Additionally, single cell sequencing of the myeloid
compartment in humans infected with COVID-19 revealed C1q as a differentially expressed gene
in alveolar macrophages, although some expression was observed in monocyte-derived
macrophages (282). Interestingly, C1q transcript was lost in the cells isolated from
bronchoalveolar lavage fluid from patients with severe COVID. These data, coupled with the
immunofluorescent images shown in our study, suggest that the cell type and location of Clq

production shifts during acute respiratory viral infection in humans.

The next question we addressed is how communication between C1q and CD8* T cells is mediated.
C1q has previously been shown to bind to human CD8* T cells, with increased binding following

in vitro stimulation (283). Similarly, our data show that following HMPV infection murine CD8*
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T cells readily bound C1q. This is of note because C1qg can bind to apoptotic cells to promote
phagocytosis, and to the Fc receptor of IgG antibodies to initiate the classical complement pathway
(284). However, the most notable receptor for C1q in the context of the immune response, gC1gR
(i.e. C1q binding protein, C1gBP), recognizes the globular head of the C1q polypeptide and has
been shown to play a critical role in mitochondrial fitness (269, 275, 285). In addition to C1q,
gC1gR has numerous ligands, including high molecular weight kininogen (HK), Factor XIlI
(Hageman factor), fibrinogen, thrombin, calreticulin, and multimeric vitronectin (266, 267).
However, we show a unique role of gC1gR where rapidly dividing CD8* T cells during HMPV
infection upregulated gC1qR expression in our murine model and in patients with severe COVID-
19. These findings are consistent with a prior study which demonstrated that gC1gR is abundantly
expressed on human CD8* T cells in the setting of chronic hepatitis C infection (268). Subsequent
in vitro blockade of gC1gR led to reduced effector function and cell division in our model.
Blocking gC1gR signaling in CD8* T cells from the murine lung following HMPYV infection also
led to reduced metabolic capacity, similar to a prior study assessing the metabolomics of Clga™
CD8" T cells in the LCMV chronic model (257). Collectively, these data identify gC1gR as at least
one of the critical C1q receptors required for optimal CD8* T cell function in multiple respiratory

viral models.

There are limitations and possible future directions from the current study. First, Clga’ mice
cleared HMPV comparably to wild type mice, despite the diminished CD8" T cell effector
function. However, in our C-202 model and in prior LCMV models, C1ga” mice have increased
pathology (257). These findings may suggest effective, but pathologic, alternative mechanisms of

clearance in the absence of C1g, which would warrant further study of other anti-viral cell types
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such as NK cells. Second, restoration of CD8" T cell functionality following B6 hematopoietic
stem cell transplantation was noted with granzyme B production, but not other effector functions.
These data support a role for C1q in CD8* T cell responses, but the effects may be limited by the
negative effects of whole body radiation in the absence of C1q (286). The interplay between Clq,
CD8* T cell function, and pathogen-specific antibody could also be explored mechanistically by
passive convalescent serum transfer in C1lga’ mice and/or rechallenge experiments. The latter
would also be fascinating in the context of CD8* T cell memory formation in the absence of C1qg.
Further evaluation of the C1lg/gClgR axis in both mouse models and human samples are
warranted. gC1gR loss of function is poorly tolerated in T cells, with an in vitro knockdown
approach in mice resulting in diminished proliferative capacity, increased mitochondrial
membrane permeability, and ultimately increased apoptotic cell death (269). This makes it
technically challenging to completely knock out the gC1gR receptor on CD8* T cells, as this will
have detrimental effects to the survival of CD8" T cells, but also underscores the importance of
this receptor in CD8* T cell fitness. In a chimeric antigen receptor (CAR) T cell system,
heterozygosity of gC1gR lead to reduced CD8" T cell effector function and increased tumor burden
(269), which supports our hypothesis that gC1gR signaling on CD8* T cells is crucial to their
function. One future study could assess serum C1q levels in acute disease or ex vivo manipulation
of gC1gR from cells isolated from infected patients which could provide insights into the potential

diagnostic and/or therapeutic potential of this pathway.

Collectively, the current study identifies a novel Clg-producing monocyte population and
elucidates a potential mechanism of how C1q signaling via gC1gR on CD8* T cells can regulate

optimal CD8* cytotoxic antiviral effector function during respiratory viral infections.
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7.0 Overall Discussion & Future Directions

This thesis has examined the aged CD8* T cell response and the role of the complement protein,
Clq, in regulating CD8* T cell function during HMPYV infection. There are several key conclusions
from these studies: (1) we developed an aged mouse model of severe HMPV disease for both
primary infection and re-challenge; (2) the functional deficits in aged CD8* T cells are primarily
cell intrinsic; (3) an exhausted CD8* T cell population accumulated in the aged lung independent
from HMPV infection; (4) PD-1 blockade selectively increased granzyme B production in aged
CD8* T cells; (5) our vaccination strategies were unsuccessful in aged mice; and (6) we identified
a novel role for Clg-producing inflammatory monocytes in regulating optimal CD8" T cell

antiviral function.

We developed an aged mouse model of severe HMPV disease for both primary infection and re-
challenge. Using this mouse model for primary infection experiments, 6-7wk and 70-71wk old
mice were infected with HMPV and euthanized on day seven post-infection with weights and
clinical scores taken daily. Only one prior study investigated the aged immune response to HMPV
using mice (169). This study used 18-month-old BALB/c mice and only assessed bulk CD8, CD4,
and B cells, but not the viral specific T cell response (169). Our aged mouse model, transplant
model, and the HMPV tetramer tools available in our lab allowed us to quantitate and characterize
the antigen-specific CD8* T cell response (Fig 2-2) as well as the intrinsic and extrinsic factors
affecting aged CD8" T cell function (Fig 2-4 & 2-5). We found, through depletion studies, that
CD8* T cells were not solely responsible for weight loss and viral clearance (Appendix Fig 1).

Both aged and young HMPV-infected mice still cleared virus and aged mice still lost weight during
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infection (Appendix Fig 1). These findings are consistent with previous reports showing the dual
role of both CD4*and CD8* T cells in controlling weight loss and viral clearance (51). CD4* T
cells also undergo epigenetic changes with increased age and exhibit dysfunction during infection
(287). Future work could assess the HMPV-specific CD4* T cell response in our aged mouse model

as this may further inform what was observed in aged CD8* T cells and overall clinical disease.

Considering that the majority of children are seropositive for HMPV by five years of age (1), it is
likely that elderly humans with severe HMPV disease are actually experiencing re-infections.
Therefore, we developed a more physiologic aged mouse model where B6 mice were infected at
6-7wks, aged-in-house until 70-71wks, and re-infected. Aged re-challenged mice accumulated
cytotoxic CD69* CD103" tissue resident memory CD8* T cells (Trm) (Fig 3-2). Upon re-challenge,
aged mice lost weight similar to aged primary infected mice, but had no detectable virus in lungs
(Fig 3-1B & C). This was most likely due to either enhanced viral clearance by memory CD8* and
CD4* T cells or due to the fact that HMPV is semi-permissive in mice and antibodies neutralized
the virus. Aged re-challenge mice did have a robust IgG HMPV response, which could indicate
that the virus was neutralized upon re-infection (Fig 3-1D). Dysfunction in the humoral response
has been implicated in vaccine ineffectiveness in the elderly (190). Furthermore, studies in both
HMPV (193) and RSV (94, 194) have shown that re-infections can still occur despite a high
neutralizing titer, which indicates the crucial role in the cell-mediated memory response in
controlling infection. Future directions should investigate the contribution of B cells in impairing
the CD8* memory T cell response and assess the neutralizing or other functional capacity of

antibodies in both our aged mouse model and patient samples from elderly humans.
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The functional deficits in aged CD8* T cells are primarily cell intrinsic. In our aged mouse model,
CD8*T cells co-expressed more inhibitory receptors (Fig 2-3A & B) and produced less granzyme
B (Fig 2-3D & E), which has been observed in both mice (150) and elderly humans infected with
COVID-19 (170). When we performed syngeneic transplants and adoptive transfers with
congenically marked cells, we found that the aged CD8* T cell phenotype and clinical disease was
partially recapitulated (Fig 2-4 & 2-5). Since aging affects multiple immune cells including
somatic cells (117, 130), we suspect that other cell types are involved in CD8* T cell function and
clinical disease during infection. Future studies should examine aged myeloid cells as this
population plays a significant role in raising the basal secretion of pro-inflammatory cytokines (i.e.
inflammaging) (117, 130). Parabiosis between aged and young mice would also be a useful way
to assess the role of secreted pro-inflammatory factors from somatic cells. Parabiotic studies have
found that exposing aged mice to a young circulation improves endothelial cell function (288) and
reactivated aged skeletal stem cells, which ameliorated the pro-inflammatory microenvironment

(289)

Having identified an aged CD8* T cell phenotype during HMPV infection, we wanted to further
characterize these CD8" T cells. With increasing age, the naive T cell compartment diminishes as
chronic antigen stimulation leads to the accumulation of memory T cells (290). During other
sustained antigen simulation states such as chronic viral infection (57) and cancer (56),, CD8* T
cells develop an exhausted phenotype where they lose expression of TCF1/7 — a stem-cell
transcription factor — and become positive for the exhaustion transcription factors, thymocyte
selection associated high mobility group box (TOX) and eomesodermin (EOMES). In our model,

we found exhausted CD8* T cells accumulated in the aged lung independent from HMPYV infection
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(Fig 2-6A & B). CD4 depletion studies revealed that this CD8* T cell phenotype represented
canonical exhaustion, as there was no difference in the frequency of this population between

isotype and aCD4-treated aged mice (Fig 2-6C).

Next we asked whether there was a way to reverse and rejuvenate exhausted aged CD8* T cells.
Terminal exhaustion in chronic viral infection has been indirectly targeted by using PD-1
blockade, which expands a TCF1/7* CD8* T cell population (179). In addition, in cancer models,
either PD-1 blockade or 4-1BB agonism was successful in reversing tumor-infiltrating lymphocyte
(TIL) exhaustion (167, 180). In vitro treatment with Abs to PD-1, 4-1BB, or a combination failed
to improve the function of aged CD8* T cells in our model (Appendix Fig 7). We further examined
the effect of PD-1 signaling using in vivo PD-1 blockade and found no difference in the
accumulation of Tcfl1/7- Tox* Eomes* CD8* T cells in either model (Appendix Fig 141-K). Future
studies should focus on other modalities to rejuvenate exhausted CD8* T cells and the effects of

somatic and immune cell senescence on the exhausted CD8* T cell phenotype.

Senescence refers to the inability to repair DNA damage and replication errors, which leads to
apoptotic cells, build up of cellular debris, development of autoreactive T cells, and chronic antigen
stimulation, promoting T cell exhaustion (291). Rapamycin, an mTOR inhibitor, has shown
promising results in reducing senescence in immune cells, leading to an improved immune
response (291, 292). In addition, anti-senescence drugs, such as dasatinib and quercetin, have been
shown to ameliorate senescence in the intestine of aged mice and improve gut microbiome
homeostasis (293). Lastly, studies have recently developed CAR T cells that target the ligand

natural killer group 2 member D (NKG2D) (294) or the cell-surface protein, uPAR (295), which
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are heavily expressed on senescent cells (295). Future studies investigating these potential

treatments in our model could improve the immune response to HMPV in elderly humans.

Although PD-1 blockade did not change the proportion of Tcfl  Tox™ Eomes* exhausted CD8* T
cells, in the absence of PD-1 signaling, CD44* CD62L" CD8* effector T cells did have improved
granzyme B production (Fig 4-2H; 4-3G). This finding suggests a nexus between PD-1 and
granzyme B. One study used granzyme B production from human PBMCs as a determinant and
predictive biomarker of successful PD-1/PD-L1 immunotherapy blockade (296). Another study
found that CD8* T cell exhaustion can still occur in the absence of PD-1 signaling (223). Rather,
blocking PD-1 resulted in the accumulation of more cytotoxic, differentiated CD8* T cells (223),
which could explain our findings of the selective increase in granzyme B production. Future
directions should focus on combining PD-1 blockade with a senolytic, anti-senescence drug to
promote both rejuvenated and cytotoxic CD8* T cell proliferation in elderly humans infected with

HMPV.

Currently there are no available vaccines for HMPV. Re-infections occur throughout life,
indicating that immunity to HMPV is incomplete (1). Therefore, developing an effective vaccine
against HMPV is imperative. Older adults often have a poor memory response to vaccines and
require higher vaccine doses or adjuvanted vaccines (190-192). Our lab and others have previously
tested several vaccine strategies in rodents (52, 202, 204), nonhuman primates (205, 206), and
humans (207, 208). We tested two vaccination strategies in our aged mouse model: LPS
adjuvanted HMPV cognate peptide (Fig 3-5 & 3-6) and UV-inactivated virus (Fig 3-7). Both

vaccination strategies were unsuccessful in aged mice. Aged mice mounted a poor CD8* Trm
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response (Fig 3-5C & 5D; 3-6G & H), co-expressed more inhibitory receptors (Fig 3-5F;
Appendix 11G & H), and produced less IFNy (Fig 3-5G & H; 3-6K & L.). Phase I clinical trials
have been completed for an mMRNA-based HMPV vaccine and have yielded promising results
(297). However, this study only assessed vaccine efficacy in adults 18-49 years old (297). Future
studies should investigate the efficacy of this mMRNA vaccine in older adults, who are at greater

risk from HMPV.

Lastly, this thesis identified a novel role for C1g-producing inflammatory monocytes. Monocytes
producing C1q promoted optimal CD8" T cell antiviral function. Clq signaling via gC1gR
expressed on CD8* T cells, improved CD8" T cell function during HMPV infection in mice (Fig
6-6) and may be an integral part of the immune response to multiple respiratory infections in
humans (Fig 6-7). These findings indicate that the PD-L/PD-1 signaling axis is not the only
regulator of antiviral CD8* T cells during HMPV infection, which is a novel finding. A previous
study in mice infected with LCMYV also identified a nexus between C1q and CD8* T cell function
(257). However, this study found that in the absence of C1q, CD8" T cells had reduced metabolic
capacity and differentiated into short-lived effector cells (257). These findings suggest that the
effects of C1q on CD8* T cell function depend on whether the infection is acute or chronic. Future
studies should focus on the mechanism behind gC1gR signaling in CD8* T cells by using a CAR
T cell model that ablates 50% of gC1gR expression from CD8* T cells (269). This leads to impaired
CD8*" CART cell function against tumors, indicating a vital role of gC1gR in CD8* T cell function.
In addition, the C1g/gC1gR signaling axis should be examined in our aged mouse model to further

elucidate how C1q impacts aged CD8* T cell function.
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Taken together, the work described in this thesis has uncovered novel findings regarding the role
of age and C1g on CD8* T cell function during HMPV infection. We developed several mouse
models to study the antiviral CD8* T cell response and generated data that serve as a foundation
for future research, which will prompt further studies of treatment modalities and vaccine

development to prevent severe clinical disease in vulnerable populations.
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8.0 Discussion: Relation to Health and Disease

This project has implications for future research and potential clinical trials to develop
novel vaccine and treatments for elderly patients infected with respiratory viruses. Aging is
multifactorial and affects virtually every somatic cell, including immune cells, which can make it
difficult to pinpoint one signaling pathway or cell type that is driving severe respiratory disease.
However, our mouse models provided valuable tools to elucidate the aged CD8* T cell response
and assess how much of the clinical severity we observed was due to cell-intrinsic CD8" T cell
dysfunction versus extrinsic factors (i.e. inflammaging, myeloid cells, or CD4* T cells).

From these studies, it isis clear that CD8" T cells play an important role in facilitating
severe HMPV disease, but our transplant models revealed that the aged microenvironment and
other cells types are likely involved as well. In addition, our sScRNAseq and studies in Clga™
mice revealed that PD-1 signaling is not the only pathway directly influencing CD8 T cell antiviral
function.

Currently, there is no available licensed vaccine for HMPV. Since cell-mediated memory
wanes in aged individuals, including in response to vaccines, successful vaccine development
would involve developing a multivalent vaccine to several HMPV epitopes that includes an
adjuvant that would activate the aged immune response to mount a sufficient memory T cell
response.

The most promising avenues to explore in future research in addition to vaccine
development would involve anti-senolytic agents (i.e. dasatinib), mTOR inhibitors (rapamycin),

immunotherapy (PD-1 blockade), or administering recombinant C1g. A combination of these
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therapies might yield synergistic effects and eventually be valuable in clinical settings to improve

the antiviral immune response and ameliorate clinical disease.
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Appendix Figure 1. There was an increase in CD4* T cells with CD8* depletion
(A) Aged and young mice were treated with 300 ug CD8 or rat isotype control Ab one day prior to infection and 150
ug every other day post-infection via intraperitoneal injection. Representative flow plots from isotype control and
CD8 treated on day 5 p.i. (B & C) There was an increase in CD4* T cells by cell percent in both age groups at day 7

p.i.and an increase in CD4* absolute cell number in aged CD8* depleted mice. *P<0.05, **P<0.01, one-way ANOVA.
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Appendix Figure 2. The impaired tetramer response in aged mice was no epitope specific.
(A) Aged infected mice had decreased CD8" M94 tetramer™* cells in lung (shaded bars) and BAL (open bars) compared

to young infected mice at day 7 p.i.. (B) Absolute cell number of M94* CD8* T cells. (C) Representative flow plots of

tetramer staining on activated CD44* CD8* T cells. *P<0.05, unpaired t-test.
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Appendix Figure 3. Similar CD8* counts and minimal tet* cells in secondary lymphoid organs.
(A) There was no difference between age groups in total CD8* T cells in either lung or BAL at day 7 p.i. (B & C)
Aged mice tended to have more HMPV-specific CD8* T cells by cell percent in the draining lymph nodes and spleen,
but there was no difference between the two age groups in absolute cell number. (D) Representative flow plots of aged

and young infected lymph nodes on day 7 p.i. with influenza NP366 irrelevant tetramer as a control.
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Appendix Figure 4. Aged mice had fewer CD44- CD62L* CD8* T cells in the lung.
(A & B) Uninfected aged mice at baseline had significantly fewer naive CD8* CD44 CD62L* T cells (Tn) in the lung
compared to uninfected young mice. Upon infection, young mice had a robust increase in CD8* CD44* CD62L"
effector memory cells (Tem) while aged mice had only a modest increase. Bar graphs showing the composition of
CD44 and CD62L expression in CD8* T cells shown in A with raw data points shown in B. (C) Representative flow

plots of CD44 and CD62L expression shown for each age group and infection status.
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Appendix Figure 5. No significant differences in donor T cell engraftment in transplant models.
(A-C) Mice were bled by submandibular venipuncture 5 weeks post-irradiation and transplant. Lymphocytes were
stained with congenic markers CD45.1 and CD45.2 to determine donor cell engraftment. Graph shows the relative
frequencies of donor and recipient CD8* T lymphocytes from peripheral blood, BAL, and lung, respectively. There
was a difference in recipient cells remaining in aged and young hosts, but no significant differences in donor T cell
engraftment. (D) Ar -> Y tended to have a higher histopathology score compared to Yt -> Aqatday 7 p.i.. (E & F)

Representative histology shown. ****P<(0.0001, unpaired t-test.
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Appendix Figure 6. Representative flow plots of Tex CD8" T cells
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Appendix Figure 7. PD-1 blockade, 4-1BB treatment does not improve aged CD8* T cell function.
Ex vivo peptide stimulation of aged or young lung lymphocytes were isolated day 7 p.i. and were treated with isotype
control antibody, PD-1 blockade, 4-1BB costimulation, or a combination. (A-C) IFNy spot number was increase and
spot size significantly increased in young T lymphocytes treated with 4-1BB, PD-1, and a combination while aged T
lymphocytes did not show an improvement in function with any treatment. *P<0.05, ***P<0.001, ****P<0.0001,

one-way ANOVA.
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Appendix Figure 8. Aged re-challenged mice have fewer naive CD8* CD44- CD62L" T cells but no difference
in CD19" or CD4* T cells

(A) Aged re-challenged mice had increased absolute cell number of tet* CD8* T cells. (B) Representative flow plots

showing CD44 and CD62L expression on CD8" T cells. (C) Aged re-challenged mice had fewer CD8* CD44 CD62L*

T cells and increased CD8* T cells expressing CD44* CD62L". (D) Aged re-challenged mice had a modest increase in

absolute cell number of tet" CD8* memory T cells. (E-F) There was no difference in cell percent or absolute cell

number of CD19* or CD4* cells between the groups. Data represet 3 independent experiments with 5-6 mice per

experiment. *P<0.05, **P<0.01, ****P<0.0001, one-way ANOVA.
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Appendix Figure 9. CD8*memory T cell and ex vivo peptide stimulation gating strategies

(A) CD8" memory T cell gating strategy. (B) Ex vivo peptide stimulation gating strategy.
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Appendix Figure 10. Aged mice had increased T cell chemoattractants in lung late during HMPV infection

and had increased PD-1 expression on CD45.2" CD8* T cells in the lung 40 days p.i.

(A) Fold change aged MPV/young MPV heat map of chemokine and cytokine expression from lung homogenates.

(B) Raw data from select chemokines. (C) There was no difference between age groups in cell percent of CD45.2" 44*

62L° 69" 103* Trmcells. (D) There was also no difference in CD8" tet” absolute cell number. (E) Aged bulk CD8" and

CD8" tet* Trms had increased cell percent PD-1 expression. (F) There was no difference in HMPV IgG production as

measured by HMPV ELISA. Data represet 2 independent experiments with 3-5 mice per experiment. *P<0.05,

**P<(.01, ***P<0.005, unpaired t-test or two-way ANOVA.
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Appendix Figure 11. Aged mice re-stimulated with HMPV cognate peptide adjuvanted with LPS or
vaccinated with UV-inactivated virus had impaired CD8* memory T cell response.
(A) Aged mice accumulated fewer bulk and tet* CD8" Trums. (B) Aged mice also produced fewer tet* CD8* T cells
compared to young mice. (C) There was no difference in CD8" absolute cell number between the age groups. (D)
Young mice had increased expression of only one inhibitory receptor on CD8* Trums. (E) Neither age group expressed
all four inhibitory receptors (i.e. PD-1, TIM-3, LAG-3, and 2B4) on CD8* Trms. (F) Aged mice had increased CD8*
CD44* CD62L" T cells but had a smaller pool of navie CD44- CD62L*" CD8* T cells compared to young mice. (G)
SPICE pie charts of combinatorial analysis of Boolean gating of 0, 1, 2, 3, or 4 inhibitory receptor expression.

Inhibitory receptors assessed: PD-1, TIM-3, LAG-3, 2B4. Aged and young vaccinated mice had increased co-
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expression of 3 inhibitory receptors. A-F data represents 1 independent experiment with 5 mice per group. G-H data

represents 2 independent experiments with 2-3 mice per group. *P<0.05, **P<0.01, ***P<0.005, unpaired t-test.
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Appendix Figure 12. IAV MHC-Class | tetramer staining conditions.
For influenza virus PR8 (IAV) MHC-Class | tetramer (NP366) staining, C57BL/6 mice were infected with IAV and
euthanized at day 7 post-infection (p.i.). Lung lymphocytes were stained using two different staining conditions. (A)
Condition 1: incubate at RT for 1hr. (B) Condition 2: incubate at 4C for 30min. Two different dilutions were tested at

each condition, 1:100 and 1:200.
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Appendix Figure 13. IAV MHC-Class Il tetramer staining conditions
For IAV MHC-Class Il tetramer (NP311) staining, C57BL/6 mice were infected with IAV and euthanized at day 7
(p.i.). Lung lymphocytes were stained with (A) NP311, (B) Irrelevant HMPV N37 tetramer, or (C) FMO at either

room temperature (RT) or 37C for either 1hr or 1.5hrs.
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Appendix Figure 14. Minimal TIM-3, LAG-3, and 2B4 expression on aged CD8* T cells.

(A) PD-1 mean fluorescence intensity (MFI) on CD8* T cells in young and aged mock infected mice at day 7 p.i. (B)
PD-1 MFI on CD8* T cells in young and aged HMPV infected mice at day 7 p.i. (C-E) Violin plots of HAVCR2 (TIM-
3), LAG-3, and CD244 (2B4) expression from scRNAseq lung CD8* T cells in young and aged uninfected mice. (F)
MFI of TIM-3, LAG-3, and 2B4 expression on lung CD8* T cells in young and aged mock infected mice. (G) PDL2
mean fluorescence intensity (MFI) on innate immune cells at day 1 p.i. (H) Heat map of Pdcd1lg2 (PD-L2) expression
in lung myeloid cells (TOP) and corresponding violin plot (BOTTOM). (1-K) Absolute cell number of CD8" TCF
TOX* EOMES® (1) or tetramer™ cell percent (J) and absolute cell number (K) in isotype or PD-1 blockade treated
aged HMPV-infected mice. Absolute cell number calculation by Biolegend Precision Counting Beads. *P<0.05;

**P<(0.01; unpaired t-test or two-way ANOVA. Data in (A; F) represents four experimental replicates, 1 mouse/group.
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Data in (B) represents four experimental replicates, 2-3 mice/group. Data in (G) represents one experimental replicate,

3 mice/group. Data in (I-K) represents three experimental replicates 3-4 mice/group.
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Appendix Figure 15. Aged Pdcd1” tet* CD8* T cells had a compensatory increase in LAG-3 expression.
(A) PD-1 expression on CD8* tet* T cells in both B6 and Pdcd1” groups. (B-C) Weight loss and viral burden,
respectively between aged B6 and Pdcd1”. (D-E) TIM-3 expression in cell percent and MFI on CD8* tet* T cells. (F-
G) LAG-3 expression in cell percent and MFI on CD8" tet* T cells. (H & K) CD44 and 62L expression on CD8* T
cells in aged B6 and Pdcd1”.mice - cell percent and absolute cell number, respectively. (I & L) T-bet, Foxp3, T-bet,

and GATAS3 expression on CD4* T cells - cell percent and absolute cell number, respectively. (J) Th1:Th2 ratio
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between aged B6 and Pdcd1” mice. (M) CD8" Gzmb* cell percent in young B6 and Pdcd1”- HMPV-infected mice.

*P<0.05; unpaired t-test. Data represents two experimental replicates, 2-3 mice/group.

A B T cells c
CD45.2 CD&8 PD-1* = & Young BE
25+ = 120 8- Young Pcd 5?, 8-
204 = 110 ~ ageass T 71
‘ H x _&- - Aged Pcdr* v O] N !
Ef 15 §1QD%¥;§_ 2 i' s
E = | -"'-,!,__*___‘_..-- —_ .
¢y 104 % a0 ! E 3
59 *:i 804 2 LoD
-3 E E: 14
- @ 70 T T T T T T T | A 0
o1 2 3 4 &5 B T &8
Days p.i. o3 451 |
452 Do
D COG Total Lymphocytes Gy D cha*coa®
e * T
— T L) TEEE ks

B8 Posdi~ D Poedd B Poedi~ 0§ Paedi
rouryg Aged Yaung Aged

Absolute Cell #

r . - D
BE Paecgr~ BE  Pdeadr” BE Pdedt” BB  Pgedt” BB Pdedi== BB Pgedr
Vg Aged Young Aged Taung Faged

Appendix Figure 16. Aged and young Pdcd1™ T cells had better engraftment in syngeneic transplant.
(A) PD-1 expression on donor transplanted CD8* T cells. (B) Weight loss in the four syngeneic transplant groups
during HMPV infection. (C) Viral titer measured in PFU/g at day 7 p.i. (D) Cell frequency of CD45.1 recipient (gray
bars) and CD45.2 donor (red bars) in CD3* total lymphocytes, CD3* CD4*, and CD3* CD8* T lymphocytes. (E-G)
Absolute cell number of CD45.1 and CD45.2 CD3*, CD4*, and CD8" T cells. *P<0.05; **P<0.01, ***P<0.001,
****pP<0.0001, unpaired t-test or one-way ANOVA. Absolute cell number calculated by Biolegend Precision

Counting Beads. Data represents one experimental replicate, 4-5 mice/group.
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Appendix Figure 17. Young Pdcd1” CD8* T cells produce more granzyme B in CD8* adoptive transfer model.
(A\) Experimental schematic for Pdcd1”- CD8* T cells adoptive transfer. (B) IFN and granzyme B expression on bulk
CD8* T cells and (C) CD44* CD62L* CD8* T cells. (D) Percent functional CD44* CD62L" TCF tet" CD8* T cells. (E)
Viral titer in PFU/g in aged isotype and PD-1 blockade groups at day 7 post re-challenge. (F) HMPV ELISA
absorbance from serum collected by submandibular bleed pre and post re-challenge. *P<0.05; **P<0.01, ***P<0.001;
****P<(0.0001, unpaired t-test or one-way ANOVA. Data in (A-D) represents one experimental replicate, 4-5

mice/group. Data in (E-F) represents one experimental replicate 3-4 mice/group.
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Appendix Figure 18. Validation of CD8 effector function and inhibitory receptor expression by single cell
RNA sequencing.
(A) Relative abundance of cell clusters based on infection status as assessed by permutation testing. (B) UMAPs of
Cd8a, Pdcdl (protein: PD-1), Ifng, and Gzmb showing co-expression of effector functions and PD-1 in CD8s. (C)
Cell number based on CD8a, CD4, Pdcd1, I1fng, and Gzmb expression. (D) NicheNet analysis of upregulated ligands
(left), including PD-L1 (gene: Cd274), and the relative expression in sender populations (middle). Regulation of target
genes (right) by individual ligands reveals PD-L1 regulation of Ifng. Data represents one experimental replicate, two

mice/group.
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Appendix Figure 19. Cell-to-cell communication networks following HMPV infection.
(A) Number of interactions and interaction strength between 9 cell populations following HMPV infection, showing
iMono-dominant communication after infection. (B) Quantification of unique interactions in HMPV-infected animals
based on cell cluster. (C) Proportion of signals sent to T cells from each cell cluster. (D) iMono signals transmitted to
other cell populations in mock infection (red) or HMPV-infection (blue). Data represents one experimental replicate,

two mice/group.
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Appendix Figure 20. C1q production by inflammatory monocytes on day 7 after HMPV infection.
(A) Expression of several monocyte/macrophage gene transcripts overlaid on a UMAP, showing upregulation of
CD64 (gene: Fcgrl) and CD68 in C1lg-producing population. (B) Innate panel gating strategy. (C) CD64*CD68* cell

recruitment in lung tissue on day 7 after HMPV infection. (D) Clq production in CD64*CD68* lung cells by
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intracellular staining. FITC isotype staining shown on right which was used to set gate position for C1q* staining. (E)
C1q staining on Ly6G+ neutrophils. (F) Limited C1q staining without the use of permeabilization (left) compared to

intracellular staining (ICS) on CD64*CD68* cells.

C1q-AF488

B6
Mock

B6
HMPV

C1qga™”
Mock

C1qga”
HMPV

Appendix Figure 21. Immunofluorescent (IFC) staining on lung tissue showing co-localization of C1qg and
CDe68.
Lungs were harvested 7 days post-HMPYV or mock treatment, fixed with 4% paraformaldehyde, frozen, and embedded
in OCT followed by IFC staining. B6 HMPV mice had a clear C1g-AF488 signal, which colocalized with CD68 cell

recruitment.
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Appendix Figure 22. Inhibitory receptor, activation states, and transcription factor expression in B6 vs Clga

(A) Clq quantity in lung homogenate in B6 vs. C1ga’ mice. (B) No changes in weight between groups. (C) Low
burdens of HMPV infection in infected animals regardless of genotype. (D) Expression of PD-1, TIM-3, LAG-3, and
2B4 in B6 and Clga”’ HMPV-infected mice on N11* CD8* T cells isolated from lung tissue. (E) CD44/CD62L

activation states in in B6 and C1ga’- HMPV-infected mice. (F) Expression of transcription factors in in B6 and Clga

/-
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 HMPV-infected mice. (G-H) Representative histopathology staining and quantification at day 7 post infection in in
B6 and Clga’ HMPV-infected mice. Data in A; C represents one experimental replicate, 3-6 mice/group. Data in B;

D-H represents two experimental replicates, 3 mice/group.
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Appendix Figure 23. Virulent HMPV strain leads to enhanced disease in Clga’ mice.
(A) Increased weight loss in Clga’ mice infected with C-202. *p<0.05 by two-way ANOVA with multiple
comparisons. (B) Increased clinical score in C1ga™ mice infected with -202 calculated by hunched, fur grooming,
respiratory rate, and activity. *p<0.05 by two-way ANOVA with multiple comparisons. (C-D) Representative
histopathology staining and quantification at day 7 post infection in in B6 and C1ga’ C-202-infected mice. *p<0.05

by t-test. Data represents two experimental replicate, 3-4 mice/group/replicate.
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Appendix Figure 24. CD8 effector function is preserved in animals lacking C3.

(A) Schematic of complement pathways showing convergence on C3 (Biorender). (B) No changes in weight between
groups. (C) Low burdens of HMPV infection in infected animals regardless of genotype. (D) Expression of PD-1,
TIM-3, LAG-3, and 2B4 in B6 and C3”- HMPV-infected mice. (E) Expression of transcription factors in B6 and C3
" HMPV-infected mice. (F) No changes in effector functions (granzyme B, IL-2, and IFN-y) in B6 and C3”- HMPV-
infected mice. (G) Boolean gating demonstrating similar distribution of multiple effector functions in B6 and C3*

HMPV-infected mice. Data represents one experimental replicate, 3 mice/group.
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Appendix Figure 25. CD8 extrinsic requirement of C1q.
(A) C1q protein quantity from lung homogenate of CD45.1 recipient mice. *p<0.05 by t-test. (B) Four-way adoptive
transfer experiments showing no difference in IL-2 or IFN-y. (C) Adoptive transfer schematic of either CD8s from
B6 or C1lga™’ mice into Ragl” recipients followed by HMPV infection. (D) No change in granzyme B or IFN-y

production by B6 or Clga’ CD8s. Data represents one experimental replicate, 5 mice/group.
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Appendix Figure 26. C1q receptor expression on CD8 T cells after HMPV infection.
(A) Expression of various C1q receptors on CD8* T cells by single cell RNA sequencing. (B) Permutation testing

showing significant increase in effector and dividing T cells after HMPV infection.
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Appendix Figure 27. agC1qR treatment abrogates cytokine production regardless of PD-L1 blockade.
IFN-y, IL-2, CXCL10, and CXCL9 production following 48 hours of ex vivo stimulation with reduced cytokine
production when treated with agC1gR. *p<0.05 by one-way ANOVA with multiple comparisons. Data represents one

experimental replicate, 3 mice/group.
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Appendix Figure 28. CLQBP expression on rapidly dividing CD8s with severe COVID-19 infection.
(A) Permutation testing for abundance of cell clusters in moderate vs. severe COVID-19 disease. (B) Stacked violin
plots demonstrating expression of various T cell markers, including C1QBP and MKI67 abundantly expressed in
rapidly dividing CD8s. (C) Violin plot of C1QBP and MKI67 expression by disease state (healthy control =HC,
moderate = O, severe = S/C). Both C1QBP and MKI67 were significantly upregulated in S/C patients by differential

gene expression analysis.

216




5000 1

40001 .

3000 A

2000 1

1000 1

nFeature_RNA

%
o)

A S O
S & S
& & &

Identity

0

nCount_RNA percent.mt
20 ..
30000
200001 ;
10000
0.
(o) O
o O O
S EEL
Identity Identity

Appendix Figure 29. Quality control metrics per HTO for single cell RNA sequencing

run.
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