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Abstract

Respiratory viral infections, including human metapneumovirus (HMPV), remain a leading cause
of morbidity and mortality in neonates and infants. However, the mechanisms behind the increased
sensitivity to those respiratory viral infections in neonates are poorly understood. Neonates,

unlike adults, have several anti-inflammatory mechanisms in the lung, including elevated baseline
expression of PD-L1, a ligand for the inhibitory receptor PD-1. We thus hypothesized that
neonates would rely on PD-1:PD-L1 signaling to restrain antiviral CD8 responses. To test this,

we developed a neonatal primary HMPV infection model using WT C57BL/6 (B6) and Pdcdl~~
(lacking PD-1) mice. HMPV-infected neonatal mice had increased PD-L1/PD-L2 co-expression
on innate immune cells, but similar number of antigen-specific CD8* T cells and upregulation of
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PD-1 compared to adult B6 mice. Neonatal CD8* T cells had reduced IFN-vy, granzyme B, and
IL-2 production compared to B6 adults. Pdcal™~ neonatal CD8* T cells had markedly increased
production of IFN-y and granzyme B compared to B6 neonates. Pacal ™~ neonates had increased
acute pathology with HMPV or influenza. Pdcdl™~ neonates infected with HMPV had long-term
changes in pulmonary physiology with evidence of immunopathology and a persistent CD8* T
cell response with increased granzyme B production. Using single cell RNA sequencing from a
child lacking PD-1 signaling, a similar activated CD8" T cell signature with increased granzyme
B expression was observed. These data demonstrate that PD-1 signaling critically limits CD8*

T cell effector functions and prevents immunopathology in response to neonatal respiratory viral

infections.

11

Introduction

Lower respiratory tract infections (LRTI) remain the leading infectious cause of mortality
worldwide in children <5 years.! Viruses are major contributors to this high mortality, as
respiratory syncytial virus (RSV), human metapneumovirus (HMPV), and influenza virus
account for an estimated 164,500 deaths per year globally in children under 5.2 Moreover,
RSV, HMPV, and influenza cause 33.1 million, 14.2 million, and 10.1 million LRTI annual
cases, respectively.2# While this staggering global burden includes all children under 5,
additional studies have demonstrated that infants and children born prematurely have worse
outcomes associated with viral LRTIs, including increased mortality.2

Neonatal and infant lungs are uniquely susceptible to worse respiratory virus infection
outcomes. The neonatal lung is still actively developing and undergoes further
alveolarization for 30 days in mice and 2 years in humans.10 Moreover, the immunologic
milieu in the neonatal lung is vastly different than the adult lung.1112 For example, pro-
inflammatory innate responses are dampened and innate cells provide limited co-stimulatory
help to adaptive cells.13-20 Further, PD-L1, a ligand for the inhibitory receptor PD-1, is
upregulated shortly after birth and contributes towards a tolerogenic skewing of the adaptive
compartment in response to airway microbiota.2!

PD-1:PD-L1 signaling limits CD8* T cell responses to respiratory viral infections. Human
bronchial epithelial cells upregulated PD-L1 expression following RSV infection and
blockade of PD-L1 in that co-culture model led to increased CD8* T cell effector
functions.2? In murine models of HMPV and influenza, PD-1 was markedly upregulated
on pulmonary antigen-specific CD8* T cells over the course of infection.23:24 Disruption
of PD-1:PD-L1 signaling by antibody blockade or genetic ablation led to increased
degranulation and production of IFN-y by CD8" T cells, increased viral clearance, and
decreased weight loss in the HMPV murine model. 242 In contrast, while adult mice
infected with RSV had induction of PD-1 expression on CD8" T cells, blockade of PD-L1
led to enhanced morbidity with no discernible difference in viral clearance.28 Collectively,
these studies demonstrate a critical role for the PD-1:PD-L1 axis in constraining effector
function of CD8" T cells against acute respiratory viral infections. However, the neonatal
response to HMPV and role of PD-1:PD-L1 signaling in dictating CD8* T cell function has
been poorly studied.
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We hypothesized that PD-1:PD-L1 signaling would be critical in response to respiratory
viral infections in neonatal mice. To test this hypothesis, we developed a neonatal model
of HMPV and discovered increased expression of PD-1 on CD8+ T cells along with PD-
L1/PD-L2 upregulation on multiple immune cell types following infection. Additionally,
we found PD-1 upregulation on antigen-specific neonatal CD8" T cells, which limited
effector functions. However, while disruption of PD-1:PD-L1 signaling increased CD8*
functionality, this led to enhanced HMPV-associated histopathology and increased mortality
among influenza-infected neonates. Analysis of single-cell RNAseq data from a child
lacking PD-1 who died of pulmonary autoimmunity revealed a similar transcriptional
signature. Collectively, these data suggest that inhibition of neonatal CD8* T cells by
PD-1:PD-L1 signaling is critical to limit immunopathology following respiratory viral
infection.

1.2. Results

1.2.1.

Neonatal mice are permissive for and resolve HMPV infection

Neonatal mice were infected intranasally with 2.8x108 PFU of HMPV on day of life 4-6,
using a similar inoculating dose as a previously established neonatal RSV model.2” HMPV-
infected pups had a significantly reduced rate of weight gain when compared to mock
infected co-housed controls (Fig. 1A). Intranasal inoculation with HMPV was efficient,

as a high titer HMPV could be recovered in the lungs immediately after infection (day

0, Fig. 1B). Viral burden then plateaued at day 3 post-infection followed by a second

peak at day 5, consistent with an eclipse phase (Fig. 1B). HMPV was then rapidly

cleared, with all mice having undetectable viral burden by day 8 post-infection (Fig. 1B).
Histologic assessment revealed diffuse interstitial inflammation with cellular recruitment
by day 2 post-infection, perivascular and peribronchial cellular infiltration by day 5 post-
infection (Fig. 1C). Quantification of alveolar septal wall thickness demonstrated increased
interstitial inflammation at days 2 and 5 post-HMPV infection (Fig. 1D). Lymphocytic
clusters emerged in HMPV-infected animals by day 7 post-infection (Figs. 1C, 1E). To
define transmission and transplacental immunity in this model, we observed that repeated
litters had similar burdens of infection, while direct maternal infection provided protective
immunity consistent with transplacental transfer of antibody (Fig. S4). These data suggest
that inoculation of pups with HMPV does not lead to direct infection of the dams, which
allows for repeated use of breeder pairs (Fig. S4). Collectively, these data demonstrate a
reproducible model of HMPV infection in neonatal mice.

1.2.2. Upregulation of PD-L1 following neonatal HMPV infection

Neonatal mice have been previously shown to upregulate PD-L1 on dendritic cells

under homeostatic conditions in the lung.2! Given this baseline difference, we sought to
characterize PD-1 ligand expression (e.g. PD-L1 and PD-L2) expression following HMPV
infection. Both neonatal and adult mice had increased PD-L1 protein quantity in lung
homogenate at day 1 post-HMPV infection compared to age-matched controls, while PD-L2
protein was below the limit of detection in all groups (Fig. S5A). At day one post-HMPV
infection, both neonates and adults upregulated PD-L1 on CD45* leukocytes as measured by
percent, total cell number, and mean fluorescence intensity (MFI) (Fig. 2A-D). Interestingly,
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neonates had a baseline PD-L1*PD-L2* CD45* population, which was sustained following
infection (Fig. 2A-C). Adult mice had significantly fewer PD-L1/PD-L2 double positive
cells following HMPV (Fig. 2B-C). While there were fewer total numbers of PD-L2* cells
in both groups, mock-infected neonates had a modestly increased number of PD-L2* CD45*
leukocytes (Fig. 2C). Similar induction of PD-L1 on CD45~ non-immune cells was noted in
neonatal and adult mice post-infection (Fig. S5B).

Several innate immune cell types had differences in PD-L1 and PD-L2 expression. There
was a significant loss in total cell number and number of PD-L1* alveolar macrophages
(AMs) in the HMPV-infected adult group, while neonatal AMs had sustained PD-L1*
expression (Fig. 2E, S1C). Both uninfected and HMPV-infected neonates had increased
PD-L1*PD-L2* AMs compared to adult counterparts (Fig. 2E, S5C). Both neonates and
adults had increased total and PD-L1* CD103* dendritic cell (DC) populations after
infection, while neonates at baseline had increased PD-L2* and PD-L1*PD-L2" populations
(Fig. 2E, S5C-D). Eosinophils in infected neonates had increased total, PD-L1*, PD-L2",
and PD-L1*PD-L2* populations when compared to infected adults (Fig. 2E, S5C-D).
Neutrophils, interstitial macrophages (IMs), and monocytes showed similar numbers of
PD-L1 and PD-L2 expression in infected neonates and adults (Fig. 2E, S5C-D). Several
innate cells including AMs, CD103* DCs, and neutrophils had sustained PD-L1 expression
in HMPV-infected over the course of neonatal infection (Fig. S5E). Collectively, these data
demonstrate that neonatal mice have evidence of increased PD-L1/PD-L2* cell numbers
(AMs, DCs) at baseline and can abundantly upregulate PD-L1/PD-L2 in various innate
immune cells comparably to adult mice.

1.2.3. Neonatal CD8" T cells upregulate PD-1 comparably to adult mice, but have reduced
LAGS3 expression

Given the swift upregulation of PD-1 ligands following HMPV infection and prior studies
examining inhibitory receptors on adult CD8* T cells 242528 we next sought to characterize
PD-1 expression on neonatal CD8* T cells following HMPV. The preponderance of PD-1*
cells in both neonates and adults were CD8* T cells, furthering our rationale for focusing on
this population (Fig. S6). At day 7 post-infection, HMPV-infected B6 neonates demonstrated
recruitment of CD8* T cells to a similar degree as adult mice (Fig. 3A). Likewise, neonatal
mice lacking the inhibitory receptor PD-1 (PdcdZ™") had an influx of CD8* T cells
comparable in number to adult PdcaZ~ mice (Fig. 3A). Both B6 and Pdcdl™~ neonates
showed reduced percentages of effector CD8* T cells (CD44*CD62L") compared to adults
following HMPV infection, though only the B6 neonates reached statistical significance
compared to their adult counterparts (Fig. 3B-C). Neonates of both genotypes had an
expanded CD44*CD62L* compartment compared to adult mice (Fig 3B-C). Neonatal B6
mice generated an HMPV-specific response similar in total cell number and frequency
compared to adult B6 mice, as measured by an MHC class | tetramer containing the
previously identified immunodominant M94 epitope from HMPV (Fig. 3D). Likewise,
Pdcdl™~ neonates and adult mice generated a similar frequency and number of tetramer-
positive cells. Consistent with a cytotoxic type 1 (Tc1) response 2°, tetramer positive cells
from all groups had marked upregulation of Thet (Fig. S7). Tetramer-positive cells from
both B6 adults and neonates had ubiquitous PD-1 expression, which was undetectable in
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the Pdcd1™~ groups as expected (Fig. 3E). TIM3 was comparably upregulated in all groups,
independent of genotype or age (Fig. 3F). Interestingly, the percent of LAG3-expressing
cells was significantly increased in adult B6 compared to neonatal B6, with a similar trend
noted in the Pdca7™~ adults and neonates, though LAG3 MFI was similar in all groups (Fig.
3G). 2B4 had minimal expression on tetramer-positive cells from all groups, although B6
mice had an increase in 2B4 MFI (Fig. 3H).

Boolean gating analyses on M94™ cells for PD-1, TIM3, LAG3, and 2B4 demonstrated

that fewer tetramer-positive cells isolated from HMPV-infected neonates co-expressed 2 or

3 inhibitory receptors when compared to adult M94* cells (Fig. 31). Similar analysis on
Pdcd1™~and B6 mice excluding PD-1* M94* cells from both B6 and Pdcdl~~ neonates
showed similar expression patterns of TIM3, LAG3, and 2B4 (Fig. 3J). Thus, neonatal CD8*
T cells had reduced upregulation of surface markers of activation, similar expression of
PD-1, but had a smaller proportion of cells with multiple inhibitory receptors expressed.

1.2.4. PD-1inhibits canonical CD8" T cell effector function in neonatal cells

CD8™* T cell effector functions were evaluated at day 7 post-infection by ex vivo peptide
stimulation from mock-infected and HMPV-infected B6 neonates, B6 adults, Pdca1~~
neonates, and Pdcd ™~ adults (Fig. 4). HMPV-infected mice from both B6 and Pdcd1™~
adults and neonates demonstrated comparable degrees of degranulation, as measured by
percent positive for surface CD107a (Fig.4A). However, neonatal cells from both mock-
infected mice of genotypes had a trend of increased CD107 MFI compared to adult mice
(Fig. 4A).

Adult HMPV-infected B6 animals demonstrated increased granzyme B compared to age-
matched mock-infected controls and neonatal HMPV-infected animals (Fig. 4B). Neonatal
Pdca17~ CD8* T cells had significantly increased granzyme B production compared to
littermate mock-infected controls and B6-infected neonates (Fig. 4B). Neonatal Pdcdl™~
CD8* T cells also had significantly increased IL-2 production compared to adult Pdcd™~
CD8* T cells and neonatal B6 CD8" T cells (Fig. 4C). IFN-y was significantly increased
following infection in both B6 neonates and adults, but Pdcal ™~ neonates had a more robust
IFN-y response when compared to B6 neonates (Fig. 4D). Finally, perforin production by
CD8" T cells was significantly increased in HMPV-infected B6 adult mice and Pdcd™~
adults and neonates (Fig. 4E).

To test whether this was specific to HMPV, we used a similar neonatal infection model with
PR8 influenza. B6 neonatal mice infected with influenza had similar CD107a degranulation,
reduced granzyme B, and reduced IL-2 production compared to B6 adult mice infected with
influenza (Fig. S8A-C). However, neonatal CD8* T cells infected with influenza had similar
percentages of IFN-y and perforin producing cells compared to adult mice (Fig. S5D-E).
Therefore, decreased production of granzyme B and IL-2 by neonatal CD8* T cells appears
to be conserved independent of viral pathogen.

Interestingly, B6 neonatal CD8* T cells degranulated but lacked classical effector functions.
Previous studies have demonstrated that neonatal CD8* T cells can generate reactive oxygen
species (ROS) at baseline in the absence of infection.3® Measurement of ex vivo ROS
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production demonstrated that neonatal B6 CD8* T cells produced more ROS regardless
of infection status compared to adult CD8" T cells (Fig. S9). Collectively, these data
demonstrate that PD-1 acts to restrain classic CD8* T cell function in neonates while
highlighting an effector mechanism unique to neonates.

1.2.5. PD-1limits immunopathology following respiratory viral infection

Pdcd1™~ neonatal mice had similar kinetics of HMPV clearance compared to B6 mice,
reaching the limit of detection by day 8 post-infection (Fig. 5A). However, Pdcdl™~
neonates demonstrated prominent immunopathologic features such as alveolar inflammation
and large perivascular lymphoid aggregates at day 7 post-infection compared to B6
neonates, B6 adults, and PdcaZ ™~ adults (Fig. 5B). Pdcal™~ neonates had greater numbers
of lymphocytic clusters compared to B6 neonates (Fig. 5C) and greater cluster size
compared to Pdcdl ™~ adults (Fig. 5D). To test whether this enhanced pathology in Pdcal™
~ neonates was HMPV-specific or a general response following acute respiratory viral
infection, we used a lethal model of PR8 influenza 24. PdcdZ™~ mice were shown previously
to have reduced weight loss following influenza infection with strains of X31 influenza.2431
Similarly, we found at day 7 post-infection, Pdca1™~ adult mice had modestly reduced
weight loss in comparison to B6 adult mice (Fig 5E). However, using an LDsg of 250

PFU PR8, Pdcdl™~ neonates had significantly increased mortality compared to B6 neonates
following PR8 challenge (Fig. 5F).

We next assessed for residual changes in lung inflammation and physiology in B6 and
Pdcd1™~ mice 35 days after either primary HMPV infection as a neonate or as an adult.
This timepoint was selected to allow for sufficient growth of the neonatal mice into nearly
6-week-old adult mice, thus allowing for the completion of postnatal alveolarization and for
the evaluation of lung physiology in mice of similar sizes. Viral burden was undetectable

in all groups at this time point. Compared to B6 mice infected as neonates, neonatal HMPV-
infected Pdcdl™~ mice showed persistent lymphocytic infiltrates on day 35 post-infection,
while small and scarce lymphoid aggregates were noted in the remaining groups (Figs. 6A-
B). Additionally, PdcaZ~~ mice infected as neonates showed markedly abnormal alveolar
architecture compared to B6 mice infected as neonates (Fig. 6A). As a measure of alveolar
structure, septal volume density (Vvgep) and mean linear intercept was quantified. Pdcd1™~
mice infected as neonates had significantly reduced septal volume density and significantly
longer mean linear intercept distance compared to B6 neonates and Pdcd™~ adult mice
(Figs. 6C-D).

Functional airway testing using flexiVent showed PdcaZ~~ mice following neonatal
infection showed evidence of increased quasi-static lung compliance and a reciprocal
decrease in elastance (Fig. 6E), consistent with non-infectious models of neonatal lung
injury.32-34 In contrast, B6 mice following neonatal or adult infection, as well as Pdcd1™
~mice following adult infection, showed no significant changes in either measurement
(Fig. 6E). Additionally, the tissue-related parameters of tissue elastance and tissue damping
(AH and AG, respectively), were also decreased in Pdcal ™~ mice following neonatal
infection, further suggestive of persistent alveolar damage following neonatal respiratory
viral infection (Fig. 6F). Interestingly, these changes were not observed in B6 mice at
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either age or Pdcd™~ adult mice following infection (Fig. 6F). Two different measures

of resistance (Rrs, Rn) were significantly reduced in PdcdZ~~ mice infected as neonates
compared to Pdcd1™~ adult mice, further suggesting abnormal changes to lung physiology
(Fig. 6G).

Pdcd1™~ mice infected with HMPV as neonates had several features consistent with an
activated CD8" T cell response at day 35 post-infection. First, Pdcal™~ mice infected as
neonates had an increased total number of CD8* T cells in the lung compared to mock-
infected littermate controls (Fig. 6H). These data were supported by immunohistochemical
staining of the lungs, which showed PdcaZ~~ mice infected as neonates had a robust CD8*
population in the lungs, including within the lymphoid structures (Fig. S10A). In contrast,
B6 but not Pdcal™~ mice infected with HMPV as neonates had increased CD4* T cell
and CD19* B cell numbers in the lungs 35 days after infection (Fig. S10B). All infected
groups showed similar M94-tetramer positive cell number and frequency, suggesting the
virus-specific response contracted equally among the genotypes (Fig. 61, S10C). Pdcal™~
mice infected as neonates had a statistically significant increased proportion of activated
CD44*CD62L* CD8* T cells compared to B6 neonates, while a similar trend was noted
between adult groups (Fig. S10D).

Consistent with persistent CD8* T cell activation, there was an increased granzyme B
protein on day 35 post-infection in the lung homogenate of PdcaZ™~ mice infected with
HMPYV as neonates (Fig. 6J). Likewise, the percent of granzyme B-expressing CD8* T

cells were significantly increased in the PdcaZ™~ mice infected as neonates compared to
adult infected Pdcd2™~ mice (Fig. S10E). but not B6 mice infected as neonates or Pdcal™
~adults. Similarly, while B6 mice infected as neonates showed minimal IL-2 production
compared to B6 mice infected as adults, PdcaZ '~ mice infected as neonates showed a

trend towards increased IL-2 production (Fig. S10F). IFN-y positive cells were comparable
across groups (Fig. S10G). Analyses of several other cytokines by Luminex, including

IL-2 and IFN-vy, showed similar protein quantity between neonatal mice mock-infected and
HMPV-infected B6 and Pdcal~~ at day 35 post-infection (Fig. S11). Collectively, these data
demonstrate Pdcdl™~ mice infected as neonates have markedly abnormal lung function with
evidence of a persistent aberrant CD8" T cell response 35 days following HMPV infection.

1.2.6. Evidence of increased effector function in CD8" T cells from a child without PD-1

signaling

To test whether these findings were reflected in human immunopathology, we queried a
previously published single cell RNA sequencing dataset from a case of a young child

with a homozygous frameshift mutation in the PDCD1 gene.3® This patient had severe
multi-organ autoimmunity, severe tuberculosis caused by Mycobacterium tuberculosis, and
fatal alveolar hemorrhage secondary to presumed pulmonary autoimmunity at 11 years.3®
Following integration of single cell RNA sequencing data from the patient, his healthy
sibling, and 5 pediatric and adult controls, several adaptive immune cell clusters were
identified (Fig. S12A), including several CD8* T cell subsets. B cells and monocytes could
also be identified (Fig. S12B). Evaluating the relative abundance of each cell type, the PD-1
deficient child had evidence of increased activated cells (characterized by high levels of
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Ki67, a division marker, and IFN signature genes) (Fig. S12C). As previously reported, the
PD-1 deficient patient had reduced V82* & T cells 35 Evaluation of effector molecules
such as granzymes and perforin was performed on individual cell clusters. CD8* central
memory T cells, double-negative T cells, Thl, and Th1* cells all demonstrated enhanced
granzyme B expression in the PD-1 deficient patient when compared to pediatric healthy
controls, which had low levels of granzyme B at baseline (Fig. S12D). V&2* v& T cells

had high levels of granzyme B in healthy children, which was further enhanced in the
PD-1-deficient patient (Fig. S12D). CD8" effector cells, CD8* TEMRA, activated cells, NK
cells, and plasmacytoid dendritic cells also had strong granzyme B signatures, which again
were enhanced in the PD-1-deficient patient (Fig. S12D). Interestingly, other granzymes
(GzmA, GzmH, GzmK, and GzmM) and perforin transcripts were not specifically enhanced
in the CD8™ central memory or V62* y& T cells from this patient, suggesting unique
alterations in granzyme B transcriptional regulation in the absence of PD-1 in CD8* T

cells. Further corroborating these findings, T-cell blasts from the PD-1-deficient patient

had a trend towards increased granzyme B production following stimulation with anti-CD3
and anti-CD3/CD28 stimulation conditions when compared his sibling with intact PD-1
signaling (Fig. S12E).

Collectively, these results indicate that an increased T cell activation signature and the
expression of granzyme B was observed in a child with PD-1 deficiency and fatal lung
immunopathology, consistent with the phenotypes seen in young Pdcdl™~ mice with
respiratory viral infection.

1.3. Discussion

In the context of an acute respiratory viral infection, the neonatal lung must strike a

delicate balance between mounting a protective antiviral response while mitigating damage
to the development process. Here, we demonstrate that while neonatal mice are capable of
mounting an antigen-specific CD8* T cell response following HMPV infection similar to
adult mice, there are several differences that highlight the importance of PD-1 mediated
inhibition of neonatal CD8* cells (Table 1).2° First, there are increased PD-L1* and PD-
L1*PD-L2* innate populations at baseline and following infection in the neonatal lung.
Second, neonatal CD8" T cells had similar induction of PD-1 but had fewer cells with
multiple inhibitory receptor expression driven largely by decreased LAG3 expression. LAG3
is an important inhibitory receptor shown previously to work in conjunction with PD-1 to
limit effector function during respiratory viral infection 2, suggesting neonatal CD8s may
have reduced redundancy of inhibitory receptors (Table 1). Third, while neonatal CD8* T
cells had reduced production of several key effector cytokines associated with adult CD8* T
cells, such as granzyme B, IFN-vy, and IL-2 following HMPV infection, these functions are
robustly restored in the absence of PD-1 (Table 1). Lastly, rather than the beneficial effect
of PD-1 disruption shown previously in adult murine respiratory virus models, lack of PD-1
signaling during neonatal viral infection leads to both acute and chronic immunopathology
in the lung (Table 1).

Neonates and infants were once thought to be in a state of relative immunosuppression,
with a disorganized and limited adaptive immune response.36-3% However, recent studies
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suggest a more nuanced layered state of adaptive immunity in neonates, where similar cell
types (e.g. CD8* T cells) arising at different points in life have disparate functions.3%42 For
example, when adoptively transferred into an adult mouse and challenged with a systemic
viral infection, neonatal CD8* T cells were shown to rapidly proliferate and quickly assume
a terminally differentiated state at the expense of long-term memory formation.*3 Further
work ‘timestamping’ the effector CD8* T cell compartment in developing mice showed
that neonatal CD8* T cells continue to have an altered epigenetic landscape and rapid
effector responses into adulthood.** Human naive CD8* T cells isolated from peripheral
blood of neonates and adults showed different transcriptional and epigenetic profiles, with
neonatal CD8* T cells showing enhanced proliferation, increased “innate-like’ properties
like production of reactive oxygen species, and decreased cytotoxic effector production,
such as granzyme B and IFN-.30

Following HMPV infection during the first week of life, we found that murine neonatal
CD8™ T cells similarly demonstrated reduced granzyme B production compared to adult
CD8* T cells. Likewise, in a neonatal RSV model, neonatal CD8* T cells showed a
diminished IFN-vy response compared to adult cells.*®> Furthermore, that blunted IFN-y
response following neonatal RSV could be rescued with use of inhaled recombinant IFN-y,
an intervention that led to reduced weight loss, enhanced viral clearance, and improved
macrophage function.2” In both human and murine samples, neonatal DCs demonstrated
diminished co-stimulatory receptor expression due to poor responsiveness to type | IFN,
suggesting that blunted neonatal APC responses are a contributing factor to poor CD8*

T cell function.1® We found in the current work that CD8* T cells were not incapable

of producing granzyme B or IFN-y due to differences in the immunologic milieu of the
neonatal lung or intrinsic cellular differences, but rather were actively constrained by PD-1
signaling, indicating that multiple levels of neonatal immune control likely exist. Despite the
increased production of cytotoxic effectors, though, Pacd™~ neonates had similar kinetics
of viral clearance. These data suggest that cell types other than CD8* T cells or humoral
mediators contribute to viral clearance in the neonatal lung.

Interestingly, both neonatal and adult CD8* T cells demonstrated similar levels of surface
CD107, consistent with degranulation, following HMPV infection. In B6 neonatal mice,
however, degranulation occurred in the absence of typical effector functions, such as
granzyme B production. Neonatal CD8" T cells produced reactive oxygen species (ROS), a
previously identified unique effector function to neonatal cells 30, in both the presence and
absence of HMPV. Therefore, it is possible that neonatal CD8* T cells have an increase

in degranulation under homeostatic and HMPV-infected conditions consistent with ROS
production and release. Additionally, neonatal CD8* T cells showed reduced granzyme

B and IL-2 production following influenza infection; these data support the notion that
neonatal CD8s have fewer classical effector functions compared to adult CD8* T cells in the
context of various viral infections.

Inhibition of CD8* T cells following respiratory viral infection has been described by

our group and others.22:24.26.31 |ncreased expression of inhibitory receptors, particularly
PD-1 and LAG3, leads to impairment of CD8* function with reduced degranulation, IFN-y
production, and granzyme B production following viral challenge.?425 Blockade of PD-1
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ligands led to a more robust antigen-specific CD8* T cell response and reduced viral

titer in the lungs.24 From a pathologic perspective, there was a self-resolving increase in
breath distention following anti-PD-L1/2 blockade, while disruption of PD-1 alone showed
no evidence of increased inflammation.24 However, we found that neonates—perhaps

in part due to decreased LAG3 upregulation—appear to have a diminished capacity to
tolerate PD-1 disruption following HMPV infection, as PdcaZ™~ pups showed marked acute
histopathologic changes. Furthermore, constraint of an exuberant antiviral response in the
neonatal period also mitigated longstanding pathologic effects, as evidenced by changes

in compliance/elastance specifically in Pdcd™~ neonates mice 35 days following HMPV
infection. Evidence of CD8" activation, including IL-2 production and protein levels of
granzyme B, were still detectable in the PdcdZ™~ mice infected as neonates at 35 days post-
infection. Moreover, at this late time point, PdcaZ™~ mice infected as neonates had evidence
of alveolar simplification with an increased mean linear intercept and decreased septal
volume density. Alveolar simplification has been described in models of bronchopulmonary
dysplasia, whereby abnormal lung development occurs secondary to an injury or insult in
early life.48 The persistent inflammatory signature and chronic histopathology suggest that
the developing lung is unable to tolerate a global loss of PD-1 signaling when faced with a
respiratory viral infection.

Disruption of PD-1 signaling in other clinical contexts emphasizes the importance of this
pathway, particularly in the lung. First, a common adverse effect of checkpoint inhibitors
targeting PD-1 in patients with malignancy is immune-mediated pneumonitis, which has an
estimated incidence of 3-5%.47-49 The outcomes of PD-1 blockade-associated pneumonitis
can range from resolution with a drug holiday, to response to immunosuppression, to death
(1% of cases in a phase | trial).#849 Additionally, two siblings with PD-1 deficiency,

one suspected and one experimentally confirmed, both died of pneumonitis of suspected
autoimmune etiology by age 11 years, further evidencing the indispensable role of PD-1 in
preventing pulmonary immunopathology in children. Consistent with the data in neonatal
Pdcd1™~ mice, we show that multiple types of T cells, including central memory CD8* T
cells, of the PD-1-deficient child had an elevated expression of granzyme B compared to
healthy age-matched controls. Granzyme B is a serine protease with multiple intracellular
and extracellular functions, including induction of apoptosis, cleavage of extracellular
matrix components, processing of cytokines such as IL-1, etc.%0 Elevated granzyme B

in a developing lung undergoing postnatal alveolarization could be quite damaging given
the wide range of inflammatory functions above. However, granzyme B may not be the
primary causal factor in the chronic lung changes seen following HMPV infection, but rather
a surrogate marker of unresolved inflammation from a neonatal infection in the absence

of PD-1. Regardless, the combination of the striking lung changes in neonatal Pdcd1™~
mice following respiratory viral infection and the devastating pulmonary manifestations

in PD-1-deficient children further highlights the indispensable role of PD-1 in limiting
immunopathology in the lung in the childhood.

Future studies could evaluate neonates and children with severe respiratory viral infection
for evidence of PD-1-related dysregulation. In a murine model, understanding the
relationship between specific cytotoxic CD8* T cell function, and the outcomes on lung
development can be investigated mechanistically. Moreover, though restoration of CD8*
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T cell effector function occurred in the absence of PD-1, viral burden was unchanged.
Additional studies comparing the intrinsic differences between neonatal and adult CD8*

T cells following HMPV infection with/without PD-1 signaling, including evaluating

the epigenetic landscape, assessing for atypical effector molecules, and mechanisms of
differential LAG3 upregulation could identify other mediators. The role of PD-1 signaling
on other cell types, including CD4" T cells, should also be explored in the context of
neonatal murine HMPV infection. However, PD-1-dependent inhibition of neonatal CD8*
T cells during respiratory virus infection supports the hypothesis that the immune response
in neonates is not deficient simply due to immaturity, but rather is specifically regulated to
limit damage in the unique milieu of the developing lung.

1.4. Materials and Methods

Mice and virus stocks

C57BL/6 mice (strain: 000664) and RagZ™~ mice (strain: 034159) were purchased from
The Jackson Laboratory. Pdcal™~ mice were obtained with permission from Tasuku

Honjo (Kyoto University, Kyoto, Japan) and kindly shared by Karen Haas (Wake Forest
University). Breeder pairs were set up with 6-8-week-old mice of each strain and monitored
daily for signs of pregnancy. Breeder pairs were used for 6 months or until cessation

of reproduction. Following delivery of pups, neonatal mice were anesthetized with 3%
isoflurane in a heated chamber and infected intranasally with 2.8x108 PFU of HMPV strain
TN/94-49 (genotype A2) in 10pL sterile PBS at day 4-6 of life. Six-to-eight-week adult mice
were infected with 2.8x106 PFU HMPV in 100pL sterile PBS via orotracheal inoculation.
TN/94-49 was grown in LLC-MK2 cells and purified as previously described.>! Influenza
virus strain A/34/PR/8 (H1N1) was obtained from ATCC, grown in MDCK cells, and titered
on LLC-MK2 cells as previously described.?* A mock lysate was prepared using the same
protocol with uninfected LLC-MK2 cells; an equal volume of mock lysate was administered
to animals as HMPYV or PR8 inoculum. Littermates were randomized to either receive virus
or mock lysate. Neonatal mice were euthanized via isoflurane anesthesia and decapitation,
while adult mice were euthanized using CO» asphyxiation. Each experiment was performed
on two separate litters. All protocols were approved by the University of Pittsburgh IACUC.

Viral burden titration

Viral titers were measured via plaque titration.51:52 Briefly, a monolayer of LLC-MK2

cells grown in a 24-well tissue culture dish was washed twice with sterile PBS. Lung
homogenates were serially diluted 1:10 in 0% Opti-MEM media containing 1:2000 trypsin
and added to the plate in triplicate, followed by one-hour rocking incubation at room
temperature. Overlay media containing 0.75% methylcellulose and 1:500 trypsin was added
and plates were incubated at 37°C for 5 days. Plates were fixed with 10% formalin, blocked
with PBST containing 5% milk, and stained using 1:1000 guinea pig anti-HMPV primary
antibody and 1:1000 anti-guinea pig-HRP secondary antibody. Plates were developed using
TrueBlue™ substrate (KPL, Cat:5510-0050) and quantified.
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Following dissection and isolation, the left lung lobe was insufflated with 10% formalin,
embedded in paraffin, sectioned, and stained with H&E. CD8 immunochistochemistry (IHC)
staining was performed by the CHP pathology core, using recombinant anti-CD8 alpha
antibody (Abcam, Cat: ab217344, clone: EPR21769). Images for each figure were captured
and processed using Adobe Photoshop using the same parameters per figure. Measurement
of alveolar septal wall thickness was performed using ImageJ 1.54g. The average of 10
measurements per high-powered field of alveolar septal wall thickness was calculated.
Lymphocytic clusters were manually counted and diameter was measured via SPOT imaging
software (v4.6). Septal volume density (Vvsep) and mean linear intercept (Lm) were
calculated using the semi-automated morphometry plugin for FIJI (morphometry v.4.0) by
evaluating five representative images per animal.>3

Protein quantification

LLung homogenates were clarified by centrifugation and analyzed via ProcartaPlex ™ Mix
& Match panels (Invitrogen, Cat:PPX-18-MX47XXDD) per manufacturer’s instructions.
Analytes included: PD-L1, PD-L2, Eotaxin (CCL11), IFN alpha, IFN beta, IFN gamma,
IL-2, IL-4, IL-5, IL-10, IL-13, IL-15, IL-17A (CTLA-8), IL-22, I1L-23, IL-33, IP-10
(CXCL10), MIG (CXCLD9). Granzyme B was measured using a commercially available
ELISA per manufacturer’s instruction (Thermo, Cat: BMS6029).

Flow cytometry

Lung tissue was harvested, minced with scissors, and subjected to one-hour digestion

via collagenase/DNase at 37°C. Following digestion, lung tissue was passed through a
70um strainer, treated with RBC lysis buffer (ACK, Gibco, Cat:A1049210) for 1 minute,
followed by resuspension in RPMI+10%FBS. For T cell characterization, cells were

then plated for ex vivo peptide stimulation or tetramer staining in parallel. For peptide
stimulation, cells were stimulated with 10uM M94, NP366, or irrelevant control peptide in
the presence of BFA/monensin and CD107-PE antibody for 5 hours at 37°C as described
previously.>*° Control stimulation conditions included unstimulated cells and cells treated
with PMA/ionomycin. Cells were then washed, stained with live/dead violet (1:1000 in
PBS, Invitrogen, Cat:L.34964A) for 15 minutes, washed x2 in PBS, incubated with anti-
CD16/CD32 (1:100 in FACS buffer, Tonbo™, Cat:70-0161-M001) for 20 minutes, and then
stained for surface markers (1.5pL antibody/sample in BD Horizon™ Buffer, Cat:566349)
for 40mins at 4°C (Supplemental Table 1). Cells were then washed x2 in FACS, fixed

with Foxp3 fix/permeabilization buffer (Invitrogen, Cat:50-112-8857) for 20 mins at 4°C,
followed by intracellular staining (4.5uL antibody/sample in 1:1 mixture of BD buffer and
fix/perm buffer) for 30 minutes at 4°C (Supplemental Table 1). Cells were then washed in
fix/perm buffer x2 and resuspended in FACS buffer. Peptide plate gating strategy can be
found in Fig. S1.

For tetramer staining, cells were incubated for 30mins at RT in FACS buffer containing

dasatinib, followed by 1:100 M94 class | tetramer or an irrelevant tetramer for 90 minutes at
RT in the dark. Cells were then washed and incubated with live/dead, anti-CD16/CD32, and
surface stain and inhibitory receptors as described above (Supplemental Table 1). Following
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wash with FACS buffer, cells were fixed with FoxP3 fix/perm for 18hours at 4°C. Cells

were then washed x1 in fix/perm buffer and stained for transcription factors (2.5uL antibody/
sample in 1:1 mixture of BD buffer and fix/perm buffer) for 1 hour at 4°C (Supplemental
Table 1). Cells were then washed in fix/perm buffer x2 and resuspended in FACS buffer and
100uL of Biolegend Counting Beads were added. Fluorescence minus one (FMO) controls
were used for all inhibitory receptors and isotype control used with Tbet as shown in the
gating strategy (Fig. S2).

For innate cell marker and PD-L1 staining, a single cell suspension was generated followed
by live/dead staining, anti-CD16/CD32 blockade, and surface stains as above (Supplemental
Table 1). Cells were then fixed in 2% PFA for 20 minutes and subsequently resuspended in
FACS buffer. Gating strategy was adapted from Misharin et a/ (Fig. S$3).56

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 with
Flowjo(v10.8.1).

Ex vivo reactive oxygen species (ROS) measurement

ROS measurement was performed as previously described.>” A single cell suspension from
lung cells was generated as above. For each individual sample, 50uL of cells were plated,
followed by Fc block 1:100 for 15 minutes at room temperature. CD19, CD3, CD8, CD4,
CD44, and CD62L antibodies were added (1.5uL/sample in 50uL of FACS) with a 20-
minute incubation. MitoSOX Red (ThermoFisher Cat:M36008) was resuspended in DMSO
and diluted 1:100 in FACs buffer. After the surface antibody incubation, 5uL of diluted
MitoSOX was added per well with a 20-minute incubation at 37°C. Following incubation,
cells were washed twice with FACS buffer and immediately run on a Cytek® Aurora. An
unstained control and no MitoSOX control were analyzed with each experiment. Gating
strategy was similar to peptide gating with measurement of ROS on PE channel.

Lung physiology parameter measurement

Thirty-five days following a neonatal infection, mice were anesthetized with pentobarbital
(90mg/kg) via intraperitoneal injection and the trachea was then exposed, cannulated, and
connected to a computer-controlled small-animal mechanical ventilator (flexiVent; SCIREQ,
Montreal, QC, Canada). Pulmonary function was assessed as previously described 58, First,
the quasi-static mechanical properties of the lung at baseline (compliance) were measured
using pressure-volume curves (stepwise pressure-driven perturbation). Next, respiratory
system mechanics at baseline were assessed by collecting three consecutive measurements
using the single frequency forced oscillation technique followed by three consecutive
measurements using the broadband frequency forced oscillation technique. Using the single
frequency force oscillation maneuver, total respiratory system resistance (Rrs) and elastance
(Ers) were reported as the average of the three measurements. Airway resistance (Rn) and
tissue-related parameters (G, tissue damping and H, tissue elastance) were calculated using
the constant phase model as previously described>®, and the average of each parameter was
reported.
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Single cell RNA sequencing analyses

Peripheral blood mononuclear cells (PBMCs) were isolated from the index patient lacking
with a homozygous frameshift in PDCD1, a healthy 6-year old sibling, 5 healthy pediatric
controls, and 5 healthy adult controls as previously described.3® Following integration

of the datasets, relative abundance of several adaptive immune cells could be evaluated.
Clustering and cell type annotation was performed as previously described.89 To evaluate
gene expression, cells in a given cluster from a given sample were aggregated using

the ‘pseudobulk’ method.®? Log, fold change of specific genes was then estimated using
DESeq2 with batch correction. To identify cells with high levels of transcripts of genes
associated with CD8 effector function, normMean was calculated with average pseudobulk
read counts using the healthy pediatric controls with further normalization based on
housekeeping genes.

Human T cell stimulation assay

Statistics

Thawed T-cells from a PD-1-deficient patient, his sibling with intact PD-1 signaling, and his
father with heterozygous inheritance of PD-1 mutation were plated and stimulated with a
variety of conditions for 24 hours.3%:62 Specific conditions included: media alone, anti-CD3
beads, Dynabeads Human T-Activator CD3/CD28, anti CD2/CD3/CD28 beads, PHA, or
PMA/ionomycin, as previously described.3562 Cell supernatants were then collected and
analyzed via LEGENDplex.

All data displayed as mean+=SEM. All statistical analysis was performed using GraphPad
Prism (v.9.3.0). Weight curves were analyzed using simple linear regression comparing the
rate of weight gain (e.g., slope) between groups. Analyses with two groups were analyzed
using Mann-Whitney tests, while analyses with three or more groups were analyzed using

a Kruskal-Wallis test. Multiple Mann-Whitney tests were used to analyze studies in which
mock vs. HMPV-infected animals were compared between mice of differing genotypes/ages.
Kruskal-Wallis tests were utilized for comparing mice of similar infection status across
groups. For CD44*/CD62L* analysis, a two-way ANOVA with multiple comparisons was
utilized. All figures are the combination of studies performed at least two independent times.
Kaplan-Meier survival analysis was performed for survival studies. Significance was defined
as p<0.05 for all analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Respiratory viral infections remain a leading cause of death in young children. In the
current study, we developed a model of human metapneumovirus (HMPYV) infection in
neonatal and adult mice. PD-1 limits unrestrained activation of cytotoxic T cells and thus
is indispensable for preventing autoimmunity and infection-triggered immunopathology.
We found that disruption of PD-1 signaling increased CD8* T cell functions and

acute immunopathology with HMPV or influenza infection in neonates. Neonatal mice
lacking PD-1 signaling also had longstanding changes in lung physiology. Surprisingly,
adult mice with or without PD-1 controlled HMPV similarly without any signs of
immunopathology. Together, these results demonstrate a critical regulatory role of PD-1
in limiting immunopathology from respiratory viral infections in neonates.
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Figure 1. Establishment of neonatal model of human metapneumovirus (HMPV) infection.
A.) Neonatal C57BI/6 mice infected with 2.8x10% PFU of HMPV had significant reduction

in rate of weight gain compared to co-housed, mock-infected controls as determined

by simple linear regression modeling. Mock n=9, HMPV n=10, generated from three
independent litters (n=3/group per litter). B.) Neonatal mice were permissive to HMPV
infection but cleared viral burden by day 8 post-infection (performed on three litters with
the following n/day: d0:1, d1:5, d2:2, d3:3, d4:5, d5: 4, d6:2, d7:4, d8:2). LOD denotes
limit of detection. C.) H&E staining of HMPV infected or mock-infected lungs at day 2,
5, and 7 post-infection, with black arrows indicating interstitial inflammation, perivascular/
peribronchial inflammation, and lymphocytic clusters at the respective time points. Scale
bars indicate 100um. D.) Quantification of average alveolar septal wall thickness (left)
per high-powered field (hpf). **p<0.01, ****p<0.0005 by multiple t-tests. E.) Number
of lymphocytic clusters per lung slice per animal at days 2, 5, 7, n=3-4 animals/group.
**p<0.01 by multiple t-tests.
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Figure 2. PD-L 1/PD-L 2 expression is upregulated following at day one post-HM PV infection in
neonates.

A.) Representative flow plots of PD-L1 and PD-L2 expression on live CD45™ cells one day
after HMPV or mock infection in neonates/adults. B.) Proportion of CD45* cells expressing

of PD-L1, PD-L2, PD-L1/PD-L2+ or PD-L1/PD-L2 negative by age/infection status. C.)
Cell number of PD-L1, PD-L2, and PD-L1/PD-L2+ by age/infection status. D.) MFI of
PD-L1 and PD-L2 by age/infection status. E.) Cell number of each cell subset, PD-L1+,
PD-L2+, and PD-L1/PD-L2+ on alveolar macrophages (AMs), CD103" dendritic cells
(DCs), eosinophils (Eos), neutrophils, interstitial macrophages (IMs), and Ly6C* monocytes
(Monos). Neonate mock n=5, neonate HMPV n=7, adult mock n=6, adult HMPV n=6,
experiments performed in duplicate with n=2-4/group. Statistical significance assessed by
Kruskal-Wallis test, *p<0.05, **p<0.01, ***p<0.005, ****p<0.0005.
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Figure 3. Neonatal CD8" T cells have a similar antigen-specific response by magnitude, but do
not upregulateinhibitory receptorslike adult CD8* T cells.

A.) CD8" T cell recruitment following HMPV infection at day 7 post-mock/HMPV
infection. n per group, from left to right: 6; 6; 6; 11; 4; 6; 10; 8). Mock infected groups
performed in duplicate, HMPV infected groups performed in triplicate. B.) Representative
flow plots of CD44 and CD62L expression by age/genotype on CD8* T cells following
HMPV infection. C.) Combined analysis of CD44 and CD62L expression by age/genotype
following HMPV infection. *p<0.05, **p<0.01 by two-way ANOVA with multiple
comparisons. n=6 for adult groups, n=11 for B6 and n=11 for Pdcd~~ neonatal groups.

D.) Representative flow plots of M94-tetramer staining with composite M94 frequency and
cell number. n per group, from left to right: 6; 6; 6; 11; 4; 6; 11; 8. Mock infected groups
performed in duplicate, HMPV infected groups performed in triplicate Representative flow
plots, M94* tetramer frequency, and MFI to measure expression of PD-1 (E), TIM3 (F), and
LAG3 (G) and 2B4 (H). n=6 for adult groups, n=11 for B6 and n=11 for Pdcal~~ neonatal
groups with adult groups performed in duplicate and neonate performed in triplicate (n=3-4/
experiment) *p<0.05, **p<0.01, ****p<0.0005 by Kruskal-Wallis test. I.) Boolean gating
analysis of expression of four inhibitory receptors, with **p<0.01 by two-way ANOVA with
multiple comparisons. J.) Boolean gating analysis excluding PD-1 expression.
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Figure 4. Neonatal mice have reduced effector function, which isrestored in the absence of PD-1.
Effector function was assessed in CD8* T cells at day 7 post-infection. A.) Representative

flow plots of surface CD107a expression per infection status, genotype, and age. Frequency
of % CD107a* and CD107a MFI demonstrated to the right. Mock groups: B6 adult (n=5),
B6 neonates (n=8), Pdcd1™~ adult (n=5), Pdcal™" neonates (n=6); HMPV groups: B6 adult
(n=7), B6 neonates (n=12), Pdcd1™~ adult (n=6), Pdcd1™~ neonates (n=8). All experiments
performed in triplicate. B.) Representative flow plots of granzyme B expression per infection
status, genotype, and age, with frequency and MFI demonstrated to the right. Mock groups:
B6 adult (n=5), B6 neonates (n=8), Pdcd1™~ adult (n=5), Pdcd1™~ neonates (n=6); HMPV
groups: B6 adult (n=7), B6 neonates (n=12), Pdcdl™~ adult (n=6), Pdcdl™~ neonates (n=8).
All experiments performed in triplicate. C.) Representative flow plots of IL-2 expression

per infection status, genotype, and age, with frequency and MFI demonstrated to the
right, n=4-8 for neonatal infection groups. Mock groups: B6 adult (n=4), B6 neonates
(n=3), Pdcd1™~ adult (n=5), Pdcal™ neonates (n=6); HMPV groups: B6 adult (n=3),
B6 neonates (n=4), Pdcd1™~ adult (n=6), Pdcdl™~ neonates (n=7). D.) Representative
flow plots and frequency of IFN-y expression per infection status, genotype, and age.

Mock groups: B6 adult (n=5), B6 neonates (n=8), Pdcd1™~ adult (n=5), Pdcal™~ neonates
(n=6); HMPV groups: B6 adult (n=7), B6 neonates (n=12), Pdcd~~ adult (n=6), Pdcdl™~
neonates (n=8). All experiments performed in triplicate. E.) Representative flow plots and
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frequency of perforin expression per infection status, genotype, and age. Mock groups: B6
adult (n=5), B6 neonates (n=3), Pdcd™~ adult (n=5), Pdcdl™~ neonates (n=6); HMPV
groups: B6 adult (n=7), B6 neonates (n=4), Pdcd1™~ adult (n=6), Pdcal™~ neonates (n=8).
Statistical significance assessed by Kruskal-Wallis test, *p<0.05, **p<0.01, ***p<0.005,
***x<0.0005.
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A.) Similar HMPV clearance kinetics in B6 and PdcdZ~~ mice (B6 n/day: d2:2, d5:7, d6:3,
d7:4; Pdcdl™" nlday: d2:2, d5:6, d6:4, d7:7, performed on three total litters). B.) Increased

lymphocytic cluster size demonstrated by black arrows at 7 post-infection in Pdcal™~

neonates, with residual inflammation noted in B6 adults, B6 neonates, and Pdcd1~~ adults.
Scale bars indicate 100um. C.) Number of lymphocytic clusters per lung slice. **p<0.01
by Kruskal-Wallis test (n=4-7/group). D.) Quantification of average lymphocytic cluster
size per lung slice, *p<0.05 by Kruskal-Wallis test (n=4-7/group). E.) Pdca1~~ adult mice
(n=6) showed decreased weight loss at day 7 after PR8 infection compared to B6 adults
(n=4,*p<0.05 by multiple t-tests). F.) Pdcal™~ neonates (n=15) had increased mortality
following influenza infection when compared to B6 neonates (n=13). Survival analysis

performed, **p=0.01.

Mucosal Immunol. Author manuscript; available in PMC 2024 June 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Eddens et al.

‘Adut Neanate Adult Neonate ‘Adut Neonate Adult Neonate
3 Pacar” 3 Pacar”

Newtonian Resistance Resistince

o
Adult Neonate Adult Neonate Adult Neonate Adult Neonate Adult Neonate Adult Neonate Adult Neonate Adult Neonate
86 Pdedi-/- 86 Pdcd1+/- 86 Pdcd1+/- 86 Pdcd1-/-

Figure 6. Neonatal mice lacking PD-1 infected with HM PV have chronic lung changes and CD8*
activation.

A.) H&E demonstrating increased lymphocytic aggregates and abnormal alveolar
architecture in Pdcd1™~ mice infected with HMPV as neonates, but not B6 neonates

or Pdcd1™~ adults, 35 days following HMPV infection. Scale bars indicate 100um. B.)
Number of lymphocytic clusters per lung slice per animal (n=5-6/group). C-D.) Septal
volume density (Vvgep) and mean linear intercept per lung slice per animal (n=5-6/group).
E.) Thirty-five days following neonatal HMPV infection, Pdcal™~ mice had altered
compliance (Cst) and elastance (Ers) compared to B6 mice as measured by flexiVvent.

F.) Tissue elastance (H) and tissue damping (G) were significantly reduced in PdcdZ™~ mice
infected as neonates. G.) Altered resistance (Rrs, Rn) patterns in Pdcd™~ mice infected
with HMPV as neonates. Data are presented as percent change ((HMPV-mock)/mock)*100
with the average of mock-infected littermate controls serving as the mock measurement.
Sample sizes for HMPV infected groups: adult B6=5, neonatal B6=7, adult Pdcd™ =7, and
neonatal Pdcal™"=6. Mock infected groups: adult B6=5, neonatal B6=10, adult Pdcd1”"=7,
and neonatal Paca1”~=4 Performed in duplicate with n=2-5/experiment. H.) CD8" T cell
number by genotype, age at infection (i.e. neonatal vs. adult), and infection status (i.e. mock
vs. HMPV) at 35 days post-infection. n per group, from left to right: 6; 7; 7; 10; 5; 8;
6;8,performed in duplicate with n=2-5 per experiment I.) Cell number and frequency of
M94* CD8* T cells at day 35 post-infection. n per group, from left to right: 6; 7; 7; 10; 5;

8; 6; 8, performed in duplicate with n=2-5 per experiment J.) Granzyme B protein level as
measured by ELISA in lung homogenate at day 35 post-infection. n per group, from left to
right: 5; 4; 6; 4; 3; 3; 4; 6. Statistical analysis was performed using a Kruskal-Wallis test

for comparisons across HMPV infected group. Multiple Mann-Whitney tests were utilized
to compare mock vs. HMPV-infected for an individual age/genotype. *p<0.05, **p<0.01,
***p<0.005, ****p<0.0005

Mucosal Immunol. Author manuscript; available in PMC 2024 June 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Eddens et al.

Table 1.

Page 26

Summary of differences between neonatal and adult mice at baseline and following infection with human

metapneumovirus.

B6 neonates | Pdcd1l™~ neonates | Pdcd1~~ neonates
vsB6 adults | ysPdcd1~~ adults | vsB6 neonates
Baseline differences
CD107a MFI (degranulation) 1 e e
ROS production 0 N/A N/A
CD8'T cell responsesto HMPV
Antigen-specific CD8* formation And - <
LAG3 upregulation ! < >
Multiple inhibitory receptors { <~ <
Granzyme B production ! <> T
1L-2 production < 0 t
Acute pathology following respiratory viral infection
Lymphocytic cluster formation after HMPV < 1 ™
Mortality after influenza challenge 0 1 ™
Chronic pathology following respiratory viral infection
Lymphocytic cluster formation > ™ ™"
Abnormal alveolar architecture (i.e., alveolar simplification) < " ™
Lung compliance > 1 T
Lung elastance < ! 1
Airway resistance > { 1
Granzyme B production 35 days post-HMPV infection <~ 1 t
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