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Abstract

Insufficient T cell responses contribute to the increased burden of viral respiratory disease in
infancy. Neonatal dendritic cells (DCs) often provide defective activation of pathogen-specific T
cells through mechanisms that are incompletely understood, which hinders vaccine design for this
vulnerable age group. Enhancing our characterization of neonatal DC sub-specialization and
function is therefore critical to developing their potential for immunomodulation of T cell
responses. In this study, we engineered respiratory syncytial virus (RSV) to express a model
protein, ovalbumin, to track antigen-presenting DCs /n vivo. We found that murine neonatal
conventional DC1s (cDC1s) efficiently migrated and presented RSV-derived antigen, challenging
the paradigm that neonatal DCs are globally immature. In a key observation, however, we
discovered that during infection neonatal cDC1s presenting viral antigen were unable to
upregulate costimulatory molecules in response to type | interferons (IFN-I), contributing to poor
antiviral T cell responses. Importantly, we showed that the deficient response to IFN-I was also
exhibited by human neonatal cDC1s, independent of infection. These findings reveal a
functionally distinct response to IFN-1 by neonatal cDC1s that may leave young infants
susceptible to viral infections, and provide a new target for exploration, in light of failed efforts to
design neonatal RSV vaccines.
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INTRODUCTION

Immune responses evolve with aging.! During the neonatal period, age-dependent immunity
facilitates /n utero demands of protecting the developing fetus,? and after birth, enables
microbial colonization of the skin and mucosal surfaces.® Furthermore, restrictions on
inflammation protect the developing neonatal lung for air exchange.? These requirements of
early life dampen innate immune responses to invading pathogens and reduce pathogen-
specific adaptive responses, 6 contributing to the increased burden of respiratory infections
in young infants. Globally, respiratory tract infections are the primary cause of mortality
during the first year of life, with RSV contributing to the majority of these deaths.” Nearly
all children have been exposed to RSV by 2 years of age, yet reinfection throughout life is
common,® suggesting that early life infection fails to generate durable protective immunity.
Identifying innate immune regulation that influences the outcome of protective antiviral T
cell responses®-11 during infancy is therefore critical to much needed vaccine design.

cDCs are key components of the innate immune response that determine the magnitude and
function of antiviral T cell responses.12 DCs perform distinct non-redundant roles through
sub-specialization: CD103* cDCs (cDC1s) specialize in cross-presentation of class | major
histocompatibility complex (MHC-I) restricted antigens to CD8* T cells, whereas CD11b*
cDCs (cDC2s) more frequently present antigen to CD4* T cells. In the lungs, cDCs insert
dendrites through the respiratory epithelium, sensing for danger signals in the airways, and
taking up antigens for processing and presentation. Once activated, cDCs rapidly migrate to
the lung draining lymph node (dLN) to engage naive antigen-specific T cells. This
engagement is most critical in neonates, because they have not yet encountered the majority
of pathogens. However, current knowledge of DC ontogeny and activation predominantly
comes from studies in adults,13 14 and less is known about the function of DC subsets in
early life. Recent studies suggest T cell activation by murine neonatal cDCs differs from
adults’ during viral respiratory infections and allergic responses due to impaired antigen-
presentation and responsiveness to cytokine cues.15-17 The inability to track DCs presenting
antigens of interest /n7 vivo has prevented further assessment of their age-dependent
functions that determine the quality of T cell responses.

By engineering RSV to express the full-length ovalbumin protein (RSV-ova), we were able,
for the first time, to track antigen-presenting respiratory DCs in neonatal and adult mice
during infection and evaluate their effect on antigen-specific T cell responses. Using this
new model, we discovered that neonatal cDC1s effectively processed and presented the
MHC-1, H-2KP, restricted epitope, SHINFEKL (257-264), (KP-OVA) during a respiratory
infection with RSV-ova and transported this antigen to the dLN for T cell priming.
Unexpectedly, despite presenting virus-derived antigen, neonatal cDC1s failed to upregulate
costimulatory molecules leading to reduced neonatal OVA,57_o64-specific CD8* T cell
responses. To uncover the defect in activation during infection, the transcriptional responses
of adult and neonatal KP-OVA* cDC1s were compared, which identified reduced expression
of interferon signaling genes in neonates. In contrast to adults, /n vivo treatment with IFN-I
could not induce costimulatory molecule expression by neonatal cDCl1s, identifying a defect
in their responsiveness to this antiviral cytokine. Through detailed analysis of DC subsets in
human umbilical cord blood, we also demonstrated a parallel defect in the ability of human
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neonatal cDC1s to respond to IFN-I. Together these findings identified an age-dependent
cDC1-specific response to IFN-I that accounted for poor antiviral T cell responses in
neonates and can be targeted by vaccine design to increase the precision of T cells.

RSV-ova is an effective tool for tracking antigen processing and presentation in vivo

Our understanding of DC subsets and their function continues to evolve as new phenotypic
markers and transcriptional regulators are identified.18 However, further characterization of
DC function that determines the outcome of T cell responses requires improved in vivo
tracking of DCs presenting specific antigen(s) of interest. Reporter viruses, such as
influenza-expressing green fluorescent protein (PR8-gfp), have been used to detect infected
DCs presumed to be directly presenting antigens.1® Previously, we reported that fewer than
1% of DCs migrating to the dLN are GFP* after RSV-gfp infection, suggesting migratory
DCs may primarily cross-present RSV antigens.1® To track DCs cross-presenting RSV-
derived antigen during /n vivo infection, we generated RSV-ova, a recombinant virus
expressing the full-length chicken ovalbumin protein (OVA) from an additional gene inserted
between the RSV G and F proteins (Supplemental Fig. 1a). Following intranasal infection,
RSV-ova replication in the lungs did not significantly differ between age groups, and was
attenuated compared to unmodified RSV A2 (RSV-wt) (Supplemental Fig. 1b, c). The
number of RSV-specific CD8" T cells, recognizing epitopes in the M2 (M2g>_gg) and M
(Mqg7_195) proteins, was similar between the two viruses (Supplemental Fig. 1d) indicating
that the difference in the level of viral replication did not affect the magnitude of the T cell
responses, consistent with our previously published findings.16

Next, we tested the binding of the anti-KP-OVA antibody (clone 25D1.16 20) using peptide-
loaded CB6F1/J splenocytes and confirmed the peptide and MHC haplotype specificity of
this antibody (Supplemental Fig. 1e, f). Upon intranasal RSV-ova infection, respiratory DCs
presenting the SIINFEK epitope from ovalbumin in the context of H-2KP were recognized
by two anti-KP-OVA antibodies with the same specificity conjugated to different
fluorochromes. DCs from RSV-wt infected mice were used as a negative control to confirm
KP-OVA staining (Supplemental Fig. 1g-j). We implemented this method, which has been
used by others, to increase the specificity for rare cell identification?l. Together, these data
demonstrate that RSV-ova is an effective tool to track antigen presentation /in vivo and for
evaluating the interplay between DCs and T cells.

Neonatal cDC1s efficiently present RSV-derived MHC-I restricted antigen during infection

Using the validated RSV-ova model and staining panel, we initially characterized the influx
of cDC1, cDC2, and pDC subsets into the dLN, regardless of antigen presentation (Fig. 1a,
b). Neonatal cDC1s represented a greater percentage of the DCs in the dLN compared to
adults (Fig. 1a, b, green), which is consistent with RSV-wt infection.1® We found that the
majority of RSV-derived KP-OVA was presented by cDC1s in both age groups, however, a
higher proportion of neonatal cDC1s expressed KP-OVA* (Fig. 1b, c, green). cDC2s
presented KP-OVA, although at significantly lower levels than cDC1s (Fig. 1b, b/ue). pDCs
did not exhibit measurable anti-KP-OVA binding (Fig. 1b, ¢, maroon). Quantification of the
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average abundance of KP-OVA expression per cell, as measured by mean fluorescence
intensity (MFI), showed that adult and neonatal presentation on cDC1s was similar
(Supplemental Fig. 1k).

To further evaluate the ability of neonatal and adult cDC1s to process and present antigen
during a viral respiratory infection, we measured the proliferation of ova-specific T cell
receptor (TCR) transgenic CD8* T cells (OT-I tg cells) after culture with cDC1s that
acquired antigen /n vivo during RSV-ova infection. Total cDC1s were sorted from the dLNs
of RSV-ova infected mice at 2 DPI and co-cultured with CFSE-labeled OT-I tg cells.
Proliferation, measured by CFSE dilution from OT-I tg cell division, was similar between
OT-I tg cells exposed to neonatal or adult cDC1s from infected mice (Fig. 1d, f). OT-I tg
cells are highly sensitive to their cognate antigen, SIINFEKL, with limited requirements for
second and third signaling to induce proliferation as shown by others22 23 and in Fig. 1e.
This system, therefore, provides a measurement of antigen availability and further
establishes the similar competence of neonatal and adult cDC1s to process and present
antigen for TCR engagement.

In summary, we have shown, by /n vivo expression and /n vitro function, that the cDC1
subset is superior at presenting KP-OVA acquired during in vivo RSV-ova infection in both
adults and neonates; and that neonatal cDC1s did not exhibit a defect in MHC-I antigen-
presentation compared to adult cDC1s.

Despite effective antigen presentation, the magnitude of the neonatal CD8* T cell response
is diminished

The amount of presented antigen has been suggested to correlate with the frequency of
antigen-specific T cells,24 25 however, /7 vivo antigen presentation has been difficult to
quantify. Our previous studies were unable to measure the /n vivo MHC-I restricted
presentation of the RSV epitopes, K9-M2g,_go and DP-Mg7_195> 16: 26, We, therefore,
could not determine if defective neonatal antigen presentation contributed to reduced
neonatal antiviral CD8" T cell responses (Fig. 2a, b), as suggested by other reports2’: 28,
Using RSV-ova, we were able to directly compare antigen presentation (KP-OVA) with the
frequency of responding T cells. Surprisingly, despite similarly effective KP-OVA
presentation by cDC1s in both adults and neonates (Fig. 1b, c), the OVA»57_2g4-Specific
(OVA-specific) CD8* T cell response was diminished in neonates (Fig. 2a, b). These data
showed that neonates induced limited anti-RSV OVA-specific CD8" T cell responses that
were not due to the lack of cognate antigen presented.

In neonates, dysfunctional activation of KP-OVA* cDC1s impairs anti-RSV-ova CD8* T cell

responses

In addition to antigen presentation, DCs must upregulate a cascade of activation events for
the effective priming of pathogen-specific CD8* T cells including efficient migration to the
dLN and expression of costimulatory molecules.2? Now equipped with a method for
tracking DCs presenting virus-specific antigen, we next investigated these components of
activation. Migration into the T cell zones of lymph nodes is induced by upregulation of
CCRY7, which binds ligands CCL19 and CCL21 expressed by lymphatic vessels and T cell
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zones in lymph nodes.3 We found that neonatal KP-OVA* cDC1s exhibited enhanced
expression of CCR7 compared to adults (Fig. 2c), suggesting their migratory potential to
reach naive T cells in the dLN surpassed that of adults, and may have contributed to the
higher frequency of neonatal KP-OVA* ¢cDC1s in the dLN 2 DPI (Fig. 1c).

Costimulation by ¢cDCs supports TCR engagement promoting T cell activation and
proliferation.3? Several costimulatory molecules were measured on entire DC subsets and
compared with those expressing KP-OVA* within the subset to characterize their activation
profiles during infection and in the context of antigen presentation. In association with
antigen presentation, adult cDC1s dramatically upregulated expression of the critical
costimulatory molecule, CD86, in sharp contrast to neonatal KP-OVA* ¢cDC1s (Fig. 2d top,
e, f). The age-dependent difference in CD86 upregulation was unexpectedly pronounced
when comparing antigen-presenting cDC1s rather than the entire subset (Fig. 2d, fop vs
bottom). Additionally, adult KP-OVA* cDC1s upregulated CD86 expression by 20-fold at 1
DPI compared to steady-state cDC1s, demonstrating a remarkable ability to upregulate this
molecule upon acquisition of RSV-derived antigen, which the neonatal cDC1s did not (Fig.
2e, f). CD80 and CD86 can play compensatory roles during T cell priming, and CD80 also
was increased on adult compared to neonatal KP-OVA* ¢cDC1s (Supplemental Fig. 11).
CDA40, which supports the DC-T cell dialogue, exhibited a modest increase in MFI on adult
compared to neonatal KP-OVA* cDC1s, which was not observed when comparing the entire
cDC1 subset (Supplemental Fig. 11). These data highlight the poor upregulation of
costimulation by neonatal KP-OVA* ¢DC1s, which was in contrast to their ability to migrate
to the dLN, identifying a dysfunction in activation during RSV infection.

To assess the impact of dysfunctional cDC1 activation on the anti-RSV-ova CD8* T cell
response, we performed /7 vivo blockade of costimulation in adults. /n7 vivo blockade of
CDB86/80 1 DPI, during the peak of costimulatory molecule expression and T cell priming,
reduced the adult OVA-specific CD8* T cell response to neonatal levels (Fig. 2g). Blockade
also impaired the M2- and M-specific CD8* T cell responses (Fig. 2g), recapitulating our
previous observations.1®> Blockade of CD40 slightly diminished antiviral T cell responses,
but did not identify a predominant role for this molecule in the primary anti-RSV-ova CD8*
T cell responses (Fig. 2g). Delayed blockade of CD86/80 at 5 DPI did not reduce the OVA-
specific CD8* T cell response, confirming the importance of costimulation for T cell
priming provided 1 DPI, during peak expression on cDC1s.

Based on these findings, we show that costimulation provided by migratory cDC1s during
peak antigen presentation determines the magnitude of the OVA-specific CD8* T cell
expansion. By defining a primary defect in costimulation, but sufficient functional antigen
presentation and migratory responses, we have constructed a highly relevant model to
determine how costimulation is regulated in neonatal cDC1s.

Defects in IFN-I responsiveness are associated with the dysfunctional activation of
neonatal cDC1s during RSV-ova infection

To globally examine the mechanism(s) driving the dysfunctional activation of neonatal
cDCl1s, we quantified their transcriptional response using RNA-seq. KP-OVA* enriched
cDC1s were sorted from the dLNs at 2 DPI, during the peak of KP-OVA presentation and
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CD86 expression (Fig. 1b, 2d). Pathway analysis of the differentially expressed genes using
Ingenuity Pathway Analysis software (IPA)3! identified two pathways that were most
significantly upregulated in adult compared to neonatal KP-OVA* cDC1s: dendritic cell
maturation and IFN signaling (Supplemental Fig. 2a, b). Furthermore, among the genes
associated with the three types of IFN signaling (type I, II, 111), those in the IFN-1 pathway
were most differentially expressed between adult and neonatal KP-OVA* ¢cDC1s (Fig. 3a).

Early production of innate cytokines, such as IFN-I, contributes to viral control and immune
cell activation.1? To examine the disparity in IFN-1 signaling, we next investigated whether
neonates produced less IFN-I in response to RSV-ova infection. IFN-1 (IFNa/B) was first
quantifiable in the lung at 12 hours post-infection. Neonates exhibited reduced production of
IFNa/B per lung, and per milligram of tissue (Fig. 3b, ¢ upperand lower). Delayed IFNa/p
production was observed through 18-24 hours post infection in neonates and has been
demonstrated in RSV-wt infection by others. 32 In addition, lower levels of IFNa were
measured in the neonatal compared to the adult dLN (Supplemental Fig. 3a), reflecting
reduced cytokine at both the site of cDC activation (lung) and T cell priming (dLN).

Prior reports show that IFN-I upregulates CD86 on antigen presenting cells in adults.33 To
determine if decreased availability of IFN-I in neonates led to the reduced CD86 expression
on neonatal KP-OVA* cDC1s, we proposed to “rescue” this component of activation by
administering exogenous IFN-I during neonatal RSV-ova infection. Surprisingly, CD86
expression on neonatal KP-OVA* cDC1s was not increased after intranasal IFNa treatment
(Fig. 3d, fgp), nor was it increased on the total cDC1 (Fig. 3d, bottorm) and pDC populations
(Supplemental Fig. 3d). Neonatal cDC2s exhibited a minimal increase in CD86 expression
(Supplemental Fig. 3d). We also observed no significant change in the frequency of anti-
RSV-ova-specific CD8* T cell responses after IFNa treatment in neonates (Fig. 3e). We
performed similar experiments using IFNp in neonates and again observed no difference in
the activation of KP-OVA* ¢cDC1s (Fig. 3f), nor the magnitude of anti-RSV-ova-specific
CD8* T cell responses (Fig. 3g). Even at supraphysiologic doses of IFNB (5000U), we were
unable to repair the neonatal response (Supplemental Fig. 3b). Together these data show that
the reduced production of IFN-I during RSV infection is not solely responsible for the
failure to upregulate CD86 on neonatal KP-OVA* ¢cDCls.

The reduced responsiveness to IFN-I in murine neonatal cDC1s is independent of RSV

infection

RSV can evade host immunity by directly downregulating the IFN-1 response,34 which led
us to question whether the dysfunctional cDCI response to IFN-1 in neonates was a result of
RSV infection. We therefore asked whether intranasal IFN-I treatment of naive mice could
enhance CD86 expression on cDC1s in the lung. While adult cDC1s could upregulate CD86
by 2-3-fold in response to intranasal IFNB, neonatal cDC1s could not (Fig. 4a, b). We also
administered IFNB at a 2-fold higher dose in neonates (240x10° U/g of lung) and still did not
observe an increase in CD86 expression (Fig. 4a, b) demonstrating a failure to respond to
IFN-I in the absence of RSV infection. Interestingly, neonatal pDCs exhibited increased
CD86 expression in response to IFNB (Supplemental Fig. 3e), supporting the findings of
others regarding the activation of neonatal pDCs by IFN-1.32 These data indicate that the
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ineffective response to IFN-1 may be subset-specific. Together these findings show that,
neonatal cDC1s can regulate different components of activation independently, and lack of
responsiveness to IFN-I impairs their expression of costimulatory molecules, but not antigen
presentation or migration.

Human neonatal cDCs also ineffectively respond to IFN-I

Human DC subsets are difficult to study due to their scarcity in peripheral blood. To
determine whether human neonatal cDCs also failed to upregulate costimulatory molecules
in response to IFN-I, we isolated mononuclear cells (MCs) from human umbilical cord
blood (neonate, CBMC) and adult peripheral blood (adult, PBMC) to analyze the cDC
subset-specific responses. We stimulated CBMCs and PBMCs directly ex vivo, without any
in vitro derivation, which can alter DC function. Following stimulation, we identified the
three different human DC subsets that are equivalent to murine cDC1s, cDC2s, and pDCs by
complex flow cytometric analysis (Supplemental Fig. 4).3° Unstimulated neonatal cDC1s
and cDC2s trended towards lower levels of CD86 and CD80 compared to adult cells,
suggesting that costimulation may be restricted in neonates at baseline (Fig. 5a, b, top and
middle rows). In response to IFNB stimulation, adult cDC1s and cDC2s efficiently
upregulated CD86 and CD80, whereas neonatal cDC subsets demonstrated poor
upregulation of these costimulatory molecules (Fig. 5a). Furthermore, the expression level of
CD86 and CD80 induced by neonatal cDCs, even at high doses of IFNp, barely reached the
level of unstimulated adult cDCs (Fig. 5a, b, ¢). In contrast, neonatal pDCs responded to
IFN-I by upregulating CD80 expression (Fig. 5a, bottom row), corroborating our findings in
mice and suggesting that the observed defect is cDC-specific.

RSV infection can trigger several toll-like receptors (TLRs). As a single stranded RNA
virus, RSV engages TLR 7/8, which can be mimicked by R848.36 Previous studies have
shown that R848 stimulation of neonatal immune cells can increase cytokine production and
costimulatory molecule expression by APCs.37 Interestingly, we also found that neonatal
cDCs lacked the ability to fully upregulated CD86 and CD80 in response to R848
stimulation compared to adult cDCs (Fig. 5a, b, top and middle rows). Nonetheless, as with
IFN-I stimulation, neonatal pDCs were more responsive to R848 (Fig. 5a, b, bottom row).

Consequently, we have shown that the unique cDC-specific response to IFN-1 observed in
neonatal mice was also exhibited by human neonatal cDCs. These data suggest that RSV
may pose specific challenges for neonatal cDCs that are less responsive to the antiviral
cytokine, IFN-1, and indicate that cytokines predicted to protect against viral infection in
adults may not similarly induce protection in neonates.

DISCUSSION

Neonatal immune responses are predominantly characterized as immature. However, recent
findings suggest that immune activation is regulated by distinct requirements of age-
dependent development and exposures.1> 16: 32, 38, 39 |n this report, we counter the paradigm
that neonatal DCs are globally immature, by showing that murine neonatal cDC1s
responding to RSV infection can effectively present viral antigens and migrate to the site of
T cell priming. Despite exhibiting these highly functional maturation responses, they fail to
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provide costimulation in response to IFN-I. Importantly, this defective IFN-1 response also
was apparent in human neonatal cDCs. These data show that IFN-I responsiveness is
limited, in a cell-specific manner, during early life, and this limitation of neonatal cDC1
activation reduces virus-specific T cell responses that may increase susceptibility to viral
infections.

Poor functional responses of neonatal DCs and T cells have been associated with higher
rates of infection in young infants,0 but the lack of mechanistic understanding has posed
challenges to designing effective vaccines for neonates.*! Previous reports show conflicting
results regarding the ability of neonatal DCs to process and/or present antigen.42:15. 28, 43
Our unique model enabled us to tracked DCs presenting pathogen- associated antigen during
a viral respiratory infection and isolate these rare cells for transcriptional analysis. We found
that neonatal respiratory cDC1s were effective at presenting antigen derived from RSV-ova
and also expressed genes associated with cross-presentation at similar levels to that of adults
(Supplemental Fig. 2c) indicating that this component of DC maturation is competent during
early life.

In conjunction with antigen presentation, fundamental properties of DC maturation,
including migration and T cell costimulation, render DCs superior at activating naive T cells.
In the context of RSV-ova infection, neonatal cDC1s effectively presented pathogen-
associated antigen and upregulated CCR7 for migration, but poorly expressed costimulatory
molecules. Through tracking KP-OVA™ cells, we uncovered that the defect in CD86
upregulation was most pronounced on neonatal cDC1s presenting antigen. These data
establish that maturation, as defined in adult DCs, did not occur in neonatal cDC1s
responding to RSV-ova infection, supporting the concept that neonatal immune cells have
distinct age-dependent programming rather than global deficits.

While many innate immune stimuli can trigger DC activation, the mechanisms that regulate
costimulation are not well defined. Our model enabled us to analyze the transcriptional
responses of cDC1s, known to be presenting pathogen-derived antigen, yet expressing
different levels of costimulatory molecules. Decreased interferon signaling in neonatal
compared to adult KP-OVA* ¢cDC1s was highlighted by this analysis. IFN-I play a key role
in host protection against viruses by impairing viral replication and, importantly, enhancing
immune responses.** RSV has uniquely evolved to produce two non-structural genes, NSI
and NS2, that evade IFN-I by antagonizing IFN-stimulated genes and disrupting DC
function.12 34 Abrogation of IFN by RSV has been associated with decreased production in
the respiratory tract of neonatal mice and human infants.324 Previously, the administration
of exogenous intranasal IFN-I was shown to enhance pDC function and RSV-specific IgA
responses in neonatal mice.32: 38 Based on these and other reports, it was presumed that
limited production and evasion of IFN-1 by RSV led to diminished activation of innate
immune responses in young infants. In contrast to this prevailing notion, we showed that,
compared to adult cDC1s, neonatal cDC1s exhibited reduced responsiveness to IFN-I
independent of RSV infection, which led to reduced expression of costimulatory molecules.

A key finding of our study is that age-dependent IFN-I activation of cDC subsets is common
to both mice and humans. Human neonatal DCs have been examined primarily from
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umbilical cord blood after /n vitro differentiation into monocyte-derived DCs. These studies
have shown reduced cytokine production and costimulatory molecule expression in response
to pathogen-associated molecular patterns compared to adult peripheral blood-derived DCs.
46 We studied human adult peripheral blood and umbilical cord blood DC subsets, without
derivation, and showed that human neonatal cDC1s and cDC2s displayed reduced CD86/80
upregulation after IFN-I stimulation. It is interesting to consider why IFN-I may be distinctly
regulated during early life: cDCs play critical roles in the establishment of tolerance to self-
associated antigen, limiting autoimmunity.4”: 48 In addition, prominent interferon-response-
gene signatures in early life are linked to developmental delays.*%: %0 Restricted IFN-I
responsiveness may, therefore, subvert disruption of early life development. Our findings
warrant further investigation into DC responses later in neonatal life given that DCs from
umbilical cord blood represent a distinct timepoint in neonatal immune development.

In conclusion, our findings identified a tightly regulated response by cDC1s in the lungs
during the neonatal period, and an age-dependent programming that is highly functional in
terms of antigen presentation and migration, but limits T cell activation through poor
costimulation. During the neonatal period, when tissue development and microbial
colonization is ongoing, this programming may prevent destructive inflammation. However,
in the context of a viral respiratory infection, this results in reduced pathogen-specific CD8*
T cell responses that are important for viral clearance.1! The lack of effective vaccines for
neonates, particularly against pathogens that infect the respiratory tract, highlights the
importance of defining distinct mechanisms that regulate the development of protective
adaptive immune responses. Our findings identify MHC-I antigen presentation as a function
of neonatal cDC1s that could be capitalized upon for vaccine design, while costimulation
presents a challenge that requires further investigation for infants.

MATERIALS AND METHODS

Mice

Adult (6-10 weeks old) female CB6F1/J mice or OT-1 mice were purchased (The Jackson
Laboratories, Bar Harbor, ME) or bred in-house. CB6F1/J neonates (6—7 days old) were
obtained through timed breeding of BALB/c (female) and C57BL/6 (male) mice (The
Jackson Laboratories).2% Mice were bred and housed under specific pathogen-free (SPF)
conditions at the Uniformed Services University (USU). Studies were approved by and
adhered to the USU Institutional Animal Care and Use Committee (IACUC).

RSV virus modification and propagation

A recombinant version of RSV strain A2 was generated expressing the full-length
ovalbumin (OVA) open reading frame from an additional gene inserted between the RSV G
and F genes (Supplemental Fig. 1). The RSV A2 strain was propagated in HEp-2 as
previously published.18 For RSV-ova, virus was filtered through a 100kDa filter (Amicon
Ultra-15) to remove free OVA, which was confirmed by OVA ELISA (data not shown).
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Measurement of viral titer by plaque assay

Lungs were frozen in MEM/10%FCS and stored at —80°C. Thawed lungs were
homogenized using a GentleMACS dissociator (Miltenyi Biotec, Germany). Samples were
centrifuged and the supernatants were inoculated on 80% confluent HEp-2 cell monolayers
in 12-well plates and overlaid with 0.75% methyl cellulose. After incubation for 5 days at
37°C, infected HEp-2 were fixed with formalin and stained with hematoxylin and eosin.
Plaques were counted and plotted as shown.

RSV infection

Mice were anesthetized using aerosolized isoflurane (3%) and infected intranasally with
2x106 plaque-forming units (PFU) of live ovalbumin-expressing RSV A2 (RSV-ova) or
1x10% PFU of unmodified RSV A2 (RSV-wt). Volume used to infect mice was adjusted for
weight by dilution with PBS to provide 5-6 pl/gram of weight.

Murine cell isolation

Mice were euthanized with lethal intraperitoneal injection of pentobarbital (250mg/kg).
Lungs and dLNs were collected in RPMI/10% FBS. Lung tissue was homogenized using a
GentleMACS dissociator and filtered through 70um filter. dLN were homogenized by
manual disruption between frosted glass slides. Single cell suspensions were layered over
Fico/lite-LM (Atlanta Biologicals, MD) at room temperature and centrifuged at 1250xg for
20 minutes. Mononuclear cells were isolated by extracting from the Ficoll layer and then
washed twice in PBS.

Flow cytometry

Mouse cell suspensions were initially incubated with anti-CD16/32 (BD Biosciences, San
Jose, CA) and normal mouse serum (Jackson ImmunoResearch, West Grove, PA) at 4°C for
10 min to prevent non-specific antibody binding. Cells were then stained with fluorochrome-
conjugated antibodies and/or tetramers (detailed in Supplemental Table 1) at 4°C for 20
minutes. Human MCs, after stimulation, were stained with fluorochrome-conjugated
antibodies (Supplemental Table 1) at 4°C for 20 minutes. Viability was determined with
Fixable Viability Dye (Invitrogen, Carlsbad, CA). All antibodies used were titrated on cells
of interest for individual lots. Cell acquisition was performed on BD-LSR-II and analyzed
using FACS Diva software (BD Biosciences) and FlowJo (Version 9) (Tree Star, Inc,
Ashland, OR).

DC-T cell co-cultures

Cells from the dLNs of RSV-ova infected mice (2 DPI) were isolated and stained as
described above and the cDC1 population was sorted using a FACS Aria Il machine (BD
Biosciences). OT-1 tg cells were isolated from the spleens of OT-1 TCR transgenic mice
using MACS CD8* T cell negative selection kit (Miltenyi Biotec), stained with CFSE, and
washed prior to co-culture. Sorted cDC1s were plated with T cells at the ratio of 1 DC:20 T
cells, with no exogenous peptide, therefore, the only source of antigen was that acquired /n
vivo during RSV-ova infection. OT-1 tg cells cultured with exogenous peptide in the absence
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of APCs served as positive controls, and those receiving no stimuli served as negative
controls. Cells were co-cultured for 3 days prior to analysis by flow cytometry.

In vivo blockade of costimulatory molecules

Costimulatory molecule blockade was performed in adult mice with 50ug of blocking
antibodies against CD86 (clone GL1) and CD80 (clone 16-10A1) at 1 DPI or 5 DPI, or
CDA40 (clone FGK4.5) at 1 DPI, and compared with responses in animals administered
equivalent doses of isotype control antibodies at 1 DPI (Bio X cell, Lebanon, NH). All
antibodies were injected in 100pl volume intraperitoneally (i.p.).

RNA-Seq analysis of antigen-presenting cDC1s

KP-OVA* cDC1s were sorted from the dLNs 2 DPI using FACS Aria Il machine. The purity
of sorted cells was verified as >90%. 4000 KP-OVA enriched-cDC1s were collected in lysis
buffer. Three biologic replicates per age group were submitted for RNA extraction, cDNA
library construction, sequencing, and gene identification (Cofactor Genomics). Differentially
expressed genes (DEG) were imported into Ingenuity Pathway Analysis (IPA) software
(QIAGEN, Germany). The highest activated networks (high z-score) were identified.

IFN-I quantification and in vivo experiments

Lung and dLN tissues were dissociated in PBS or PBS/0.1% Triton, respectively, then
centrifuged at 2500 rpm for 5 minutes and supernatants frozen at —80°C. IFN-1 was
quantified using mouse IFNa ELISA (limit of detection 125ng/ml) (PBL Assay Science,
Piscataway, NJ) or mouse/human IFNB ELISA (limit of detection 12.5pg/ml) (R&D). Total
protein was quantified using Pierce BCA protein assay kit (Thermo Fisher Scientific,
Rockville, MD). Tissue homogenates were diluted appropriately for the detected signals to
fall within assay limits, and calculations were performed according to number of mice
pooled or quantity of total protein detected per sample. Mice that received IFN-I were
anesthetized using isoflurane (3%), and mouse IFNaA2 protein (104 U, as previously
published 32) or mouse IFNB (indicated doses) (both from PBL Assay Science) was
administered intranasally in PBS/0.1% BSA at 8- and 24-hours PI. Control mice received
PBS/0.1% BSA intranasally at the same time points.

Mononuclear cells from human blood

Peripheral blood samples from adults were obtained from healthy volunteers at the National
Institutes of Health (NIH) after informed consent with approval from the International
Review Board (IRB) of the NIH (NIAID Protocol number 03-1-0263) and provided de-
identified. Non-identifiable umbilical cord blood samples were obtained with the approval of
the IRB of the Walter Reed National Military Medical Center ( WRNMMC) (Protocol
number WRNMMC-EDO-2018-0203). Umbilical cord blood was collected after delivery of
the placenta into citrate-phosphate-dextrose solution (Sigma). Human blood was diluted in
an equal volume of PBS and layered over Ficoll-Paque PREMIUM (GE Healthcare, Silver
Spring, MD). MCs were isolated by centrifuging at 400xg for 30 minutes. MCs were
washed twice and frozen in FCS/10% DMSO. On day of stimulation, MCs were thawed,
washed, and rested in 48-well plates for 2 hours. Human IFNB (PBL Assay Science) or
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R848 (InvivoGen, San Diego, CA), was then added for stimulation at 37°C for 16-18 hours
prior to analysis by flow cytometry.

Statistical analyses

Data were analyzed with GraphPad Prism and indicated statistical tests. Mean + SD are
depicted (* p < 0.05, ** p < 0.001, *** p < 0.0001, **** p < 0.00001, ns=not statistically
significant).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ova-infected adult or neonatal mice at 2 DPI. e Histogram of CFSE dilution of proliferating
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blockade of CD86/80 or CD40 with monoclonal blocking antibodies (mAb) against the
respective costimulatory molecule via intraperitoneal injection at indicated DPI in adult
mice. Isotype control antibodies were administered 1 DPI. Data are representative of two-
three independent experiments showing similar results. a, b, g one mouse per sample, 4-5
samples per group. c, d, f 2-8 mice pooled per sample, 5 samples per group. Mean + SD are
depicted (* p < 0.05, ** p < 0.001, *** p < 0.0001, **** p < 0.00001). a, b Mann-Whitney
Utest. ¢, d Two-way ANOVA with Sidak’s multiple comparisons test. g One-way ANOVA
with Dunnett’s multiple comparisons.
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Fig. 3. Neonatal mice exhibited reduced I FN-I production, but also restricted responsivenessto
IFN-I by cDC1sduring RSV infection.

a KP-OVAT* cDC1s from the dLN of RSV-ova infected adult and neonatal mice were
enriched by sorting, and analyzed using RNA-seq to identify DEG (red and green shaded
genes). Heat map showing the log fold change (Log gc) of adult compared to neonatal
interferon signaling genes. The top five genes, indicated in grey, were identified by IPA to
define a difference in the interferon signaling pathway between neonates and adults.
Additional genes are shown to provide further context for the different IFN signaling genes.
b, ¢ Quantification of b IFNa or ¢ IFNB by ELISA from neonatal and adult lungs at
indicated hours PI. d, e Effect of intranasal IFNa (10% U at 8- and 24-hours PI) on the d
expression of CD86 on neonatal cDC1s from the dLN 2 DPI and e neonatal RSV-ova-
specific CD8" T cells 7 DPI from the lung. f, g Effect of intranasal IFNp (102 U at 8- and
24-hours PI) on f expression of CD86 on neonatal cDC1s from the dLN 2 DPI and g
neonatal RSV-ova-specific CD8* T cells 7 DPI from the lung. b, ¢, d, f Data are
representative of three independent experiments showing similar results, 4-6 samples per
group, 2-8 mice pooled per sample. e, g one mouse per sample, 4-5 samples per group.
Mean + SD are depicted (* p < 0.05, ** p < 0.001, *** p < 0.0001, **** p < 0.00001). b, ¢
Mann-Whitney U'test. d-g One-way ANOVA with Tukey’s multiple comparison test.
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Fig. 4. Neonatal cDC1s exhibit reduced responsivenessto | FN-I.
Naive adult and neonatal mice were administered the indicated doses of intranasal IFN. a,

b Expression of CD86 was measured on cDC1s isolated from the lung at 18-20 hours post
intranasal IFNB administration. Data are shown as a MFI of CD86 expression and b fold-
changes in MFI of CD86 expression compared to untreated. Data are representative of at
least three independent experiments showing similar results. 3-4 samples per group, 2-8
mice were pooled per sample. b represents data from five different experiments normalized
by using fold change comparing treated to controls (PBS+BSA treated). Mean + SD are
depicted (* p < 0.05, ** p < 0.001, *** p < 0.0001, **** p < 0.00001). a One-way ANOVA
with Tukey’s multiple comparison test. b Two-way ANOVA with Sidak’s multiple
comparisons test.
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Fig. 5. Human neonatal cDC1s also exhibited limited upregulation of costimulatory molecule

expression in responseto | FN-I.

Mononuclear cells were isolated from human adult peripheral blood (Adult, PBMC) and
umbilical cord blood (Neonate, CBMC) and stimulated /n vitro with indicated stimuli
(human IFNP or R848). a Fold change of CD86 and CD80 MFI relative to unstimulated
adult PBMC:s is represented for three different DC subsets: ¢cDC1, cDC2 and pDC. b MFI of
CD86 used to calculate fold change, shown for each treatment condition and DC subset. ¢
Representative histograms of CD86 and CD80 expression on neonatal and adult cDC1s
comparing unstimulated with IFNB stimulated cells at indicated doses. Data are
representative of three independent experiments showing similar results. Mean + SD are
depicted, (* p < 0.05, ** p <0.001, *** p < 0.0001, **** p < 0.00001). a, b Two-way
ANOVA was used with Sidak’s multiple comparisons test.
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