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The nasal mucosa is an important component of mucosal immunity. Immunogenic particles in
inspired air are known to activate the local nasal mucosal immune system and can lead to sinonasal
inflammation; however, little is known about the effect of this activation on the lung immune
environment. Here, we showed that nasal inoculation of murine coronavirus (CoV) in the absence
of direct lung infection primes the lung immune environment by recruiting activated monocytes
(Ly6C* inflammatory monocytes) and NK cells into the lungs. Unlike infiltration of these cells into
directly infected lungs, a process that requires type | IFN signaling, nasally induced infiltration of
Ly6C* inflammatory monocytes into the lungs is IFN-1 independent. These activated macrophages
ingested antigen and migrated to pulmonary lymph nodes, and enhanced both innate and adaptive
immunity after heterologous virus infection. Clinically, such nasal-only inoculation of MHV-1 failed
to cause pneumonia but significantly reduced mortality and morbidity of lethal pneumonia caused
by severe acute respiratory syndrome CoV (SARS-CoV) or influenza A virus. Together, the data
indicate that the nose and upper airway remotely prime the lung immunity to protect the lungs
from direct viral infections.

Introduction

Epidemic and pandemic lethal viral pneumonia periodically occur, resulting in substantial morbidity and
mortality. Effective treatment against lethal viral pneumonia remains lacking. A major physiological role
of the human nose is to protect the relatively vulnerable lungs (1). As the first point of contact of the respi-
ratory tract with the environment, the nose has many unique histologic and anatomic features that allow
it to effectively filter, humidify, and warm inhaled air to minimize detrimental stimulation of the lower
airway and lungs. While these physical-type protective mechanisms are well recognized and studied, little
is known about whether the nose can prime immunity in the lungs, and thereby protect them.

The human nose is an important branch of the mucosal immune system. Mucosal surfaces that cover
the gastrointestinal (GI), respiratory, urinary, and genital tracts function as immunologic sensors to detect
dangerous signals including pathogens (2, 3). Recent studies have shown that activation of the GI mucosal
immune system not only contributes to the local immune response, but also regulates immunity and function
of distant organs, including the lungs and the brain (4-6). For instance, interaction between the GI mucosa
and microbiota can alter both T cell and B cell responses to influenza A virus (IAV) infections (7). Similar to
the GI system, the human nose is covered by type I mucosa that comprises a single layer of epithelial cells,
abundant antigen-presenting cells (APCs), goblet cells, and specialized mucosal lymphoid organs (Wald-
eyer’s ring). The human nose and upper airway effectively capture the majority of common immunogenic
particles and droplets that contain pathogens in inhaled air. While these foreign antigens, bacteria, and virus-
es can activate the local mucosal immune system to cause sino-nasal inflammatory diseases, little is known
about the immunologic effect on tissues distal to the nose and upper airway, especially the lungs.

In order to examine such effects, we intranasally infected BALB/c mice with a pneumotropic
murine coronavirus (CoV) delivered in a very small volume (1 ul in each nostril, 2% of normal inoc-
ulate volume) to avoid aspiration. We failed to recover any virus in the lungs during the course of the
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experiment using either real-time quantitative RT-PCR (qRT-PCR) or virus titration, and lung disease
was absent. Strikingly, such limited local nasal infection significantly reduced the mortality rates after
challenge with 2 heterologous pathogenic respiratory viruses, SARS-CoV (from 100% to 0%) and IAV
(from 100% to 60%) and reduced clinical disease. We observed a significant increase in numbers of
Ly6C* inflammatory monocytes (IMs) in the lungs, 2 days after nasal infection. Moreover, Ly6C* IM
recruited by low-volume nasal infection were less activated and proinflammatory compared with those
detected after direct lung infection. Our results suggest that these monocytes dramatically enhanced
the innate and virus-specific CD4* and CD8" T cell responses after heterologous virus challenge. These
findings indicate that activating the nasal innate immune response may be very useful for the prevention
and treatment of lethal viral pneumonia.

Results

Nasal administration of MHV-1 dramatically reduced mortality and morbidity after heterologous virus infection. We
delivered mouse hepatitis virus type 1 (MHV-1; 10* PFU) intranasally in a small volume (1 ul in each nos-
tril) to generate nasal-only inoculation (Supplemental Figure 1; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.99025DS1). Using this amount of inoculum, we detected
viruses in the nasal lavage fluid (NLF) only on day 1 after infection (p.i.), but did not detect virus in the
lungs during the course of the experiment (Supplemental Figure 1C). No virus was detected in the lungs
by plaque assay or qRT-PCR. Clinically, mice with such nasal inoculum did not lose weight (Supplemental
Figure 1D) or display any signs of MHV-1 pneumonia. Cell numbers (Supplemental Figure 1E) and differ-
ential in bronchoalveolar fluids (BALFs) from mice after intranasal MHV-1 were indistinguishable when
compared with control mice intranasally treated with vehicle. The major cell type in BALFs from both
groups was alveolar macrophages, which were defined by high autofluorescence and CD11c, SiglecF, and
F40/80 expression as described previously (8). Both groups had very few T cells (CD3"), B cells (CD19%),
neutrophils (Ly6G*CD11b*), or NK cells (NKp46*CD3") cells in the BALF (data not shown). Additionally,
nasal infection by MHV-1 caused significant lymphocyte expansion in the cervical lymph nodes but not in
the MLNs, consistent with the presence of virus in the upper airway but not in the lungs (Supplemental
Figure 1F). Since we failed to observe any signs of direct virus infection of the lungs after intranasal inocu-
lation with 10* PFU MHV-1 in 2 pl, we used this volume/dose in all subsequent experiments (designated as
“nasal-only inoculation”). We next analyzed the early immune response in the nasal-associated lymphoid
tissue (NALT; Supplemental Figure 1G) and superficial and deep cervical lymph nodes within 24 hours
after nasal-only inoculation. We observed that upregulated B cell expression of Ly6C (Supplemental Figure
1H) was one of the earliest events in the NALT after nasal-only MHV-1 inoculation, suggestive of B cell
activation. Further, the B/T cell ratio, B cell frequency, and numbers in the NALT but not the cervical
lymph nodes were significantly reduced within 12-24 hours p.i. (Supplemental Figure 1, I-L), suggesting
that B cell egress from the NALT contributed to the immune response in a distant organ, the lungs.

We next examined whether nasal-only inoculation with MHV-1 could modulate the mortality and
morbidity of lethal pneumonia by SARS-CoV and IAV. BALB/c mice were intranasally treated with
MHV-1 (10* PFU in 2 pl). Two days later, mice were intratracheally (IT) infected with unrelated viruses,
IAV or SARS-CoV, at a lethal dose. Prior nasal MHV-1 inoculation dramatically reduced the mortality
rate of SARS-CoV pneumonia from 100% to 0% (Figure 1A). Morbidity, represented by weight loss,
was significantly reduced (Figure 1B), whereas the kinetics of SARS-CoV clearance was significantly
enhanced (>10 fold) in the lungs of mice with prior nasal MHV-1 inoculation (MHV+SARS-CoV) (Fig-
ure 1C). Histologically, mice without prior nasal MHV-1 inoculation exhibited evidence of extensive
alveolar damage characterized by alveolar edema with inflammation and vascular congestion/hemor-
rhage, while in mice with prior nasal MHV inoculum, only minor interstitial inflammation and minor
vascular congestion were observed (Figure 1, D-G). To extend these results to a non-CoV infection, we
infected mice with mouse-adapted IAV (PR-8 strain, 1,160 tissue culture infectious units [TCIU] in 50
ul per mouse via IT instillation) following MHV-1 priming. Similar to SARS-CoV infection, prior nasal
MHYV-1 inoculation significantly reduced IAV pneumonia—induced mortality (100% to 60%) (Figure
1H), weight loss (Figure 1I), and clinical scores (Figure 1J). Lung histological examination revealed less
severe alveolar wall damage in the group with prior MHV-1 inoculation (Figure 1, K-N). Taken together,
these data indicate that nasal-only inoculation with MHV-1 generated robust protection against lethal
pneumonia caused by heterologous viruses.
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Figure 1. Nasal administration of MHV-1 dramatically reduced mortality and morbidity of lethal pneumonia by heterologous viruses. BALB/c
mice were intranasally infected with MHV-1 (2 pl, 104 PFU) or vehicle. Two days later, mice were infected with SARS-CoV (104 PFU) or IAV (PR-8
strain, 1,160 TCIU) (50 pl per mouse via IT instillation). The negative controls were mice that only received vehicle. Mortality and morbidity were
then monitored daily. Mice that lost >30% of their initial weight were euthanized per institutional IACUC protocols. (A) Survival rates of SARS-CoV-
infected mice. P < 0.0001, SARS (n = 10) vs. MHV+SARS (n = 10) and MHV+vehicle (MHV+Veh) (n = 5). No difference was found between MHV+SARS
and MHV+Veh, using both log-rank (Mantel-Cox) test and Gehan-Breslow-Wilcoxon test. (B) Weight is expressed as percentage of original weight.
**P < 0.01, among MHV-SARS (n = 10), SARS (n = 10), and MHV+Veh (n = 5) using repeated-measures ANOVA; P < 0.01, MHV-SARS vs. SARS, using
LSD. (C) Viral titers at 6 days p.i. **P < 0.001, MHV-SARS (n = 5) vs. SARS (n = 5). (D-G) Lung histology: D (x10) and E (x40), representative from
MHV-SARS group; F (x10) and G (x40), representative from SARS group. Hemorrhage (arrows), hyalinization (arrowheads), and extensive infiltra-
tion of inflammatory cells in both alveolar space and lung parenchyma are illustrated. (H) Survival rate. **P < 0.01, both infected groups (n = 10 for
each) vs. controls (n = 6); and MHV-IAV (n = 10) vs. Veh-IAV (n = 10). (I) Weight was expressed as percentage of original weight. **P < 0.01, among
MHV-IAV (n = 10), Veh-1AV (n = 10), and controls (n = 6). (J) Clinical scores on day 9 p.i. **P < 0.01, Veh-lAV vs. MHV-IAV, and both Veh-IAV and MHV-
IAV vs. Veh-Veh. n = 5 for each group. (K-N) lung histology. K (10x) and L (40x), representative from MHV-IAV-infected mice; M (10x) and N (40x),
representative from IAV-infected mice. Hemorrhage (arrows) and extensive infiltration of inflammatory cells (N) in both alveolar space and lung
parenchyma are illustrated. Modest amounts of congestion and inflammatory infiltration in the alveolar septum was found in mice with MHV-1AV
infections (thin arrow). Data are from at least 2 independent experiments. IN, intranasal; Inf Mon, inflammatory monocytes.
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Figure 2. Nasal administration of MHV-1 remotely recruits Ly6C* IMs into the lungs. (A) Total cell numbers in the lungs after nasal-only MHV-1 infection.
n = 3-7 per group, pooled from 2 independent experiments. No differences were observed. (B and C) Ly6C*CD11b* cell infiltration in the lungs after nasal
infection. Data in B are expressed as percentage of CD45* cells. **P < 0.01vs. dpi 0. Gating strategy is shown in C. n = 3-12, pooled from 3 different exper-
iments. (D) Phenotypic analysis of Ly6C"CD11b* cells. Blue lines represent the Ly6C"CD11b* cells; red lines represent negative or positive controls in each
small panel as indicated. Blue-filled represents F4/80 negative control. Ly6C"CD11b* cells were Ly6G-CD19-CD3-SiglecF-NKp46-F4/80™. Neut, neutrophils;
T, T cells; B, B cells; NK, NK cells; aM, alveolar macrophages. (E-G) Localization of Ly6C* IMs in the lungs. BALB/c mice were intranasally infected with
MHV-1 (10* PFU in 2 ul MEM, 1 pl/nostril) or vehicle, and were then sacrificed at 2 dpi. The left lungs were clamped, and the right pulmonary vessels were
then exclusively perfused via the right ventricle (E). The frequencies of Ly6C* IMs in both left and right lungs were then analyzed and expressed as percent-
age of CD45* singlet cells (F and G). **P < 0.01vs. controls. n = 3 per group.
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Nasal-only inoculation of MHV-1 remotely primes lung innate immunity by recruiting Ly6C* IMs. To determine
whether this MHV-1 protective effect was accompanied by changes in infiltrating cell composition, we analyzed
mouse lungs on days 0, 1, 2, 4, and 20. While total cell numbers in the lungs did not chang after nasal-only
inoculation (Figure 2A), the cellular composition was significantly altered, with decreased frequencies of both T
and B cells, and increased frequency of Ly6C* IMs (Ly6C*CD11b*CD11c¢"F4/80™CD3-CD19 SiglecF Ly6G)
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(Supplemental Figure 2A; Figure 2, B-D) and NK cells (Supplemental Figure 2B) at day 2 and 4 p.i. These
results were further supported by nasal-only inoculation of MHV-JHM, a neurotropic coronavirus (9, 10), which
also caused infiltration of Ly6C* IMs in the lungs (3,000 PFU, 1 ul X2 for intranasal delivery; Supplemental Fig-
ure 2, C and D). After nasal-only inoculation, MHV-JHM-infected mice developed no signs of clinical disease.

Ly6C* IMs that accumulated after nasal-only inoculation could be present in the lung parenchyma,
alveolar spaces, or blood vessels. To distinguish these possibilities, we performed unilateral perfusion of
the pulmonary vessels and examined whether such intervention changed the frequency of these cells in
comparison to the non-perfused side in the same animals (Figure 2E). As shown in Figure 2, F and G, the
frequency of these cells was not changed by perfusion of the pulmonary circulation, indicating that they
were not circulating in pulmonary blood vessels, although they could still be adherent to vessel walls (11)
or in the lymphatic vessels. The lack of change in cell number (Supplemental Figure 1E) or differential in
BALFs after nasal-only inoculation suggests that the Ly6C* IMs are situated primarily in the lung paren-
chyma but not in the pulmonary vessels or alveolar spaces.

Nasal-only inoculation—induced infiltration of Ly6C" inflammatory monocytes into the lungs is IFN-I indepen-
dent. Previous studies have shown that the recruitment of Ly6C* IMs to sites of virus infection in the lung
is IFN-I dependent (12—14) . In order to determine whether IM infiltration into the lungs after nasal-only
inoculation was also IFN-I dependent, we infected mice lacking IFN-I receptors (BALB/c IFNAR") and
BALB/c controls with MHV-1 intranasally (2 ul, 10* PFU) or IT (50 pl 10* PFU), or with vehicle. Lungs
were then analyzed on day 2 p.i. (Figure 3). As expected, direct lung infection with 10* PFU MHV-1 sig-
nificantly increased the accumulation of Ly6C* IMs in the lungs of WT mice but not JFNAR™~ mice. In
marked contrast, in mice intranasally primed with MHV-1, Ly6C* IMs equivalently infiltrated the lungs of
IFNAR~-and WT mice. Recent studies have demonstrated an important role for the vagus nerve in the reg-
ulation of excessive immune responses in the GI tract and lungs (15-17). Next, to assess whether the vagus
nerve has a similar role after nasal-only MHV-1 inoculation, we performed unilateral cervical vagotomy
(18). The contralateral side was sham-treated without vagotomy. Mice were then intranasally treated with
MHV-1 (2 ul, 10* PFU) 14 days later. As shown in Supplemental Figure 3, there was nearly identical Ly6C*
IM infiltration in the lungs in vagotomized and sham-treated sides of the same animals. Taken together,
these data indicate that Ly6C* IM recruitment in the lungs after nasal MHV-1 priming is IFN-I- and vagus
nerve-independent, and thus mechanistically different from that caused by direct lung infection.

Ly6C* IMs recruited by nasal-only inoculation are less activated/mature than those recruited by IT infection. We
next compared the expression levels of activation/maturation markers including CD11c, MHC class IT
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(MHCII), CCR7, CD86, CD80, and CD40 on Ly6C* IMs recruited by nasal-only as opposed to IT MHV-
1 infection. As shown in Figure 4, A-C, nasal-only and IT infection MHV-1 resulted in nearly identical
frequencies and numbers of Ly6C* IMs in the lungs on day 2 p.i. However, in mice with nasal-only inocula-
tion, the expression levels of CD11c, MHCII, CD86, CD80, and CD40 on Ly6C* IMs were increased to a
lesser degree than after IT infection (Figure 4D), indicating the cells were less activated/mature than those
recruited by direct lung infection.

Ly6C* IMs recruited by nasal priming can produce TNF. Previous studies have shown that secretion of
TNF is one major antiviral mechanism employed by Ly6C* IMs (13, 19, 20). To assess whether Ly6C*
IMs recruited by nasal MHV-1 priming produced TNF, we harvested lung-derived cells on day 2 p.i. and
treated them with LPS (1 ng/ul) or vehicle (RP10) for 6 hours directly ex vivo, followed by intracellular
staining for TNF. In the absence of LPS treatment, Ly6C* IMs from both noninfected and MHV-1-
primed mice did not produce TNF, as there was no difference between isotype-stained cells and TNF
antibody-treated cells in the 2 groups (Figure 5A). After LPS stimulation, mice with nasal-only inocu-
lation exhibited significantly more TNF-secreting Ly6C* IMs in the lungs, in comparison to noninfected
controls (Figure 5, A—C). There was no difference in the amount of TNF expressed per cells, however,
based on measurements of MFI (data not shown). These data showing increased LPS-induced TNF
production by Ly6C* IMs recruited to the lungs following nasal-only inoculation with MHV-1 suggest
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nasal infection but not controls exhibited more FITC* Ly6C*CD11b* IMs in MLNs (Figure 7, D-F),
demonstrating that Ly6C* IMs recruited by nasal MHV-1 inoculation were primed for both antigen
uptake and migration to the MLNSs.
Enhanced adaptive immune response against heterologous virus challenge in the lungs after nasal infection.
To assess whether enhanced Ly6C* CD11b* IM migration to the MLN resulted in a stronger T cell
response in the lungs of MHV-1-primed mice, were treated mice intranasally with MHV-1 2 days prior
to challenge with a lethal dose of SARS-CoV. The SARS-CoV—specific T cell response was then investi-
gated using an intracellular cytokine staining assay after stimulation with virus-specific peptides (N353
for CD4"* T cells; S366 for CD8" T cells) (25). As shown in Figure 8, prior nasal inoculation of MHV-1
significantly enhanced the SARS-CoV-specific CD4* and CD8" cell responses in the lungs, suggesting
that enhancement of the T cell response resulting from nasal priming by MHV-1 is one possible mech-
anism underlying the observed protection against viral pneumonia.
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Discussion

In this report, we demonstrated that intranasal exposure to low volumes of pneumotropic or neurotrop-
ic murine CoV remotely primes the immune environment in the lungs by increasing the infiltration of
Ly6C*CD11b* IMs in the absence of direct pulmonary infection. These cells, in comparison to those
recruited by direct viral infection in the lungs, were less activated and thus less proinflammatory, as they
expressed lower levels of CD86/80, CD40, MHCII, and CD11c. However, after LPS stimulation, these
cells were able to secrete TNF in the lungs, suggestive of a role in the initiation or enhancement of the
innate immune response. They also exhibited the ability to ingest antigen, migrate to MLNSs, and enhance
the T cell response to heterologous viral infection in the lungs. As a result, nasal priming by MHV-1 dra-
matically reduced the mortality and morbidity resulting from subsequent lethal infection by both SARS-
CoV and TAV. A major physiological role of the human nose is to protect the lungs. Our results reveal
that in addition to warming, humidifying and filtering inspired air, immunological priming is another
lung-protective mechanism initiated in the nose and upper airway.

Immune priming of the lung by prior pulmonary infection has been previously described (26). For
instance, IAV infection of mice diminished the clinical and pathologic consequences of subsequent respira-
tory syncytial virus infection (26, 27). Further, pulmonary treatment with immunogenic substances such as
poly(I:C) and CpG generated protection against subsequent lethal pneumonia caused by unrelated pathogens
including IAV, SARS-CoV, and Middle East respiratory syndrome CoV (MERS-CoV) (28, 29). In this study,
we show that nasal-only exposure to a mouse CoV can prime the lung environment. This priming phenom-
enon appears to be not only restricted to MHV-1, as MHV-JHM, a neurotropic virus that primarily causes
encephalitis but not pneumonia, also recruits antiviral monocytes to the lungs. In contrast to previous reports
where direct inoculation of the lungs occurred through aspiration, our data indicate that indirect remote prim-
ing of the lung environment by viral exposure of the nose can prepare the lung for more robust infections. We
rigorously excluded the possibility of lung exposure to virus, as we failed to detect any MHV-1 in the lungs
using either qRT-PCR or viral titration, and failed to find any clinical evidence of direct lung infection.

Interactions between upper and lower airways have long been observed. For instance, allergic rhini-
tis is the single most important risk factor for asthma (30). Nasal allergen provocation in patients with
allergic rhinitis upregulates the expression of ICAM-1, VCAM-1, and E-selectin in the bronchial tissues
(31). The common cold is a very frequent cause of asthma exacerbation (32). However, the mechanism
by which inflammation in the nose impacts the lungs remains poorly understood. Recently, neuroimmune
interactions were postulated to play an important role in the regulation of innate immunity in response to
infectious and other environmental pathogens (15-17). Kradin et al. (17) showed that pulmonary DCs are
normally located in immediate proximity to unmyelinated nerves. Capsaicin, a neurotoxic protein, effec-
tively inhibited the accumulation of DCs and other inflammatory cells around small pulmonary vessels
after exposure to inhaled antigens. Further, the nose and lungs are connected through the nasobronchial
reflex (33), which consists of afferent signals carried through the trigeminal nerve in the nose and efferent
signals carried through the vagus nerve to the lungs. However, we were unable to provide experimental data
supporting a role for priming via the nasobronchial reflex, since unilateral cervical vagotomy did not dimin-
ish Ly6C* IM infiltration into the lungs after nasal-only inoculation (Supplemental Figure 3, A and B).

Cross talk between 2 distinct and distant mucosal sites has been previously reported. Schuijt et al. (34)
showed that the GI mucosal system plays a critical role in regulation of lung immunity, since depletion
of the gut microbiota was associated with increased bacterial dissemination, decreased TNF and IL-10
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Figure 7. Migration of Ly6C* IMs. (A-C) CCR7 expression on Ly6C* IMs. (A) Flow cytometric plots showing increased CCR7*Ly6* IM levels in mice after
nasal-only inoculation. (B and C) Frequencies of CCR7*Ly6* IMs in the lungs of mice with and without nasal infection. **P < 0.01; *P < 0.05. n = 5-6
per group. (D) Migration of Ly6* IMs into the MLNs. BALB/c mice were intranasally infected with MHV-1 (2 ul, 10* PFU) or vehicle. Two days later,
FITC-OVA was instilled IT. MLNs were then collected to evaluate cell migration. Data are representative of 2 independent experiments. (D) Flow
cytometric plots showing increased frequency of FITC-OVA*Ly6C* IMs in the MLNs. (E and F) Frequencies and numbers of FITC-OVA*Ly6C* IMs in the

MLNs collected from mice with and without intranasal infection. **P < 0.01 vs. controls. n = 3 per group.
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peptide. (C and D) Summary data for frequency and total number of virus-specific T cells are shown in the bar graphs. *P < 0.05; **P < 0.01. n = 4 per group.

secretion, and increased organ damage and mortality during pneumococcal pneumonia. These phenotypic
alterations in gut microbiota—depleted mice were completely reversed by fecal microbiota transplantation.
Other groups have also reported similar cross-mucosal interaction (34). However, the underlying mecha-
nism remains poorly understood but may involve B cell activation. Johansen et al. showed that activated B
cells from human tonsils preferentially migrate to distal mucosal sites in the lower airway, lacrimal glands,
salivary glands, and vagina (35). Heidegger (36) et al. showed that viral infection in the gut also caused
early reduction in B cell numbers in Peyer’s patches but not mesenteric lymph nodes. Such reduction was
abolished in mice pretreated with FTY720, a compound that inhibits B cell egress from secondary lym-
phoid organs (36) . Other studies showed roles of B cells in innate immunity. For instance, Harvey et al.
(37) showed that B cells transfer antigen to other APCs, especially macrophages. Bao et al. (38) reported
that IFN-y—producing B cells can directly stimulate macrophages and play an important role in innate
immunity. B cells also are responsible for the formation of mucosa-associated lymphoid tissue (MALT) in
the stomach after H. pylori infection (39) . Our data demonstrated early activation and possible egress of
B cells in the NALT after nasal-only MHV-1 inoculation. However, whether B cells from the NALT act as
a messenger between the nose and lungs, and thereby prime lung immunity, requires further investigation
(Supplemental Figure 1, G-L).

Mounting evidence has demonstrated protective and pathogenic roles for Ly6C* IMs in the host
response to different viral diseases, including respiratory syncytial virus (RSV) pneumonia, HSV-2 vagini-
tis, IAV pneumonia, HSV-1 keratoconjunctivitis, and cytomegalovirus hepatitis (12-14, 22, 40). Goritzka
et al. (13) reported that RSV infection recruited protective Ly6C* IMs via alveolar macrophage—derived
type I IFN. In mice with HSV-2—-induced vaginitis, the absence of CCR2, a chemokine receptor required
for Ly6C* IMs egress from the bone marrow and entry into sites of inflammation, resulted in significantly
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higher viral titers in the vagina and dramatically higher mortality rates compared with CCR2* controls
(22). In another study, depletion of Ly6C* IMs but not DCs or other myeloid cells, resulted in higher sus-
ceptibility to HSV-2 infection (41). In contrast, a robust immunopathogenic role for Ly6C* IMs in mice
infected with SARS-CoV was demonstrated (25), resulting in increased lethality. Several hypotheses have
been proposed for the differing effects of these cells. First, Ly6C* IM migration is IFN-I dependent, and the
timing of IFN-I induction may influence the extent of Ly6C* IM accumulation. Delayed IFN-I signaling
was associated with accumulation of pathogenic Ly6C* IMs in the lungs after SARS-CoV infection (25).
Second, the amount of infiltration of Ly6C* IMs may influence outcomes. Aldridge et al. (42) showed that
moderate infiltration of Ly6C* IMs in the lungs protected mice from lethal IAV pneumonia; however, both
excessive infiltration and elimination of these cells were detrimental due to associated immunopathology
and reduced CD8" T cell responses, respectively. The quality of infiltrating Ly6C* IMs may also contribute
to outcomes. In our study, nasal-only inoculation and IT instillation caused comparable infiltration of
Ly6C* IMs in the lungs, but Ly6C*IMs driven by nasal-only inoculation were less mature and proinflam-
matory compared with those driven by IT instillation.

How Ly6C* IMs prevent disease in low-dose MHV-1-infected mice is not yet understood (13). Ly6C*
IMs enhanced the apoptosis of lung epithelial cells after IAV infection through a TRAIL-DR5-mediated
(TNF-related apoptosis-inducing ligand-death-inducing receptor 5-mediated pathway) (19, 20) and were
also implicated in the development of IAV-specific CD8" T cell responses (42). Ly6C* IMs were also shown
to activate NK cells via an IL-18-dependent mechanism in a mouse model of HSV-2 vaginitis (41). We
observed increased production of TNF by Ly6C* IMs and early infiltration and activation of NK cells in
the lungs of mice after nasal exposure to MHV-1 (Supplemental Figure 2B). We also observed increased
expression of CCR7 on Ly6C* IMs, increased ability to ingest antigens and migrate to the lung draining
lymph nodes, and significantly enhanced T cell responses in the lungs to heterologous virus infections.

In summary, we demonstrate that nasal exposure to coronavirus remotely primes lung immunity in the
absence of direct lung infection, and that such priming provides effective protection against subsequent lethal
viral infection in the lungs. Our data reveal that early exposure to pathogens in the nose and upper airways
can immunologically prepare the lungs for more rapid initiation of innate and adaptive immune response
against homologous and heterologous infection. While clinical and epidemiological evidence supports the
concept of a “unified airway,” the underlying pathobiology remains poorly understood. Our data implicate
crosstalk between distant mucosal sites in the nose and lung, suggesting a common mucosal immune system
as a mechanism connecting the nose and lungs. These findings may have important therapeutic implications
for the use of nasal immunotherapy to prevent or reduce the severity of viral pneumonia, which presently
causes significant morbidity and mortality and have limited therapeutic options for treatment. Use of nasal
priming will need to be carefully tailored to individual patients. For example, if TNF is key for nasal prim-
ing, this approach would not be useful in patients treated with infliximab or etanercept, which inhibit TNF
signaling. Further investigation not will only advance our understanding of airway mucosal immunology,
but may also help open novel directions for management of lower airway diseases and to define the limita-
tion of such nasal immunotherapy.

Methods
Mice. BALB/c mice were purchased from the National Cancer Institute (NCI) and housed and bred in a
specific pathogen—free facility at the University of Iowa, with a 12-hour light cycle. The mice used in the
study were 7- to 11-week-old females. Food and water were provided ad libitum for all mice throughout
the duration of the study. IFNAR~- BALB/c mice were provided by Joan Durbin at Rutgers New Jersey
Medical School, Newark, New Jersey, USA.

Viral infection. Mouse coronavirus MHV-1 and JHM strains were propagated as previously described
(9). Mouse adapted influenza virus (IAV, PR-8) was provided by Kevin Legge of the University of Iowa
and prepared as described previously(43). Mouse-adapted SARS-CoV (MA15) was obtained from Kan-
ta Subbarao (NIH, Bethesda, Maryland, USA). For intranasal infection, we first determined a volume
that did not cause aspiration. BALB/c mice were intranasally treated with 1% Evans blue in PBS at
the indicated volume (under light anesthesia using isoflurane) prior to euthanization 10 minutes later.
BALF was obtained and assayed for Evan’s blue using a spectrophotometer. In a separate experiment,
radiolabeled sulfur colloid solution (5 pl per nostril) was intranasally administered to mice under light
anesthesia using isoflurane. The radioactivity was determined scintigraphically 20 minutes later. Based
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on the results, we used 2 pl (1 pl per nostril) containing 10* PFU MHV-1 for nasal-only inoculation after
light anesthesia with isoflurane. For IT instillation, BALB/c mice were anesthetized with isoflurane and
hung vertically through the upper incisors on a tower, and the tongue was gently retracted. A 50-ul viral
solution was then pipetted into the hypopharynx.

Viral titration. MHV-1 viral titers were determined by a standard plaque assay using HeLa cells stably
transfected with the MHYV receptor as described previously (44). SARS-CoV titers were determined using
Vero E6 cells as described previously (45). Viral titers are expressed as PFU/g.

gRT-PCR. RNA was isolated from whole mouse lung homogenized in TRIzol using a standard
protocol (9). cDNA was created by normalizing each sample to 2 ug RNA. qRT-PCR was performed
on a Applied Biosystems 7300 system using SYBR Green ROX qPCR Mastermix (QIAGEN). Previ-
ously described primers (9), located within Nsp12, specific for MHV-1 genomic RNA (Fwd: 5-AGG-
GAGTTTGACCTTGTTCAG-3', Rev: 5'-ATAATGCACCTGTCATCCTCG-3") were used to measure
expression of genomic RNA. Samples with Ct values at or below those from mock-infected mice were
considered negative for viral genomic RNA. For cytokine measurements, whole lungs of infection and
controls were used.

Antibodies and flow cytometry. The following antibodies were used in this study: CD45 (PE/Cy7 and
PerCP-Cy5.5) (cl. 30-F11, BioLegend), Ly6C (PE and FITC) (clone AL-21, BD Biosciences), CD11b
(eFluor 450 and PE) (clone M1/70, eBioscience), CD3 (PE) (clone 17A2, BioLegend), CD19 (FITC
and PE) (clone 6D5, BioLegend), Ly6G (PE and allophycocyanin) (clone IA8, BioLegend), SiglecF
(PE) (clone E50-2440, BD Biosciences), NKp46 (PE/Cy7) (clone 29A1.4, BioLegend), F4/80 (PE),
(clone BMS, BioLegend), MHCII (PerCP-Cy5.5) (M5-114.15.2, eBioscience), CD40 (allophycocyanin)
(cl. 3723, BioLegend), CD80 (allophycocyanin) (clone 2D 10, BioLegend), CD86 (FITC) (clone GL1,
BioLegend), CD11c (PE) (clone HL3, BD Biosciences), TNF (PE) (cl. MP6-XT22, BioLegend), CD4
(PE) (clone RM4-5, BioLegend), CD8 (FITC) (cl.53-6.7, BioLegend), IFN-y (allophycocyanin) (clone
XMG1.2, BioLegend), and CCR7 (allophycocyanin) (4B12, BioLegend). Cells were analyzed using a
FACSVerse (BD). For antigen-specific T cells following SARS-CoV infection, 1 x 10° cells were cul-
tured in a 96-well round-bottom plate in the presence of Brefeldin A and peptides corresponding to a
CD8" T cell epitope (S566) or a CD4" T cell epitope (N353) (Bio-Synthesis).

Whole lung lavage, nasal lavage, unilateral vagotomy, single-cell suspension, and isolation of cervical lymph
nodes, MLNs, and NALT. Whole lung lavage was performed as described previously (46). For NLFs,
mice were decapitated after euthanasia and exsanguination. The mandible was then removed to expose
the posterior opening of the nasopharyngeal tube in the oropharynx. A 20-gauge catheter was inserted
into the nasopharynx. One milliliter PBS was used to lavage the nasal cavity. Unilateral vagotomy was
performed as described previously under general anesthesia (18). The NALT, cervical lymph nodes, and
MLNs were isolated in standard fashion microscopically (45, 47). Lung single-cell suspensions were
generated per standard protocols (48). Briefly, lungs were minced and digested in HBSS containing 0.1
mg/ml of DNase (Roche), 1 mg/ml collagenase D (Roche), 2% FCS, and 25 mM HEPES at room tem-
perature for 30 minutes. Digested tissues were then gently dispersed and passed through a 70-pm nylon
filter to prepare single-cell suspension.

Intracellular cytokine staining. To detect TNF production by Ly6C* IMs, mice were infected intranasally
with MHV-1 (2 pl, 10* PFU) or vehicle. Two days later, mice were sacrificed, and single-cell suspensions
of the lungs were prepared. The cells were treated with LPS or vehicle in the presence of GolgiPlug (BD,
1 ul/ml) for 6 hours. They were then surface stained (CD45, Ly6C, and CD11b), followed by cell fixation
and permeabilization (BD Cytofix/Cytoperm). Intracellular staining was then performed using anti-TNF
antibody (PE, BD Biosciences). Isotype was used for gating for each sample.

Cell migration to the draining lymph nodes. To evaluate the migration of Ly6C* IMs in the lungs to the
MLNs, BALB/c¢ mice were infected intranasally with MHV-1 (2 ul, 10* PFU) or vehicle. Two days later,
OVA-FITC (200 pg/ 50 pl) was IT instilled into the lungs. OVA-FITC—positive Ly6C* IMs in the MLNs
were then assayed 18 hours later.

Survival, clinical scores, and lung histology. After viral infection, mice were monitored daily for mor-
bidity and mortality. Mice with greater than 30% weight loss were euthanized per institutional IACUC
protocols. Clinical illness was determined blindly using a grading system as follows: 0, healthy; 0.5,
huddling; 0.5, reduced activity; 1, inactive; 1, ruffled fur; 2, emaciated; 6, dead (49). Lung histology was
performed as described previously (46).
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Statistics. Data are expressed as mean = SEM. Two-tailed unpaired Student’s ¢ tests were used to ana-
lyze differences in mean values between 2 groups. ANOVA was used for comparison among 3 groups.
Weight loss was analyzed using repeated-measures ANOVA. Least significant difference (LSD) was used
for multiple comparisons. Log-rank (Mantel-Cox) tests and Gehan-Breslow-Wilcoxon test were used to
analyze differences in survival. P < 0.05 were considered significant.

Study approval. All animal care and experimental procedures used in this study were approved by the
TIACUC of the University of Iowa.
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