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In brief

The nasal mucosa is a key barrier for
respiratory infections, but the cellular
responses therein are poorly understood.
Kazer et al. generate a longitudinal tissue-
scale single-cell nasal atlas during IAV
infection and rechallenge, identifying
unique epithelial subsets responding to
infection and revealing highly
coordinated myeloid and T cell responses
during rechallenge.
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SUMMARY

The nasal mucosa is often the initial site of respiratory viral infection, replication, and transmission. Under-
standing how infection shapes tissue-scale primary and memory responses is critical for designing mucosal
therapeutics and vaccines. We generated a single-cell RNA-sequencing atlas of the murine nasal mucosa,
sampling three regions during primary influenza infection and rechallenge. Compositional analysis revealed
restricted infection to the respiratory mucosa with stepwise changes in immune and epithelial cell subsets
and states. We identified and characterized a rare subset of Krt13+ nasal immune-interacting floor epithelial
(KNIIFE) cells, which concurrently increased with tissue-resident memory T (Trw)-like cells. Proportionality
analysis, cell-cell communication inference, and microscopy underscored the CXCL16-CXCR6 axis between
KNIIFE and Try cells. Secondary influenza challenge induced accelerated and coordinated myeloid and
lymphoid responses without epithelial proliferation. Together, this atlas serves as a reference for viral infec-

tion in the upper respiratory tract and highlights the efficacy of local coordinated memory responses.

INTRODUCTION

As the primary passage to the lower airway, the nasal mucosa
balances the complex roles of olfaction, filtration, and condition-
ing of air with host defense. To accomplish these functions, the
nose contains distinct anatomical structures with diverse cell
subsets that secrete specialized proteins. In the face of patho-
gens, the nasal mucosa mounts various incompletely under-
stood defense mechanisms to protect against infection and limit
spread to the lower respiratory tract.” Nevertheless, many respi-
ratory pathogens circumvent the nose and disseminate into
the lungs, causing severe disease, hospitalization, and fatal
outcomes.®™®

The inflammatory state of nasal tissue affects the viral infection
trajectory. The COVID-19 pandemic has emphasized the roles of
interferons (IFNs) in nasal protection and disease severity, high-
lighting the importance of timing, location, viral burden, and
strain.®® Single-cell analysis of the human nasopharynx during

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) infection suggests muted IFN responses in epithelial cells
from severe disease relative to mild cases.'® More generally, ev-
idence of a recent prior infection in children receiving a live-
attenuated influenza vaccine is associated with enhanced inter-
feron stimulated gene (ISG) signaling and lower viral shedding. "
Collectively, this suggests that the cumulative exposure history
informs the present nasal state and composition and may drive
disease outcomes.'*"""

Following viral infection or intranasal (i.n.) vaccination, immune
memory in the nasal mucosa can provide long-term protection
both systemically and at the mucosal barrier, reducing pathology
and infection burden in the lower airways and elsewhere.'°
Local protection is afforded by both cellular and humoral im-
mune mechanisms. For example, CD8" tissue-resident memory
(Trwm) cells that form following upper respiratory tract influenza A
virus (IAV) infection correlate with enhanced protection against
heterologous AV strain rechallenge.”’ Protective mucosal
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immunoglobulin A (IgA)-producing plasma cells and neutralizing
antibodies can be generated in the nasal mucosa following 1AV,
vesicular stomatitis virus, respiratory syncytial virus (RSV), and
SARS-CoV-2 infections.'®%%72°

To develop protective, durable, and efficacious vaccines for
respiratory viruses, we must better understand the establish-
ment, timing, and cooperation of tissue-scale memory following
natural infection.?®® Immune responses to pathogens often
occur in stepwise fashion: recognition of pathogen-associated
molecular patterns by immune and/or epithelial cells leads to
cytokine production that broadly activates myeloid cells that, in
turn, recruit pathogen-specific effector lymphocytes, some of
which will develop into circulating and Tgw cells.>® Following
prior infection or vaccination, these local circuits can be re-or-
dered and even inverted in the barrier tissues that re-encounter
infection.’**%% During viral rechallenge, Tgwm cells exhibit anti-
viral effector functions and can act as sentinels that send anti-
gen-specific inflammatory “alarms” to activate multicellular re-
sponses at the site of infection.®*® In mucosal vaccination,
IFN+y produced by antigen-specific T cells will induce increased
inflammatory cytokine production by both distal®*”**® and local®®
antigen-presenting cells, suggesting that recruited and/or tis-
sue-resident cells can contribute to rapid memory responses.
Similarly, antibodies can directly neutralize virus and orchestrate
various antiviral effector functions through antibody Fc-recep-
tor-mediated binding by natural killer (NK) cells, macrophages,
and neutrophils.40 However, most studies to date have focused
on individual roles of cell types or limited interactions during a
memory response.

Here, we present a tissue-scale single-cell RNA sequencing
(scRNA-seq) atlas of the murine nasal mucosa before and during
primary IAV infection and secondary rechallenge. By sampling
multiple regions, time points, and cell lineages, we develop a
compositional landscape of the tissue and reveal how the diver-
sity of cell subsets and states dynamically changes in response
to infection and during a memory response. Primary |AV infection
induced stepwise shifts in cell composition, starting with
increased IFN-responsive neutrophil subsets followed by
broader antiviral/IFN-stimulated responses in epithelial, myeloid,
and lymphoid immune cells. Next, monocyte-derived macro-
phages (MDMs) accumulated along with effector CD8* and
CD4™" T cells. Following viral resolution, early Ty cells and plas-
mablasts were established alongside increased frequencies of
rare Krt13+ nasal immune-interacting floor epithelial (KNIIFE)
cells expressing an assortment of genes with immunomodula-
tory potential. Upon rechallenge, the nasal memory response
to IAV is accelerated and coordinated, compared with primary
infection, to different degrees based on viral homology. Collec-
tively, our spatial and temporal datasets enumerate and charac-
terize the diversity of cell types, states, and subsets in the murine
nasal mucosa and highlight recruited and local cell subsets that
exhibit memory and respond to viral infection.

RESULTS

Single-cell spatiotemporal atlas of primary influenza
infection in the nasal mucosa

We administered IAV H1N1 PR8 i.n. to awake, naive mice, to
restrict infection to the upper respiratory tract,”’**' and pro-
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cessed nasal mucosa tissue (n = 3 biological samples/time point)
by scRNA-seq at 0, 2, 5, 8, and 14 days post infection (dpi; pri-
mary) (Figure 1A). Anatomically, the murine nasal mucosa can
be divided into tissue regions by morphology and function.’
We mapped the cellular and structural diversity in the naive nasal
mucosa by immunofluorescence, observing broad heterogene-
ity in epithelial, immune, and neural distribution throughout the
tissue (Figure 1B). To capture region-specific changes in cell
composition and response during IAV infection, we separated
the tissue into three regions: (1) respiratory mucosa (RM), inclu-
sive of the nasal and maxillary turbinates, septum, and vomero-
nasal organ; (2) olfactory mucosa (OM), inclusive of the ethmoid
turbinates; and (3) the lateral nasal gland (LNG), which sits in the
maxillary sinus.

Across all primary infection time points (0-14 dpi, n = 45), we
collected 156,572 single-cell transcriptomes. Top-level clus-
tering captured 42 clusters belonging to neural, epithelial, im-
mune, and stromal (endothelial, fibroblast, and others) cell line-
ages, demarcated by known lineage-restricted genes
(Figures 1C and S1A). Neurons and epithelial cells comprised
over half of the dataset (Figure S1B). Major cell types were
distributed unevenly across regions, with enrichment of neurons,
granulocytes, B cells, and hematopoietic stem cells (HSCs) in the
OM and more epithelial cells, fibroblasts, myeloid cells, and T
and NK cells in the RM (Figures 1D and S1C). As highly struc-
tured nasal tissues, the turbinates, and especially the ethmoid
turbinate (OM), contain substantial amounts of bone and bone
marrow. Thus, the relative enrichment of specific immune cell
types, including HSCs and other immune progenitors in the
OM, likely reside in this bone marrow and may directly enter
the mucosa and engage in pathogen defense®® (Figure 1B).
Sample replicates did not exhibit strong batch effects (Fig-
ure S1D). Although clustering was performed on all singlets,
only hash-annotated cells were utilized for downstream compo-
sitional analyses (Figure S1E).

To delineate the diversity of cell subsets and states in the nasal
mucosa, we split the dataset by cell type and conducted new
clustering analyses, yielding a total of 127 clusters (Figure S1F;
Table S1). By counting the cells assigned to each cluster in
each sample replicate and scaling across samples by cell cap-
ture, we calculated cell cluster abundances to interrogate the
relationship between samples in cell compositional space
(STAR Methods; Table S2). Performing principal-component
analysis (PCA) on samples over center log-ratio (clr) transformed
cell cluster abundances, we saw strong regional separation (Fig-
ure 1E). Examination of the PCA loadings revealed that LNG has
higher abundances of odorant-binding protein (OBP)-expressing
cells, serous cells, and capillary endothelial cells (Figure S1G).
OM has relatively more Schwann cells, HSCs, and glandular
cells, while RM is enriched for vomeronasal sensory neurons,
chondrocytes, and infection-responsive epithelial cells. Collec-
tively, this atlas represents a high-resolution view of the mouse
nasal mucosa, enabling characterization of cellular composition
dynamics during infection.

Influenza infection is largely restricted to the RM, with
reproducible changes in cellular composition

Although viral, immune cell, and epithelial cell dynamics
following IAV infection of the lung are partially mapped,**™’
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Figure 1. Single-cell atlas of the nasal mucosa during primary IAV infection

(A) Experimental design. Influenza A virus (IAV) was restricted to the nasal mucosa. Dpi, days post infection; RM, respiratory mucosa; OM, olfactory mucosa; LNG,
lateral nasal gland.

(B) Representative immunofluorescence images of coronal slices of the nasal mucosa from a naive mouse moving from anterior (left) to dorsal (right) staining for
epithelial cells (EpCAM, teal), immune cells (CD45, red), and ciliated cells/neurons (a-acetylated tubulin, green). White arrows point to olfactory sensory nerve
bundles; white arrowheads point to cilia. The olfactory epithelium (OE) and respiratory epithelium (RE) both reside within the collected RM tissue and are
differentiated by morphology and the presence of olfactory sensory neurons. NT, nasoturbinate; S, septum; MT, maxillary turbinate; VNO, vomeronasal organ;
LNG, lateral nasal gland; ET, ethmoid turbinate; and NALT, nasal-associated lymphoid tissue.

(C) Uniform manifold approximation and projection (UMAP) embedding of 156,572 nasal cells across three tissue regions and five time points (n = 3 per region/
time point) colored by cell type. HSC, hematopoietic stem cell.

(D) Stacked bar chart depicting the relative proportions of cells annotated for each cell type by region and time point.

(E) Compositional principal-component analysis (PCA) of all acute infection sample replicates. Each point represents a sample replicate and distance reflects
variation in cell cluster abundance (scaled cell counts). Dots are colored by region and time point as in (B).

the nasal mucosa is less studied. Total nasal mucosa viral titers
showed robust infection 2 dpi that waned through 8 dpi and was
cleared by 14 dpi (Figure 2A). Lung titers showed sporadic viral
spread between 5 and 8 dpi (Figure S2A). Aligning to a joint
IAV and mouse genome, we captured viral transcripts by

scRNA-seq and identified cells containing viral reads. Individual
genes like nucleoprotein (NP) and hemagglutinin (HA) were de-
tected in epithelial and myeloid cells (Figure S2B). We calculated
a summative IAV unique molecular identifier (UMI) count for
every cell to assess IAV “positivity” (Figure 2B). Across time
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Figure 2. 1AV infection induces stepwise changes in RM cellular composition

(A) Infectious IAV PR8 quantification in plaque-forming units (pfu) of the entire nasal mucosa.

(B) Summative scTransform-corrected UMI counts per cell across all IAV PR8 genes.

(C) Representative images of IAV infection in RM taken from mice 2 dpi (top) and 5 dpi (bottom). Staining for EpCAM (teal), CD45 (red), and IAV-NS1 (yellow).

Images on the right depict only the signal in the IAV-NS1 channel.

(D) aPCR of Ifnb1 (left), Ifng (center), and /fni3 from RNA extracted from RM tissue. Cgq ratios are normalized by Gapdh Cg. n = 5/time point.
(E) Gene set variation analysis (GSVA) enrichment score for Hallmark response to IFNa on total RM tissue lysate bulk RNA-seq data (n = 5/time point).

(F) Compositional PCA of all cell clusters from only RM samples.

(G) Cell cluster abundance loadings for PC1 and PC2 from (F). Cell cluster names for several of the most negative and most positive weights for each PC are

depicted.

points and regions, we captured low, but reproducible, numbers
of IAV+ cells 2-8 dpi in the RM aligning with positive plaque as-
says (Figures S2C and S2D). Bulk RNA-seq of whole RM tissue
lysate better matched the plaque-forming assay results, with
higher IAV read counts than single-cell sequencing, suggesting
non-cellular viral RNA and/or potential loss of IAV+ cells during
scRNA-seq processing (Figure S2E).

Staining for IAV NS1 at 2 and 5 dpi confirmed that infection
was largely restricted to epithelial cells in the RM (Figures 2C,
S2F, and S2G), consistent with expression of binding receptors
marked by «2,3-linked sialic acid in mucus-producing cells.*®
We performed qPCR of total RM to validate an early response
to infection and found robust induction of type | and Il IFNs 2
dpi, with higher expression 5 dpi despite lower viral titers (Fig-

4 Immunity 57, 1-20, August 13, 2024

ure 2D). Ifng expression exhibited delayed kinetics, peaking at
8 dpi. To understand the global IFN-induced response dynamics
during infection, we calculated response enrichment scores to
IFNe. and IFNy from bulk RNA-seq data (Figures 2E and S2H).
Despite elevated levels of Ifnb1 at 2 dpi, IFN-response signaling
was not enriched until 5 dpi; however, we cannot exclude that
IFN responses occur between 2 and 5 dpi, given sampling
limitations.

To understand how infection remodels each nasal region, we
applied PCA to the sample replicates within each region. In
OM, 5- and 14-dpi samples separated from each other and the
other time points (Figure S2I). In LNG, only 14-dpi samples sepa-
rated from the rest (Figure S2J). Comparatively, the RM PCA
showed clear separation between all time points in chronological
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Figure 3. Epithelial cell subclustering reveals diverse subsets, including transient IFN-responsive/cycling cells and rare cells with immune-

interaction potential arising 14 dpi
) UMAP embedding of 38,367 epithelial cells across 28 clusters.

D) Relative frequencies of cells clustered as IFN-Stim as a proportion of all epithelial cells.
E) IFN-Stim epithelial cell scores for signatures derived from airway basal cell cultures stim

A
(
(
(
(

B) Violin plot depicting epithelial lineage and subset marker expression levels across all discovered clusters (see Table S1).
C) Stacked bar chart depicting the relative proportions of cells annotated for each cluster by region and time point.

Welch’s t test.
ulated with IFNo or IFNy (Ziegler et al.>?).

(legend continued on next page)
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order across PC1-2 (Figure 2F), suggesting that dynamic and
linked responses occur over the course of infection in this region.
PCA loadings highlight a shift from resting basal cells, fibro-
blasts, and ciliated cells in naive mice and 2 dpi to diverse acti-
vated myeloid and lymphoid clusters 5 and 8 dpi that gave way to
specific goblet/secretory cells, Tru-like cells, and mature
myeloid cells following viral resolution 14 dpi (Figure 2G). Even
though virus was cleared by 14 dpi, all three nasal regions
reached compositions distinct from naive mice at this time point.

Regional epithelial diversity in the nasal mucosa
dynamically changes during IAV infection

We next evaluated epithelial cell responses to IAV infection. Sub-
clustering on all epithelial cells yielded 28 clusters encompassing
diverse differentiation states and functions (Figures 3A, 3B, and
S3A; Table S1). In addition to known subsets (e.g., goblet, basal,
etc.), we identified unique clusters of epithelial cells potentially
specific to the nasal mucosa and present in steady-state and
infection that separated in UMAP space: Scgb-b27*Cck™*, KIk1*
Fxyd2*, Meg3*MHC-II*, and Krt13*ll1a* cells. Comparison with
human nasal biopsy and swab datasets,'**° readily annotated
known epithelial subsets and suggested that the Krt13*/l1a*
cluster was squamous-like (Figure S3B). The other unique clus-
ters did not map reliably to human subsets, potentially due to lim-
itations in sampling human tissue. Epithelial clusters were un-
evenly distributed across regions (Figure 3C): nasal tuft cells,
ionocytes, Dclk1™ cells,®® and olfactory sensory neuron support-
ive sustentacular cells®' were enriched in OM, whereas serous
and glandular cells were specific to LNG.

To understand how IAV infection impacts nasal epithelial cells,
we determined which clusters harbored viral reads. The distribu-
tion of IAV UMIs across all epithelial clusters showed that IAV+
cells were enriched in the IFN-stimulated cluster, followed by
cycling basal and ciliated cells (Figure S3C). The IFN-stimulated
cluster, largely restricted to the RM, expressed Krt5, a basal cell
marker, together with Cxcl/17. Comparing cells within the IFN-
stimulated cluster by presence of IAV transcripts, IAV+ cells
showed relatively higher levels of ISGs but lower expression of
transcription factors Atf3, Egr1, and Junb (Figure S3D). Although
infection was well-established at 2 dpi, IFN-stimulated epithelial
cells only arose at 5 dpi and composed ~20% of all RM epithelial
cells 5 and 8 dpi (Figure 3D). The substantial detection of IAV
transcripts by bulk RNA-seq (Figure S2E), but lack of an IFN-
response signature in total RM tissue at 2 dpi (Figure 2H), sug-
gests that besides selective loss of IAV+ cells during processing,
host silencing mechanisms by IAV may also contribute to the
muted IFN response.®® To understand the relative contribution
of different IFNs to the IFN-stimulated epithelial cluster, we
scored these cells with gene lists derived from nasal basal cells

Immunity

stimulated with IFNe or IFNy in vitro.>? Although IFNe and IFNy
induce partially overlapping ISGs, cells 5 dpi scored higher for
the IFNa signature and cells 8 dpi scored higher for the IFNy
signature (Figures 3E and S3E).

Cycling basal cells demonstrated a similar transient increase
in abundance, peaking 5 dpi (Figure 3F). Many ISGs were signif-
icantly increased at this time point (Figure S3F). Given that the
epithelial IFN response can impede proliferation and tissue
repair in the lower airway,’**> we assessed whether individual
nasal basal cells co-express pathways for cell cycle and IFN
response. Gene set analysis confirmed significant enrichment
for both pathways in cycling basal cells; a mutually exclusive
apoptosis pathway was also significant (Figure S3G). Pathway
module scoring showed that although the IFNa response score
changed over time, the G2M checkpoint score was equally
distributed across time points and independent of IFNa
response (Figure 3G). Thus, unlike their lower respiratory tract
counterparts, proliferating nasal basal cells may support concur-
rent ISG expression during primary infection alongside non-pro-
liferative IFN-stimulated basal cells.

The compositional PCA separates RM samples at 14 dpi from
other time points (Figure 2G). Among epithelial cells, two clus-
ters, Emp1*Ccdc3” basal cells and Gp2*Lyz2* goblet/secretory
cells, accumulated to 9%-12% of all epithelial cells following
viral clearance by 14 dpi (Figure S3H). In addition to Gp2 and
Lyz2, the goblet/secretory subset was also enriched for //33,
Muc1, and Cd14, suggesting a shift toward an antibacterial
state. Additionally, two rare (~1% of RM epithelial cells) and tran-
scriptionally distinct subsets of epithelial cells—Meg3*
MHC-II* and Krt13*ll1a*—accumulated at 14 dpi. The Meg3*
MHC-II* subset highly expressed maternally imprinted Meg
genes (Meg3, Rian) alongside Cd74, H2 class Il genes, Wnt5a,
Cxcl12, and Ccl25 (Figure 3H). They also uniquely expressed
Fezf2, a transcription factor connected to thymic self-antigen
expression and immune tolerance induction by thymic epithelial
cells.”®

The Krt13*ll1a* subset uniquely expressed Krt13, a keratin
described on hillock cells in the mouse trachea®’:*® and squa-
mous/suprabasal cells in the human nasal turbinate.’® These
Krt13*ll1a* cells exhibited several markers specific to tracheal
hillock cells, including Lgals3, Ecm1, and Anxal, but were not
enriched for Cldn3 or club cell marker Scgb7ai. Unlike hillock
cells, this nasal subset expressed genes for several secreted
and membrane-bound immune cell regulatory factors, including
Il1a, Tnf, Cd274 (PD-L1), Ifngr2, and Cxcl16, as well as secretory
proteins like Defb1, Muc4, and Muc1 (Figure 3l). Flow cytometry
confirmed Krt13* cell accumulation 14 dpi (Figure 3J). Given the
potential for these Krt13* cells to communicate with immune
cells, we stained for Krt13 to understand their distribution

(F) Same as in (D) for the cycling basal cell cluster.

(G) Scatterplot of gene module scores for the Hallmark IFNa response and Hallmark G2M checkpoint gene lists (MsigDB v7.5.1) in cycling basal cells. Density

plots represent the scatterplot data.

(H and |) Relative frequency plots of Meg3+MHC-II+ (H) and Krt13+//1a+ (KNIIFE cells, 1) clusters as a proportion of all epithelial cells per replicate RM sample.
Violin plots of select cluster specific/enriched genes, except for Epcam and Krt5 (FDR corrected p values <107242, 1-vs.-rest Wilcoxon rank sum test).

(J) Frequencies of Krt13+ epithelial cells by flow cytometry (n = 5/time point). Kruskal-Wallis test; mean with standard deviation.

(K) Representative immunofluorescence images of the anterior nasal mucosa in naive mice (left) and 14 dpi (right) staining for Krt13 (green) and EpCAM (white).
(L) Representative images within the region shown in (K) in naive mice (top) and 14 dpi (bottom) staining for Krt13 (green) and PD-L1 (red). Welch’s t test.

*p < 0.05, **p < 0.01.
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throughout the nasal cavity. The strongest signal for Krt13 was
along the nasal floor in the anterior RM (Figure 3K) and, more
distally, where the nasal mucosa meets the oral mucosa (Fig-
ure S3Il). Comparing samples from naive mice and those 14
dpi, we saw increased Krt13 staining and co-localization with
PD-L1 in the post-infection samples (Figure 3L). Thus, following
resolution of 1AV infection, rare subsets of nasal epithelial cells
with immune communication potential accumulate in the RM.

Neutrophils mature and activate in the RM immediately
following IAV infection

Given the relationship between increased neutrophil activation
in the nose prior to RSV infection and higher symptom occur-
rence,’® and the large number of granulocytes captured (n =
7,987), we investigated the transcriptional programs and
changes in frequency in our dataset. Subclustering and
UMAP embedding revealed a continuum of neutrophil develop-
ment and cluster of mast cells (Figures 4A and S4A; Table S1).
Many neutrophils originated from OM samples (Figures 2B and
S4B) and are likely present in high numbers in the bone
marrow.”? Pseudotime analysis across the OM and RM recapit-
ulated known maturation gene expression patterns in the
blood®® and systemically®® (Figures 4B, 4C, and S4C). Precur-
sors and immature neutrophils present largely in OM samples,
likely in bone marrow, may differentiate into activated and
mature subsets in RM that accumulate in high frequencies dur-
ing infection.

By 2 dpi, neutrophil composition in the RM transitioned into
mature IFN-stimulated and MHC-I" states alongside an anti-
microbial immature subset near the end of the pseudotime
development trajectory (Figure 4D). Neutrophil accumulation
is one of the earliest changes in the RM following infection
and may constitute some of the earliest responses to local
viral molecules and/or type-l IFN. The OM exhibited increased
frequencies of mast cells, progenitors, and cycling immature
granulocytes in 2-out-of-3 mice at 5 dpi, likely within the
bone marrow, indicating IAV infection may induce changes
to adjacent hematopoiesis (Figure S4D). Thus, using our sam-
pling strategy, neutrophil activation and maturation mark the
earliest detectable responses in the nasal mucosa to IAV
infection.

Stepwise recruitment of monocytes and differentiation
of MDMs
Next, we explored heterogeneity among non-granulocyte
myeloid cells (Figures 4E and S4E; Table S1), annotating a spec-
trum of macrophages, monocytes, and dendritic cells (DCs).
Most myeloid clusters were present in all nasal regions, with
some exceptions like IFN-stimulated monocytes and MDMs,
which were restricted to the RM (Figure S4F). Although non-exis-
tent at baseline, 30%-40% of all myeloid cells belonged to anti-
viral monocyte and MDM clusters 5 and 8 dpi, respectively (Fig-
ure 4F). The accumulation of monocytes and MDMs is
concordant with lower frequencies of several tissue macrophage
clusters, likely reflecting an overall increase in the total number of
myeloid cells in the tissue as monocytes infiltrate from
circulation.

To understand the difference between the IFN-stimulated
monocytes and MDMs, we performed differential expression

¢ CellP’ress

analysis between clusters (Figure 4G). Although monocytes
had higher ISG expression than MDMs, compared with resting
tissue macrophages, the MDMs still expressed ISGs at high
levels. IFN-stimulated MDMs expressed more Cxcl9 and
Cxcl16, whose receptors (CXCR3 and CXCR®6, respectively)
support Trm cell development in the lung.®"%> Comparison of
response scores to IFNa and IFNy stimulation, derived from
in vitro macrophage cultures®® on all IFN-stimulated monocytes
and MDMs, showed relatively higher expression of the IFNa
score at 5 dpi and the IFNy score at 8 dpi (Figures S4G and
S4H), similar to IFN-stimulated epithelial cells (Figure 3E).

The IFN-stimulated MDM cluster had the largest number of
IAV+ cells of all myeloid cells (Figure S4l). Bystander analysis
revealed higher expression of some ISGs (Isg75, Ifit3, and
Rsad?) in IAV+ myeloid cells, like IAV+ epithelial cells (Fig-
ure S4J). However, the small fraction of IAV+ cells, compared
with their bystander counterparts, had lower expression of
MHC-II genes and other ISGs, including Ccl6 and Cxcl9, sug-
gesting reduced antigen presentation and immune cell recruit-
ment capacity. This is consistent with prior research in the lung
showing that IAV suppresses myeloid cell activation and
maturation.®*%°

The rapid shift in the myeloid compartment from IFN-stimu-
lated monocytes at 5 dpi to a predominance of IFN-stimulated
MDMs 8 dpi (Figure 4F) suggested that recruited monocytes
differentiated into MDMs within the RM during this interval. To
test this, we treated mice with an anti-CCR2 antibody to deplete
circulating monocytes from the blood for 48 h®®°” (Figure S4K).
In the nasal mucosa, we stained for patrolling (Ly6C™) differenti-
ating monocytes, which increase MHC-Il, F4/80, and CD64
expression as they differentiate into MDMs (Figure S4L). To
deplete monocytes during recruitment to the nasal mucosa (be-
tween 3 and 7 dpi), we treated animals with anti-CCR2 from 3 to
5 dpi. Depletion led to reduced frequencies of patrolling mono-
cytes at 8 dpi (Figure 4H). Moreover, the proportion and number
of MHC-II* cells (i.e., differentiating MDMs) were considerably
lower, suggesting that the large proportion of IFN-stimulated
MDMs measured at 8 dpi by scRNA-seq are derived from mono-
cytes. Together, these data show that IAV infection induces a
large recruitment of antiviral monocytes 5 dpi that differentiate
into MDMs by 8 dpi in the RM.

Antiviral NK cell responses precede transient effector

T cells that are replaced by durable Tgy-like cells
Following the accumulation of inflammatory monocytes and
MDMs at 5 and 8 dpi, we anticipated a strong lymphocyte
response during IAV infection. We next investigated NK and
T cells, which are essential in clearing IAV infection in the lungs®®
and nasal mucosa.’' We captured diverse innate lymphoid cells
(NK, ILCs), vdT cells, and several clusters of afT cells (Figures 5A
and S5A; Table S1). Most T and NK cell clusters were enriched or
restricted to the RM, but Ccr7* CD8" T cells, ILCs, and 3T cells
were also found in the OM and LNG (Figure S5B). By frequency,
IFN-stimulated T and NK cells accumulated 5 dpi alongside
cytotoxic NK cells that remained elevated through 8 dpi (Fig-
ure 5B). At 8 dpi, the IFN responses shifted to effector antiviral
T cell subsets, with high abundances of Gzmk™ CD8*, Th1-like
Ifng*Cd200* CD4", cycling, and Helios* T cell clusters (Fig-
ure 5C). These effector responses were short-lived, however,
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Figure 4. Immediate neutrophil responses are bolstered by recruited antiviral monocytes that differentiate into monocyte-derived macro-
phages

(A) UMAP embedding of 7,987 granulocytes across 10 clusters.

(B) Violin plot of assigned pseudotime values to all neutrophils split by cluster identity. Purple (OM) and green (RM) bars depict in which regions each cluster can
be found at high frequencies (see Figure S4B).

(C) Average expression of blood neutrophil development genes annotated in Xie et al
(D) Relative frequencies of various neutrophil clusters as a proportion of all granulocytes per replicate RM sample. Welch'’s t test.

(E) UMAP embedding of 22,654 macrophages, monocytes, and dendritic cells (DCs) across 17 clusters.

(F) Relative frequencies of various myeloid cell clusters as a proportion of myeloid cells. Welch’s t test.

(G) Volcano plots depicting differentially expressed genes (JlogoFC| > 0.5; FDR < 0.01) between IFN-Stim MDMs and IFN-Stim Mono (top) and MHC-II-Hi Macs
(bottom). Only cells from RM were used. Genes of interest are labeled.

(H) Mice were infected with IAV and treated daily 3-5 dpi with either MC-21 (anti-CCR2; n = 3) or IgG2b (isotype control; n = 3). Patrolling monocytes were
distinguished from circulating monocytes based on lower expression of Ly6C. Flow cytometry statistics are gated on CD45-EV+ cells; Welch’s t test, “p < 0.05.
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Figure 5. Effector CD4 and CD8 T cells 8 dpi are replaced by Try cells following viral clearance
) UMAP embedding of 6,573 T, NK, and innate lymphoid cells across 16 clusters.
D) Relative frequencies of various clusters as a proportion of all T and NK cells. Welch’s t test.

) Relative frequencies of Cd103+ CD8 T cells per OM and LNG sample replicates. Welch'’s t test.

A
(B~
(E) Mice were infected with 104 pfu IAV PR8 and RM tissue was collected to stain for T cells. Kruskal-Wallis, mean with standard deviation
(F
(

G and H) Violin plots depicting gene module score derived from the universal Tgry signature (G) and central memory signature (H), as published in Milner et a

|7O

across all CD8 T cell clusters in RM. Cohen’s D for effect size is reported between Ccr7+ CD8 T cells and each other cluster.
() Dotplot of genes encoding for canonical surface markers, proteases, and transcription factors enriched or absent in Try cells from circulating memory and

naive CD8 T cells. Gene list derived from Crowl et al.”" *p < 0.05, *p < 0.01.

followed by Trm-like cells and resting CD4* T cells (Figure 5D).
Flow cytometry of RM tissue at matched time points confirmed
an influx of CD69*CD103 -activated CD8" T cells at 5 and 8
dpi that diminished by 14 dpi alongside the accumulation of
CD69"CD103" Trm-like cells (Figure 5E). Although detectable
infection was largely restricted to the RM, Try cells also
increased in OM and LNG 14 dpi (Figure 5F), suggesting that
even low levels of infection can result in Try accumulation.®® Ex-
amination of two published Tgy signatures’®’" confirmed that
our Cd103* CD8* T cell cluster resembled bona fide Try cells
in other tissues, scoring highest for a pan-tissue signature
(Figures 5G and 5H), with higher expression of Runx3 and low
levels of Tcf7 and Kif2 (Figure 5l). In summary, effector T cell re-

sponses in the RM 8 dpi are replaced by Try-like cells across all
nasal mucosa regions following viral clearance.

IgA* cells populate the nasal mucosa following viral
clearance

Following IAV infection, local mucosal plasma cells and acti-
vated B cells secrete neutralizing soluble IgA into the air-
ways.?*"73 |In the lungs, resident memory B cells form after pri-
mary infection and can be recruited upon secondary challenge to
produce additional antibodies,” suggesting infection can lead to
long-term changes in both local and distal B cell subsets. We
identified clusters of naive and developing B cells (primarily in
OM) and a rare cluster of IgG*/IgA* early plasmablasts
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Figure 6. Proportionality and cell-cell communication analyses highlight the CXCR6-CXCL16 signaling pathway in T cel:MDM and
T cell:KNIIFE cell interactions

(A) Hierarchically clustered similarity heatmap of sample replicate proportionality calculated across all RM primary infection time points. Black box highlights the
proportionality results for the cell clusters depicted in (B).

(B) Network of significantly proportional (FDR < 0.01) cell clusters as in (A). Nodes are colored by cell type and edge weight is representative of proportionality.
(C) Abundance plot of Gzmk+ CD8 T cells, IFN-Stim MDMs, and Ifng+Cd200+ CD4 T cells in replicate RM samples. Smoothed lines are calculated using local
polynomial regression fitting.

(D) Heatmap depicting a subset of differentially expressed receptor-ligand interaction pairs between single-cell pairs identified by NICHES'” for the clusters
depicted in (C); see Table S3. Arrows highlight interactions described in the text.

(E) Representative immunofluorescence imaging of maxillary turbinate at 8 dpi staining for EpCAM (gray), Cd8b (red), and MHC-II (green). White boxes show
enlarged insets.

(legend continued on next page)
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(Figures S5C and S5D; Table S1). The preponderance of precur-
sor and developing B cell subsets in OM likely reflects bone
marrow cells. IgG*/IgA* plasmablasts were found at highest fre-
quency within LNG tissue (Figure S5E).

Pro-B and pre-B cells collectively comprised up to 80%-90%
of all B cells in the OM 5 dpi, increasing from 5%-15% at base-
line, suggesting that IAV infection may induce local B cell prolif-
eration and differentiation in the bone marrow following infection
and/or egress of mature B cells from this region (Figure S5F).
This increase in B cell precursor frequency paralleled that of
granulocyte precursors (Figure S4D), supporting the notion of
activation in nasal bone marrow. By 14 dpi, IgG*/IgA* early plas-
mablasts were consistently detected in the RM, but their recov-
ery was variable in OM and LNG, potentially due to biological
variability and/or inconsistent cell capture. Flow cytometry stain-
ing for intracellular IgA confirmed the increase of IgA* cells in
both RM and LNG (Figure S5G) at 14 dpi. Moreover, imaging
of the RM and LNG at 30 dpi confirmed the presence of IgA* cells
in both regions following infection (Figure S5H). Thus, B cells
may undergo proliferative development during acute IAV infec-
tion and IgA* cells accumulate in the RM and LNG following
clearance.

Proportionality guided cell-cell communication analysis
highlights the CXCL16-CXCR6 signaling axis in T cell
responses

To understand how compositional changes during primary infec-
tion may be coordinated across multiple cell subsets, we charac-
terized relationships between pairs of cell clusters over time. We
employed proportionality analysis,75 an alternative to correlation
that avoids the intra-sample dependence present in composi-
tional data,”® to find cell clusters with similar abundance
trajectories in the RM (STAR Methods). We discovered a highly
structured proportionality landscape with 101 significantly pro-
portional cluster pairs (false discovery rate [FDR] < 0.05)
(Figures 6A and S6A). To understand coordination among larger
groups of cell clusters, we built a network of all proportional clus-
ter pairs (Figure S6B). The network revealed larger groups made
up of clusters from several different cell types and smaller and
single-pair groups with 1-2 contributing cell types. To charac-
terize coordination among diverse immune and epithelial
cell clusters, we investigated groups of clusters with high
proportionalities.

The strongest proportionality was observed among highly net-
worked IFN-stimulated clusters and effector T cell clusters (Fig-
ure 6B). Given the large myeloid and T cell responses 8 dpi and
the possibility that activated MDMs may function as antigen pre-
senting cells alongside DCs, we focused on the relationship be-
tween the IFN-stimulated MDM, Gzmk* CD8* T cell, and Ifng*”
Cd200* CD4* T cell clusters. Plotting abundance values
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confirmed synchronous trajectories with transient accumulation
starting 5 dpi, peaking 8 dpi, and waning 14 dpi (Figure 6C). We
next assessed cell-cell communication potential using NICHES,
an approach that finds single-cell pairs with multiplicative high
expression of known interacting ligands and receptors.’’ Differ-
ential ligand-receptor expression between groups of cell pairs
was then used to identify interactions specific to pairs of clusters
(STAR Methods and Table S3). Applied to cells from these three
clusters at 8 dpi, we found several predicted, literature-sup-
ported interactions between the MDM cluster and both effector
T cell clusters, including Cd274-Pdcd1 (PD-L1-PD-1), Cd86-
Cd28, Cxcl9/10-Cxcr3, and Cxcl16-Cxcr6 (Figure 6D). Imaging
confirmed the spatial proximity of RM CD8" T cells and MDMs/
DCs 8 dpi (Figure 6E).

The second-largest network included various myeloid, granu-
locyte, and epithelial cell clusters. Intrigued by the inclusion of
the late-arising Gp2*Lyz2* goblet/secretory cell cluster (Fig-
ure S3G), we further investigated this cluster and the two clusters
most proportional with it: Cd103* DCs and Dusp2*lcam1*
mature neutrophils. Plotting cluster abundances confirmed that
all three clusters peaked following viral clearance 14 dpi (Fig-
ure S6C). Closer inspection of differentially expressed ligand-re-
ceptor pairs revealed potential pro-inflammatory signaling by
Gp2*Lyz2* Gob/Sec cells to mature neutrophils via Sftpd-Sirpa,
which blocks CD47 binding,”® Cirbp-Trem1, which occurs in
sepsis,”® and Tgfb2-Tgfbr1. DC-neutrophil interactions included
Ccl2-Ccr1 and 1118-1l18rap, suggesting mutual immune recruit-
ment/homeostasis (Figure S6D). These interactions suggest
that late-arising Gp2*Lyz2* goblet/secretory cells may recruit
and regulate Cd103* DCs and mature neutrophils in the RM
following viral clearance.

Like IFN-stimulated MDMs producing Cxc/16 8 dpi in con-
cert with abundant Cxcr6 expressing effector CD8" and
CD4" T cells, Krt13*li1a* epithelial cells expressing Cxcl16
increased alongside Cxcr6* Try-like and CD4" T cells 14 dpi
(Figures 6F and 6G). Although not significantly proportional,
we applied cell-cell communication analysis to cells from 14
dpi in these three clusters, given the role of CXCL16-CXCR6
signaling in Tgy localization in the lower airways.®>®° In addi-
tion to annotating the Cxcl/16-Cxcr6 interaction, the analysis
captured additional interactions like Cd274-Pdcd1, Tnf-
Tnfsrsf1b, 1118-Cd48, Alcam-Cd6, and l16-Cd9 (Figure 6H).
RNAscope of nasal floor in a naive mouse and 14 dpi
confirmed expression of Cd274 (PD-L1) and Cxcl16 by
Krt13+ cells in the vicinity of cells expressing Cxcr6
(Figures 6l and 6J). Comparison between time points showed
higher relative abundance of Cxcl716 transcripts within Krt13*
regions at 14 dpi compared with naive (Figures 6K and
S6E). Considering the transcriptional programming and locali-
zation of these cells, we propose the name Krt13+ nasal

F) Abundance plot of Cd103+ CD8 T cells, CD4 T cells, and Krt13+//1a+ epithelial (KNIIFE) cells in replicate RM samples.
G) Dotplot of Cxcl/16 and Cxcr6 expression 8 dpi (left) in the clusters depicted in (C) and 14 dpi (right) in the clusters depicted in (F).

(
(
(H) Heatmap like (D) for the clusters shown in (F).
(

1) Representative RNAscope in situ staining for Krt13 (gray), Cxcr6 (red), and Cd274 (i.e., PD-L1; green) of the nasal floor in a naive mouse and 14 dpi mouse.
Images depict a maximal intensity projection across 5 um (10 slices) in the z plane.

(J) RNAscope as in (1) staining with Krt13 (gray), Cxcl6 (red), and Cxcl16 (green).

(K) Quantification of co-localization of Krt13 and Cxc/16 RNAs across multiple RNAscope images from the nasal floor (n = 5/time point). Ratio of the number of
Cxcl16 spots per nucleus within each Krt13+ region is reported. Welch’s t test, *p < 0.05.
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Figure 7. 1AV rechallenge induces accelerated and coordinated memory immune responses
(A) Experimental design for IAV rechallenge experiments. Dprc, days post rechallenge.

(B) Analysis scheme applied to RM samples to learn cell cluster identity.
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immune-interacting floor epithelial (“KNIIFE”) cells. KNIIFE
cells are a fraction of cells on the nasal floor expressing
Cxcl16 at 14 dpi alongside myeloid cells, suggesting that this
region of the nasal mucosa may be important in instructing
Trm cells following viral clearance and/or tissue damage.

In summary, proportionality analysis coupled with cell-cell
communication approaches reveal temporally synced cell clus-
ter abundance changes over the course of primary infection
and highlight potential cell-cell interactions contributing to
T cell function and residual inflammation following viral
clearance.

IAV rechallenge is characterized by accelerated and
concurrent myeloid and lymphocyte memory responses
Having developed a tissue-scale response timeline of acute IAV
infection in the nasal mucosa, we next asked how strain matched
and unmatched induced memory responses differ from primary
infection. After priming mice with IAV PR8 infection, we rechal-
lenged 60 dpi with either PR8 or IAV X31, a H3N2 strain (Fig-
ure 7A). In the PR8 — PR8 arm, both antibody- and T cell-medi-
ated mechanisms of protection will occur; in the PR8— X31
arm, antibodies from the primary infection will fail to neutralize
IAV but T cells will exhibit memory responses.”’ Sampling RM
prior to rechallenge at 60 dpi, and 2- and 5-days-post rechal-
lenge (dprc), we applied a cross-validated label transfer
approach using the primary infection data as a reference
(Figures S7TA-S7C and STAR Methods) to annotate an additional
76,159 cells with labels derived from primary infection (Fig-
ure 7B). All cell types present in the primary infection dataset
were captured in rechallenge samples and UMAP projection
showed overlap between the datasets (Figures S7D and S7E).
Plaque assays following PR8 rechallenge detected infectious vi-
rus in 1/5 mice in nasal mucosa and 0/5 mice in lung at 2 dprc,
and 0/6 in both tissues at 5 dprc, suggesting immediate control
of infection or baseline resistance (Figure S7F).

Inspection of cell type frequencies revealed accumulation of
immune cells after homologous or heterologous rechallenge.
Even with neutralizing antibodies and undetectable viral titers,
we measured increased proportions of granulocytes, T & NK
cells, and B cells following PR8 rechallenge (Figures 7C and
S7G). Following X31 challenge, T & NK cell frequencies
increased even higher alongside a substantial but transient
accumulation of myeloid cells, supporting a bigger role for
T cell-mediated responses in the absence of antibodies. Re-
clustering B cells with rechallenge data revealed plasma cells
restricted to memory time points (Figures S7H and S7I).

Following annotation, we compared changes in cluster abun-
dances over time between primary and secondary responses to
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IAV infection (Figures 7D and S7J). Like primary infection, the
IFN-stimulated neutrophil subset accumulated immediately
and maintained elevated levels through 5 dprc. In homologous
rechallenge, IFN-stimulated MDMs rapidly accumulated but
monocytes only slightly increased; in heterologous rechallenge,
both increased substantially. Given that the total proportion of
myeloid cells in the dataset was similar between 60 dpi, 2, and
5 dprc following PR8, these data suggest that MDMs already in-
side the RM prior to homologous rechallenge quickly responded.
Effector Th1 CD4" T cells were also elevated 2 dprc, but effector
CD8"* T and Tgry cells were slower to accumulate. Cycling basal
cells showed no change in abundance following rechallenge
regardless of rechallenge strain, and the increase in IFN-respon-
sive epithelial cells was also stunted. Both the Meg3*MHC-II*
subset and KNIIFE cells that arose following viral clearance in
primary infection remained at low levels throughout rechallenge.
Whether or not their roles are restricted to resolving primary
infection, there may be a necessary inflammation threshold for
their expansion or they may take longer to increase in frequency
than the time points sampled. In summary, both PR8 and X31 re-
challenge induced the rapid accumulation of several antiviral
myeloid and T cell subsets and states despite little detectable vi-
rus, with greater induction following heterologous challenge.

We performed differential expression analysis within cell clus-
ters across primary infection, PR8, and X31 rechallenge to
assess changes in cell state and found few substantial differ-
ences across effector myeloid and T cell subsets (Figure 7E;
Table S4).

Although changes in abundance or gene expression on an in-
dividual cell subset/state level highlight specific differences be-
tween primary and secondary responses, we sought to under-
stand how the collective RM-tissue-scale response changes.
Thus, we projected the memory and rechallenge sample repli-
cates into the previously derived compositional PC space for
RM in primary infection (Figure 7F). The RM 60 dpi samples
separated from naive samples and most resembled 2 dpi, sug-
gesting that even though IAV was cleared by 14 dpi, the nasal
mucosa sustained significant changes in composition. For
both memory arms, the 2 dprc time point recapitulated the vari-
ance described by PC1, with X31 rechallenge samples moving
farther negative and overlapping 8 dpi. No significant shift along
PC2 suggests that enhanced effector immune responses occur
upon rechallenge but not broad antiviral activation across all cell
types, like those seen 5 dpi (i.e., IFN-stimulated clusters) (Fig-
ure 2H). By 5 dprc in the PR8 rechallenge, the tissue had almost
returned to “memory baseline” at 60 dpi in PC space, indicating
that responses had already largely resolved. However, in the X31
challenge, a high level of immune infiltration was still taking place

(C) Relative frequencies of myeloid cells and T & NK cells as a proportion of all sequenced cells.

(D) Abundance plots showing overlaid primary infection (green) and rechallenge responses, with PR8 in blue and X31 in pink. Baseline refers to samples from
naive mice in primary infection and 60 dpi in rechallenge. Dpc, days post challenge. Smoothed lines are calculated using local polynomial regression fitting.
(E) Dotplots depicting select cluster-specific and differentially expressed genes between primary infection and homologous and heterologous rechallenge in IFN-
Stim MDMs (top left), Ifng+Cd200+ CD4 T cells (top right), Gzmk+ CD8 T cells (bottom left), and Cd103+ CD8 T cells (bottom right). “FDR < 0.01. See Table S4.
(F) Compositional PCA of primary infection and with secondary challenge RM sample replicates projected.

(G-I) Aitchison distances between sample replicates compositions. (G) All pairs of naive, primary infection, and 60 dpi replicates. (H) 60 dpi with matched PR8
rechallenge replicates. () 60 dpi with matched X31 rechallenge replicates. Dotted line plotted shows median naive-naive Aitchison distance (N-N). Multiple
hypothesis corrected Welch’s ANOVA. MD, mean difference; *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001.

(J) Timeline schematic of primary IAV infection and homologous rechallenge depicting viral load trajectory, IFN dynamics, and immune and epithelial cell cluster
response timing and duration.
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at 5 dprc. To assess variation between primary infection and
secondary response arms, we re-ran PCA with abundances
from all time points, finding some separation between experi-
ments potentially arising from variation in the primary infection
(Figure S7K). Nevertheless, infection in the naive setting and
both rechallenge paradigms resulted in a concerted and parallel
directional shift in compositional PC space, supporting the con-
clusions of induced effector myeloid and T cell clusters from
the projected PCA. PC4 captured the aspects unique to a poten-
tially optimal memory response, with increased abundances of
several B cell clusters during homologous rechallenge
(Figure S7L).

To quantify the overall difference between time points, we
calculated compositional Aitchison distances between all pairs
of sample replicates. In primary infection, RM increasingly sepa-
rated from the naive state up through 8 dpi but then became
closer as infection was resolved (Figure 7G). Corroborating the
PCA, the nasal mucosa 60 dpi was still distinct from its naive
state. Upon rechallenge with PR8, composition also differed
from 60 dpi; however, the extent of that difference (MD = 3.96)
was less than that between naive and 5 dpi (MD = 7.00) and 8
dpi (MD = 7.40), indicating that the memory response was
more succinct (Figure 7H). In comparison, X31 challenge led to
the largest distance increase (MD = 9.18), highlighting the
massive accumulation of immune cells induced without anti-
body-mediated protection (Figure 71). Comparing primary infec-
tion time points with peak memory response, each primary infec-
tion time point was distinct from 2 dprc, suggesting that prior
infection rewires the RM response to IAV infection (Figure S7M).
In summary, we present a timeline of the key immune and epithe-
lial cell responses during IAV infection and rechallenge, illus-
trating that many of the stepwise changes seen in primary infec-
tion are more coordinated and accelerated upon rechallenge
(Figure 7J).

DISCUSSION

We present a longitudinal, multi-region, scRNA-seq atlas of the
murine nasal mucosa during primary and secondary IAV infec-
tion. Cataloging the distribution and temporal dynamics of the
diverse cell types, subsets, and states present, we develop
and apply a compositional framework to understand tissue-
scale changes occurring throughout primary and memory re-
sponses to viral infection. Infection is characterized by stepwise
transient changes in several epithelial and immune subsets in
RM associated with viral infection, type | and Il IFNs, and viral
clearance. By 14 dpi, the tissue has achieved distinct cellular
composition from the naive state, with largely only lymphocyte
subsets being sustained until 60 dpi. Careful investigation of
epithelial cells revealed a rare, unique KNIIFE cell subset and
provided evidence for their interaction with Cxcr6-expressing
lymphocytes on the nasal floor. Employing the primary infection
atlas to annotate and interpret rechallenge samples, using both
homologous and heterologous IAV strains, showed that rechal-
lenge induces surprisingly widespread yet coordinated changes
to cellular composition. We identify accelerated neutrophil,
macrophage, and T cell responses in memory with a reduced
burden on epithelial cells to express the joint IFN and proliferative
response programs of primary infection.
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The viral-induced innate signaling and proliferative capacities
of epithelium during primary respiratory viral infection associate
with disease trajectory.”'° In our model, nasal basal cells co-ex-
pressed cell-cycle and IFN-response programs at 5 dpi, thought
to be non-compatible in lungs.>**° Given the diverse roles of
nasal epithelial cells and the need to protect olfactory sensory
neurons,®' nasal basal cells may be more tolerant of IFN-
response signaling during proliferation than basal cells in the
lower airways. Epithelial IFN-induced responses were also
reduced upon rechallenge, regardless of IAV strain. This differ-
ence could reflect several non-exclusive mechanisms during
recall, including reduced or abbreviated IFN production or
signaling, lower viral load, or a potential tolerized basal cell state.
Airway basal cells can develop transcriptional memory in vitro,®?
but whether primary infection confers durable memory to viral
immunity, as seen for allergic inflammation,®® requires further
investigation.

Circulating and local myeloid cells can develop trained immu-
nity following primary respiratory viral infection.®%%%° After
depleting circulating monocytes during acute infection, MDM
formation was markedly reduced, indicating that the majority
of nasal MDMs at 8 dpi differentiated from newly recruited mono-
cytes. During homologous memory response, MDMs, but not
monocytes, increased in abundance 2 dprc despite similar over-
all myeloid frequencies, suggesting that either recruited MDMs
replaced local myeloid cells or MDMs already present in the tis-
sue expanded to exert antiviral effector functions. If the latter,
understanding the mechanisms by which enhanced myeloid
function is maintained and recalled in the nasal mucosa could
yield new avenues for improving mucosal vaccines.®’

Following viral clearance, unique subsets of epithelial cells
with potential immune signaling and inflammatory regulation ca-
pacity substantially increased in abundance. We describe one
such subset exclusively expressing Krt13 and Krt6a in the nasal
mucosa, which we name KNIIFE cells. Structurally, KNIIFE cells
were reminiscent of hillock cells in the trachea®’**® and squa-
mous cells in human nasopharyngeal swabs and biopsies,'**°
but also expressed several genes often found in macrophages,
including Cd274 (PD-L1), Ifngr2, Tnf, and Cxcl16. This cluster
was present at low levels throughout infection until expanding
14 dpi and remaining stable during rechallenge. Our data raise
the possibility that KNIIFE cells, by providing a source for
CXCL16 beyond that expressed by myeloid cells, may contribute
to the establishment and/or maintenance of the Try cell pool in
the nasal mucosa, as suggested in other tissues.®*2%8%0 The
localization of KNIIFE cells prompts the question of whether
these cells interact with particles or irritants just entering or
settling in the nose and play a regulatory role in tissue tolerance
and/or immunity.

Compositional scRNA-seq analyses are becoming more com-
mon to discern differences between disease trajectories,®*°"%
treatment groups,®>°* and/or species.’>*® Current tools focus
on identifying specific clusters or gene programs that are
compositionally distinct between groups.®”~°° However, the po-
wer of compositional scRNA-seq data lies in its structure;
namely, singular changes in composition cannot be independent
and must correspond with mutual changes in other clusters/pro-
grams. Leveraging the biological replicates and multiple
time points present in our atlas, we utilized straightforward
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tools for compositional analysis adapted from microbiome
research’®'°%1%" o understand tissue-scale changes within
the nasal mucosa throughout IAV infection. PCA of clr trans-
formed cell cluster abundances across sample replicates sepa-
rated nasal regions and depicted structured stepwise changes in
epithelial and immune cell subsets throughout infection trajec-
tory. Proportionality analysis, which avoids the spurious associ-
ations present in Pearson correlation applied to compositional
data,”® revealed pairs and groups of clusters with significantly
similar compositional trajectories (e.g., IFN-stimulated MDMs
and effector CD4* and CD8* T cells) and can be readily applied
to discover similarities across various metadata.

Finally, metrics like Aitchison distance'® capture holistic
changes in tissue-scale cellular composition and support stan-
dard tests for differences between group means (e.g., Welch’s
ANOVA) to assess global similarity and compositional distance
traveled by a tissue. Applied to our datasets, the RM “travels”
less during an optimal memory response to IAV than during pri-
mary infection, suggesting prior infection induces a coordination
of previously temporally disparate responses. Heterotypic 1AV
challenge magnifies these synchronous myeloid and T cell re-
sponses, suggesting a compensatory cellular immune mecha-
nism when neutralizing antibodies are ineffective. Together, we
propose that these approaches for analyzing scRNA-seq data
constitute a framework for understanding and summarizing
whole-tissue- and biopsy-scale-changes in cellular composition
at high resolution in health, disease, and/or under perturbation.

Collectively, our murine nasal mucosa atlas of primary 1AV
infection longitudinally catalogs the cell types, subsets, and
states present throughout distinct nasal regions. We demon-
strate the utility of our dataset to serve as an annotation refer-
ence for newly generated scRNA-seq datasets and apply it to
understand how the response to infection in the RM differs dur-
ing memory recall following distinct 1AV rechallenges. These
findings will help contextualize temporal studies of the nose in
humans with more complex exposure histories and highlight
key immune and epithelial cell responses to optimize nasal mem-
ory responses to future vaccines and therapeutics.

Limitations of the study

We acknowledge that cluster-abundance-based compositional
analyses are inherently dependent on how clustering was per-
formed, and thus implicitly incorporate, to some degree, oper-
ator bias. Although we believe our approach to be as impartial
as possible through use of iterative clustering, robust and repro-
ducible clustering analyses'%*~'° could be implemented prior to
compositional analysis moving forward. Partial labeling of cells
by hashing antibodies may also have obscured changes in
composition over time. To our knowledge, this dataset repre-
sents the largest scRNA-seq atlas of the murine nasal mucosa
to date; however, we may still be under-sampling this complex
tissue. Indeed, spatial transcriptomics and/or multiplexed immu-
nofluorescence approaches will help validate the spatial organi-
zation and quantification of cell clusters defined here. Although
the presence and abundance of KNIIFE cells was confirmed by
multiple experimental modalities, the function and impact of
these cells on resolving infection and Try niche formation and
maintenance needs further elucidation. We also acknowledge
that heterotypic IAV challenge experiments are complex and
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thus our measured differences in memory responses between
PR8 and X31 may be partially dependent on strain derivation
and infectious dose, especially given known inherent differences
in pathogenicity.'°® Finally additional experiments to test how
distinct IFNs, other respiratory pathogens, and vaccination stra-
tegies impact the composition and timing of responses in the
nasal mucosa to IAV challenge are warranted.
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Biolegend
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Bacterial and virus strains
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(Ragon Institute of Mass General,
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(Ragon Institute of Mass General,

MIT, and Harvard)
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Liberase™ TL Millipore Sigma Cat#5401020001
DNase | Roche Cat#11284932001
Dynabeads™ Biotin Binder Invitrogen Cat#11047
Buffer RLT Qiagen Cat#79216
Dulbecco’s modified eagle’s medium Corning Cat#10-017-CV
Fetal bovine serum Gemini Cat#100-106
Penicillin:Streptomycin (100x) Gemini Cat#400109
Iscove’s DMEM Corning Cat#10-016-CV
Bovine serum albumin EMD Millipore Cat#EM-2960
TPCK treated Trypsin Millipore Sigma Cat#T1426
Zirconia/Silica beads, 2.3mm Biospec Products Cat#11079125z

HEPES, 1M Corning Cat#25-060-Cl
Hank’s Balanced Salt Solution (HBSS) Corning Cat#21-021-CV
2-Mercaptoethanol Millipore Sigma Cat#M6250
Critical commercial assays

RNeasy Mini Kit Qiagen Cat#74104
TagMan™ Fast Advanced Master Mix for gPCR ThermoFisher Scientific Cat#4444556
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ThermoFisher Scientific
ThermoFisher Scientific
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Invitrogen
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ACD
ACD
ACD
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Cat#1000242
Cat#1000215
Cat#323270

Cat#323120
Cat#575341
Cat#871991-C2
Cat#466681-C3
Cat#420501-C3
Cat#FP1487001KT
Cat#FP1488001KT
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VECTASHIELD PLUS Vector Laboratories Cat#H-1900

eBioscience™ Foxp3 / Transcription Invitrogen Cat#00-5523-00

Factor Staining Buffer Set

LIVE/DEAD Fixable Aqua Dead Cell Stain Invitrogen Cat#L34957

Deposited data

FASTQ, raw h5, and hashtag count csv files This paper GEO: GSE266469

Processed count matrices This paper Single Cell Portal: SCP2216, SCP2221
Experimental models: Cell lines

Madin-Darby canine kidney (MDCK) cells Provided by Daniel Lingwood N/A

Experimental models: Organisms/strains

C57BL/6J The Jackson Laboratory Cat#000664; RRID: IMSR_JAX:000664
Software and algorithms

Original code This paper https://doi.org/10.5281/zenodo.11104940
Seurat v4.2.1 Hao et al.'®” https://satijalab.org/seurat/

propr v4.2.6 Quinn et al.’%® https://github.com/tpg/propr

Cytoscape v3.9.1 Cytoscape Consortium https://cytoscape.org/

NICHES v1.0.0 Raredon et al.”” https://github.com/msraredon/NICHES

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Jose Ordovas-Montanes
(jose.ordovas-montanes@childrens.harvard.edu).

Materials availability
The mouse line used in this study is available from Jackson Laboratories. The anti-CCR2 antibody MC-21 was provided as a gift by
Prof. Matthias Mack. This study did not generate new unique reagents.

Data and code availability

All raw sequencing data and aligned single-cell RNA-seq files are publicly available at GEO and the annotated and processed data
are publicly available at Broad Institute Single Cell Portal (https://singlecell.broadinstitute.org) as of the date of publication. Acces-
sion numbers are listed in the key resources table. All original code is available as of the date of publication. The DOl is listed in the key
resources table. Any additional information required to reanalyze the data reported in this paper is available from the lead contact
upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All experiments were approved by the Harvard University Institutional Animal Care and Use Committee and run following NIH guide-
lines. Female C57BL/6J (B6) mice 6 to 8 weeks old were purchased from The Jackson Laboratory and experiments commenced 1 to
3 weeks following their arrival. Three (3) mice per timepoint were infected with 10% pfu IAV PR8 in a 10uL volume that was adminis-
tered by pipette dropwise to the nares to allow each drop to be inhaled (5ul/nostril). Mice were restrained during this administration
but not anesthetized, to maintain the virus in the upper respiratory tract. For rechallenge experiments, mice previously inoculated with
10 pfu PR8 were administered with either 10* pfu PR8 or 10° pfu X31 60 days after the initial PR8 infection. A higher dose of X31 was
used in rechallenge given its reduced pathology.'°® All mice were housed in a BSL-2+ facility with specific pathogen free conditions.

METHOD DETAILS

Virus growth, quantification, and infections

IAV strain A/Puerto Rico/8/1934 (PR8) and Madin-Darby canine kidney (MDCK) cells were generously provided by Dr. Daniel Ling-
wood and Dr. Maya Sangesland of the Ragon Institute of Mass General, MIT, and Harvard. Virus was propagated and quantified in
MDCK cells. MDCK cells were grown at 37°C with 5% CO in cell growth media: Dulbecco’s modified eagle’s medium (DMEM), 10%
fetal bovine serum (FBS), 1X Penicillin:Streptomycin. PR8 was grown in MDCK cells in influenza growth media: Iscove’s DMEM, 0.2%
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bovine serum albumin (BSA; EMD Millipore, EM-2960), 1X Penicillin:Streptomycin, and 2ug/mL TPCK treated Trypsin
(Sigma, T1426).

For viral load quantification experiments, mice were sacrificed in CO, and lungs and heads were separated. For the nasal cavity, fur
and skin were removed and the lower jaws cut off. The entire nasal cavity or lungs were collected into 1mL PBS with 2.3mm Zirconia/
Silica beads and stored on ice. The tissue was homogenized in an OMNI Bead Ruptor Elite at 3m/s for 30 seconds twice, centrifuged
500g for 5 minutes, and supernatant was collected and stored at -80°C until thawed for plaque assays. Virus titers were measured by
plaque assays in confluent MDCK cells in 6-well plates. MDCK cells were grown in cell growth media, washed with sterile phosphate-
buffered saline (PBS), then washed with influenza growth media. Media was removed and serial dilutions of viral supernatant in influ-
enza growth media were added to each well in a 400uL volume, incubated for 1 hour at 37°C, then overlayed with 0.3% agarose in
influenza growth media. Infected cells were incubated for three days at 37°C, fixed with 4% paraformaldehyde, stained with crystal
violet, washed, and plaques were counted.

Sample processing for single-cell RNA-seq

Three separate regions of the nasal tissue were harvested independently: (1) the respiratory mucosa (RM), (2) the olfactory mucosa
(OM), and (3) the lateral nasal gland (LNG). The nasal tissue was collected by removing the skin and connective tissue from around the
head, cutting off the lower jaw, and opening the nasal cavity by peeling away the nasal bone from the rest of the skull. Tissue sep-
aration and collection was performed using a dissection scope with a 4x objective. All nasal tissue surrounding the nasoturbinates,
maxillary turbinates, and septum, including the mucosa that runs along the nasal lateral walls between the nasoturbinates and maxil-
lary turbinate, and the mucosal tissue under the nasal bone that connects the nasoturbinates and septum, were collected together
and constitute the RM. After removal of the RM the ethmoid turbinates were collected including both the mucosal tissue and the bone
and cartilage of the turbinates, but not the surrounding skull, constituting the OM. After removal of the OM, the LNG was exposed and
could be collected without any bone or cartilage. The nasal-associated lymphoid tissue (NALT) was not collected in any of the three
regions. Matched RM, OM, and LNG regions were collected simultaneously from the three mice per timepoint, and each timepoint
was processed on a different day.

Each nasal tissue region was collected into 750uL Wash Media (RPMI 1640, 2% FBS, 10 mM HEPES, and 1X Penicillin:
Streptomycin) and stored on ice. Tissues were chopped with scissors then 750uL Digestion Media (Wash Media with 100pg/mL Lib-
erase and 100pg/mL of DNAse |) was added. Tissues were incubated at 37°C with end-over-end rotation, 30 minutes for RM and OM,
20 minutes for LNG. 13.3uL EDTA (0.5M) was added to each sample and then cells were washed with HBSS Media (HBSS (Ca, Mg
Free), 10mM EDTA, 10mM HEPES, 2% FBS) and filtered through a 70um nylon cell strainer. Cells were pelleted by centrifugation
5009 for 10 minutes, resuspended with ACK (Ammonium-Chloride-Potassium) lysis buffer for 1 minute on ice, and then diluted
with 9mL HBSS Media and centrifuged 500g for 5 minutes twice. Cells were then resuspended in 1mL Isolation Buffer (PBS,
0.1% BSA, 2mM EDTA) pre-mixed with 25ulL anti-EpCAM-biotin-Dynabeads (anti-EpCAM-biotin antibody bound to Dynabeads
Biotin Binder) for a light epithelial cell depletion, incubated for 15 minutes on ice, washed with Isolation Buffer and placed on a Dy-
namag for 2 minutes. Supernatants were collected, centrifuged 500g for 5 minutes, resuspended in 100uL Staining Buffer (PBS, 1%
BSA, 0.01% Tween) and 10puL Fc block, and incubated on ice for 10 minutes. Next, 0.5ug Biolegend TotalSeq Hashing antibodies
B0301, B0302, or BO303 were added so that each mouse had all three nasal regions (RM, OM, and LNG) stained with one of the three
antibodies, and incubated on ice for 20 minutes. Cells were then washed extensively to remove excess antibody with 10mL Staining
Buffer and centrifugation at 500g for 5 minutes twice. Cells were resuspended in Loading Buffer (PBS and 0.04% BSA), counted, and
pooled equally (13,500 cells/sample) between three mice for each region. Finally, each set of pooled cells were centrifuged 500g for
5 minutes and resuspended in 42l Loading Buffer for downstream scRNA-seq processing.

As stated above, we chose to increase the relative proportion of non-epithelial cells in our scRNA-seq dataset, by performing a
partial EpCAM depletion using magnetic beads. This decision was made following experiments comparing this approach to un-
depleted RM tissue in naive mice; we found that while depletion reduced the relative abundance of some epithelial cell clusters, it
did not result in the complete loss of any cluster. Thus, the cellular compositions throughout the study represent the nasal mucosa
tissue after both dissociation and epithelial cell depletion and, therefore, do not reflect the true frequencies of cell types within intact
nasal mucosa. Nevertheless, our atlas can still be used to assign cell cluster labels to new datasets where epithelial cells have not
been depleted and will inform spatial transcriptomics approaches to derive more accurate cell abundances in vivo.

Single-cell RNA-seq

Pooled samples from each nasal region (RM, OM, and LNG) were processed using the 10x Genomics Chromium Next GEM Single
Cell 3’ Kit v3.1 and Feature Barcoding Kit with dual indices per the manufacturer’s instructions. Approximately 40,000 cells per
pooled reaction were loaded on the 10x Genomics Chromium Controller. Library quality was evaluated using the Agilent
TapeStation 4200 (Agilent). Prior to sequencing, the gene expression and hashtag libraries were pooled 20:1. Sequencing was per-
formed on either the NovaSeq 6000 or NextSeq 2000 (lllumina) with an average RNA read depth of 16,000 reads/cell and hashtag
read depth of 500 reads/cell.

Immunofluorescence Microscopy
Mice were euthanized in CO, and their heads following skin, fur, and lower jaw removal were placed in 4% paraformaldehyde for 1-4
hours on ice for fixation. Heads were transferred to 0.5M EDTA for 2-3 days at 4°C for bone decalcification. Heads were transferred to
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30% sucrose in PBS for cryoprotection for 2 days at 4°C then rapidly frozen in NEG-50 using dry ice. Frozen heads were stored at
-20°C until cryostat sectioning. Mouse nasal tissues were cut into 50-100um sections, permeabilized with 0.3% Tween in PBS (PBST)
for 1 hour, then incubated overnight at 4°C with antibodies, DAPI, and Fc block at a 1:200 dilution in PBST. Antibodies used: anti-
Influenza A virus NS1 (PA5-32243, ThermoFisher), anti-acetyl-a-tubulin (Ly640, D20G3, Cell Signaling Technology), anti-CD45
(30-F11, Biologend), anti-EpCAM (G8.8, Biolegend), anti-Krt13 (EPR3671, Abcam), anti-PD-L1 (10F.9G2, Biolegend), and anti-IgA
(mA-BE1, ThermoFisher). Samples were then washed 3 times with PBST in 15-minute intervals at room temperature, mounted on
glass slides with Prolong Gold, and visualized with an Olympus FLUOVIEW FV3000 confocal laser scanning microscope.

qPCR

RM tissue was collected as described above from mice and lysed in Buffer RLT + 1% beta-mercaptoethanol via gentleMACS Octo
Dissociator in M-Tubes (Miltenyi Biotec). RNA was extracted from tissue lysate by RNAEasy Mini column purification following the
manufacturer’s instructions. cDNA was then generated following the SmartSeq Il protocol as previously described.'®® qPCR was
performed using TagMan reagents and probes on a CFX384 Real-Time PCR System.

Antibody-based depletion
Naive or PR8 infected B6 mice were administered daily 20ug anti-CCR2 depleting antibodies (MC-21 generously provided by Prof.
Matthias Mack, Universitat Regensburg) or rat IgG2b,k isotype control intraperitoneally (i.p.) as advised by its provider. 24h following
one administration, blood was collected from naive mice by tail vein bleed into FACS buffer (PBS, 0.5% BSA, 2mM EDTA) and stored
on ice before processing for flow cytometry.

PR8 infected mice were administered antibodies 3, 4, and 5 dpi in 24h intervals. For this experiment, mice were euthanized at 8 dpi.

Flow cytometry

Blood was processed for flow cytometry by pelleting cells by centrifugation and resuspending with ACK lysis buffer to remove RBCs.
Cells were then washed with FACS buffer and stained in 50 pL for flow cytometry using the following antibodies: anti-CCR2 (APC),
anti-CD11b (AF594), anti-CD19 (BV421), anti-CD3e (AF488), anti-CD45 (BV605), anti-Ly6C (PerCP-Cy5.5), anti-Ly6G (APC-Cy7), and
anti-NK1.1 (PE-Cy7). Cells were analyzed using the Beckman Coulter CytoFLEX.

For RM tissue, mice were anesthetized i.p. with ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight) prior to
euthanasia and administered 1ug anti-CD45 antibody (PE, APC/Cy7) by retroorbital intravascular injection to label CD45+ cells in
circulation. Mice were then euthanized 3 minutes later in CO,. RM tissue was processed as described above for tissue harvesting
and single-cell suspension preparation through ACK lysis and dilution. Cells were then centrifuged and resuspended in 100 pL
FACS buffer LIVE/DEAD Fixable Aqua Dead Cell Stain per manufacturer’s instructions. Cells were then washed and stained for
30min at 4°C in the dark with Fc block diluted 1:200 and subsets of the following antibodies: anti-CD103 (PE), anti-CD11b
(AF594), anti-CD11c (PE/Cy7), anti-CD19 (AF488, BV650), anti-CD3e (AF488, AF700), anti-CD4 (BV421), anti-CD45 (BV605), anti-
CD64 (APC), anti-CD69 (APC), anti-CD8b (PerCP/Cy5.5), anti-CD326 (AF488, AF594), anti-Ly6C (PerCP/Cy5.5), anti-Ly6G (APC/
Cy7), anti-F4/80 (BV421), anti-MHC-II (AF700, BV421), and anti-NK1.1 (AF488). To stain for Krt13, IgA, and IgK/L intracellularly, cells
were fixed and permeabilized using the eBioscience Transcription Factor Staining Buffer Set according to the manufacturer’s instruc-
tions. Cells were stained with anti-Krt13 (AF647) at 1:250, or anti-IgA (PE), anti-IlgK (BV421), and anti-IgL (BV421) at 1:100. Following
staining, cells were washed in FACS buffer, and analyzed. To determine cell counts, AccuCheck Counting Beads were added to
every sample.

RNAscope Microscopy

RNA in situ hybridization was performed according to manufacturer’s instructions for the RNAscope Multiplex Fluorescent Reagent
Kit v2 (Advanced Cell Diagnostics ACD, 323270) on 20 um thin sections of fixed-frozen murine nasal mucosa tissue collected 14 dpi.
We implemented the following modifications to preserve tissue integrity: 1) 5 min PBS wash preceding initial baking of slides was
removed; 2) slides were baked for 30 min at 60°C following EtOH dehydration; 3) target retrieval time was reduced to 5 min; 4) slides
were baked for 60 min at 60°C following target retrieval; and 5) tissue sections were incubated in Protease Plus instead of Protease il
for milder protease digestion. Probes used included Mm-Krt13, Mm-Cxcr6-C2, Mm-Cxcl16-C3, and Mm-Cd274-C3. Following
signal amplification, Opal 520, Opal 570, and Opal 690 dyes were used, diluted 1:1000 in TSA buffer. Nuclei were stained with
DAPI and slides were mounted with VECTASHIELD PLUS. Confocal images were collected using an Olympus FLUOVIEW
FV3000 confocal laser scanning microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA-seq pre-processing

To detect reads originating from IAV, we built a combined genome of mm10 (GRCm39) and the sequences for PR8 (NCBI Taxonomy
ID #211044). The eight PR8 genomic viral segment sequences (NC_002023.1, NC_002022.1, NC_002021.1, NC_002020.1,
NC_00219.1, NC_2018.1, NC_002017.1, and NC_002016.1) and associated IAV gene annotations were added to the GRCm39
FASTA and GTF files and processed using the CellRanger’s built in “mkref” function. Sequences were then aligned and quantified
using this combined genome with the CellRanger toolkit (v6.0.1) via Cumulus tools' ' (https://cumulus.readthedocs.io/en/stable/).
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Cell sample identity was assigned from the measurement of TotalSeqgB aligned counts using the cumulus demultiplexing tool for
feature barcoding, calling identity for any cell with at least 100 barcodes. To correct for transcript spill-over, cellbender'"" was
applied to the raw output UMI matrices from CellRanger with the following parameters: expected_cells=30000, fpr=0.01, total_dro-
plets_included=50000. Cellbender corrected cells were then filtered based on Unique Molecular Identifiers (UMI) count (>750 &
<10000), number of detected genes (>500), and percentage of mitochondrial genes (<15%). Finally, cells labeled as doublets by de-

multiplexing were removed.

Clustering, annotation, and IAV+ cell calling

Downstream analysis was performed using Seurat (v.4.2.1)."%" Briefly, the entire primary infection dataset underwent normalization
using the scTransform function followed by principal component analysis (PCA), shared nearest neighbors (SNN) graph generation,
Louvain clustering, and UMAP embedding. Clustering was performed at multiple resolutions to help annotate similar and dissimilar
clusters. Using clustering resolution = 0.6, cluster specific/enriched markers were calculated. Each cluster was labeled by major cell
type based on the expression of known lineage markers (e.g., Omp, Epcam, Ptprc, Flt1, etc.). Doublet clusters were also annotated
based on the lack of unique markers and/or the presence of multiple mutually exclusive lineage markers (e.g., Omp+Ptprc+ cells).
Following annotation, doublet clusters were removed, and the normalization/clustering/doublet removal process was repeated twice
more (total of three times) until no doublet clusters were discernable.

The dataset was then divided into separate objects by cell type label for further subclustering. Following the same routine applied
to the full dataset, clusters for each cell type were annotated with subset/state labels based on prior knowledge and previously pub-
lished scRNAseq datasets of the nasal mucosa.'?°%°" After the first set of annotations in every cell type object, it was apparent that
there were still intra-sample doublets present: mostly contaminating cell types, but also within cell type doublets (e.g., ionocyte/sus-
tentacular doublets). These clusters were iteratively removed like in the analysis of the full dataset, for a total of three rounds in each
cell type, yielding a total of 127 clusters across the whole dataset. To visualize these clusters’ relationships and distribution across
nasal regions, we built a cell cluster “phylogenetic tree” using ARBOL,*” where the first tier encodes major cell type, the second tier
encodes defined subtypes, and the third tier encodes cluster identity (Figure S1F). We note that succinctly depicting relative propor-
tions of the data across multiple replicates is complex; stacked bar charts like Figure 1D show relative proportions within a cell type
grouping, but do not reflect proportions within the cells captured at each timepoint/region.

For epithelial cells, we categorized clusters into broader subsets including basal (Krt5, Krt14), ciliated (Foxj1, Dnah5), serous (Ltf,
Ccl9), glandular (Bpifb9b, Odam), goblet/secretory (Reg3g, Selenom, Scgbic1, and mucin-encoding genes), ionocyte (Cftr, Coch),
tuft (Trom>, 1125), and sustentacular cells (Sec 7413, Cyp2g1) in addition to the rarer clusters without clear lineages. For neutrophils, we
annotated a differentiation trajectory starting with granulocyte-myeloid precursor like cells (Elane, Mpo), differentiating through
immature states (Camp, Mmp8, Retnlg), and ending with several clusters of mature neutrophils (//7b, H2-D1, Siglecf). Additionally,
mast cells expressing /6, Gata2, and /4 were found in small numbers. For myeloid cells we characterized several macrophage
(Cd74, C1gb, Ccl4) clusters including a Trem2+ subset expressing Fcrls, ll1a, and Pf4 (CXCL4), an innate immune recruiting subset
expressing Ccl7, Ccl8, and Pf4 (CXCL4), and a small cluster of osteoclasts (Ctsk, Mmp9). Monocytes clustered into classical (Ly6c2,
Ccr2, Chil3) and non-classical (Ace, Ear2, Itgal) subsets''® alongside IFN-stimulated monocytes and monocyte-derived macro-
phages (MDMs). DCs separated into distinct clusters including Langerhans-like (Epcam, Ccl17, Ccl22), intraepithelial (Cd103,
Xcr1, TIr3), migratory (Ccr7, Ccl22, Cd274), and a subset uniquely expressing Cd209a (DC-SIGN), Tnfsf9 (4-1BB), and Kird1. We
also captured plasmacytoid DCs (Siglech, Irf8; pDCs). Subclustering T and NK cells revealed NK cell subsets (Kirb1c, Ncr1), type
2 (Areg, 1113) and type 3 (//22, Rorc) innate lymphoid cells (ILC), v3T cells (Trdc, Cd163/1, Cd3e), and a spectrum of «fT cell subsets
and states including naive/central memory CD8 (Ccr7, Dapl1), effector CD8 (Gzmb, Gzmk), Trm-like CD8 cells (ltgae [CD103]), resting
CD4 (Cd4, Tnfrsf4 [OX40]), Th1 CD4 (Ifng, Cd200), Th17 (Cd40lg, 1117a), and a cluster of Helios (lkzf2) expressing cells. B cell clus-
tering revealed mature subsets (Ighd, Cd74), IgG+/IgA+ early plasmablast cells (Aicda, Jchain, Igha), lambda-chain-high expressing
cells (/gic1, Igic2), nucleoside diphosphate kinase (NME) expressing cells (Nme1, Nme2) and, primarily in OM, developing subsets
including pro-B (Dntt, Vpreb1, Rag1), pre-B (Bub1b, Mki67, Sox4), and immature B cells (Ms4a1, Ifi30).

We note that neurons, mostly olfactory sensory neurons, make up a large number of cells in our primary infection dataset
(n > 50,000). Given their importance in mouse olfaction, and their broad distribution through the OE and OM (Figure 1B), we believe
that their relative abundance in our scRNA-seq data is concordant with the anatomy and biology of the nasal mucosa.

IAV transcript capture was sparse in our dataset. Other studies have included spike-in primers to facilitate additional capture of
viral nucleic acids''®; it is possible that we were not sufficiently sensitive to IAV transcripts without these spike-in primers. Also, cells
productively infected with virus may not be sufficiently viable through our tissue processing pipeline, as suggested by the viral reads
detected by bulk RNA-seq from tissue lysate, leading to artificially low numbers of cells containing IAV reads. Thus, we classified IAV+
cells as any cell with 2 or more UMIs aligned to any IAV PR8 gene.

Compositional analyses

After removing multiplets, immune (>97.5%) and endothelial cells (89%) had nearly all cells assigned a sample replicate while neu-
rons (30.7%), epithelial cells (65.9%), fibroblasts (52.4%), and other stromal cells (56.4%) had lower sample annotation rates (Fig-
ure S1E). We note that cells without a sample replicate assignment were excluded from all compositional analyses. Within cell
type frequencies were calculated on a per replicate basis by counting the number of cells within each cluster label and dividing
by the total number of cells for that cell type captured in that replicate. For tissue- and region-level compositional analyses, cell
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cluster abundances were calculated by deriving cell cluster frequencies over all labeled cells in each sample replicate, scaling to
3,000 cells per replicate, and log transforming. Subsequent PCAs were calculated using the center-log ratio (clr) transformed data.

Proportionality analysis was performed using the propr package (v4.2.6).'°® We compared the proportionality statistic p, calculated
from the clr transformed abundance data, to standard Pearson correlation across all pairwise comparisons and found p to be more
stringent for significance cutoffs (FDR<0.05) generated by permutating testing (Figure S8A). We built a network using Cytoscape
(v3.9.1) comprised of all significantly proportional cell cluster pairs to assess groups of cell clusters with similar cell abundance tra-
jectories throughout the infection time course.

RM sample replicate distances were calculated using the Aitchison distance.'%? Euclidean distance on the clIr transformed data
then calculated between all pairs of RM sample replicates, yielding three distances within a timepoint and nine distances between
two timepoints. Statistics on Aitchison distances were performed using a one-sided non-parametric Welch’s ANOVA and Dunnett’s
T3 test for multiple comparisons in Prism.

Neutrophil pseudotime analysis

The neutrophil pseudotime analysis was performed using diffusion mapping as previously described.*® A principal component anal-
ysis was run on all cells assigned to granulocyte clusters, excluding mast cells. The first 20 principal components were used to
compute a cell-to-cell distance matrix using 7 — Pearson correlation coefficient as the distance metric. Using the destiny package
inR,""* we computed a diffusion map with standard parameters with density normalization and rotate enabled. We manually selected
“Progenitor” cells as the root of the trajectory and used the DPT function to calculate the pseudotime values, manually scaling the
values from 0 to 1.

Cell-cell signaling analysis

Three cell networks (IFN-stimulated MDMs: Gzmk+ CD8 T cells: Ifng+Cd200+ CD4 T cells; Cd103+ DCs: Dusp2+Icam1+ mature neu-
trophils: Gp2+Lyz2+ goblet/secretory cells; Krt13+l/l1a+ epithelial cells: Cd703+ CD8 T cells: CD4 T cells) were selected based on
high proportionality throughout the primary infection time-course or specific biological interest to the authors. Data for the clusters
of interest in each network were then subset to RM and timepoint of interest to best capture individual cells with sufficient spatial and
temporal proximity to plausibly interact and re-normalized with Seurat’s NormalizeData function. Since NICHES calculates the mul-
tiplicative expression of ligand-receptor pairs from a random sampling of cells from each cell type to predict cell-cell communication,
Adaptively thresholded Low-Rank Approximation (ALRA) imputation was applied to each cell network to reduce the impact of tech-
nical zeros due to potential dropout events."'® NICHES was then run on each cell network individually, drawing from the OmniPath
database of ligand-receptor pairs' '° to generate a cell interaction object whereby rows are ligand-receptor pairs and columns are cell
type pairs.”” These objects were then scaled and passed through principal component analysis and UMAP dimensionality reduction
to generate low-dimensional embeddings of cell interactions. Differentially expressed interactions were identified using the Seurat
FindAllIMarkers function, and highly differentially expressed interactions validated by literature review were selected for display as
heatmaps.

RNAscope co-localization quantification

RNAscope quantification was carried out using Imaged software on five fields of view (FOV) from both the naive and 14 dpi timepoints
(n = 5/timepoint). Ten slices were selected in the z-plane from each FOV to generate maximum intensity projections across 5 um, and
color channels were separated using the “Split Channels” function. For each image, a threshold was set for signal intensity in the
Krt13 channel, allowing generation of a mask of Krt13 expression that was subsequently overlaid on both the DAPI and Cxc/16 chan-
nels to generate regions of interest for further analysis. Within the region of interest in the DAPI channel, nuclei were manually counted
with the aid of the ImagedJ plugin “Cell Counter,” with inclusion of most segmented nuclei. Within the region of interest in the Cxcl/16
channel, a threshold was set for Cxc/16 expression with the aid of a signal intensity histogram and then punctuate dots were counted
automatically with the “Analyze Particles” function. A measure of average Cxc/16 puncta per DAPI-stained nuclei in the Krt13+ region
was calculated for each FOV.

Label transfer validation and memory samples

To assign cluster labels to new scRNA-seq datasets generated from the nasal mucosa, we leveraged the structure of our data to test
the label transfer methods provided in Seurat'®” and scANVI."'” We separated the cells from one RM replicate from each timepoint as
a query dataset, using the remaining cells as the reference. With Seurat, we implemented the FindTransferAnchors function on the
scTransformed data, using the first 40 PCs from the PCA as the reference. Labels were then assigned with the TransferData function
using either cell cluster or cell type identities. With scANVI, we first built a scVI model on the reference data, and then a scANVI model
using either cell cluster or cell type identities as labels. The reference scANVI model was then used to train a model on the query data.
We calculated the percentage of correctly called cell labels using each method for both sets of labels and found calling to be superior
on the cell type level. Thus, we next repeated each procedure within each cell type to learn cell cluster labels and found Seurat to
perform better across all cell types (89.11-95.19% correctly annotated using Seurat vs 69.33-92.31% using scANVI). Using Seurat,
this approach was repeated with two other non-overlapping sets of sample replicates (one per timepoint) to assess reproducibility
(Figures S7A and S7B). To further validate, we calculated cell cluster abundances using the predicted cell cluster labels for the query
replicates and projected into the PCA calculated across the RM samples (Figure S7C).
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We next applied the two-step label transfer approach using Seurat to new data generated from RM 60 dpi and 2 and 5 dprc. Before
performing label transfer, we removed all hashtag annotated cell doublets from the new dataset and applied the same filtering criteria
as above. We next performed scTransform and PCA on the new dataset. We then predicted cell type labels using all cells from RM
samples in the primary infection dataset for reference. We next removed any cells from subsequent analysis that had a maximum
prediction assignment score < 0.8 (i.e., 80% is the greatest confidence in label prediction), making up 5% of the total dataset. Given
our loading strategy and number of intrasample doublets found in the primary infection dataset, we chose a more stringent cutoff
following cell type label prediction. Separating into each cell type and using the processed data from the matching cell type in the
primary infection dataset as reference, we performed the same procedure. Here, we were more liberal, keeping all cells with a
maximum prediction assignment score > 0.4 since very similar clusters within cell types could receive almost equal prediction prob-
ability (e.g., Resting Basal and Abi3bp Resting Basal). With cell cluster labels assigned, we then calculated cell cluster abundances as
above and performed downstream differential expression analysis.

Since plasma cells were absent from our primary infection data and could not be identified by label transfer, we re-clustered all B
cells across both datasets. We resolved a small cluster (n=75 cells) of plasma cells expressing Slpi, Jchain, Igha, and Xbp1 present at
low frequencies at 60 dpi and during rechallenge (Figures S7H and S7I).
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