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Epithelial remodeling is a hallmark of host antiviral re-1

sponses that strengthen barrier defenses against infection.2

Our current understanding of viral pathophysiology within3

the nasal epithelium, the initial site of most respiratory viral4

infections, remains incomplete due to limited understand-5

ing of the native tissue architecture and protective epithe-6

lial remodeling during immune events. Leveraging coron-7

avirus disease 2019 (COVID-19) as a model, we applied spa-8

tial multi-omics on nasal cross-sectional tissues to char-9

acterize the immune–epithelial landscape during infection,10

identifying a coordinated increase in goblet cells and sup-11

pressive macrophages associated with elevated IL13 in the12

immune compartment. Our results further reveal that goblet13

cell and suppressive macrophage enrichment are spatially14

linked in proximity to IL13–expressing CD4 T cells, consis-15

tent with IL13-driven remodeling in situ. Using a primary hu-16

man nasal air–liquid interface model, we demonstrate that17

IL13 alone is sufficient to remodel epithelial composition18

and morphology, subsequently restricting viral infection by19

reshaping the apical mucus barrier of the nasal epithelium.20

Our findings uncover a spatially organized, IL13–driven cir-21

cuit for immune-epithelial remodeling as a protective barrier22

against respiratory viral infections.23
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Introduction28

A fundamental aspect of airway health vs. disease29

is maintenance of epithelial integrity against invading30

pathogens coordinated by the immune system. Immune-31

epithelial remodeling is recognized to underpin tissue re-32

generation and diseases including chronic rhinosinusitis,33

asthma, and COVID-19 (1–4). These interactions can in-34

volve epithelial secretion of soluble paracrine signals that35

shape immune infiltration to preserve tissue homeosta-36

sis or drive chronic inflammation. During acute respira-37

tory viral infection, the epithelial layer undergoes dynamic38

remodeling that includes robust interferon responses ac-39

companied by a rapid recruitment of inflammatory lym-40

phoid and myeloid populations to promote antiviral de-41

fense (5, 6). Despite the growing recognition of immune-42

epithelial communications in shaping host responses to43

respiratory viruses, the mechanisms that link immune sig-44

naling to epithelial remodeling during infection remain in-45

completely understood, in part due to the inherent com-46

plexity of dissecting these interactions in situ, and techni-47

cal limitations to resolve these processes within the native48

tissue context.49

The nasal epithelium represents a major site of infec-50

tion and early host–pathogen interaction across respira-51

tory viruses (7) despite being a specialized barrier against52

pathogen invasion, making it a critical interface for im-53

mune coordination and epithelial remodeling. Amongst54

the human respiratory viruses, severe acute respiratory55

syndrome coronavirus 2 (SARS-CoV-2) provides a rele-56

vant context to dissect these critical processes for two key57

reasons. Firstly, the nasal epithelium is the site of pri-58

mary infection where localized robust immune responses59

are first observed (8–11), and secondly, it is the causative60

agent of COVID-19, which has had transformative effects61

globally since its emergence in 2019 (12–14). Despite62

a strong tropism for nasal tissues, much of the focus63

on COVID-19 pathophysiology, as with other respiratory64
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Figure 1. Application of GeoMx spatial transcriptomics to identify differences between COVID-positive and COVID-negative nasal tissues. (A) Strategy to spatially
dissect the COVID-positive and COVID-negative nasal epithelium. (1) Biopsies from a cohort of COVID-positive (n=10) and COVID-negative (n=4) patients were (2) stained
with a 1800-plex RNA probe panel and two morphology antibodies to enable (3) acquisition of the epithelial and immune transcriptomes using the GeoMx, where upon (4)
computational analysis revealed key differences between COVID-positive and COVID-negative tissues. (B) Representative GeoMx immunofluorescence image of the nasal
epithelium, with markers for nuclei (SYTO13), immune cells (CD45), and epithelial cells (panCK) shown. (C) Relative z-score expression levels of antibody markers for the
annotated cell phenotypes in this GeoMx dataset. (D) PCA plot showing separation by tissue type along PC1 and viral status along PC2. (E) Heatmap of top 5 differentially
expressed genes stratified by immune, epithelial, and viral status. (F) Comparison of representative Gene Ontology pathways stratified by tissue type or viral status. A
one-sided Wilcoxon rank sum test with Benjamini-Hochberg correction was conducted for each comparison (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001).
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viruses, has centered on the lungs and bronchi, where65

infection can lead to acute respiratory distress and ex-66

tensive pulmonary damage (4). Beyond localized tissue67

injury, COVID-19 can also induce cytokine storms, acute68

lesions, and systemic inflammation (4, 15, 16), leading to69

extensive tissue disruption that makes the relatively con-70

fined and fragile nasal epithelium a technically challenging71

tissue site for study. Prior investigations on nasal airways72

have also largely relied on nasopharyngeal swabs or nasal73

washes, which mainly sample the air surface liquid and74

superficial epithelium. These approaches fail to capture75

the underlying complexities of the intact tissue microenvi-76

ronment and immune-epithelial interactions, thus limiting77

our understanding of how the nasal epithelium responds78

to respiratory viral infections.79

To address these challenges and assess how acute viral80

infection reshapes the nasal epithelium, we first screened81

post-mortem nasal tissues from individuals who suc-82

cumbed during the early wave of the COVID-19 pandemic,83

and carefully selected those with preserved morphology84

(17). We next applied spatial multi-omics using the Ge-85

oMx spatial transcriptomics (18) and CODEX spatial pro-86

teomics (19) platforms to examine immune-epithelial inter-87

actions and tissue remodeling within the native diseased88

tissue, followed by mechanistic dissection using a primary89

human nasal epithelium air-liquid interface culture system.90

Our findings reveal a spatially organized IL13–driven im-91

mune–epithelial circuit in situ that reshapes nasal epithe-92

lial composition to induce mucus secretion and establish93

a protective barrier against respiratory viral infection. Our94

integrative approach highlights spatial immune–epithelial95

interactions as a key axis shaping antiviral barrier func-96

tion, thus advancing a framework towards understanding97

the native tissue-level host responses against respiratory98

viral infections in the nasal airway.99

Results100

Spatial transcriptomics capture respiratory vi-101

ral-linked nasal immune-epithelial dynamics.102

To dissect epithelial and immune functional remodeling103

upon respiratory viral infection, we first applied the Ge-104

oMx spatial transcriptomics platform (18) on a cohort of105

formalin-fixed paraffin-embedded (FFPE) nasal epithelium106

samples from 10 COVID-positive and 4 COVID-negative107

individuals (Fig. 1A). As the nasal epithelium is the ini-108

tial site of SARS-CoV-2 infection with pervasive tissue109

damage and cell death (8, 9), we applied a probe panel110

targeting 1,800 genes with five probes per target gene111

to maximize RNA capture quality. Tissues were addi-112

tionally stained with antibodies against pan-cytokeratin113

(panCK) and CD45 to visualize epithelial and immune114

compartments respectively for compartment-specific tran-115

scriptome capture.116

We assessed the specificity of spatial transcriptome cap-117

ture on multiple levels. The antibody staining specificity118

was first confirmed visually (Fig. 1B) and consistent with119

the expected enrichment of antibody markers for epithelial120

and immune compartments (Fig. 1C). Principal compo-121

nent analysis (PCA) was then applied to the 60 capture122

regions, revealing clear separation of transcriptomes by123

cell type across PC1 and viral status across PC2 (Fig.124

1D). Analysis of the top differentially expressed genes125

in each cell population showed an expected enrichment126

of genes that stratify viral status and cell population, in-127

cluding interferon-induced genes (IFITM1, IFITM2, IFI6)128

across COVID-positive samples, the complement system129

(C1S) across immune regions, and keratins (KRT4, KRT5)130

across epithelial regions (Fig. 1E). Evaluation of repre-131

sentative gene signatures for epithelial, immune, and vi-132

ral status (20) also demonstrated significant differences133

concordant to their respective capture regions (Fig. 1F).134

The stringent validation of transcriptome capture quality in135

these technically challenging tissues demonstrate the ro-136

bustness of this approach and data for further dissection137

of epithelial and immune dynamics in viral-infected, post138

mortem nasal epithelium.139

Concordant increase of goblet cells and suppressive140

macrophages distinguish the COVID-infected nasal141

epithelium.142

We then assessed the differentially expressed genes143

between COVID-positive and COVID-negative samples144

within the epithelial (Fig. 2A, left) and immune (Fig.145

2A, right) compartments. An expected increase in in-146

flammatory and interferon-induced genes in both epithe-147

lial (NFKBIA, C4B, IFITM2, ISG15, IFI6) and immune148

compartments (NFKBIA, C4B, IFITM1) was observed in149

COVID-positive samples. However, we also found a150

co-enrichment of epithelial remodeling genes (EFNA1,151

KRT6A/B/C, KRT7) and immune suppressive macrophage152

genes (CD163, C1QA, C1QB), suggesting a contrast in153

cell compositions. We next deconvolved cell populations154

(Fig. 2B) and found an enrichment of ionocytes and gob-155

let/secretory cells in the epithelial compartment (Fig. 2C,156

top), as well as higher macrophages and dendritic cells in157

the immune compartment (Fig. 2C, bottom), in COVID-158

positive samples. Due to the minimal abundance of iono-159

cytes (Fig. 2B, top), we focused on the dynamics be-160

tween macrophages and goblet cells.161

These observations suggest that the COVID-positive162

nasal epithelium promotes a shift from progenitor (basal)163

to differentiated (goblet) states alongside macrophage po-164

larization towards an immunosuppressive state, motivat-165

ing a comparison of epithelial basal vs. goblet signatures166

as well as immune activatory vs. suppressive macrophage167

signatures. We found a significant increase in goblet and168

suppressive macrophage signatures in COVID-positive169

tissues, with no differences in basal cell or activatory170

macrophage signatures (Fig. 2D). Furthermore, gob-171

let cell signatures positively correlated with immunosup-172

pressive, but not activatory macrophage signatures (Fig.173

2E). These findings support a functional relationship be-174

tween the epithelial and immune compartments, through175
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Figure 2. Distinct epithelial and immune cell compositions between COVID-positive and COVID-negative nasal tissues. (A) Volcano plots showing differentially
expressed genes (DEG) between COVID-positive and COVID-negative tissues in the epithelial (left) and immune (right) compartments. Notice the green arrows that point
to inflammatory, epithelial remodeling, and suppressive macrophage genes. (B) Relative proportions of deconvolved cell types (Supp Table 1) across COVID-positive and
COVID-negative FOVs stratified by epithelial (top) or immune (bottom) compartments. (C) Log2 fold enrichment plot of deconvolved cell types between COVID-positive and
COVID-negative FOVs stratified by epithelial (top) or immune (bottom) compartments. (D) Comparison of epithelial goblet/basal (left) and immune suppressive/activatory
macrophage gene signatures (Supp Table 1) between COVID-positive and COVID-negative FOVs. A two-sided Wilcoxon rank sum test was conducted for each comparison
(* p ≤ 0.05, ** p ≤ 0.01). (E) Spearman correlation of epithelial goblet gene signature with immune suppressive (top) or activatory (bottom) macrophage signature (*
p ≤ 0.05). Each dot represents one individual, and grey boundaries indicate 95% confidence interval. (F) Cartoon depicting the main differences in cell populations identified
in COVID-positive and COVID-negative nasal epithelium.
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the concordant upregulation of goblet cells and suppres-176

sive macrophages, in the COVID-infected nasal epithelium177

(Fig. 2F).178

Immune activation and IL13 expression links goblet179

cell and suppressive macrophages upregulation in180

the COVID-positive nasal epithelium.181

To determine the pathways that coordinate epithelial182

and immune remodeling, we identified the genes that183

were positively correlated with goblet and suppressive184

macrophage signatures in the COVID-positive nasal ep-185

ithelium (Supp Table 2) and scored them against the Hall-186

mark gene set collection (23). Inflammatory signatures187

were consistently the top features in both the epithelial and188

immune compartment, as well as increased metabolism189

(e.g. hypoxia and glycolysis), consistent with cellular ener-190

getic demands during viral infections (24) (Fig. 3A). While191

inflammation was consistently elevated in COVID-positive192

tissues, further dissection of inflammatory-specific signa-193

tures revealed a dominant increase of acute inflammation194

and not type-2 responses specifically in the immune com-195

partment (Fig. 3B).196

The link between goblet cell differentiation from basal cells197

and macrophage polarization toward immunosuppressive198

subsets has been previously shown to be coordinated by199

soluble factors, including IL13 and IL4 (25, 26). We there-200

fore searched for genes with expression levels that cor-201

related with both goblet and macrophage signatures in202

our dataset (Supp Table 2) and identified an associa-203

tion of IL13, but not IL4, with both signatures. Notably,204

a previous study has also found an association between205

IL13, but not IL4, with COVID-19 disease severity (27).206

The accumulation of these knowledge motivated us to207

test the directionality of epithelial and immune remodel-208

ing by cross-correlating the expression of IL13 with goblet209

and suppressive macrophage signatures. We found that210

only IL13 in the immune compartment was positively cor-211

related with both epithelial goblet and immune suppres-212

sive macrophage signatures (Fig. 3C), suggesting that213

immune compartment-derived IL13 is a key feature pro-214

moting epithelial remodeling during SARS-CoV-2 infection215

of the nasal epithelium.216

These findings support a role for an active immune re-217

sponse in the COVID-positive nasal epithelium that in-218

volves suppressive macrophages, inflammation, and IL13219

expression, tied to an increase in goblet cells. A multivari-220

ate analysis of variance (MANOVA) test indicated that the221

composite profiles of these three signatures differed sig-222

nificantly between COVID-positive and COVID-negative223

groups. Consistent with this, visualization on a ternary plot224

revealed that COVID-positive samples occupied the cen-225

tric region, reflective of the high contribution from all three226

axes, in contrast to COVID-negative samples (Fig. 3D).227

Our spatial transcriptomics data support a model in which228

immune activation elevates IL13 expression that leads to229

suppressive macrophage enrichment and maintain gob-230

let cell formation in COVID-positive nasal epithelium (Fig.231

3E). We thus hypothesized that IL13-expressing cells spa-232

tially localize near the epithelial barrier and macrophages233

to coordinate immune-epithelial remodeling as a host re-234

sponse to viral infection.235

Single-cell spatial proteomics to interrogate mecha-236

nisms of nasal immune-epithelial remodeling in the237

COVID-positive nasal epithelium.238

To test this hypothesis, we applied the CODEX single-239

cell spatial proteomics platform (19) on 12 nasal epithelial240

FFPE tissues derived from 6 COVID-positive patients, with241

a combined protein and nucleic acid staining approach242

(28, 29), to visualize a panel of 22 protein and RNA tar-243

gets (Fig. 4A & Supp Fig. 1). The panel was designed244

to include key phenotyping markers that identify epithe-245

lial and immune cell types, functional markers focused on246

immune dysregulation, as well as RNA probes targeting247

IL13 to detect IL13-expressing immune cells due to the248

difficulty of staining soluble factors in FFPE tissues.249

Our cell type annotations (Supp Fig. 2) were stringently250

inspected by visually comparing to the original multiplexed251

images (Fig. 4B), and by quantifying the expression of252

phenotyping markers to confirm their expected enrichment253

in their associated cell types (Fig. 4C). During our visual254

inspection, we observed a contrast in the abundance of255

MUC5AC-positive goblet cells and CD163-positive sup-256

pressive macrophages, where some tissues were highly257

abundant in both while their presence was substantially258

lower in others (Fig. 4B). Our results indicate a pos-259

itive correlation between the proportion of suppressive260

macrophages and goblet cells (Fig. 4D), orthogonally261

aligning with our spatial transcriptomics findings (Fig. 2E).262

To test how this variability in goblet cell and suppres-263

sive macrophage abundance may be linked to immune-264

epithelial tissue microenvironments and remodeling, we265

next divided the tissues into two tissue groups (n=6 each)266

using a median cutoff based on their relative abundance267

of goblet cells and suppressive macrophages (Supp Fig.268

3A). Further dissection of cell composition differences ad-269

ditionally revealed a significant increase of suppressive270

macrophages in the Goblet High group, as compared to271

inflammatory CD8 T cells and activatory macrophages in272

the Goblet Low group (Fig. 4E). These two groups were273

used henceforth to dissect spatial mechanisms underlying274

immune-epithelial dynamics.275

Tissue reorganization and spatial localization of276

IL13-positive CD4 T cells underlie nasal immune-ep-277

ithelial remodeling.278

We first quantitatively assessed changes in overall tissue279

organization using two metrics that capture distinct prop-280

erties of cellular composition. Shannon’s diversity index281

(30), which measures the diversity of cell types, was sig-282

nificantly higher in Goblet High compared to Goblet Low283

tissues (Fig. 5A). Ripley’s K function (31), which quan-284

tifies spatial clustering, revealed that cells in both tissue285
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Figure 3. Expression of IL13 in the immune compartment correlates with changes in immune and epithelial compositions. (A) EnrichR (21, 22) results for the
top 5 Hallmark pathways (23) in COVID-positive epithelial (top) and immune (bottom) compartments using the genes positively correlated with both goblet and suppressive
macrophage signatures. Scores for each pathway are in Supp Table 2). (B) Comparison of acute (left) and type-2 (right) inflammatory responses within epithelial (top) and
immune (bottom) compartments between COVID-positive and COVID-negative tissues. A two-sided Wilcoxon rank sum test was conducted for each comparison (* p ≤ 0.05,
** p ≤ 0.01). (C) Spearman correlation of IL13 expression levels with epithelial goblet or immune suppressive macrophage signatures (* p ≤ 0.05). Each dot represents one
individual, and grey boundaries indicate 95% confidence interval. Diagrams above each correlation indicate the regions where IL13 and cell type signatures were analyzed.
(D) Ternary plot illustrating the relationship between IL13 expression, suppressive macrophage, and acute inflammation signatures in the COVID-positive and COVID-negative
tissues. Each dot represents 1 FOV in the immune compartment, and contour lines indicate density distributions. A MANOVA test was conducted between COVID-positive
and COVID-negative tissues (* p ≤ 0.05). (E) Cartoon depicting the model of immune-mediated epithelial remodeling in the COVID-positive nasal epithelium.

groups were aggregated relative to a random distribu-286

tion, but Goblet High tissues were significantly less clus-287

tered than Goblet Low tissues (Fig. 5B). Goblet High tis-288

sues thus exhibit a more heterogeneous and spatially dis-289

persed cellular landscape, consistent with active immune-290

epithelial remodeling. We further detected lower inflam-291

matory marker expression in Goblet High tissues (Supp292

Fig. 3B), consistent with the compositional and spatial293

differences in tissue microenvironmental states observed294

above.295

We next examined changes in the nasal tissue architec-296

ture relative to the surface epithelium by stratifying tis-297

sues into distance-based cellular neighborhoods, where298

regions were binned based on increasing spatial distance299

from this boundary (Supp Fig. 4). Given the highly struc-300

tured nature of the nasal epithelium that includes distinct301

epithelial immune, vascular, and stromal boundaries, we302

defined these cellular compartments by summarizing the303

composition of each cell’s nearest neighbors and cluster-304

ing them based on similar compositional profiles (Supp305

Fig. 5). Moving towards the surface epithelium, we ob-306

served a graded decrease in stromal cells accompanied307

by an increase in immune cells, with minimal changes308

in other compartments (Supp Fig. 6A). This spatial pat-309

tern is consistent with the expected recruitment of immune310

cells towards the virus-infected surface epithelium.311

There were key differences in immune spatial dynam-312

ics between the Goblet High and Goblet Low groups.313

While the relative compositions of most immune cells re-314

mained consistent (Supp Fig. 6B), macrophages dis-315

played distinct spatial dynamics, with preferential enrich-316

ment of suppressive macrophages in Goblet High and ac-317

tivatory macrophages in Goblet Low tissues (Fig. 5C).318

These differences were consistent with spatial changes319

in immune IL13 expression. In Goblet High tissues, it320

consistently increased toward the epithelial surface, but321

is spatially disorganized in Goblet Low tissues (Fig. 5D).322

Despite these differences, the relative proportions of IL13-323

expressing immune cells were similar between both tissue324

groups (Supp Fig. 6C). This suggests that the spatial lo-325

calization, rather than abundance, of IL13-expressing im-326

mune cells is associated with immune–epithelial remodel-327

ing dynamics.328

To further investigate the spatial localization of IL13 ex-329

pressing immune cells, we next constructed a cell net-330

work graph to identify their immediate 1-hop neighbors331

(Fig. 5E). We found that suppressive macrophages, gob-332

let cells, neutrophils, and surface epithelial cells were333

more frequently adjacent to IL13-expressing immune cells334

in Goblet High tissues (Fig. 5F), with no significant differ-335

ences observed for the other cell types (Supp Fig. 6D).336

These spatial associations support our model (Fig. 3E)337

that IL13-expressing immune cells are positioned to en-338

gage locally with macrophages and surface epithelium to339

drive immune-epithelial remodeling.340

To evaluate if IL13-expressing immune cells were prefer-341

entially localized next to these cell types in Goblet High342

microenvironments, we applied a permutation test com-343

paring the number of observed adjacent cells against an344

expected randomized background model, which was gen-345

erated by shuffling their spatial positions while preserv-346

ing the native locations of other cells (28). Although347

both Goblet High and Low tissues exhibited frequent IL13-348

centered interactions between neutrophil-surface epithe-349

lium, neutrophil-neutrophil, and suppressive macrophage-350

suppressive macrophage pairs, all other pairwise interac-351

tions were higher in Goblet High tissues with observed in-352

teraction frequencies closely matching the expected val-353

ues, whereas in Goblet Low tissues, these interactions354

were consistently lower than expected (Fig. 5G). These355

results demonstrate a spatial association between IL13-356

expressing immune cells and their neighboring cell popu-357

lations in Goblet High tissues.358

We next performed a regression analysis to assess which359

IL13-positive immune subtype was preferentially adjacent360

to these neighbors. Consistent with our permutation test,361

we found a greater diversity of IL13-expressing immune362

cells adjacent to suppressive macrophages, goblet cells,363

and surface epithelial cells in Goblet High tissues. IL13-364

expressing CD4 T cells were notably present in higher365

frequencies adjacent to suppressive macrophages, gob-366

let cells, and surface epithelium specifically in Goblet High367

tissues, but not in Goblet Low tissues (Fig. 5H). These368

findings were visually corroborated with our CODEX im-369

ages, where IL13-positive CD4 T cells were often in close370

proximity to the surface epithelium, goblet cells, and sup-371

pressive macrophages in Goblet High, but much less in372

Goblet Low microenvironments (Fig. 5I), supporting IL13-373

expressing CD4 T cells as a major cell population involved374

in coordinating IL13-mediated immune-epithelial remodel-375

ing.376

Further dissection of CD4 T cell functional state revealed377

an increase in IL13 expression toward the surface epithe-378

lium in Goblet High tissues, whereas those in the Gob-379

let Low group remained relatively consistent across tis-380

sue depths (Fig. 5J). This IL13 spatial gradient is not381
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Figure 4. Application of CODEX single-cell spatial proteomics to dissect spatial mechanisms of immune-epithelial remodeling in the COVID-positive nasal
epithelium. (A) Strategy to spatially dissect the COVID-positive nasal epithelium. (1) Tissues biopsies (n=12) from a cohort of COVID-positive patients (n=6) were (2) stained
with a 22-plex antibody panel to enable (3) generation of multiplexed images that allowed for visualization of the tissue architecture at single-cell resolution, where upon
(4) computational analysis revealed mechanisms promoting immune-epithelial remodeling in COVID-positive tissues. (B) Representative CODEX images of regions high in
goblet cells and suppressive macrophages (left), in contrast to those low in goblet cells and suppressive macrophages (right), with markers for nuclei (Hoechst), suppressive
macrophages (CD163), epithelial cells (panCK), goblet cells (MUC5AC) and IL13 shown. (C) Relative z-score expression levels of phenotyping markers in this CODEX
dataset. (D) Spearman correlation between epithelial goblet cell and immune suppressive macrophage proportions (* p ≤ 0.05). Each dot represents one tissue, with the
color indicating the Goblet High or Low group they are assigned to based on their goblet cell abundances. Grey boundaries indicate 95% confidence interval. (E) Log2 fold
enrichment plot of annotated cell types between Goblet High and Goblet Low tissues. A two-sided Wilcoxon rank sum test was conducted for each comparison (* p ≤ 0.05,
** p ≤ 0.01).

observed across other immune populations (Supp Fig.382

6E), suggesting that CD4 T cells also progressively up-383

regulate IL13 as they localize to this tissue niche. In addi-384

tion, IL13-positive CD4 T cells in Goblet High tissues dis-385

played reduced expression of naïve (CD45RA) and prolif-386

erative (Ki67) markers compared to those in Goblet Low387

tissues, consistent with a more differentiated phenotype388

(Fig. 5K). These findings support CD4 T cells as a major389

IL13-producing cell type that represent a distinct, spatially390

organized population that coordinate tissue remodeling.391

Our findings thus far suggest a protective role for IL13392

signaling in viral infection, leading to the hypothesis that393

the nasal epithelium of patients with more severe infec-394

tion would exhibit increased IL13-responsive activity, gob-395

let cell metaplasia, and mucus production. However, we396

were unable to test this hypothesis with our samples due397

to the lack of viral titer measurements or patient dis-398

ease severity. We therefore leveraged an independent399

RNA sequencing dataset (15) of human nasopharyngeal400

swabs stratified by COVID-19 disease severity (15 COVID-401

negative, 14 mild/moderate COVID-positive, 21 severe402

COVID-positive). We found that the surface epithelium ex-403

hibited robust MUC5AC and modest MUC5B increment404

across disease stages (Supp Fig. 7A), substantial upreg-405

ulation of IL13-inducible and goblet cell metaplasia gene406

signatures (Supp Fig. 7B), as well as elevated PAMP,407

damage, and stress response genes (Supp Fig. 7C). This408

supports the spatial relationship of immune IL13 (Figs.409

5F-K) alongside the notion that IL13-driven epithelial re-410

modeling scales with disease severity, reflecting an adap-411

tive host antiviral response to enhance antiviral barrier412

function.413

Our spatial multi-omics analyses highlight a link between414

spatial reorganization of the immune microenvironment415

and epithelial remodeling in COVID-positive nasal tissues.416

Regions enriched in goblet cells displayed co-localization417

of IL13-expressing immune cells, particularly CD4 T cells,418

near the epithelial surface and adjacent macrophages. In419

contrast, regions with low goblet cell abundance lacked420

spatial organization of IL13 expression, exhibited de-421

creased localization of IL13-positive immune cells to the422

epithelial interface, and were instead abundant in inflam-423

matory immune infiltrates (Fig. 5L). Given how this vari-424

ation was observed within COVID-positive samples, the425

immune-epithelial remodeling may be driven by a combi-426

nation of viral infection and local tissue contexts, such as427

the positioning and functional differences of CD4 T cells.428

We thus sought a mechanistic dissection into how IL13 di-429

rectly reshapes epithelial barrier properties and modulate430

antiviral responses.431

IL13 induces compositional, morphological, and se-432

cretory remodeling of the nasal epithelium.433

To directly assess how IL13 drives epithelial remodeling,434

we utilized a primary human nasal epithelial air–liquid in-435

terface (ALI) model (32) to examine the morphological and436

functional effects of recombinant IL13 stimulation on the437

epithelial barrier. While the effects of IL13 on the airway438

mucosa, particularly its impact on MUC5AC-positive cells,439

are well recognized (33–35), the cellular-level dynamic440

changes of secretory cells during IL13-induced mucosal441

remodeling remain incompletely understood. Here, we442

treated ALI-cultured human nasal epithelial cells (HNEs)443

with purified IL13 (10ng/mL) added to the basal medium to444

mimic the effects of IL13-secreting CD4 T cells on neigh-445

boring epithelial cells, and fixed the cultures at 0, 3, and446

6 days after treatment. We then performed immunofluo-447

rescence staining to visualize the MUC5AC- and MUC5B-448

positive goblet and secretory cells respectively, the two449

major mucus-producing cell populations in the nasal ep-450

ithelium. In addition, acetylated tubulin (ACTUB) was used451

as a marker to identify ciliated cells, and phalloidin staining452

was used to delineate cell boundaries (Figs. 6A-C).453

From days 0 to 3 after IL13 treatment, there was a sig-454

nificant increase in the percentages of both MUC5AC-455

positive cells and MUC5B-positive cells accompanied by456

a reduction in the percentage of ciliated cells. These ef-457

fects persisted at day 6 (Figs. 6D-F), indicating that IL13458

actively remodeled the nasal epithelium cellular compo-459

sition during this period. Previous studies have shown460

that IL13 induces hypertrophy of MUC5AC-positive cells461

(33–35). Consistent with this, our data showed that IL13462

significantly increased the size of MUC5AC-positive cells463

by day 3 (Fig. 6G), accompanied by an increase in to-464

tal intracellular MUC5AC fluorescence intensity (Fig. 6H).465

By day 6, however, although MUC5AC-positive cells re-466

mained enlarged, their total intracellular MUC5AC fluores-467

cence had decreased markedly (Fig. 6C, top row & Fig.468

6H), suggesting that substantial amounts of MUC5AC had469

been secreted from these cells in response to IL13. This470

interpretation was further supported by analysis of mean471

cellular fluorescence intensity, calculated by dividing to-472

tal cellular MUC5AC fluorescence by cell area. Despite473

progressive enlargement of MUC5AC-positive cells, mean474

MUC5AC fluorescence intensity steadily declined from the475

onset of IL13 treatment (Fig. 6I), indicating that MUC5AC476
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Figure 5. Spatial organization of IL13-positive CD4 T cells coordinates tissue remodeling in COVID-positive nasal epithelium. (A) Comparison of cell type diversity
between Goblet High and Goblet Low tissues using the Shannon Diversity Index. A two-sided Wilcoxon rank sum test was conducted (** p ≤ 0.01). (B) Comparison of cell
spatial diversity between Goblet High and Goblet Low tissues using Ripley’s K function. The black line represents the expected diversity. (C) Differences in the infiltration
of activatory and suppressive macrophages from surface-distal to surface-proximal layers in Goblet High (left) and Goblet Low (right) tissues. Each dot represents average
abundance across tissues within a given spatial bin. (D) Differences in immune IL13 expression from surface-distal to surface-proximal layers in Goblet High (left) and Goblet
Low (right) tissues. Each dot represents average IL13 expression across immune cells within a given spatial bin. (E) Cartoon of cell network graph visualization of the tissue
to guide identification of IL13-positive immune cells and their adjacent cells. (F) Comparison of the abundance of cell types adjacent to IL13-positive immune cells between
Goblet High and Goblet Low groups. A two-sided Wilcoxon rank sum test was conducted for each comparison (* p ≤ 0.05, ** p ≤ 0.01). Only the significant cell types are
shown here, with the rest in Supp Fig. 4B. (G) Comparison of observed vs. expected counts of adjacent cells (the four significant cell types in (C)) around each anchor cell
type (IL13-positive immune cells). The expected counts was generated over 1,000 iterations of randomized background permutations. Non-significant pairs are colored in
grey. (H) Negative binomial regression results, with the predictor as anchor IL13-positive immune cells and the response as expected counts of adjacent cells (as in (C) and
(D), in Goblet High (left) and Goblet Low (right) tissues. Only statistically significant results (* p ≤ 0.05) are shown. (I) Representative phenotype maps showing localization
of IL13 in CD4 T cells, goblet cells, and suppressive macrophages in Goblet High (left) and Goblet Low (right) tissues. To improve visual clarity, all other cells were greyed out
with an epithelial boundary line manually drawn. (J) Relative expression of IL13 in CD4 T cells from surface-distal to surface-proximal layers between Goblet High and Goblet
Low tissues, with the other immune cells in Supp Fig. 4C. Each dot represents average IL13 expression in CD4 T cells within a given spatial bin, and grey boundaries indicate
95% confidence interval. (K) Comparison of functional marker expression in IL13-positive CD4 T cells between Goblet High and Goblet Low tissues. Mean ± 1 standard error
shown, with a two-sided Wilcoxon rank sum test conducted for each comparison (*** p ≤ 0.001). (L) Cartoon depicting the proposed immune-epithelial remodeling dynamics
in the COVID-positive nasal epithelium.

secretion is a continuous process after initial IL13 stimula-477

tion.478

Compared with our relatively established understanding479

of MUC5AC-positive cells, the effects of IL13 on MUC5B-480

positive cells remain less clear and, in some cases, con-481

troversial (36–40). Our data showed that under IL13 stim-482

ulation, MUC5B-positive cells also underwent significant483

hypertrophy at day 3 (Fig. 6J), accompanied by a smaller484

but significant increase in total intracellular MUC5B fluo-485

rescence intensity (Fig. 6K) compared to MUC5AC. How-486

ever, unlike MUC5AC-positive cells, MUC5B-positive cells487

remained enlarged at day 6 without a significant decline488

in total intracellular MUC5B fluorescence (Fig. 6C, bot-489

tom row & Fig. 6K), suggesting that IL13 does not stim-490

ulate MUC5B secretion as strongly as MUC5AC. This is491

supported by the quantification of mean MUC5B fluores-492

cence, which revealed a more modest decrease over time493

(Fig. 6L). Consistent with these interpretations, our anal-494

ysis of public sequencing dataset (15) revealed a higher495

magnitude of MUC5AC over MUC5B that scaled with dis-496

ease severity and IL13 signaling (Supp Fig. 7A). These497

findings help clarify the role of IL13 signaling in regu-498

lating MUC5B by showing that it contributes to MUC5B499

secretion, albeit at lower levels than MUC5AC. Conse-500

quently, IL13 stimulation shifts mucus composition toward501

a MUC5AC-skewed state.502

Given that IL13 stimulation resulted in sustained MUC5AC503

and MUC5B secretion, we next asked whether this in-504

creased secretory activity translated into their accumula-505

tion within the overlying mucus layer, which would indicate506

a potential capability to alter epithelial barrier function.507

Immunofluorescence-based visualization (Figs. 6M, 6N)508

and quantification (Figs. 6O, 6P) of MUC5AC and MUC5B509

in the apical mucus layer showed that both mucins were510

significantly increased, with substantially pronounced in-511

crease in MUC5AC. Together, these findings demon-512

strate that IL13 begins to alter the morphology of mucus-513

secreting cells and the composition of the overlying mucus514

layer as early as day 3, and by day 6, it induces substantial515

remodeling of the nasal mucosa.516

IL13-induced mucus remodeling restricts viral entry in517

the nasal epithelium.518

Several studies have shown that IL13 treatment sup-519

presses SARS-CoV-2 infection in airway epithelia, al-520

though the underlying mechanism remains incompletely521

understood (41–44). To determine whether the antiviral522

effect of IL13 is temporally linked to IL13-induced remod-523

eling of mucus-secreting cells and the mucus layer, we524

pretreated ALI-cultured HNEs with IL13 for 0, 3, or 6 days525

before subjecting them to SARS-CoV-2 infection. To pre-526

serve the architecture of the apical mucus layer, SARS-527

CoV-2 was applied from the apical side in a small-volume528

inoculum (10µL, MOI 0.1). At 48 hours post-infection529

(hpi), progeny virus released into the apical mucus layer530

was collected for FFU assay, and the cultures were fixed531

for immunofluorescence analysis using antibodies against532

SARS-CoV-2 spike protein, ACTUB, and MUC5AC, to-533

gether with phalloidin staining.534

We found that IL13 pretreatment for either 3 or 6 days535

significantly suppressed SARS-CoV-2 infection in ciliated536

epithelial cells, with a stronger inhibitory effect observed537

after longer treatment (Figs. 7A-C). Notably, this tempo-538

ral pattern closely paralleled the kinetics of IL13-induced539

mucosal remodeling (Fig. 6). Previous studies have sug-540

gested that IL13 may alter the expression of SARS-CoV-541

2 entry factors such as ACE2 and TMPRSS2 or modu-542

late epithelial interferon responses (41–44). In our HNE543

model, qPCR analysis showed that IL13 caused no signif-544

icant change in ACE2 and TMPRSS2 expression (Supp545

Fig. 8A). In addition, IL13 treatment did not affect polyI:C-546

induced interferon production (Supp Fig. 8B).547

Given the pronounced effects of IL13 on the physical prop-548

erties of the apical mucus layer, we hypothesized that the549

thickened mucus may act as a physical barrier that limits550

viral entry (38, 45, 46). To test this, we infected HNEs with551

SARS-CoV-2 at a high MOI (MOI 5) and fixed the cultures552

at 18hpi, thereby focusing on a single viral replication cy-553

cle and minimizing the potential contribution of IL13 to vi-554

ral egress or secondary spread. Under these conditions,555

most ciliated cells in control cultures were infected by556

SARS-CoV-2, whereas the number of infected ciliated ep-557

ithelial cells was markedly reduced in IL13-treated HNEs558
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Figure 6. IL13 significantly remodels primary human nasal epithelium cultures. (A-L) IL13 remodeled the cellular composition and morphology of human nasal
epithelium. HNE cultures were treated with IL13 in the basal medium for the indicated times, followed by fixation and immunofluorescence staining. Representative IF images
are shown for MUC5AC (A & C), MUC5B (B & C), the cilia marker acetylated α-tubulin (ACTUB), and phalloidin to delineate cell boundaries. (D-F) Quantification of the
percentages of MUC5AC-positive, MUC5B-positive, and ciliated epithelial cells. Each dot represents one donor. (G & J) Cell area of MUC5AC-positive or MUC5B-positive
cells, measured based on phalloidin-defined cell boundaries. Data were collected from four independent donors. (H, I, K, L) Quantification of total cellular fluorescence
intensity of MUC5AC (H) and MUC5B (K), and mean cellular fluorescence intensity normalized to cell area for MUC5AC (I) and MUC5B (L). Each dot represents one donor.
(M-P) IL13 altered the composition of the apical mucus layer. Representative IF images are shown for MUC5AC (M) and MUC5B (N) in apical mucus following IL13 treatment.
Quantification of MUC5AC (O) and MUC5B (P) fluorescence intensity in apical mucus is shown. (D-L, O, P) Error bars indicate mean ± SD (* p ≤ 0.05, ** p ≤ 0.01, ***
p ≤ 0.001, **** p ≤ 0.001). (D–L) Paired one-way ANOVA with Tukey’s multiple-comparisons test. (O & P) Paired two-tailed Student’s t test. Representative fluorescence
images were similarly observed in HNEs derived from four additional healthy donors.

(Supp Fig. 7C). These results lead to the hypothesis that559

an IL13-altered physical barrier impedes viral entry.560

To directly test this hypothesis, we physically ablated the561

apical mucus layer from both control and IL13-treated562

HNEs by washing the apical surface three times with563

100µL PBS for 10min each. The cultures were then in-564

fected with SARS-CoV-2 (MOI 0.1), and viral infection and565

apical viral output were analyzed at 48hpi (Fig. 7D). Strik-566

ingly, removal of the apical protective layer from IL13-567

treated HNEs significantly increased both the number of568

infected ciliated epithelial cells and the amount of virus re-569

leased into the apical mucus, restoring infection to levels570

close to those observed in control HNEs (Figs. 7E-G).571

We next performed the reciprocal experiment by transfer-572

ring the thick mucus layer from IL13-treated HNEs onto573

untreated control HNEs (Fig. 7H). Remarkably, recipient574

cultures also acquired protection against SARS-CoV-2 en-575

try, showing significantly reduced infection (Figs. 7I-K).576

Together, these findings support a role for IL13 in pro-577

tecting nasal epithelial cells from SARS-CoV-2 infection,578

in part through thickening of the apical mucus barrier to579

restrict viral entry.580

Discussion581

Through in situ dissection of cross-sectional nasal tis-582

sues, our study uncloaks a spatially organized immune-583

epithelial microenvironment that promotes epithelial re-584

modeling upon viral infection. In the context of SARS-585

COV-2 infected nasal tissues, IL13-producing immune586

cells, particularly CD4 T cells, localize to the surface ep-587

ithelium and tissue macrophages to induce the formation588

of goblet cells and suppressive macrophages. This inter-589

action is spatially restricted rather than uniform and diffuse590

across the tissue, a crucial insight given that regions lack-591

ing epithelial remodeling do not exhibit spatial patterns of592

IL13 expression despite showing a similar overall abun-593

dance of IL13-producing cells. Our findings thus highlight594

that spatial localization is also an important determinant of595

epithelial remodeling in the infected nasal epithelium be-596

yond immune activation alone, particularly given the het-597

erogeneity of goblet cell abundance within COVID-positive598

patients and other respiratory viral infections (47). This599

spatial heterogeneity may help explain why protective ep-600

ithelial responses, such as mucus production, are not uni-601

formly observed across infection (48).602

Our findings extend current understanding of nasal tis-603

sue responses during COVID-19 infection. Previous stud-604

ies, primarily based on nasopharyngeal swabs or airway605

washes, have independently reported transient inflamma-606

tory monocyte infiltration (15, 16), associations between607

IL13 signaling and disease severity (27, 49, 50), and pres-608

ence of immunosuppressive M2-like macrophages (51–609

53). By preserving the native tissue architecture, we show610

that these processes are not independent, but instead611

are spatially organized and converge at mucus produc-612

tion in goblet cells, a central component of upper airway613

antiviral defense (47). Our findings of the co-localization614

of IL13-producing CD4 T cells with epithelial and im-615

mune compartments provides a spatial framework that616

links immune signaling to epithelial remodeling. Build-617

ing on these findings, functional experiments using a pri-618

mary HNE ALI multi-cellular model demonstrate that IL13619

alone is sufficient to drive significant morphological and620

functional epithelial remodeling capable of mounting an-621

tiviral defense in vivo. By integrating spatial analysis with622

functional validation, we directly link localized IL13 signal-623

ing at the epithelial surface to epithelial remodeling and624

mucus-mediated barrier protection, providing a mecha-625

nistic framework for how immune–epithelial interactions626

translate into antiviral function in human tissues.627

Consequently, we were able to identify new insights (Figs.628

6–7) beyond the well-established roles of IL13. By quan-629

tifying epithelial morphology across a temporal scale,630

we show that IL13-induced hypertrophy of MUC5AC-631

positive cells reflects a dynamic transition from intracel-632

lular mucus accumulation to sustained secretion, rather633

than a static endpoint. We clarified the effects of IL13634

on MUC5B-positive cells by demonstrating similar hyper-635

trophic and secretory responses, albeit to a lesser extent636

than MUC5AC. We also resolved an outstanding ques-637

tion regarding the mechanism by which IL13 suppresses638

SARS-CoV-2 infection by providing direct functional ev-639

idence that the remodeled mucus barrier with elevated640

MUC5AC and MUC5B, induced by IL13, itself mediates vi-641

ral restriction, as its removal restored infection whereas its642

transfer conferred protection without modulating receptor643

expression or interferon-mediated responses as purported644

previously (41–44).645

The relationship between IL13, goblet cells, and suppres-646

sive macrophages reflects a canonical type 2 immune re-647

sponse involving Th2 CD4 T-cells. In this study, we de-648

tected both type-1 and type-2 like signatures from our tran-649

scriptomics dataset (Fig. 3B) and observed the preva-650

lence of IL13-expressing CD4 T cells (Figs. 5H-K). In vi-651

ral diseases such as COVID-19, inflammatory responses652
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Figure 7. IL13-remodeled mucus effectively restricts viral entry. (A-C) IL13-remodeled nasal epithelium markedly suppressed SARS-CoV-2 infection. HNE cultures were
treated with IL13 for the indicated times and infected apically with SARS-CoV-2 (MOI 0.1, 10 µL). At 48hpi, apical virus was collected in 100 µL PBS for FFU assay, and
cultures were fixed for immunofluorescence analysis. (A) Representative IF images are shown for SARS-CoV-2 spike protein (SP), MUC5AC, ACTUB, and phalloidin. (B &
C) Quantification of the percentage of SARS-CoV-2-positive ciliated cells (B) and viral titer in apical mucus measured by FFU assay (C). (D-G) Removal of IL13-induced thick
apical mucus restored SARS-CoV-2 infection. (D) After 6 days of IL13 treatment, apical mucus was removed by incubating the apical surface with 100 µL PBS for 10 min and
then aspirating the liquid; this procedure was repeated three times, followed by SARS-CoV-2 infection (MOI 0.1) and downstream analysis. (E) Representative IF images are
shown for SARS-CoV-2 spike protein, MUC5AC, ACTUB, and phalloidin. (F & G) Quantification of the percentage of SARS-CoV-2-positive ciliated cells (F) and viral titer in
apical mucus by FFU assay (G). (H-K) Transfer of IL13-induced thick mucus conferred protection to untreated HNE cultures. (H) After 6 days of IL13 treatment, 10 µL PBS
was added to partially liquefy the apical mucus, which was then transferred onto untreated HNE cultures over 2 consecutive days (10 µL per day). Recipient cultures were
subsequently infected with SARS-CoV-2 (MOI 0.1) and analyzed as above. (I) Representative IF images are shown for SARS-CoV-2 spike protein, MUC5AC, ACTUB, and
phalloidin. (J & K) Quantification of the percentage of SARS-CoV-2-positive ciliated cells (J) and viral titer in apical mucus by FFU assay (K). (B, C, F, G, J, K) Error bars
indicate mean ± SD (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.001). (B, C, F, G) Paired one-way ANOVA with Tukey’s multiple-comparisons test. (J & K) Paired
two-tailed Student’s t test. Representative fluorescence images were similarly observed in HNEs derived from four additional healthy donors.

are expected to dominate (15, 16), but studies have also653

reported Th2 signatures within a Th1-dominant T-cell land-654

scape (54). IL13 also does not always adhere to the Th2655

vs. Th1 classification, as it has been detected in Th1 cells656

upon antigen exposure in mice (55) and implicated in im-657

munoglobulin development post-vaccination (56). This co-658

existence warrants future investigation into the spectrum659

of T-cell functional states during viral infection of nasal air-660

way.661

A limitation of this study is the limited and difficult-to-662

procure sample size of nasal FFPE tissues and primary663

HNE cultures that are unable to support immune cells,664

and thus may not fully capture the range of patient-to-665

patient or donor-to-donor biological variability and the ex-666

vivo immune-epithelial interactions. Another limitation is667

the lack of viral titer and disease severity annotations in668

our samples. However, these limitations were mitigated669

by the integration of complementary spatial modalities,670

public sequencing datasets on independent cohorts, and671

functional validation in a physiologically relevant primary672

HNE model, supporting the generalizability of our find-673

ings. The multi-scaled analysis approach at progressively674

higher spatial resolution, spanning region-level transcrip-675

tomics to single-cell proteomics, enabled internal cross-676

validation across biological scales. Furthermore, to en-677

hance the robustness and reliability of our HNE findings,678

each experiment was performed using nasal epithelial679

cells derived from at least 4 to 5 independent donors. This680

approach successfully circumvented an overreliance on681

sample size alone to establish consistency of findings. For682

instance, the correlation between immune-derived IL13683

and goblet cells observed in COVID-positive tissues in684

the GeoMx spatial transcriptomics dataset (Fig. 3) was685

corroborated with spatial localization and upregulation of686

IL13 near goblet-enriched surface epithelia in the CODEX687

single-cell spatial proteomics dataset (Fig. 5) and upreg-688

ulation of IL13 signaling and goblet metaplasia signatures689

from an independent patient cohort (Supp Fig. 7). These690

compositional changes were then further recapitulated fol-691

lowing direct IL13 treatment in HNE culture (Fig. 6). This692

exemplifies how our spatially resolved approach extends693

and refines prior studies by revealing a spatially organized694

immune–epithelial response that cannot be captured by695

non-spatial high-throughput modalities alone. We envision696

this framework to be broadly applicable across diverse dis-697

ease contexts, illustrating how technological advances in698

situ and in vivo can be harmonized to drive deeper mech-699

anistic insights.700

In conclusion, we present a detailed dissection of the un-701

derlying immune and epithelial dynamics driving tissue re-702

modeling in the virus-infected nasal epithelium. Our ap-703

proach extends beyond most studies that rely on surface-704

level sampling such as swabs or washes, which is the only705

practical option for living patients, but fails to capture the706

deeper immune landscape that is only accessible through707

visualizing whole tissue cross-sections; this endeavor is708

only made possible through the exceptional initial efforts709

of our clinical partners and generosity of patient families710

in tissue donation. These findings underscore the need711

to reframe how immune–epithelial interactions are studied712

and refine our understanding of the underlying biological713

mechanisms of in situ antiviral responses.714

Materials & Methods715

Tissue acquisition. SARS-CoV-2 infected sinonasal tis-716

sues were obtained during autopsy at the University of717

California San Diego and the University Hospital Basel.718

Non-SARS-CoV-2-infected sinonasal tissues from individ-719

uals with no clinical history, endoscopic, or radiographic720

signs of sinus disease were collected at the Stanford Uni-721

versity Sinus Center. Tissues were processed in a simi-722

lar manner as previously described (9, 10). All samples723

were acquired in accordance with the regulations of the724

Research Compliance Office under the Institutional Re-725

view Board (University of California San Diego protocol ID726

#200485X, Stanford University protocol ID #18981) and727

approval by the ethics commission of Northern Switzer-728

land (EKNZ study ID #2020-00969). All patients, or their729

relatives, consented to the use of tissue for research pur-730

poses.731

GeoMx data acquisition. Tissues were prepared accord-732

ing to the official Nanostring GeoMx-NGS RNA Manual733

Slide Preparation protocol (Nanostring MAN-10150-01)734

as perfomed perviously (3). In brief, tissues were de-735

paraffinized for 30min at 60°C before washing thrice in736

xylenes at 5min each, twice in 100% EtOH at 5min each,737

once in 95% EtOH at 5min, and once in 1X PBS at738

1min. Heat-induced epitope retrieval was then applied at739

99°C for 10min in Tris-EDTA retrieval buffer (eBioscience740

00-4956-58). After tissues were cooled, proteinase K741
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(0.1g/ml) was next applied for 5min at 37°C, rinsed with742

1X PBS, and fixed with 10% neutral buffered formalin743

(EMS Diasum 15740-04) for 5min at room temperature;744

fixation was later quenched using a 0.1M Tris and 0.1 M745

Glycine buffer for 5min and followed by a 5min wash in 1X746

PBS. The Human CTA detection probe cocktail was then747

applied to the tissues and incubated overnight (18 hrs)748

at 37°C. After probe hybridization, tissues were washed749

twice in Stringent Wash Buffer (2X SSC in 50% for-750

mamide) at 5min each. Buffer W (Nanostring 121300313)751

was then applied to the tissues for 30min followed by stain-752

ing with the Solid Tumor TME Morphology Kit (GMX-RNA-753

MORPH-HST-12 containing anti-CD45, anti-panCK) for754

1hr at room temperature. Tissues were then washed twice755

in 2X SSC at 5min each, stained with 500nM SYTO13 for756

15min, and then loaded on the GeoMx. Capture ROIs757

were focused in areas with immune aggregation and ep-758

ithelium on tissue apical surface. The CD45-positive im-759

mune and panCK-positive epithelial masks were finalized760

with agreement of at least two investigators.761

GeoMx data processing. After sample collection, the762

NanoString NGS library preparation kits were used to in-763

dex each ROI with a unique Illumina i5 x i7 dual-indexing764

system according to the official Nanostring GeoMx-NGS765

RNA (Nanostring MAN-10153-01). Briefly, collected sam-766

ples was mixed with PCR master mix and i5 and i7 primers767

for PCR amplification; the reaction conditions were 37°C768

for 30min, 50°C for 10min, 95°C for 3min, 18 cycles of769

95°C for 15s each then 65°C for 60s then 68°C for 30s,770

and final extension of 68°C for 5min. Afterwards, the PCR771

product was purified with two rounds of AMPure XP beads772

(Beckman Coulter A63881) at 1.2X bead-to-sample ratio773

and paired-end sequenced on a NextSeq550. The Ge-774

oMx barcodes were then mapped and quantified using775

the default GeoMx analysis software, followed by batch ef-776

fect correction and normalization as performed previously777

(57, 58). The normalized count table is in Zenodo.778

GeoMx data analysis.779

Principal component analysis. Dimensionality reduction780

was applied to all 1800 genes. The first two principal com-781

ponents were then used for visualization of sample clus-782

tering by tissue compartment and viral status.783

Gene enrichment heatmap. Differential expression analysis784

was performed by comparing the magnitude and signif-785

icance of each gene between the two conditions using786

Wilcoxon rank-sum tests (with Benjamini-Hochberg cor-787

rection) and log2 fold change estimates. This analysis was788

run twice, first comparing immune to epithelial then com-789

paring COVID-positive to COVID-negative, after which sig-790

nificant genes unique to each comparison were selected791

and visualized on a z-score heatmap.792

Gene signature enrichment. Gene signatures were ob-793

tained from Molecular Signatures DataBase (MSigDB)794

(59) or prior resources (15, 60) and scored using Gene Set795

Variation Analysis (GSVA) (7). These genes were used to796

score goblet (KRT7, CXCL17, F3, AQP5, CP, MUC5AC,797

KRT18, PTGS2), basal (KRT5, KRT15, TP63), suppres-798

sive macrophages (ARG1, IL10, CD163, PDCD1LG2,799

CD274, MARCO, CSF1R, IL1RN, IL1R2, IL4R, CCL4,800

CCL13, CCL20, CCL17, CCL18, CCL22, LYVE1, VEGFA,801

VEGFB, VEGFC, VEGFD, EGF, CTSD, TGFB1, TGFB2,802

TGFB3, MMP14, MMP19, MMP9, CLEC7A, WNT7B, TN-803

FSF12, TNFSF8, CD276, MSR1, FN1, IRF4), and ac-804

tivatory macrophages (TNF, IL6, CD86, IL1B, MARCO,805

CD80, CXCL9, CXCL10, IL1A, CCL5, CD40, IDO1,806

CCR7 ) respectively.807

Differential gene expression. Limma (61) was implemented808

using the default parameters, and significance values809

were Benjamini-Hochberg corrected afterwards prior to vi-810

sualization on a volcano plot.811

Cell proportion deconvolution and composition. CIBER-812

SORT (62) was implemented using a reference resource813

(15) to deconvolve cell proportions, which were then used814

to calculate log2 fold change values accordingly.815

Correlation analysis. The variables to correlate (e.g. GSVA816

scores or IL13 expression across different cell popula-817

tions) were performed using Spearman’s rank correlation.818

Pathway enrichment identification. Genes from immune819

and epithelial regions were first correlated to both gob-820

let and macrophage signatures, and only those that were821

positively correlated and statistically significant to both822

were used for EnrichR (21, 22) scoring using Hallmark823

pathways (23). The top 5 pathways were then filtered by824

adjusted p values and ranked by a combined score metric825

(ln(p) x z-score) for visualization. Correlated genes and826

pathway scores are in Supp Table 2.827

Ternary plot. GSVA scores of suppressive macrophages828

and acute inflammation, as well as the expression of829

IL13 in each immune ROI, were first rescaled to [0-1],830

from which a composite score was calculated and used831

to normalize such that the relative contributions of each832

summed to 1 within the immune ROI. A MANOVA test was833

also applied using the original non-normalized expression834

values, and significance was assessed using Pillai’s trace835

statistic with an alpha level of 0.05.836

CODEX antibody conjugation. Antibody conjugation837

was performed using a modified version of (63). Briefly,838

carrier free antibody was concentrated using a 50kDa filter839

(MilliporeSigma UFC5050BK) and reduced using 0.9µM840

TCEP (MilliporeSigma C4706-10G) for 15-30min at room841

temperature. The reduction was quenched twice using842

a buffer containing 1mM Tris pH 7.5, 1 mM Tris pH 7.0,843

150mM NaCl, 1mM EDTA, & 0.02% NaN3. Lyophilized844

maleimide oligos were resuspended in the same buffer845

supplemented with 250mM NaCl, and incubated with the846
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antibody at a 2:1 mass ratio in 37°C for 1hr. The con-847

jugated antibody was then washed thrice with a buffer848

containing 1X DPBS, 0.9M NaCl, & 0.02% NaN3 using849

a 50kDa filter and quantified using a NanoDrop (Ther-850

moFisher ND-2000). Candor antibody stabilizer (Ther-851

moFisher NC0414486) containing 0.2% NaN3 was then852

added to the antibody and stored at 4°C. Each conjugated853

antibody was carefully titrated before the actual study. De-854

tails regarding the antibody clones, vendors, barcodes,855

and titers are in Supp Table 4. More information on anti-856

body selection and validation are in (64–66).857

CODEX data acquisition. Prior to tissue sectioning, glass858

coverslips (VWR 48366-067) were first silanized using859

Vectabond (Vector Laboratories SP-1800-7) according to860

manufacturer instructions. Briefly, coverslips were rinsed861

with ddH2O, soaked in acetone for 5min, transferred into862

1:50 Vectabond diluted in acetone at 1:50 for 10min,863

and washed thrice in ddH2O. Any remaining liquid was864

gently dabbed clean using a KimWipe, air-dried at room865

temperature, and stored in a cool, dry place. After tis-866

sue sectioning, a PANINI-based implementation (28, 29)867

of RNAscope (67) was applied. In brief, tissues were868

de-paraffinized for 1hr at 70°C before washing twice in869

xylenes at 10min each, thrice in 100% EtOH at 3min each,870

twice in 95% EtOH at 3min, once in 80% EtOH at 3min,871

once in 70% EtOH at 3min, and thrice in ddH2O at 3min872

each. Heat-induced epitope retrieval was then applied at873

97°C with a Target Retrieval Solution (Agilent S236784-2).874

After tissues were cooled, the coverslip edges were cir-875

cled with a PAP pen (Vector Laboratories H-4000), blocked876

with 0.3% H2O2 at 40°C for 20min, followed by avidin877

block and biotin block at room temperature for 30min878

each; two ddH2O rinses were performed in between the879

blocks. C2 IL13 probes (ACDbio 586241-C2) were then880

diluted 1:50 in C1 IFNβ probes (ACDbio 417071) and hy-881

bridized overnight (18h) in 40°C. The following day, the882

RNAscope Multiplex Fluorescent Reagent Kit v2 (ACDBio883

323100) was used for amplification as instructed, with the884

exception of using tyramide signal amplification reaction885

to deposit biotin (Akoya NEL749A001KT) and digoxigenin886

(Akoya NEL748001KT) haptens at C1 and C2 respec-887

tively. Tissues were then used for CODEX staining follow-888

ing previously described methods (63). In brief, tissues889

were blocked using a buffer containing 5% donkey serum890

(MilliporeSigma D9663-10ML), 0.05% NaN3, 50µg/mL891

mouse IgG (MilliporeSigma I5381-10mg), 50µg/mL rat IgG892

(MilliporeSigma I4141-10mg), 500µg/mL sheared salmon893

sperm DNA (ThermoFisher AM9680), and 50nM oligonu-894

cleotide block (Invitrogen AM9849) in 1X TBS-T while pho-895

tobleaching for 2h prior to overnight incubation at 4°C with896

the antibody cocktail (Supp Table 4). The next day, tis-897

sues were washed thrice in a buffer containing 2.5mM898

EDTA, 0.25% BSA, 0.02% NaN3, 250mM NaCl, 61mM899

Na2HPO4, 39mM NaH2PO4 in 0.5X DPBS at 5min each,900

fixed with 1.6% PFA (EMS Diasum 15740-04) twice at901

5min each, rinsed thrice in 1X PBS, fixed in ice-cold MeOH902

for 5min, rinsed thrice in 1X PBS, fixed in 4 µg/µL BS3903

(ThermoFisher 21580) twice at 10min each in the dark,904

and finally rinsed thrice in 1X PBS. Reporter plates were905

also prepared using a black 96-well plate (Corning 07-200-906

762), with containing a Cy3 and Cy5 fluorescent oligonu-907

cleotide and 1:600 of Hoechest (ThermoFisher H3570)908

corresponding to each imaging cycle; plates were sealed909

with alumnium film (ThermoFisher 14-222-342). The tis-910

sue coverslip was loaded to an inverted fluorescence mi-911

croscope (Keyence BZ-X810) operated under a 20x/0.75912

objective (Nikon CFI Plan Apo λ) while the reporter plate913

was loaded into a connected CODEX microfluidics. Each914

imaging cycle contained three channels, one for the nu-915

clear stain and two markers on the Cy3 and Cy5 filter916

channels. For the first and last imaging cycles, no fluo-917

rescent oligonucleotides were included, enabling the Cy3918

and Cy5 images in those cycles to serve as blank chan-919

nels for background subtraction.920

CODEX data processing. The acquired CODEX images921

were stitched and background corrected using the Akoya922

Singer software. Cell segmentation was then performed923

using a local implementation of deepcell-tf version 0.12.2924

(68, 69). The Hoechst channel was used for the nu-925

cleus, while the summation of NaKATP, CD31, CD45, a-926

SMA, pan-Cytokeratin, and CD15 was used for the mem-927

brane feature, with maxima_threshold = 0.4 and inte-928

rior_threshold = 0.05 segmentation parameters for opti-929

mal capture of cell morphology. The single-cell feature ex-930

pression matrix was then generated by adding the counts931

for each channel within individual cell segmentation mask932

boundaries and dividing by the single-cell mask area. The933

area-normalized values were then divided by the median934

Hoechst value for each tissue to ensure tissue-to-tissue935

consistency across different CODEX runs. The single-936

cell data was then arcsinh transformed using a cofactor of937

150, and rescaled to a global [0-1]. The scaled single-cell938

expression of phenotyping markers were then iteratively939

clustered using a combination of PhenoGraph (70) and940

MAPS (71), followed by visualization on Mantis Viewer941

(72) to correct and confirm final cell annotations. The re-942

maining unidentifiable cells that did not express any phe-943

notyping markers were assigned as "Others". As IL13 sig-944

nal were discrete puncta, Piscis (73) was applied to quan-945

tify the spots, which were then assigned to individual cells946

based on the cell segmentation mask. This normalized947

single-cell expression matrix is in Zenodo.948

CODEX data analysis.949

Identification of Goblet High and Low tissues. Two scoring950

approaches were applied: a rank-based score, defined as951

the average of the ranks for each proportion across tis-952

sues, and a proportion-based composite score, calculated953

by multiplying the proportion of goblet cells within epithe-954

lial cells by the proportion of suppressive macrophages955

within immune cells. Tissues were then stratified using a956
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median cutoff based on the composite score, and both ap-957

proaches resulted in the same stratifications. A final visual958

inspection was done to confirm the presence of contrast-959

ing goblet-high and goblet-low tissues.960

Marker expression heatmap. Phenotyping marker expres-961

sion levels were standardized (z-scored) across the an-962

notated cell populations to assist confirmation of anno-963

tation specificity. Inflammatory marker expression were964

standardized across all tissues and cell populations, and965

the resulting z-scores were then averaged within each cell966

population to obtain a representative mean z-score per967

population to evaluate functional differences.968

Correlation analysis. Goblet and suppressive macrophage969

cell proportions were Spearman correlated to validate the970

analysis in Fig. 2E.971

Relative cell composition. Log2 fold change values were972

calculated using the global cell proportions between these973

two groups, with separate Wilcoxon rank-sum tests per-974

formed to assess statistical significance.975

Cell diversity. Shannon’s Diversity Index (30) (-
∑

pi logpi)976

was used to determine cell diversity for Goblet High and977

Goblet Low tissues, after which they were compared using978

a Wilcoxon rank-sum test.979

Spatial diversity. A convex hull was first generated around980

each tissue boundary to define the spatial window while981

also using cell centroid coordinates to construct a point982

pattern, from which Ripley’s K(r) Score and its confidence983

envelope were estimated using 99 Monte Carlo simula-984

tions and compared between tissue groups.985

Distance neighborhood stratification. The surface epithe-986

lial layer was used as a reference boundary to partition987

tissues into spatial bins at 100 pixel intervals based on988

each cell’s minimum Euclidean distance to the reference989

(Supp Fig. 3); for consistency across samples, down-990

stream analyses were restricted to the lowest common991

maximum bin.992

Spatial cell composition change. Local cell compartments993

were first defined by computing 20 nearest neighbors of994

each cell, and then k-means clustered with 5 centers995

(Supp Fig. 4). The proportion of cells belonging to each996

cellular compartment, as well as the abundance of each997

immune cell type, was then summarized for each spatial998

bin identified from distance neighborhood stratification.999

Spatial IL13 expression change. IL13 spot counts were cal-1000

culated in the immune compartment and normalized to the1001

same [0-1] scale prior to visualization across spatial bins.1002

Sankey plot. Immune cells were grouped by cell type, IL131003

expression status (expressing vs. non-expressing), and1004

tissue cluster (Goblet High or Goblet Low), from which cell1005

counts were summarized for each combination of these1006

categories and visualized accordingly.1007

Network graph projection of tissues. Tissues were repre-1008

sented as cell network graphs by applying Delaunay trian-1009

gulation (74) on individual cell centroids, and two nodes1010

are only connected if their Euclidean distance was less1011

than or equal to 150 pixels.1012

Identification of IL13-adjacent cells. IL13-positive immune1013

cells were defined as anchor nodes, and all 1-hop neigh-1014

bors were retrieved using the triangulated adjacency1015

graph. These neighbors were then tabulated to quantify1016

the percentage of neighboring cell compositions per tissue1017

(excluding the anchor cells). Differences between tissue1018

groups were assessed using Wilcoxon rank-sum tests.1019

Permutation-based neighbor enrichment. IL13-positive im-1020

mune cell labels were randomly shuffled 1,000 times1021

within each tissue to generate a null distribution of neigh-1022

bor counts. Differences between observed and average1023

expected counts were computed for each neighbor type,1024

as well as the corresponding empirical p-values (propor-1025

tion of permutations where expected counts are differ-1026

ent observed counts) that were Benjamini-Hochberg cor-1027

rected.1028

Regression-based neighbor enrichment. A negative bino-1029

mial regression model was applied, where for each IL13-1030

positive immune anchor, the counts of adjacent cells of1031

interest were used as response variables, with the anchor1032

cell type as the predictor. B cells were set as the base-1033

line due to their stable but non-dominant abundance with1034

consistent expression of IL13, with separate models fitted1035

for Goblet High and Goblet Low tissues and significance1036

values Benjamini-Hochberg corrected prior to evaluation.1037

Spatial dynamics of IL13 expression in immune cells. The1038

average number of IL13 spots in each immune population1039

was quantified across each spatial bin within the separate1040

tissue groups, and then normalized to the same [0-1] scale1041

to aid visualization.1042

IL13-positive CD4 T cell marker analysis. The mean and1043

standard error of CD45RA and Ki67 expression across1044

CD4 IL13-positive cells were quantified and compared us-1045

ing a Wilcoxon rank-sum test.1046

Analysis of public RNA sequencing dataset. The pre-1047

processed .h5ad object from Ziegler et al. (15) was pulled1048

from CELLxGENE (75), where patients were already1049

grouped into disease severity categories based on the1050

WHO disease scoring and was correlated with viral titer1051

as showed by the authors. After filtering for epithelial cells,1052

MUC5AC and MUC5B expression were averaged per pa-1053

tient within each severity group. Genes linked to IL131054

downstream signaling activity (CCL26, POSTN, CLCA1,1055

SERPINB2, ALOX15, IL13RA2, ITLN1, DPP4, SOCS1,1056

SOCS3, CCL17, CCL22, TGM2, CST1, SERPINB4) and1057

goblet cell metaplasia (SPDEF, FOXA3, FOXM1, KLF4,1058

TFF3, BPIFB1, AGR2, FCGBP, B3GNT6, ERN2) were1059
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pseudobulked on a patient level and scored using GSVA1060

(7). As these biological phenomena have overlapping1061

genes, they were curated to be non-overlapping to avoid1062

redundancy and improve interpretation of pathway activi-1063

ties. Differences between disease groups were then as-1064

sessed using Wilcoxon rank-sum tests.1065

Primary human nasal epithelial cell culture. Human1066

nasal epithelial cells were obtained from healthy donors or1067

patients undergoing nasal endoscopy or surgical polypec-1068

tomy during diagnostic procedures for sinonasal or res-1069

piratory diseases at UT Southwestern Medical Center1070

(UTSW). Nasal epithelial cultures were established using1071

a well-established protocol routinely used in our labora-1072

tory (32). After informed consent was obtained (UTSW1073

IRB# protocols STU-2023-1104 and STU-2019-1652),1074

cells were collected by brushing the inferior turbinate of1075

both nasal cavities. Samples were immediately trans-1076

ferred to the laboratory and dissociated for 10min at 37°C1077

in a 1:1 mixture of proteolytic enzyme solution Accutase1078

(ThermoFisher A1110501) and nonenzymatic cell disso-1079

ciation solution (MilliporeSigma C5914). After gentle agi-1080

tation, cells were pelleted, resuspended in basal cell prolif-1081

eration medium PneumaCult-Ex Plus (STEMCELL 05040)1082

supplemented with antibiotics, and seeded onto collagen-1083

coated Transwell inserts (0.33cm²) at a density of 20,0001084

cells per insert, with medium added to both the apical and1085

basal compartments. Once the cells reached confluence,1086

the medium was replaced with PneumaCult-ALI medium1087

(STEMCELL 05001) in the basal chamber, and the apical1088

medium was removed to establish an air-liquid interface1089

(ALI). Cultures were maintained at ALI for an additional1090

>40 days to allow full differentiation of the nasal epithe-1091

lium, including intact mucociliary transport, ciliated cells,1092

basal cells, and multiple secretory cell types.1093

Virus production and cell infection. SARS-CoV-2 BA.51094

was a gift from Luis Martinez-Sobrido (Texas Biomedical1095

Research Institute). Experiments involving SARS-CoV-21096

were performed under Biosafety Level 3 (BSL-3) condi-1097

tions, in accordance with protocols approved by the UT1098

Southwestern Biosafety Committee. SARS-CoV-2 was1099

propagated in Vero-hACE2-TMPRSS2 cells. RSV and1100

GFP-RSV was amplified in HEp-2 cells, while PIV1, GFP-1101

PIV1, and GFP-SeV were propagated in LLC-MK2 cells.1102

Cells were grown in T75 flasks using an infection medium1103

consisting of DMEM supplemented with BSA (Millipore-1104

Sigma, A7979) and 7.5% sodium bicarbonate. The cul-1105

ture supernatants were harvested. The pooled viral stocks1106

were passed through a 0.45µm filter (MilliporeSigma,1107

SLHV004SL) to remove cellular debris. All viral stocks1108

were further concentrated using Centricon Plus-70 PL-1109

100 centrifugal filter units (MilliporeSigma, UFC710008)1110

at 4,000rpm for 40–50min at 4°C to achieve working titers1111

of approximately 106–107PFU/mL. Viral titers were deter-1112

mined by plaque assay on appropriate indicator cells, and1113

viral identity was verified by Sanger sequencing of the vi-1114

ral genomes. To infect the cells, 10µL of virus suspen-1115

sion (MOI 0.1–5) was added to the top of the ALI-cultured1116

HNEs.1117

Viral titration and quantification. Viral titers were deter-1118

mined by plaque assay on Vero E6 cells. Confluent mono-1119

layers grown in six-well plates were incubated with serial1120

dilutions of virus samples (250µL/well) at 37°C for 1h to1121

allow adsorption. Following incubation, the inoculum was1122

removed, and the cells were overlaid with 1% agarose1123

(Invitrogen, A2576) prepared in MEM supplemented with1124

1% penicillin-streptomycin-glutamine (Gibco, 10378016).1125

After incubation, cells were fixed with 4% formaldehyde1126

for 2h, the agarose overlay was removed, and plaques1127

were visualized by staining with 0.1% crystal violet. Viral1128

titers were expressed as plaque-forming units per milliliter1129

(PFU/mL). Viral infectivity was further quantified by focus-1130

forming assay (FFU) on Vero E6 cells in 96-well plates.1131

Briefly, confluent monolayers were inoculated with serial1132

dilutions of virus for 1 h at 37°C. To ensure quantification1133

within a single round of infection, the inoculum was re-1134

placed with fresh culture medium and cells were incubated1135

18-24 hours to allow for viral protein expression. Following1136

incubation, cells were fixed with 4% formaldehyde, perme-1137

abilized with 0.1% Triton X-100, and blocked with 5% FBS1138

in PBS. Infected cells were detected via immunofluores-1139

cence using virus-specific SARS-CoV-2 spike protein and1140

nucleocapsid primary antibodies. After incubation with1141

Alexa Fluor 488- or 568-conjugated secondary antibodies1142

(Invitrogen), fluorescent foci were visualized and quanti-1143

fied using an EVOS FL Auto Imaging System (Invitrogen).1144

Viral titers were expressed as FFU/mL.1145

Antibodies for primary culture. Antibodies used include1146

the following: mouse anti-SARS-CoV-2-nucleocapsid pro-1147

tein (clone E16C, ThermoFisher MA1-7403, 1:200),1148

mouse anti-SARS-CoV-2-spike protein (clone 1A9, Gene-1149

Tex GTX632604, 1:600), mouse anti-Acetylated alpha1150

tubulin (clone 6-11B-1, Santa Cruz sc-23950, 1:600),1151

rat anti-Alpha tubulin (clone YL1/2, ThermoFisher MA1-1152

80017, 1:100), rabbit anti-MUC5B (polyclonal, Atlas1153

HPA008246, 1:100), mouse anti-MUC5AC (clone 45M1,1154

Abcam ab212636, 1:200), Alexa Fluor™ Plus 647 Phal-1155

loidin (Invitrogen A30107), and Alexa Fluor™ Plus 4051156

Phalloidin (Invitrogen A30104).1157

IF immunohistochemistry of cryosections. For1158

cryosections, fully matured HNEs were fixed in 4%1159

PFA in 1X PBS for 30min, followed by three 5min washes1160

with 1X PBS. HNEs were incubated with primary antibod-1161

ies in the IF buffer (3% BSA and 0.4% saponin in PBS)1162

overnight at 4°C, followed by 3 washes with the IF buffer.1163

Samples were then incubated with fluorescent-labeled1164

secondary antibody with IF buffer at room temperature1165

for 4h, followed by a 5min incubation with DAPI in PBS1166

at room temperature for 5min and 3 washes with IF1167

buffer. Coverslips were mounted with Fluoromount-G1168

(SouthernBiotech 0100-01) onto glass slides followed by1169

image acquisition.1170
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Confocal microscopy. Fluorescence images were ac-1171

quired using a Nikon AX R confocal microscope equipped1172

with 405, 488, 561, and 640 nm lasers. High-speed live1173

imaging was performed using an integrated ultra-high-1174

speed camera capable of recording at up to 720 frames1175

per second at 2048 × 16 pixel resolution. Samples were1176

maintained under physiological conditions using the mi-1177

croscope’s incubation system. Post-acquisition image pro-1178

cessing was performed using NIS-Elements (Nikon).1179

Quantitative real-time PCR. RNA was extracted using1180

the RNeasy Lipid Tissue Kit (QIAGEN) and cDNA was1181

synthesized using M-MLV Reverse Transcriptase (Invit-1182

rogen, 28025-013). Quantitative real time PCR was1183

performed using TaqMan Probes (Invitrogen) and the1184

TaqMan Gene Expression Master Mix (Applied Biosys-1185

tems, 4369016) in 96-well Micro Amp Optical reac-1186

tion plates (Applied Biosystems, N8010560). Expres-1187

sion levels were normalized to the average expression1188

of the housekeeping gene. Life Technologies TaqMan1189

probes for human genes were ACE2 (Hs00222343_m1),1190

TMPRSS2 (Hs00237175_m1), IFNB1 (Hs01077958_s1),1191

IFNL1 (Hs00601677_g1), and GAPDH (Hs02786624_g1).1192

Figure assembly. Figures were assembled using Adobe1193

Illustrator (Figs. 1-5 & Supp Figs. 1-7) or Microsoft Pow-1194

erpoint (Figs. 6-7 & Supp Fig. 8), with necessary image1195

objects for cartoon schematics exported from BioRender.1196

Code and data availability. Code for analysis and1197

data visualization are at https://github.com/1198

SizunJiangLab/COVID-Nasal. GeoMx count ta-1199

ble, CODEX images, and CODEX single-cell expression1200

matrix are at https://doi.org/10.5281/zenodo.1201

20127355.1202
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