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Abstract

Recently emerging severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2)

Omicron variants are generally less pathogenic than previous strains. However,

elucidating the molecular basis for pulmonary immune response alterations is

challenging owing to the virus's heterogeneous distribution within complex tissue

structure. Here, we revealed the spatial transcriptomic profiles of pulmonary

microstructures at the SARS‐CoV‐2 infection site in the nine cynomolgus macaques

upon inoculation with the Delta and Omicron variants. Delta‐ and Omicron‐infected

lungs had upregulation of genes involved in inflammation, cytokine response,

complement, cell damage, proliferation, and differentiation pathways. Depending on

the tissue microstructures (alveoli, bronchioles, and blood vessels), there were

differences in the types of significantly upregulated genes in each pathway. Notably,

a limited number of genes involved in cytokine and cell damage response were

differentially expressed between bronchioles of the Delta‐ and Omicron‐infection

groups. These results indicated that despite a significant antigenic shift in

SARS‐CoV‐2, the host immune response mechanisms induced by the variants were

relatively consistent, with limited transcriptional alterations observed only in large

airways. This study may aid in understanding the pathogenesis of SARS‐CoV‐2 and

developing a clinical strategy for addressing immune dysregulation by identifying

potential transcriptional biomarkers within pulmonary microstructures during

infection with emerging variants.
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1 | INTRODUCTION

Coronavirus disease 2019 (COVID‐19) was first reported in Decem-

ber 2019 and has spread rapidly since then, causing a pandemic. It is

now in the process of entering an endemic phase worldwide.1,2

Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2),

COVID‐19's causative agent, is a zoonotic pathogen that continues to

evolve in humans, generating variants with high transmissibility

despite the rapid development of vaccines and antiviral agents.3

Several virus lineages have been classified as variants of concern

(VOC) by the World Health Organization (WHO) based on their

unusual and adverse impact on epidemiological and immunological

characteristics. VOCs include Alpha, Beta, Gamma, Delta, and

Omicron virus lineages, which have evolved to increase transmissi-

bility and decrease pathogenicity.4 The risk of severe clinical

outcomes following viral infection is lower in recently dominant

Omicron variants than in existing ancestral variants, including

Delta.5,6 Animal infection models have further confirmed that the

pathogenicity of Omicron variants is lower than that of the early

variants in hamsters, mice,7–9 and rhesus macaques.10,11

The high transmissibility and low pathogenicity of Omicron

variants are due to their variants replicating faster than other variants

in the upper respiratory tract, such as the bronchi, but less efficiently

in the lung parenchyma.12,13 Recent studies using single‐cell RNA

sequencing have revealed that the Omicron variant enter cells

through a route different from that of other variants.14 Additionally,

the Omicron variant induced a significantly lower level of inflamma-

tory cytokines and chemokines than in the early variants.7,11

However, the methods established in previous studies are limited in

that topological information is lost as the analyses used lung

homogenates, nasosorption, or bronchoalveolar lavage samples.

Analyses using these samples can reveal the global host response.

However, they may not accurately reflect the local host response

from viral target tissue architecture. This disadvantage is particularly

highlighted because SARS‐CoV‐2 is non‐uniformly distributed in

respiratory tissues.15

Recent advances in spatial transcriptomics have enabled the

investigation of transcriptional alterations in multiple cell types within

complex tissue structures.16 Spatial transcriptomic analysis of lung

tissues from humans infected with SARS‐CoV‐2 distinguished host

responses in regions with and without viral RNA.17 Significant

upregulation of genes related to inflammation, interferon (IFN)

response, coagulation, and angiogenesis was observed in the virus‐

infected regions. Particularly, the genes related to the IFN response

were preferentially expressed in the virus‐positive site rather than a

diffuse expression in the lung.18 Additionally, several genes related to

the IFN pathway were upregulated in SARS‐CoV‐2‐infected lungs

compared to influenza‐infected lungs, suggesting that spatially

resolved transcriptomes can distinguish the specific profiles of one

pathogen from another.15,18 Therefore, spatial transcriptomic analy-

sis is suitable for confirming the interaction between a host and

emerging pathogens at a molecular resolution without losing tissue

structures.

SARS‐CoV‐2 pathogenesis is multifactorial by virus replication

competence and dysregulated host innate immune responses. Thus,

human patient‐based assays are limited due to the heterogeneity

between autopsy samples, such as individual pre‐existing immunity.

Also, all analyses of humans with COVID‐19 used lung samples

obtained at the end stage of the disease. Therefore, limitations exist

in explaining the virus's pathogenesis and virulence at the disease

induction stage. Nonhuman primates (NHP)—phylogenetically the

closest animals to humans—are a valuable biological resource in that

they provide opportunities to reveal the pathogenesis of emerging

VOCs and evaluate next‐generation vaccines and antivirals. We

previously established NHP models experimentally infected with wild

type and Delta variants of SARS‐CoV‐2, presenting the pathogens'

virological, immunological, and pathological properties.19,20 This

study employed whole spatial transcriptome analysis to compare

the transcriptional changes in the host response between

SARS‐CoV‐2 variant infections in macaque lungs. Conventional

histopathological examinations were also performed on the pulmo-

nary structures, including the alveoli, bronchioles, and blood vessels.

This represents the first investigation to compare host response

transcriptional alterations between Omicron and Delta variants of

SARS‐CoV‐2 in pulmonary microstructures.

2 | MATERIALS AND METHODS

2.1 | Experimental design

Comparative analysis of SARS‐CoV‐2 variants was performed in

Cambodian‐origin cynomolgus macaques (Macaca fascicularis) experi-

mentally infected with Delta (NCCP. 43390 for the GK clade

[B.1.617.2 lineage]) and Omicron (NCCP. 43408 for the GRA clade

[B.1.1.529 lineage]) variants. Three female 3–6‐year‐old macaques in

each experimental group were inoculated with 2.1 × 106 50% tissue

culture infectious doses/mL ([TCID50]/mL) of the virus in 12.5 mL via

multiple routes (intratracheal, oral, conjunctival, intranasal, and

intravenous).19,20 The mock‐infected group was inoculated with the

same volume of PBS via the same route. Macaques were euthanized

and necropsied 3 days postinfection (dpi), and respiratory organs

were collected.

2.2 | Histopathology

The lung lesions from the six lobes (right upper, middle, and lower

and left upper, middle, and lower) were classified into four grades:

Grade 1, alveolar wall thickening with Type II pneumocyte hyperpla-

sia and mononuclear cell infiltration but intact vascular endothelium;

Grade 2, alveolar wall thickening and vascular endothelial damage

with neutrophil and mononuclear cell infiltration; Grade 3, alveolar

edema, alveolar wall thickening, and vascular endothelial damage;

Grade 4, hyaline membrane formation, alveolar edema, alveolar wall

thickening, and vascular endothelial damage. The prevalence of the

2 of 14 | OH ET AL.

 10969071, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

v.28847 by K
orea R

esearch Institute O
f, W

iley O
nline L

ibrary on [24/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



lesions from the six lobes was also evaluated at three levels: Stage 1,

<30%; Stage 2, 30–<50%; Stage 3, >50% of the total tissue section's

area. Two pathologists blindly estimated the grade.

2.3 | Immunohistochemistry

Antigen distribution in lung tissue sections from infected macaques

was confirmed via immunohistochemistry (IHC). IHC procedures

followed a previously described method with slight modifica-

tions.19,20 The slides were visualized using 3,3‐diaminobenzidine

(DAB), followed by counterstaining with hematoxylin. The antigen

score was semiquantitative as described previously21: 3(+++),

extensive antigen; 2(++), moderate antigen; 1(+), occasional or

minimal antigen; and 0(–), negative for antigen. Two pathologists

blindly estimated the score.

2.4 | Tissue morphology

The lung sections were characterized using immunohistochemical

staining for combined epithelial cell marker—PanCK (Novus, Clone

AE1 + AE3), immune cell marker—CD45 (Novus, Clone 2B11+PD7/

26), and macrophage marker—CD68 (Santa Cruz, Clone KP1) along

with Syto13 DNA nucleic acid staining. CD68 was quantified in

lung sections (10 image fields per macaque, n = 90) using Image J

(National Institutes of Health) histogram analysis with an inverted

16‐bit.

2.5 | GeoMx digital spatial profiling (DSP)
for whole transcriptome analysis (WTA)

NanoString GeoMx was used for the spatial transcriptomic analysis of

lung tissues from experimentally infected animals, as previously

described.22–24 We prepared 4 μm FFPE (formalin‐fixed paraffin

embedded) tissue sections from Delta and Omicron variants‐ and

mock‐infected animals. The tissue slides were hybridized with probes

for the Human Whole Transcriptome Atlas targeting >18 000

genes and then tissue morphology was visualized using immuno-

fluorescence for PanCK, CD45, and CD68 with Syto13 DNA nucleic

acid staining. Thereafter, the slides were loaded onto the GeoMx

Digital Spatial Profiler (DSP) and then region of interest (ROI)

selection was guided using IHC staining of the nucleocapsid of the

virus in serial sections. Photo‐cleaving UV light (385 nm) was

projected onto the selected ROI to release and collect the oligos

using a microcapillary, which were deposited in a 96‐well plate. The

deposited photo‐cleaved indexing oligos were dried overnight and

resuspended in diethyl pyrocarbonate‐treated water. Sequencing

libraries were constructed and pooled libraries were sequenced using

Illumina NovaSeq. 6000 following the manufacturer's protocol.

Quality‐controlled sequencing data were generated and further

processed to quantify RNA expression digitally.

2.6 | Bioinformatics

Before downstream analysis, each ROI's data were scaled to have

the same 75th percentile (quartile 3; Q3) of the RNA expression

signal, a generally preferred normalization strategy for WTA data.

Briefly, gene counts’ Q3 for each ROI was estimated and

normalized to the geometric mean of the Q3 across all ROIs.

Q3 normalized counts were then transformed to log2 values and

used for the analysis.

Dimensionality reduction was performed using principal

component analysis (PCA) to identify important trends and

patterns in gene expression datasets according to the experi-

mental design. The analysis captured the orthogonal dimensions

of the data set's variability, simplifying the complexity of high‐

dimensional data by converting the data into lower dimensions.

The analysis was performed using the R package provided by

NanoString.

Differentially expressed genes (DEGs) between each experi-

mental group passed the filters of Benjamini–Hochberg adjusted

p < 0.05 and absolute log2 fold change >1. Gene set enrichment

analysis (GSEA) identified the gene set significantly related to specific

pathways in the sequencing data of virus‐ and mock‐infected groups.

The analysis was performed using the GSEA 4.2.3 software package

with the “HALLMARK” gene set collections (50 sets) obtained from

the molecular signatures database (MSigDB version 7.1). Normalized

enrichment score (NES) accounting for the size of each gene set was

estimated, and a false discovery rate (FDR) < 0.05 (5E‐2) was

assessed as significant enrichment.

Cell deconvolution of gene expression data was performed to

estimate the abundance of mixed cells in each ROI from the

experimental groups. The analysis was performed using the Spatial-

Decon R package version 1.2. The algorithm script was derived from

the cell profile library of the Human Cell Atlas adult lung.25

3 | RESULTS

3.1 | Decreased pathology of the Omicron variant
compared to the Delta variant in the cynomolgus
macaque model

In the four histopathological grading systems, the Delta‐infected

group had a significantly higher grade than the Omicron‐infected

group (Figure 1A,E). Both groups had alveolar edema or hyaline

membrane formation in three lung lobes, indicating severe damage

to the lung parenchyma. Prevalence scores were evaluated based

on the lesion size at three levels. There were no significant

differences in the prevalence scores between the Delta‐ and

Omicron‐infected groups (Figure 1B,E). Prevalence scores varied

according to lung lobe; both groups had extensive lesion distribu-

tion (>50% of the total tissue section) in one lobe. IHC analysis

revealed a nonsignificant trend toward higher antigen scores in the

Delta‐infected macaques than in the Omicron‐infected macaques
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F IGURE 1 Pathological examination of SARS‐CoV‐2 Delta and Omicron variants. Histologic grade (A), prevalence score (B), viral antigen
score (C), and macrophage infiltration (D) of left and right lung lobes (upper/middle/lower) in Delta‐ and Omicron‐infected macaques necropsied
at 3 dpi. Significant differences were indicated in the p value between the macaque groups. The representative figure of histopathology,
immunohistochemistry, and morphology in Delta‐ and Omicron‐infected macaques (E). Hematoxylin and eosin (H&E) indicates H&E staining.
Scale bar, 100 μm. Immunohistochemistry (IHC) indicates DAB‐labeling (brown) immunohistochemistry for viral nucleic acid. Scale bar, 100 μm.
Morphology indicates tissues visualized with epithelial cell marker—PanCK (green), immune cell marker—CD45 (yellow), and macrophage
marker—CD68 (red) with Syto13 DNA nucleic acid (blue) staining. Scale bar, 1000 μm.
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(Figure 1C,E). The Delta‐infected group had moderate and

extensive amounts of viral antigens in three and two lung lobes,

respectively. The Omicron‐infected group had a moderate amount

of viral antigens in four lung lobes. Macrophage infiltration was

quantified by evaluating the signal intensity of CD68. The

percentage of positive areas was significantly higher in the

Delta‐infected group (4.64 ± 1.35%) than in the Omicron‐infected

group (3.76 ± 1.22%) (Figure 1D,E). The area % of CD68 varied

among the different lung lobes; however, the Delta‐ and Omicron‐

infected groups displayed widespread macrophage infiltration.

3.2 | ROI selection for comparative spatial
transcriptomic analysis

In total, 108 ROIs representing three morphological sites from 9

macaques (alveolar (36), bronchiolar (36), and vascular (36) ROIs;

12 ROIs per experimental group) were chosen by veterinary

pathologists (Figure 2A). Selecting alveolar and bronchiolar ROIs

was easily guided via IHC staining of the viral antigens on serial

section slides. However, the vascular ROIs were adjacent to other

structural ROIs because they had lower sensitivity for IHC

F IGURE 2 Schematic design of the study and exploratory analysis of the spatial transcriptome. (A) Experimental design of GeoMx digital
spatial profiling. (B) Strategy of the region of interest (ROI) selection. Tissue architectures were annotated as A, alveolar; B, bronchiolar;
V, vascular ROIs. Immunohistochemistry indicates DAB‐labeling (brown) immunohistochemistry for SARS‐CoV‐2 viral nucleic acid (N). H&E
indicates hematoxylin and eosin staining. Scale bar, low magnification; 1000 μm and inset; 200μm. PCA plots of alveolar (C), bronchiolar (D), and
vascular (E) ROIs are shown. Graphs represent all ROIs selected from the Delta, Omicron, and mock‐infected macaque groups.
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(Figure 2B). Histopathology (histologic grade/prevalence score/viral

antigen score) for lung lobes containing each structural ROIs were

presented in Table 1. Delta‐infected ROIs were selected from lung

lobes with Grade 2, Stage 1–2, and antigen score 1–3. Omicron‐

infected ROIs were selected from lung lobes with Grade 1–2, Stage

1–2, and antigen score 1–2. Mock‐infected ROIs were selected from

intact lung lobes that were all antigen negative.

3.3 | Dimensionality reduction in the spatial
transcriptomic data set of Delta and Omicron
infections

PCA of the spatial transcriptomic data was conducted to explore the

variation in Delta‐, Omicron‐, and mock‐infected lung specimens.

PCA ruled out the individual (macaque) differences and experimental

(GeoMX scan) batch variations. The virus‐infected alveolar ROIs were

separated from the mock‐infected alveolar ROIs in the PCA of

transcriptomic data, and the ROIs from the Delta‐ and Omicron‐

infected lungs clustered. In PCA of transcriptomic data from

bronchiolar and vascular ROIs, Delta‐ and Omicron‐infected ROIs

overlapped substantially. These results suggest that the spatial

transcriptomic profiles of Delta‐ and Omicron‐infected lungs did

not vary significantly (Figure 2C–E).

3.4 | Spatial transcriptomic profile of host
response to Delta and Omicron infection in alveoli

Compared to mock‐infected lungs, Delta‐ and Omicron‐infected

lungs exhibited 329 and 121 significantly co‐upregulated and

co‐downregulated genes, respectively, in the alveolar ROIs. No

contra‐regulated genes were observed between Delta‐ or Omicron‐

infected alveoli and mock‐infected alveoli. Significantly upregulated

and downregulated genes were enriched in the inflammation/

response to pathogen, complement/cell death and damage, and

proliferation/activation/differentiation pathways, displaying similar

patterns of gene expression between Delta‐ and Omicron‐infected

alveolar ROIs (Figure 3A). The genes involved in each pathway are

listed in Supporting Information: Tables 1–3.

GSEA displayed significant enrichment of gene sets, including

inflammatory response, IFN alpha response, IFN gamma response,

TNF‐alpha (TNFA) signaling via NFkB, interleukin (IL)‐2 STAT5

signaling, IL‐6 JAK–STAT3 signaling, complement, apoptosis, hypoxia,

reactive oxygen species, P53, mitotic spindle, glycolysis, and

oxidative phosphorylation pathways in Delta‐ or Omicron‐infected

alveoli. Additionally, the gene sets were significantly enriched,

including coagulation and epithelial/mesenchymal transition path-

ways, in Delta‐infected alveoli (Figure 3B). GSEA revealed no

significant differences in the gene sets between Delta‐ and

Omicron‐infected alveoli.

Differences in single gene expression between Delta‐ and

Omicron‐infected groups were limited, and only TFPI2 gene (involved

in coagulation and the complement pathway) was upregulated in the

alveolar ROIs of the Delta‐infected group compared to those of the

Omicron‐infected group (Figure 3C and Supporting Information:

Figure 1).

Cell deconvolution analysis revealed that the proportion of B,

plasmacytoid dendritic, macrophage, and CD8+ cytotoxic T cells was

significantly higher in Delta‐ and Omicron‐infected alveolar ROIs

than in mock‐infected ROIs. Additionally, significant increase of NK

cell proportion was observed in delta‐infected ROIs compared to

TABLE 1 Histopathologic scoring for lung lobes containing alveolar, bronchiolar, and vascular ROIs.

Alveolar ROIs Bronchiolar ROIs Vascular ROIs
Delta Omicron Mock Delta Omicron Mock Delta Omicron Mock

ROI#1 2/2/2 1/2/1 0/0/0 2/2/2 1/2/1 0/0/0 2/2/2 1/2/1 0/0/0

ROI#2 2/2/2 1/2/1 0/0/0 2/2/2 1/2/1 0/0/0 2/2/2 1/2/1 0/0/0

ROI#3 2/2/2 1/1/1 0/0/0 2/2/2 1/2/1 0/0/0 2/1/1 1/2/1 0/0/0

ROI#4 2/2/2 1/1/1 0/0/0 2/2/2 1/2/1 0/0/0 2/2/2 1/2/1 0/0/0

ROI#5 2/2/2 1/1/1 1/1/0 2/1/3 1/1/1 1/1/0 2/2/2 1/1/1 1/1/0

ROI#6 2/2/2 1/1/1 1/1/0 2/1/3 1/1/1 1/1/0 2/1/1 1/1/1 1/1/0

ROI#7 2/1/3 2/2/2 1/1/0 2/2/2 1/1/1 1/1/0 2/1/1 1/1/1 1/1/0

ROI#8 2/1/3 2/2/2 1/1/0 2/2/2 1/1/1 1/1/0 2/1/1 1/1/1 1/1/0

ROI#9 2/1/1 1/2/1 0/0/0 2/1/1 2/2/2 0/0/0 2/1/1 2/2/2 0/0/0

ROI#10 2/1/1 1/2/1 0/0/0 2/1/1 2/2/2 0/0/0 2/1/3 2/2/2 0/0/0

ROI#11 2/2/2 2/2/2 0/0/0 2/2/2 2/2/2 0/0/0 2/1/3 2/2/2 0/0/0

ROI#12 2/1/1 2/2/2 0/0/0 2/2/2 2/2/2 0/0/0 2/2/2 2/2/2 0/0/0

Note: Results for each structural ROI in Delta, Omicron, and mock‐infected groups were shown as histologic grade/prevalence score/viral antigen score.

Abbreviation: ROI, region of interest.
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F IGURE 3 (See caption on next page)
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mock‐infected ROIs. In mock‐infected ROIs, the proportion of ciliated

cells was significantly higher compared to Delta and Omicron‐

infected ROIs (Figure 3D,E).

3.5 | Spatial transcriptomic profile of host
response to Delta and Omicron infection in bronchiole

Compared to mock‐infected lungs, Delta‐ and Omicron‐infected

lungs exhibited 483 and 220 significantly co‐upregulated and co‐

downregulated genes, respectively, in the bronchiolar ROIs. No

contra‐regulated genes were observed between Delta‐ or Omicron‐

infected bronchioles and mock‐infected bronchioles. Significantly

upregulated and downregulated genes were enriched in the

inflammation/response to pathogen, complement/cell death and

damage, and proliferation/activation/differentiation pathways, with

similar patterns of gene expression between Delta‐ and Omicron‐

infected bronchiolar ROIs (Figure 4A). The genes involved in each

pathway are listed in Supplementary Tables 4–6.

GSEA revealed significant enrichment of gene sets in pathways

including inflammatory response, IFN alpha response, IFN gamma

response, TNFA signaling via NFKB, IL2 STAT5 signaling, IL6 JAK

STAT3 signaling, TGF beta signaling, complement, apoptosis, hypoxia,

reactive oxygen species, P53, mitotic spindle, glycolysis, and

oxidative phosphorylation pathways in Delta‐ or Omicron‐infected

bronchioles. Additionally, gene sets were significantly enriched in the

coagulation pathway in Delta‐infected bronchioles and angiogenesis

and epithelial/mesenchymal transition pathway in Omicron‐infected

bronchioles (Figure 4B). GSEA revealed no significant differences in

the gene sets between Delta‐ and Omicron‐infected bronchioles.

In bronchiolar ROIs, differential transcriptomes of several path-

way genes were identified between the Delta‐ and Omicron‐infected

groups, upregulating HLA‐G (related to interferon‐gamma response),

HK2 (IL2 STAT5 signaling), ANXA1 and GSN (related to apoptosis

and coagulation), HMGB2 (related to apoptosis), F3 (related to

inflammatory response and complement), CA12, IGFBP3, and PKP1

(related to hypoxia), ITGB4, PERP, and SERPINB5 (related to the P53

pathway), LMNB1 (related to mitotic spindle), STMN1 (related to

glycolysis), and MCM7 (related to epithelial–mesenchymal transition)

in Delta‐infected groups. It also upregulated FBP1 (related to

hypoxia), GPX3 (related to apoptosis), and CAT (reactive oxygen

species) in the Omicron‐infected groups (Figure 4C and Supporting

Information: Figure 1).

Cell deconvolution analysis revealed that the proportion of

macrophages and pneumocytes was significantly higher in Delta‐ and

Omicron‐infected bronchiolar ROIs than in mock‐infected ROIs. Also,

significant increase of fibroblast and regulatory T cell proportions was

observed in omicron‐infected ROIs compared to Delta‐ and mock‐

infected ROIs (Figure 4D,E).

3.6 | Spatial transcriptomic profile of host response
to Delta and Omicron infection in blood vessel

Compared to mock‐infected lungs, Delta‐ and Omicron‐infected

lungs exhibited 134 and 43 significantly co‐upregulated and co‐

downregulated genes, respectively, in the vascular ROIs. No contra‐

regulated genes were observed between Delta‐ or Omicron‐infected

blood vessels and mock‐infected blood vessels. Significantly upregu-

lated and downregulated genes were enriched in the inflammation/

response to pathogen, complement/cell death and damage, and

proliferation/activation/differentiation pathways, with similar pat-

terns of gene expression between Delta‐ and Omicron‐infected

vascular ROIs (Figure 5A). The genes involved in each pathway are

listed in Supporting Information: Tables 7–9.

GSEA uncovered significant enrichment of gene sets, including

inflammatory response, IFN alpha response, IFN gamma response,

TNFA signaling via NFKB, IL6 JAK STAT3 signaling, and oxidative

phosphorylation pathway in Delta‐ or Omicron‐infected blood

vessels. Additionally, gene sets, including IL2 STAT5 signaling, TGF

beta signaling, complement, apoptosis, hypoxia, reactive oxygen

species, P53 pathway, mitotic spindle, glycolysis, and angiogenesis,

were elevated in Delta‐ and Omicron‐infected blood vessels, albeit

not significantly in Delta‐infected blood vessels (Figure 5B). GSEA

revealed no significant difference in the gene sets between Delta‐

and Omicron‐infected blood vessels. Also, there were no significant

differences in single gene expression existed between the Delta‐ and

Omicron‐infected vascular ROIs (Figure 5C).

Cell deconvolution analysis revealed that the proportion of

macrophages was significantly higher in Delta‐ and Omicron‐infected

vascular ROIs than in mock‐infected ROIs. Additionally, significant

increase of regulatory T cell proportion was observed in omicron‐

infected ROIs compared to mock‐infected ROIs. There were no

distinguishable variation in the patterns of inflammatory cell

infiltration between Delta and Omicron infections in the blood vessel

of the lung (Figure 5D,E).

F IGURE 3 Spatial transcriptomic analysis in alveolar regions of interest (ROIs) from mock‐, Delta‐, and Omicron‐infected lungs. (A) Heat
maps were shown for differential expression genes (DEGs) obtained by comparing Q3 normalized counts between alveolar ROIs in Delta and
Omicron‐infected lungs versus mock‐infected lungs. (B) normalized enrichment scores (NES) and adjusted p values obtained by gene set
enrichment analysis (GSEA) were shown for alveolar ROIs in Delta‐ and Omicron‐infected lungs versus mock‐infected lungs. (C) Volcano plots
were shown for major differential expression genes (DEGs) between alveolar ROIs of the Delta‐ and Omicron‐infection groups. (D) Heat map of
cell deconvolution data in Delta‐, Omicron‐, and mock‐infected alveolar ROIs. Results were presented for the abundance of mixed cell types in
the ROIs, and scaled abundance was presented as a ratio to the max. (E) Box plots of cell deconvolution data. ****p < 0.0001; ***p < 0.001;
**p < 0.01; *p < 0.05, ANOVA, pairwise comparisons between groups, Benjamini–Hochberg FDR adjustment.
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F IGURE 4 (See caption on next page)
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4 | DISCUSSION

Consistent with previous macaque model studies,10,11 our conven-

tional histopathological examination revealed lower virulence of the

Omicron variant than that of the Delta variant in cynomolgus

macaques. Previous infection studies using rhesus macaques have

explained the lower disease severity of Omicron, with significantly

lower viral loads in nasal and bronchial swab samples and lung tissues

and the lower regulation of cytokines and chemokines in nasosorp-

tion samples, than that of Delta‐infected animals.11 Directly

quantifying cytokines and chemokines or measuring the expression

levels of immune‐related genes via RNA sequencing can obtain a

global overview of host responses throughout the tissue. However,

lesion and antigen distribution is not uniform within SARS‐CoV‐2‐

infected lungs. Thus, the host's response to the virus has a high level

of intrapulmonary spatial heterogeneity.18 These issues emphasize

the need for spatial transcriptome techniques in analyzing the

pathogenesis of emerging SARS‐CoV‐2 variants. In a previous spatial

transcriptome study,15 the most distinct biological factor was the

dominant cell type in each tissue type. Therefore, in this study,

the target region of the transcriptomic analyses comprised the three

most distinct structures in the lung: the alveoli, bronchioles, and

blood vessels.

PCA is routinely used to interpret spatial transcriptomes,15 which

can identify important trends and patterns of gene expression data.

This simplifies the complexity of high‐dimensional data by converting

them into lower dimensions. Gene expression data of Delta‐ or

Omicron‐infected lungs were separated from those of noninfected

lungs; however, they overlapped in the PCA plot of all three

structures of the ROIs. Consistent with the PCA results, DEG

analysis and GSEA confirmed that the spatial transcriptomic profiles

of the Delta‐ and Omicron‐infected lungs did not significantly vary.

Previous host transcriptomic analyses have displayed a significant

upregulation of genes related to inflammation, IFN‐alpha and IFN‐

gamma responses, IL2 STAT5, IL6 JAK STAT3, and TNF‐alpha

signaling, coagulation, complement, angiogenesis, and epithelial/

mesenchymal transition in lungs from SARS‐CoV‐2‐infected human

patients compared to lungs from nonviral deaths.15,26 Recent studies

in mice infected with the MA10 strain virus confirmed the

transcriptomic profiles of acute and chronic host responses similar

to those observed in humans with COVID‐19.24 Here, we demon-

strated that SARS‐CoV‐2 Delta‐ and Omicron‐variant‐infected

macaques have a transcriptomic host response profile similar to that

of human patients and previous mouse models. Moreso, it is

characterized by upregulated gene pathways involved in inflamma-

tion, cytokine response, complement, cell damage, proliferation, and

differentiation.

We identified notable changes in the cell population of the three

structural ROIs, particularly in the alveolar ROIs, between the mock‐

and virus‐infected lungs. In the cell deconvolution analysis, Delta‐

and Omicron‐infected alveoli had a relatively high proportion of

inflammatory cells, including macrophages, NK cells, and T cells. This

is consistent with the findings of DEG analysis, which revealed that

the enhanced expression of macrophage cell markers (CD163, CD68,

CYBB, FUCA1, GPNMB, LGMN) and loss of AT1 cell markers (AGER,

HOPX, CAV1) and AT2 cell markers (ABCA3, LAMP3, SFTPB, SFTPC)

in the Delta‐ and Omicron‐infected ROIs. This is consistent with

previous reports that virus‐infected regions have increased hetero-

geneity in cell populations with significantly decreased AT2 cells and

increased macrophages, fibroblasts, and endothelial cells.17,27 This is

also in line with previous human autopsy data18 and mice model

data,24 wherein early loss of surfactant protein genes was observed

in diseased alveoli. These results can explain the upregulated

inflammation and cytokine pathways concurrent with downregulated

surfactant metabolism in the virus‐infected ROIs. Furthermore, we

found that fibroblast and regulatory T cells were significantly

increased in omicron‐infected bronchiolar ROIs, suggesting that the

enhanced transcriptomic alterations were induced in the related

functional gene pathways.

Cytokine release syndrome plays a critical role in the clinical

outcomes of severe COVID‐19. Once the virus is detected by the

pathogen recognition mechanism, the production of Type 1 and

Type 3 IFNs is stimulated, and interferon‐stimulating genes (ISGs) are

expressed via the JAK–STAT signaling pathway. In this macaque

infection model, ISGs were co‐upregulated in alveolar (ISG15 and

ISG20), bronchiolar (ISG15), and vascular (ISG15) ROIs in Delta‐ and

Omicron‐infected groups. Nonetheless, no significant difference was

noted between both groups. Some ISGs were higher in each tissue

structure, corroborating with a previous mouse report that the ISG

expression patterns of the large airway and alveolar ROIs did not

match.24 Significantly higher expression of STAT1 and STAT2 was

observed in Delta‐ and Omicron‐infected lungs than in mock‐infected

lungs, as observed in ROIs with high viral titers compared to that in

ROIs with low viral titers in human patients.18 Clinical trials have

been conducted to reduce the cytokine storm by regulating

intracellular signaling mediated by the JAK/STAT pathway.28

F IGURE 4 Spatial transcriptomic analysis in bronchiolar region of interests (ROIs) from mock‐, Delta‐, and Omicron‐infected lungs. (A) Heat
maps were illustrated for differential expression genes (DEG) obtained by comparing Q3 normalized counts between bronchiolar ROIs in Delta‐
and Omicron‐infected lungs versus mock‐infected lungs. (B) Normalized enrichment scores (NES) and adjusted p values obtained by gene set
enrichment analysis (GSEA) were shown for bronchiolar ROIs in Delta‐ and Omicron‐infected lungs versus mock‐infected lungs. (C) Volcano
plots were shown for major differential expression genes (DEGs) between bronchiolar ROIs of the Delta‐ and Omicron‐infection groups.
(D) Heat map of cell deconvolution data in Delta‐, Omicron‐, and mock‐infected bronchiolar ROIs. Results were presented for the abundance of
mixed cell types in the ROIs, and scaled abundance was presented as a ratio to the max. (E) Box plots of cell deconvolution data. ****p < 0.0001;
***p < 0.001; **p < 0.01; *p < 0.05, ANOVA, pairwise comparisons between groups, Benjamini–Hochberg FDR adjustment.
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Our results revealed that the host immune response to Delta and

Omicron infections was comparable across the three lung tissue

structures, suggesting that a common immune regulation approach

may apply to infections caused by SARS‐CoV‐2 variants.

Next, we focused on genes previously identified as hallmarks of

severe SARS‐CoV‐2 infection. IFI27 is a proposed biomarker for the

high risk of SARS‐CoV‐2 infection in the early COVID‐19 phase in

blood samples29 and discriminating SARS‐CoV‐2 infection from

influenza infection in lung samples.15 It had significant expression

enrichment in all three structural ROIs from the Delta‐ and Omicron‐

infected lungs. S100/Calbindin genes, such as S100A4, S100A6,

S100A8, and S100A9, which play a direct role in recruiting leukocytes

to infected cells, have been proposed as potential biomarkers that

can distinguish between mild and severe COVID‐19 progres-

sions.30,31 There was a significant increase in S100A9 in bronchiolar

ROIs of Delta‐ and Omicron‐infected lungs, without differential

expression between lungs infected with both variants. THBS1, which

is involved in the platelet activation‐related pathway, was upregu-

lated in fatal COVID‐19 cases compared to moderate cases.32 Delta‐

and Omicron‐infected lungs had significant gene enrichment in

alveolar ROIs. These results suggested that both SARS‐CoV‐2

variants represent severe disease progression in macaques at an

early infection stage. In addition, the expression patterns of known

biomarker genes differed for each tissue microstructure.

We additionally performed a comparative analysis of the viral

entry genes potentially associated with SARS‐CoV‐2 infectivity,

including angiotensin‐converting enzyme 2 (ACE‐2), transmembrane

serine protease 2 (TMPRSS2), and basigin (BSG/CD147). Generally,

the viral surface spike glycoprotein binds to ACE2 receptors to allow

viral entry into cells.33 No significant difference in the expression

level of the ACE2 gene was observed between Delta‐ or Omicron‐

infected groups and mock‐infected groups for all three tissue

structures of the ROIs. Recently, TMPRSS2 was found to support

cell surface/early endosomal entry of SARS‐CoV‐2,34 and the Delta

variant is more dependent on this entry pathway than Omicron

variants.14 TMPRSS2 revealed significantly higher expressions in

Delta‐ and Omicron‐infected bronchiolar ROIs than in mock‐infected

bronchiolar ROIs, albeit with a lower log2 fold change (0.963 and

0.857, respectively). Recently identified as another host recep-

tor,35,36 BSG (CD147) had the highest average expression levels

among viral entry genes. BSG was significantly co‐upregulated in

Delta‐ and Omicron‐infected lungs compared to mock‐infected lungs

in alveolar ROIs (log2fold change 0.584 and 1.005, respectively) and

bronchiolar ROIs (log2fold change 0.955 and 0.946, respectively).

This was consistent with previous studies revealing that BSG (CD147)

had the highest mean expression levels, and ACE2 was the lowest,

with frequent undetectable levels among viral entry genes of lung

samples in patients with COVID‐19.18 In the present study, we

confirmed that the expression patterns of genes involved in viral

entry differed according to tissue structures. Furthermore, no

difference in gene expression existed between the Delta‐ and

Omicron‐infected groups in all three tissue structures of the ROIs

at early phase of infection.

Although GSEA did not yield a significant differential gene set

pathway between Delta‐ and Omicron‐infected lungs in all three

structures of ROIs, there was a slight difference in single gene

expression pattern in the DEG analysis. We designated these DEGs

as differential transcriptional signatures in Delta versus Omicron

infection. In the alveolar region, we observed significant upregulation

of tissue factor pathway inhibitor‐2 (TFPI2) gene in Delta infections.

TFPI2 inhibits serine proteases, including the tissue factor‐VIIa

complex, thus suppressing thrombin generation.37 However, its

upregulation also indicates the activation of counteractive mecha-

nism that inhibits overt coagulation cascade.38 We have identified

the potential of this gene as an indicator of aggravated coagulation

cascade in alveolar microvascular complications. In the bronchiolar

regions, differential transcriptomes of several pathway genes were

identified between the Delta‐ and Omicron‐infected groups. Notably,

HLA‐G, previously known as potent immune‐modulators that may

enhance immune escape of the virus,39 was significantly upregulated

in Delta‐infected ROIs compared to Omicron‐infected ROIs. It has

been reported that serum HLA‐G is upregulated in severe COVID‐19

patients.40 Additionally, the role of HMGB proteins in COVID‐19

pathogenesis was recently proposed, and the HMGB2 genes was

selectively upregulated in Delta‐infected ROIs. Recent evidence

suggests that particularly HMGB1‐2 may be associated with viral

genome replication and inflammatory response.41 Annexin A1

(ANXA1) is an endogenous glucocorticoids that contributes to the

suppression of inflammation,42 and the decreased serum AMXA1

levels were reported in severe/critical cases of COVID‐19 disease.43

Contrary to expectation, Delta‐infected bronchiolar ROIs had higher

expression of the ANXA1 gene. In addition, hypoxia pathway‐related

genes (CA12, IGFBP3, and PKP1), which have not yet been correlated

with SARS‐CoV‐2 infection but could be potential biomarkers, were

significantly upregulated in the Delta‐infected ROIs. Overall, the

differential expression pattern was enhanced in the large airway and

F IGURE 5 Spatial transcriptomic analysis in vascular regions of interests (ROIs) from mock‐, Delta‐, and Omicron‐infected lungs. (A) Heat
maps were illustrated for differential expression genes (DEG) obtained by comparing Q3 normalized counts between vascular ROIs in Delta‐ and
Omicron‐infected lungs versus mock‐infected lungs. (B) Normalized enrichment scores (NES) and adjusted p values obtained by gene set
enrichment analysis (GSEA) revealed vascular ROIs in Delta‐ and Omicron‐infected lungs versus mock‐infected lungs. (C) Volcano plots were
shown for major differential expression genes (DEGs) between vascular ROIs of the Delta‐ and Omicron‐infection groups. (C) Heat map of cell
deconvolution data in Delta‐, Omicron‐, and mock‐infected vascular ROIs. Results were presented for the abundance of mixed cell types in the
ROIs, and scaled abundance was presented as a ratio to the max. (E) Box plots of cell deconvolution data. ****p < 0.0001; ***p < 0.001;
**p < 0.01; *p < 0.05, ANOVA, pairwise comparisons between groups, Benjamini–Hochberg FDR adjustment.
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it is speculated that these transcriptional alterations during acute

infection may influence the disease progression. However, it remains

unclear whether the differential signature genes have a detrimental

or protective role in specific microstructures. Further studies are

needed on the role of each gene in the virus pathogenesis.

To build on the results of this study, conducting a follow‐up

study that confirms the longitudinal spatial transcriptional profiles of

Delta and Omicron infections is essential. Also, the transcriptional

profiling of the upper respiratory tract tissues, which exhibit varying

levels of susceptibility to each variant, is needed. Given that this

study was restricted to target regions with high viral load, it is

necessary to validate the profiles of the two variant infections in

regions with variable grades and stages of lung lesions in further

investigations. In the present comparative study, we used a single

strain each for Delta and Omicron infections. Various Omicron

subvariants have recently emerged; thus, further studies using

different strains are warranted.

To the best of our knowledge, this study represents the first

attempt to uncover the pathogenesis of SARS‐CoV‐2 variants

through a whole spatial transcriptome analysis after histopatho-

logical classification of pulmonary microstructures. A comparison

of Delta‐ and Omicron‐infected lungs revealed global pathologi-

cal changes; however, the local immune response induced by the

variants remained largely unchanged in lung parenchyma, with

limited transcriptional alterations observed only in large airways.

This study's findings can support future efforts to understand the

pathogenesis of new variants and inform clinical approaches for

managing immune dysregulation in SARS‐CoV‐2 lung infections

by identifying potential transcriptional biomarkers in pulmonary

microstructures.
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