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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Non-negative matrix factorization (NMF) Analysis.  
a) Gene loadings of ciliated factors 8, 10, 13, and 21 identified by running NMF on 
all ciliated cells (n = 20,683) from all participants (n = 112). Complete list of genes 
contributing to all 25 factors is provided in Supplementary Table 7. b) Average 
score of ciliated factor 8 (Delta vs. control: p = 0.012, Omicron vs. control: 
p = 8.46*10−3), ciliated factor 10 (ancestral vs. control: p = 7.54*10−6, Delta vs. 
control, p = 3.32*10−3, Omicron vs. control: p = 0.011), ciliated factor 13 (ancestral 
vs. control: p = 3.89*10−3, Delta vs. control: p = 1.98*10−5, Omicron vs. control: 
p = 3*10−3), and ciliated factor 21 (ancestral vs. control: p = 1.08*10−4, Delta vs. 
control, p = 4.51*10−4, Omicron vs. control: p = 4.35*10−3) within pseudobulk 
ciliated cells for all controls (n = 26) and ancestral (n = 32), Delta (n = 33), and 
Omicron (n = 21) cases. c) Gene loadings of secretory factors 6, 11, 5, and 20 

identified by running NMF on all basal and secretory cells (n = 9,106) from all 
participants (n = 112). Complete list of genes contributing to all 23 factors is 
provided in Supplementary Table 7. d) Average factor score of secretory factor 
6 (ancestral vs. control: p = 0.033, Delta vs. control, p = 5.1*10−4, Omicron vs. 
control: p = 0.035) and secretory factor 11 (ancestral vs. control: p = 2.72*10−3) 
within pseudobulk secretory cells for all controls (n = 26) and ancestral 
(n = 32), Delta (n = 33), and Omicron (n = 21) cases. e) Violin plot of scores for 
secretory factors 6, 11, 5, and 20 across all basal, goblet, and secretory subsets 
in all participants (n = 112). b,d Box plots represent median (center line), upper 
and lower quartiles (box limits), and 1.5x the inter-quartile range (whiskers). 
Statistical tests represent two-sided Kruskal-Wallis test with Benjamini-Hochberg 
correction for multiple comparisons. *Dunn’s post hoc test, p < 0.05.

http://www.nature.com/natureimmunology


Nature Immunology

Resource https://doi.org/10.1038/s41590-024-02052-z

Extended Data Fig. 6 | Detection and assignment of SARS-CoV-2 RNA+ cells. 
a) Schematic of method for SARS-CoV-2 RNA+ assignment. scRNA-seq data was 
aligned to a joint human and SARS-CoV-2 genome. The amount of ambient RNA 
in each cell was estimated using Cellbender. Cells were assigned SARS-CoV-2 
RNA+ if the amount of viral RNA was greater than the expected ambient amount 
(see Methods). b) Total SARS-CoV-2 transcripts per cell in a subset of ancestral 

(n = 30), Delta (n = 31), and Omicron (n = 18) cases, divided by time from symptom 
onset. c) Spearman correlation (two-tailed test) between the total number of 
transcripts (UMI) per cell and the total number of SARS-CoV-2 transcripts per cell 
in all ancestral (n = 32), Delta (n = 33), and Omicron (n = 21) cases. Schematic in a 
created with BioRender.com.
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Extended Data Fig. 7 | See next page for caption.

http://www.nature.com/natureimmunology


Nature Immunology

Resource https://doi.org/10.1038/s41590-024-02052-z

Extended Data Fig. 7 | Frequency of Major Cell Types Across Vaccination 
Groups. a) Frequency of B cells, dendritic cells, macrophages, and T cells as 
a percentage of all cells in the sample in control participants. Control (‘Ctrl’) 
unvaccinated (‘Unvax’) (n = 13) samples were collected during the Ancestral 
wave, and control vaccinated (‘Vax’) (n = 13) samples were collected during 
the Delta and Omicron waves. b) Frequency of epithelial cell types (basal cells, 
ciliated cells, deuterosomal cells, goblet cells, ionocytes, MThi cells, SARS-CoV-2hi 
cells (Ctrl Vax vs Ctrl Unvax: p = 0.041), secretory cells, and squamous cells) as a 
percentage of all cells in the sample in unvaccinated (‘Unvax’) controls (n = 13), 
vaccinated (‘Vax’) controls (n = 13), unvaccinated Delta (n = 19), vaccinated Delta 

(n = 14), unvaccinated Omicron (n = 10), and vaccinated Omicron (n = 11) cases. 
c) Spearman correlation (two-tailed test) between time from most recent SARS-
CoV-2 vaccine dose and frequency of immune cell types (B cells, dendritic cells, 
macrophages, and T cells) in all vaccinated Delta (n = 14) and Omicron (n = 11) 
cases. Error bands represent 95% confidence interval. a,b Box plots represent 
median (center line), upper and lower quartiles (box limits); and 1.5x the inter-
quartile range (whiskers). Statistical tests represent two-sided Kruskal-Wallis test 
with Benjamini-Hochberg correction for multiple comparisons. *Dunn’s post hoc 
test, p < 0.05.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Expression of ISG Modules Across COVID-19 Severity. 
a-b) Violin plots of IFN alpha (a) and IFN gamma (b) response gene module scores 
in ciliated (n = 15,180 cells), secretory (n = 6,656), and T cells (n = 2,181) from all 
ancestral (n = 32), Delta (n = 33), and Omicron (n = 21) cases. Cells are separated 
by COVID-19 severity score (WHO range 0–8). Genes uses for module score were 

derived from previously published results of stimulating human nasal basal cells 
with IFN alpha or IFN gamma (Supplementary Table 10)70. Lines represent local 
regression using locally estimated scatterplot smoothing. Error bands represent 
normal confidence interval.
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Extended Data Fig. 9 | Association of clinical metadata and nasal cell type frequencies. Heatmap of spearman correlation (two-tailed test) between clinical 
parameters and demographic information (rows) and frequency of major cell types (as identified in Fig. 1) and SARS-CoV-2 RNA+ cells (as identified in Fig. 3) (columns) 
in all participants (n = 112). Color indicates spearman R, *FDR < 0.05.
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Extended Data Table 1 | Composition of participant vaccination groups

Participants within the Delta and Omicron variant groups (total n = 54) were assigned as unvaccinated or vaccinated if they had previously received a SARS-CoV-2 vaccine. Participants were 
grouped by variant and vaccination status (Delta unvaccinated: n = 19, Delta vaccinated: n-14, Omicron unvaccinated: n = 10, Omicron vaccinated: n = 11). Age (Delta: p = 0.006, Omicron: 
p = 0.0022), biological sex, ethnicity, self-reported race, COVID-19 severity (WHO scores at time of sample collection and at peak disease), body mass index (BMI), pre-existing conditions 
(IBD: inflammatory bowel disease), COVID-19 treatments (Remdesivir: p = 0.023), and mortality rates were compared across vaccination groups within variants. For continuous variables, 
median and interquartile range (IQR) are presented and two-sided Kruskal-Wallis test with Benjamini-Hochberg correction for multiple comparison was used for statistical comparison. #Dunn 
post-hoc test relative to unvaccinated group within same variant, p < 0.05; For categorical variables, percent and number of participants in variant group belonging to listed sub-group are 
presented and a chi-squared test was used for comparison. ̂ chi-square standardized Pearson residual >2. *p < 0.05, **p < 0.01, ***p < 0.001, otherwise non-significant.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used for data collection.  
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Data analysis Code was written using R v4.2.3 and publicly available packages. No new algorithms or functions were created and code used in-built 
functions in listed packages available on CRAN. All code generated and used to analyze the data reported in this paper is availaible on GitHub 
in the jo-m-lab repository: https://github.com/jo-m-lab/SARSCoV2-Variants-Vaccines-Paper  
 
Software:  
STAR aligner (v2.7.10), Drop-Seq Computational Protocol (https://github.com/broadinstitute/ Drop-seq) implemented on Cumulus (https://
cumulus.readthedocs.io/en/latest/drop_seq.html, snapshot 11, default parameters)  
CellRanger v(3.0.0) 
CellBender (v0.2.0)  
R (v4.2.3)  
R packages: Seurat (v4.3.0), SCTransform (v0.3.5), Harmony (v0.1.1), ARBOL (v4.0.0, Singlet (v0.99.6), RcppML (v0.5.6), limma(v03.54.2), 
fgsea(v1.24.0), propr (v4.3.0), DESeq2(v1.38.3), dunn.test (v1.3.5), effsize (v0.8.1), ,dplyr (v1.1.1), tidyverse (v2.0.0), forcats (v1.0.0), stats 
(v4.2.3), Matrix.utils (v0.9.7),  ggplot2 (v3.4.2), ggraph(v2.2.0), cowplot (v1.1.1), ggdendro (v0.1.23),  ggalluvial (v0.12.5), stringr (v1.5.0), 
ggrepel (v0.9.3), ggnewscale (v0.4.9), RColor brewer (v1.1-3), ggbiplot (v0.55), ggpubr v(0.6.0), gridExtra (v2.3), pheatmap (v1.0.12), ggplotify 
(v0.1.1), EnhancedVolcano (v1.16.0),   
Database for Annotation, Visualization, and Integrated Discovery (DAVID) (https://david.ncifcrf.gov)  
DRAGEN COVIDseq Test App (via Illumina BaseSpace Cloud Computing Platform) 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Single-cell RNA-seq data is publicly available for download and visualization via the Broad Institute Single Cell Portal (Accession Code SCP2593): https://
singlecell.broadinstitute.org/single_cell/study/SCP2593. Custom reference FASTA and GTF for SARS-CoV-2 is available for download: https://github.com/ShalekLab/
SARSCoV2-genome-reference.

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex was collected as a variable and is reported in Table 1, and is also a metadata category on the Single Cell Portal 

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why 
they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables 
(for example, race or ethnicity should not be used as a proxy for socioeconomic status).  
Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the 
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or 
administrative data, social media data, etc.) 
Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Participants were eligible for inclusion in the COVID-19 group if they were at least 18 years old, had a positive 
nasopharyngeal swab for SARS-CoV-2 by PCR, had COVID-19 related symptoms including fever, chills, cough, shortness of 
breath, and sore throat, and weighed more than 110 lb. Participants were eligible for the Control group if they were at least 
18 years old, had a current negative SARS-CoV-2 test (PCR or rapid antigen test), and weighed more than 110 lb. Exclusion 
criteria for the cohort included a history of blood transfusion within 4 weeks and subjects who could not be assigned a 
definitive COVID-19 diagnosis from nucleic acid testing. 112 individuals were included in the study: 32 individuals sampled 
during the Ancestral wave of COVID-19 (April-November 2020; 15 female, 17 male), 33 individuals during the Delta wave 
(July-September 2021; 14 female, 19 male), 21 during the Omicron wave (January-February 2022; 6 female, 15 male) and 26 
Control participants (17 female, 10 male). The median age of Ancestral strain participants was 58.5, of Delta participants was 
50, of Omicron was 61 and of Control participants was 53 years old. Participants were assigned to the vaccinated group if 
they had received at least two doses of an mRNA vaccine for COVID-19 prior to sample collection, and to the unvaccinated 
group if they had not received any COVID-19 vaccine. COVID-19 participants were classified according to the 8-level ordinal 
scale proposed by the WHO representing the amount of respiratory support required at the peak of their disease.

Recruitment Eligible participants were recruited from outpatient clinics, medical surgical units, intensive care units (ICU), or endoscopy 
units at the University of Mississippi Medical Center (UMMC) between April 2020 and September 2022. Our participants may 
be biased towards those likely to volunteer to participate in a research study. 

Ethics oversight The UMMC Institutional Review Board approved the study under IRB#2020-0065. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined based on our prior single-cell work in adult SARS-CoV-2 infection (Ziegler et al. Cell 2021) as well as other nasal 
scRNA-seq studies of COVID-19 (Chua et al. Nat. Biotech 2020, Loske et al. Nat. Biotech 2021, Yoshida et al. Nature 2022, Lindeboom et al. 
Nature 2024). 

Data exclusions Cells were excluded based on pre-determined scRNA-seq quality metrics (>50% mitochondrial reads, <200 unique transcripts, <150 unique 
genes) consistent with metrics applied in our prior work (Ziegler et al., Cell 2021). Samples were excluded if they had less than 30 cells 
remaining after filtering on these quality control metrics. 

Replication Clustering of data was done repeatedly with minor variations in parameters (number of principal components and resolution). Clusters 
presented in this paper represent those that were identified consistently.  Plots and statistical results were replicated successfully by re-
running code. Replication in independent samples was not possible due to the nature of the participant cohort. 

Randomization No intervention occurred in this observational study, and therefore no randomization was done. 

Blinding Blinding was not possible in this study. Samples were collected over a period of two years and were grouped based on the major SARS-CoV-2 
variant that was circulating at the time of collection, which was known to the investigators. Prior to sample collection, participants were 
screened for SARS-CoV-2 infection (PCR test) and vaccination status. During sample processing, investigators were aware of sample identity 
and the number of samples being processed in each batch belonging to each participant group. Identification of cell clusters was done 
agnostic to sample identity, but all other analysis was done by comparing participant groups.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants




