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Background. COVID-19 presents with a breadth of symptomatology including a spectrum of clinical severity requiring
intensive care unit (ICU) admission. We investigated the mucosal host gene response at the time of gold standard COVID-19
diagnosis using clinical surplus RNA from upper respiratory tract swabs.

Methods. Host response was evaluated by RNA-sequencing, and transcriptomic profiles of 44 unvaccinated patients including
outpatients and in-patients with varying levels of oxygen supplementation were included. Additionally, chest X-rays were reviewed
and scored for patients in each group.

Results. Host transcriptomics revealed significant changes in the immune and inflammatory response. Patients destined for the
ICU were distinguished by the significant upregulation of immune response pathways and inflammatory chemokines, including
cxcl2 which has been linked to monocyte subsets associated with COVID-19 related lung damage. In order to temporally
associate gene expression profiles in the upper respiratory tract at diagnosis of COVID-19 with lower respiratory tract sequalae,
we correlated our findings with chest radiography scoring, showing nasopharygeal or mid-turbinate sampling can be a relevant
surrogate for downstream COVID-19 pneumonia/ICU severity.

Conclusions. This study demonstrates the potential and relevance for ongoing study of the mucosal site of infection of SARS-
CoV-2 using a single sampling that remains standard of care in hospital settings. We highlight also the archival value of high quality
clinical surplus specimens, especially with rapidly evolving COVID-19 variants and changing public health/vaccination measures.
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Infection with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) can result in a spectrum of disease severity that
ranges from asymptomatic to intensive care unit (ICU)-level
support and fatality. The difference in outcomes is multifactorial
and related to intrinsic patient variables such as age and comor-
bidities as well as variations in viral-host immune responses [1-
4], for example, alterations in interferon (IFN) signaling [5] and
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high serum levels of proinflammatory cytokines such as interleu-
kin 6 and tumor necrosis factor-a [6]. Gene expression studies
examining the systemic response using peripheral blood mono-
nuclear cells (PBMCs) have associated persistent viremia and
dysregulated inflammation, combined with low or nonexistent
levels of type I IFNs, to patients with severe disease [7]. While
circulating mononuclear cells may provide valuable informa-
tion, the translational potential of cellular immunity assays to
the clinical laboratory is limited by practical barriers related to
processing of live cells and the complexity and time-consuming
nature of such assays. Study of systemic blood-derived immune
responses may also differ from important local effects directly at
the likely initiating site of viral exposure.

Recent work examining multiple datasets from the nasal
specimens and pulmonary tissues of patients with coronavirus
disease 2019 (COVID-19) identified a relationship between dis-
ease severity and 14 type I IFN-inducible genes [8]. In contrast,
spatial transcriptomic analysis of lung tissue from patients with
fatal COVID-19 pneumonitis found common IFN-y expression
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(a type IL IFN) by local cytotoxic lymphocytes and induced che-
mokine patterns in the most severely damaged tissue areas [9].
The diversity and importance of IFN signaling relative to the
anatomic site is further highlighted by the divergent/dynamic
expression of type III IFN genes in certain parts of the respira-
tory tract [10]. Indeed, RNA sequencing (RNAseq) of research
nasopharyngeal (NP) swabs from patients in the United States
noted enrichment of IFN pathway-associated genes, chemo-
kine patterns such as CXCL10, CXCL11, and CCL8 genes
linked to higher viral burdens of SARS-CoV-2 [11]. However,
as with many studies, the comparator was to healthy or non-
SARS-CoV-2-infected patients and not directly addressing
the spectrum of disease severity. Nonetheless, differences in up-
per respiratory host gene expression may be a valuable predic-
tor between an immune response supporting viral clearance
and an aberrant chronic inflammation that results in lower re-
spiratory tract pathology [2]. This is an important clinical con-
sideration that may be leveraged to guide healthcare resource
utilization.

Here, we probed the utility of clinical surplus RNA derived
from NP swabs used for initial detection of SARS-CoV-2 infec-
tion as an informative snapshot of the upper respiratory tract
host environment that importantly coincides temporally with
the initial real-world interface between patient and the health-
care system. By associating in situ host transcriptional and
immunological response in the upper respiratory tract with
clinical severity as gauged by supplementary oxygen require-
ments as well as lower respiratory sequalae using a radiographic
scoring system from standard-of-care chest radiographs
(CXRs), we highlight gene enrichment signatures that distin-
guished outpatient COVID-19-infected patients from patients
with impending ICU admission. These data support the poten-
tial novel applicability of clinical upper respiratory tract sam-
pling to predict severe lower respiratory sequalae.

METHODS

Patient Cohort

Unvaccinated COVID-19 patients were identified following a
data query from the laboratory information system and re-
quired a positive reverse-transcription polymerase chain reac-
tion (RT-PCR) test for inclusion in this study or were
recruited as part of an interventional clinical trial, and the
period of inclusion was from March 2020 to September 2020.
A retrospective chart review was performed to obtain demo-
graphic data, and all patients were confirmed to have had no
previously documented SARS-CoV-2 infection. Patients were
categorized into the following groups based on previous studies
[12, 13]: Group A included nonadmitted patients with no
bloodwork performed; group B included nonadmitted patients
with bloodwork performed; group C included admitted pa-
tients who did not require supplemental oxygen; group D

included admitted patients who required supplemental oxygen
but not mechanical ventilation; and group E included admitted
patients who required mechanical ventilation at any point
during admission. No patients were transferred between
groups or were reclassified. The retrospective chart review
was approved by the Sunnybrook Health Sciences Centre
Research Ethics Board (REB #1911), and the clinical trial was
approved by all research ethics boards of all participating insti-
tutions, registered on ClinicalTrials.gov (NCT04354259), and
conducted under a Clinical Trial Application approved by
Health Canada.

RNA Extraction, Quantification, and Quality

Midturbinate (MT) or NP swabs were collected as part of rou-
tine diagnostics. Total nucleic acid extraction was performed
using the NucliSENS EasyMAG (bioMérieux, France), and de-
tection of SARS-CoV-2 RNA was performed using established
clinical assays [14]; residual RNA was subsequently stored at
—80°C for downstream analysis. The total nucleic acid was sep-
arated on a 2100 Bioanalyzer system using the RNA 6000 Pico
Kit (Agilent, Santa Clara, California) for sample quality assess-
ment. The amount of amplifiable human origin total RNA was
estimated by amplifying exons spanning the 96 bp coding re-
gion in the human B-glucuronidase gene (GUSB). The qPCR
reaction was carried out in 10 pL with 1 X TaqMan Fast
Virus Mix, 1 X Human GUSB assay mix (Hs0093962_ml,
ThermoFisher Scientific, Waltham, Massachusetts), and 2 pL
of extracted total RNA by using the StepOnePlus Real-Time
PCR System (ThermoFisher Scientific). The PCR cycling con-
ditions were 50°C for 5 minutes, 95°C for 20 seconds, 40 cycles
of 95°C for 3 seconds, and 60°C for 1 minute. Standard curves
for total RNA quantification were prepared using HL-60 Total
RNA (ThermoFisher Scientific).

Targeted Transcriptome Sequencing

To determine whether the host transcriptome coinciding with
the real-world sampling time of clinical COVID-19 diagnosis
shows a distinct pattern associated with disease severity, we se-
quenced residual material from clinical MT/NP swabs using the
Ion Torrent platform comprising a single multiplexed panel
targeting 18 574 coding and 2228 non-coding RefSeq genes
(>95% of the RefSeq gene database).

The targeted human transcriptome sequencing was per-
formed on the Ton S5XL Next Generation Sequencing system
with the
Expression Panel (ThermoFisher Scientific). Fifty picograms
to 1 ng of total RNA quantified by GUSB qPCR assay was treat-
ed with ezDNase for removal of genomic DNA contamination

Ion AmpliSeq Transcriptome Human Gene

in the sample and then reverse-transcribed in a 15-pL reaction
using the SuperScript IV VILO Master Mix with ezDNase
Enzyme kit. The barcoded complementary DNA libraries
were constructed by using Ion Ampliseq Transcriptome
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Human Gene Expression Panel, Chef-Ready Kit. The targeted
sequences were PCR amplified for 18 cycles with a 16-minute
extension time. Quantification of the libraries was done using
the Ion Library TaqMan Quantitation Kit (ThermoFisher
Scientific). The final library concentration was diluted to
60 pM. The sequencing template preparation was done
using Ion Chef with Ion 550 Chef Kits. Sequencing was
performed for 500 flows on an Ion S5XL Sequencer with Ion
550 chip.

Data Analysis

The Ion Torrent platform-specific pipeline software Torrent
Suite version 5.16.0 (ThermoFisher Scientific) was used to sep-
arate barcoded reads and to filter and remove polyclonal and
low-quality reads. The sequencing data were aligned and
mapped to the panel-specific reference sequence file (hgl9_am-
pliseq_transcriptome_ercc_v1) using the Ion Torrent Mapping
Alignment Program, which is optimized for Ion Torrent data.
Data were subsequently normalized, and differential gene ex-
pression was analyzed using EdgeR and Limma [15, 16].
Benjamini-Hochberg (BH) adjusted P value of <.05 is reported.
Pathway analysis was performed using Gene Set Enrichment
Analysis and MSigDB (https://www.gsea-msigdb.org/gsea/
index.jsp) and Reactome (www.reactome.org).

Analysis of Radiographic Findings

The CXRs were reviewed and scored by a radiologist who was
blinded to the patient group using a modified CXR score for
COVID-19 infection combining extent of the disease and den-
sity of the lesions [17, 18]. In total, 18 images were available for
review for the entire cohort. For each patient, the CXR with
the most severe findings—that was taken within 10 days of
diagnosis—was collected.

RESULTS

Cohort Description

Our cohort included a total of 38 individuals, of whom 68.4%
were admitted and 31.6% nonadmitted patients. The mean
age was 60.9 years (range, 23-95 years) and 39% (n=15)
were male. The average number of days from symptom onset
to a positive COVID-19 test in group A was 4.71 (n=12), in
group C was 4.99 (n=10), in group D was 1.57 (n=9), and
in group E was 6.5 (n = 8). Admitted patients had more comor-
bidities than nonadmitted patients. Only 3 patients were on im-
munosuppressants, and no one in the cohort had documented
infection with human immunodeficiency virus. The percentag-
es of comorbidities are included in Supplementary Table 1. No
patients from group B were identified. Four patients died with-
in 30 days of diagnosis; 2 were part of group C and 2 were part
of group E, and they had been admitted to the ICU.

Distinct Gene Patterns Associated With Disease Severity

Overall, our RNAseq and subsequent gene expression analyses
identified a total of 184 differentially expressed genes (DEGs;
BH adjusted P <.05) across the cohort (Figure 1). Focusing
on the cohort of nonadmitted COVID-19 patients (group A)
compared to COVID-19 patients who required ICU admission
after the initial sampling time (group E), we identified 59 DEGs
between these 2 groups (Figure 1A and 1B and Supplementary
Table 1). Notable changes included chemokine genes cxcl2 and
cxcl3, which were both upregulated in the ICU (group E) cohort
and known to recruit a monocyte/neutrophil-dominant infil-
trate. Interestingly, these chemokines may signify the presence
of a highly proinflammatory COVID-19-associated monocyte
subset, designated as Mono_c1-CD14-CCL3, as characterized
from single cell analyses of PBMCs and bronchoalveolar
lavage (BAL) fluids [19]. Additional genes of interest include
MYC and EGRI, which were also upregulated in the ICU co-
hort. These are 2 targets of inflammasome activation, consis-
tent with recent work showing activation of inflammasome in
macrophages driving COVID-19 pathology [20]. In contrast,
nonadmitted patients (group A) have increased expression of
genes involved in processes such as antigen processing
(clec2D), circadian clock (Per3), and nonsense-mediated mes-
senger RNA decay (SMG6), which protects cells from gene ex-
pression errors. These findings indicate in situ differences in
the upper respiratory tract at the time of clinical presentation
to hospital and diagnosis of COVID-19, suggesting that bio-
markers related to an activated monocytic inflammatory mi-
croenvironment may be of use to stratify COVID-19 patients
at risk for a more severe disease trajectory, typically involving
the lower respiratory tract. Note that the differences between
group A and group E are not explained by SARS-CoV-2 viral
load (data not shown), consistent with other reports [21].

Transcriptional Profiles Within Hospitalized Patients

Different gene expression patterns across admitted patients were
also compared. Between patients with ICU admission (group E)
and inpatients without need for supplemental oxygen (group C),
124 DEGs were identified with a particularly strong signal in
HMGCS]I. Upregulation of this gene is also seen when compar-
ing the ICU cohort with nonadmitted patients (Figure 1C).
Interestingly, HMGCSI encodes the mevalonate precursor en-
zyme, 3-hydroxy-3-methylglutaryl-CoA synthase 1, which cata-
acetoacetyl-CoA  to
3-hydroxy-3-methylglutaryl-CoA, a necessary step in mevalo-

lyzes the conversion of cytosolic
nate synthesis [22]. Involvement of this pathway is postulated
to reflect hijacked cholesterol metabolism that may be necessary
for SARS-CoV-2 replication [23]; however, given the general
lack of association of between viral load and clinical severity,
whether HMGCS1 is a marker of increased stem cell activation
in response to damage may be another -explanation.
Additionally, the SUMO2 and SPR genes, both involved in
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Table 1. Top Dysregulated Host Pathways in Intensive Care Unit Patients Compared to Hospitalized Patients

Pathway Name Entities Found Ratio P Value FDR Reactions Found Ratio
ROBO receptors bind AKAP5S 3/11 7.22 x 107 1.43%x10*  0.093 a77 4.95 % 107
RET signaling 4/43 3.00x 107 6.42 x 107 0.1 3/24 0.002
SUMOylation of transcription cofactors 4/44 0.003 6.99 x 107 0.1 6/27 0.002
Activated NTRK3 signals through PLCG1 2/5 3.28x 107 9.60 x 107 0.1 3/3 2.12x 107
SUMOylation of DNA replication proteins 4/50 0.003 1.00 x 107° 0.1 3/8 5.65 x 107
SUMOylation of RNA binding proteins 4/51 3.00x 107 1.00x 107° 0.1 3/4 2.83x 107
Inositol phosphate metabolism 5/90 6.00x 102  1.00x10° 0.1 10/71 0.005
SUMO E3 ligases SUMOylate target proteins 7183 120102  1.00x10° 0.1 47/131 0.009

DAG and IP3 signaling 4/53 0.003 1.00 x 107° 0.1 7/28 0.002
SUMOylation 7/192 0.013 2.00x 107 0.1 52/140 0.01
SUMO is transferred from El to E2 (UBE2I, UBC9) 2/7 459x10*  200x10° 0.1 2/3 212 x 107
PKA-mediated phosphorylation of key metabolic factors 2/7 459%x10*  2.00x10° 0.1 3/5 3.53x 107
SUMO is conjugated to EIl (UBA2:SAE1) 2/8 5.25x 107 2.00x 107 0.112 2/3 212 x 107
SUMOvlation of chromatin organization proteins 4/62 0.004 2.00x 107 0.112 6/15 0.001
Synthesis of IP2, IP, and Ins in the cytosol 3/32 200x 102  3.00x10°  0.133 6/14 9.89 x 107
Nucleotide excision repair 5/119 8.00 x 107 4.00x 107 0.16 20/37 0.003

HuR (ELAVL1) binds and stabilizes mRNA 2/12 787x10%  500x10°  0.16 3/7 4.95x 107
SUMOylation of SUMOylation proteins 3/39 0.003 500x 102  0.16 2/5 3.53x 107
Processing of capped intron containing pre-mRNA 8/299 0.02 6.00 x 107° 0.16 32/34 0.02
Processing and activation of SUMO 2/13 8.563 x 107 6.00 x 107° 0.16 5/9 6.36 x 107
SUMOylation of DNA damage response and repair proteins 4/81 5.00 x 107° 6.00 x 1072 0.16 12/24 0.02
Transcriptional regulation by small RNAs 4/81 0.005 6.00 x 107 0.16 2/5 3.53x 10
Triglyceride catabolism 3/42 0.003 7.00 x 107 0.16 3/17 0.01

This table was generated using Reactome.
Abbreviations: FDR, false discovery rate; mRNA, messenger RNA.

inflammation, were also dysregulated. Interestingly, SUMO2 lev-
els have been shown to be increased by SARS-CoV-2 infection of
cells and result in increased Nf-KB activation and proinflamma-
tory cytokine expression [24].

Alteration of Host Pathways and Subsequent Lower Respiratory Tract
Involvement

We next performed an in silico analysis for enriched specific
host response pathways using Gene Set Enrichment Analysis
and MSigDB and Reactome. The pathways identified are shown
in Table 1. The top identified pathways in the admitted but
non-ICU (group C) versus ICU (group E) were associated
with SUMOylation, which can lead to production of proinflam-
matory mediators. This suggested that dysregulation may result
in inflammation and lower respiratory tract involvement. The
acute clinical severity of COVID-19 infection and consequent
need for ICU admission is primarily driven by lower respirato-
ry tract infection/inflammation. To help address the adequacy
of upper respiratory specimens for the diagnosis of clinically
and radiographically significant lower respiratory tract disease
or COVID-19 pneumonia, we asked whether standard-of-care
MT/NP swab transcriptional profiles obtained at diagnosis
temporally correlated with diagnostic lung imaging, the latter
providing a noninvasive surrogate of lower respiratory tract
progression. Blinded radiologists reviewed conventional
CXRs for the cohort and were scored using accepted criteria

[17] (total score, sum of all lung quadrants). As shown in

Figure 2, significant differences between ambulatory
(group A) patients versus hospitalized, ICU-destined patients
were found. Patients with the most severe disease (group E)
also differed from admitted patients who did not require supple-
mental oxygen (group C). From a kinetic standpoint, these find-
ings therefore solidify our upper respiratory tract (MT/NP
swab)-derived transcriptomic findings at diagnosis of
COVID-19 with clinically significant disease involving the lower

respiratory tract.

DISCUSSION

The induction of cytokines, chemokines, and IFNs as part of
the host response to SARS-CoV-2 infection is critical to deter-
mining disease severity, and multiple studies have associated
inflammation with poor outcome in SARS-CoV-2 infection
[2, 6, 7, 13, 25]. Analysis of gene signatures collected from
the diagnostic swab would reflect the earliest localized immune
response at the mucosal site of infection, which may differ from
the systemic (ie, blood based) immune response. In this study,
we used RNAseq to identify transcriptomic profiles among dif-
ferent clinically stratified patient groups, which were further
supported by radiological findings.

Our data identified multiple DEGs between ambulatory
(group A) and ICU (group E) patients, notably the chemokine
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Figure 1.

Differentially expressed genes (DEGs) in patients with varying coronavirus disease 2019 disease severity. A, Heatmap of DEGs in each group (P< .05). Band C,

Volcano plot for significant dysregulated genes in nonadmitted versus admitted patients (B) and in nonadmitted versus intensive care unit patients (C). Abbreviations: BH,
Benjamini-Hochberg; DE, differentially expressed; ICU, intensive care unit; 0, oxygen.
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Figure 2.  Average scores from chest radiographs from each group. The most se-
vere image from each patient in group A (n=2), group C (n=6), group D (n=5),
and group E (n = 6) was analyzed and scored. Error bars represent standard devia-
tion. *P < .05; ns, not significant.

genes cxcl2 and cxcl3. This is consistent with a smaller study
comparing the immune response in patients with moderate
and severe COVID-19, which identified higher expression of
cxcl3 in moderate cases compared with healthy controls [25].
Interestingly, in our study, the expression of chemokine genes
was associated with subsequent ICU admission and severe lung
inflammation, the latter as evidenced by radiological findings
during the initial 10 days after COVID-19 diagnosis. This tem-
poral finding at clinical diagnosis of COVID-19 cannot be ex-
plained by duration of symptoms or viral load and suggests that
a pre-SARS-CoV-2 exposure or intrinsic perturbed mucosal
immune state may be contributing to a cxcll/cxcl3 biased im-
mune response at risk for lower lung damage [9]. MYC and
EGRI, 2 targets of inflammasome activation, were upregulated
in the ICU cohort, consistent with recent work showing that ac-
tivation of inflammasome in macrophages drives COVID-19
pathology [20]. Furthermore, EGR1 has been implicated in oth-
er highly pathogenic coronaviruses, notably severe acute respi-
ratory syndrome coronavirus, and may serve a proviral role as
it upregulates TGF-B1 and a profibrotic response [26].
HMGCS]1 was also upregulated in the ICU cohort. This gene,
which is part of the cholesterol biosynthesis pathway, was

Host Response From Diagnostic Swabs and COVID-19 Severity « OFID « 5



recently identified as part of a genetic screen for factors impor-
tant for coronaviral entry [27]. Thus, upregulation of HMGCSI
may contribute to viral dissemination, resulting in inflamma-
tion and disease severity, and may partially explain the ob-
served lung scores in our ICU patients. As the HMGCS]I axis
is also implicated in “stemness” properties related to cancer
stem cells, one may also postulate whether this biomarker re-
flects a level of epithelial damage and initiation of regeneration
programs [22, 28].

Our study had several limitations, notably that the cohort was
relatively small after the necessary curation of high-quality RNA
from clinically derived MT/NP swabs initially used solely for
COVID-19 diagnostic RT-PCR. Furthermore, for patients in
our nonadmitted group, we cannot rule out the possibility that
they sought care and were admitted to other healthcare institu-
tions, although this appears unlikely given the relatively homoge-
neous transcriptomic findings. Additionally, we used bulk
RNAseq compared to single cell sequencing, the latter requiring
a different biospecimen than the clinically archived material avail-
able in many laboratories at the start of the pandemic. Using sin-
gle cell approaches, it has been highlighted that chemokine
expression by monocytes/macrophages likely recruits cytotoxic
lymphocytes that result in lung damage [9], including the
BAL-defined mono_c1-CD14-CCL3 subset [19], which expresses
abundant cxcl2. As single cell genomic resolution is impractical
for most clinical applications, our concordant finding of cxcl2 sig-
nals from bulk clinical upper respiratory tract swabs suggests this
may be a biomarker worthy of further exploration.

CONCLUSIONS

Clinical surplus upper respiratory tract swab—derived RNA was
used to evaluate its utility in probing host response at the time
of real-world COVID-19 diagnosis. Significantly different tran-
scriptomic profiles were found according to clinical severity. As
part of routine care in hospital settings, our findings support
the regimented archival of this material for research and future
test development given its value as an in situ biomarker source
for mucosal host-microbial interactions and link to lower re-
spiratory tract progression. As reported with other viruses
[29, 30], as well as SARS-CoV-2 [31], both host transcriptomic
sequences and viral sequences can be captured from the same
sample, allowing for simultaneous characterization of the path-
ogen [11]. This may support future companion diagnostics that
characterize both viral and host genomic information to sup-
port clinical management as well as novel mucosal immune
states as predisposing risk factors for adverse respiratory com-
plications after infectious challenge.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader,
the posted materials are not copyedited and are the sole responsibility of

the authors, so questions or comments should be addressed to the corre-
sponding author.
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