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Abstract

COVID-19 is characterized by respiratory symptoms of various severities, ranging from mild
upper respiratory signs to acute respiratory failure/acute respiratory distress syndrome
associated with a high mortality rate. However, the pathophysiology of the disease is largely
unknown. Shotgun metagenomics from nasopharyngeal swabs were used to characterize
the genomic, metagenomic and transcriptomic features of patients from the first pandemic
wave with various forms of COVID-19, including outpatients, patients hospitalized not
requiring intensive care, and patients in the intensive care unit, to identify viral and/or host
factors associated with the most severe forms of the disease. Neither the genetic character-
istics of SARS-CoV-2, nor the detection of bacteria, viruses, fungi or parasites were associ-
ated with the severity of pulmonary disease. Severe pneumonia was associated with
overexpression of cytokine transcripts activating the CXCR2 pathway, whereas patients
with benign disease presented with a T helper “Th1-Th17” profile. The latter profile was
associated with female gender and a lower mortality rate. Our findings indicate that the most
severe cases of COVID-19 are characterized by the presence of overactive immune cells
resulting in neutrophil pulmonary infiltration which, in turn, could enhance the inflammatory
response and prolong tissue damage. These findings make CXCR2 antagonists, in
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particular IL-8 antagonists, promising candidates for the treatment of patients with severe
COVID-19.

Author summary

This study was the first to use shotgun metagenomics and in-depth bioanalysis of metage-
nomics data to understand the role of viral genomics, microorganism metagenomics and
host transcriptomics in the severity of COVID-19. The study was performed using naso-
pharyngeal swabs collected from 104 patients with various severities of COVID-19 at the
time of diagnosis. Neither the genetic characteristics of SARS-CoV-2, nor the detection of
bacteria, viruses, fungi or parasites were associated with the severity of pulmonary disease.
In contrast, host transcriptomic analyses showed that severe COVID-19 pneumonia is
associated with overexpression of cytokine transcripts that activate the CXCR2 receptor
pathway, whereas patients with benign disease present with a T helper “Th1-Th17” profile.
The latter profile was associated with female gender and a lower mortality rate. These
findings indicate that the most severe cases of COVID-19 are caused by excess neutrophil
infiltration that enhances the inflammatory response and prolongs tissue damage. They
suggest that CXCR2 antagonists, in particular IL-8 antagonists, could be promising candi-
dates for the treatment of patients with severe COVID-19.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been identified as the eti-
ological agent of Coronavirus Disease 2019 (COVID-19). The virus emerged in the Chinese
city of Wuhan before spreading and becoming pandemic. COVID-19 is characterized by respi-
ratory symptoms of various severities, ranging from mild upper respiratory signs to acute
respiratory failure and the acute respiratory distress syndrome (ARDS), with or without fever
[1]. Additional, non-respiratory symptoms have been described, including taste and/or olfac-
tory, gastrointestinal, neurological, cardiovascular and/or ocular symptoms [2,3]. The mortal-
ity rate of SARS-CoV-2-related ARDS is high. Risk factors for respiratory disease aggravation
have been identified, including but not limited to advanced age, male gender, overweight,
hypertension, diabetes, respiratory and cardiovascular diseases [4]. Whether genetic character-
istics of the virus and/or concomitant bacterial, viral or fungal carriage play a role in the out-
come of the disease remains unknown.

The pathophysiological mechanisms of COVID-19 remain largely unknown. Inflammation
appears to play a major role in the aggravation of the disease. Anti-inflammatory treatments
have been proposed in patients with ARDS, including dexamethasone, which has become part
of standard-of-care treatment, and cytokine antagonists. However, inhibiting the inflamma-
tory immune response may also prevent it from clearing the virus, while favoring the onset of
coinfections, as already reported for other respiratory viral infections [5].

Metagenomics based on next-generation sequencing is a recently developed high-through-
put technology with the ability to sequence the entire genetic content of a clinical sample [6].
This technology can be used to detect known or unknown pathogens [7], reconstruct their
full-length genome sequences and/or describe virulence- or resistance-associated motifs [8].
Metagenomics can also be used to characterize host transcriptomic signatures upon the course
of any type of infection [9].
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The goal of the present study was to use shotgun metagenomics and in-depth bioanalysis of
metagenomics data to characterize the genomic, metagenomic and transcriptomic features of
patients with various forms of COVID-19 disease, with the aim to identify viral and/or host
factors associated with the most severe forms of the disease.

Results
Characteristics of the study population and samples

Overall, 3,254 naso-pharyngeal swabs (NPS) from patients with symptoms compatible with
COVID-19 were prospectively tested for the presence of SARS-CoV-2 RNA by reverse tran-
scriptase-quantitative polymerase chain reaction (RT-qPCR) in the Department of Virology of
our institution between March 9 and March 30, 2020. Among them, 1,217 (37.4%) were found
to be SARS-CoV-2-RNA-positive. Among these 1,217 individuals, the 50 patients requiring
hospitalization in the intensive care unit (ICU) with or without mechanical ventilation (“ICU”
group, 3.7% of the population) were all included. For comparison, patients not requiring ICU
diagnosed during the same period were randomly selected as explained in the Methods sec-
tion, leading to the inclusion of 46 patients not requiring hospitalization (“Outpatient” group)
and 17 patients requiring hospitalization but not intensive care (“Hospitalized” group). The
respective number of patients in the latter groups reflected their relative proportion in the
exhaustive population. The amount of RNA in the NPS of 9 of the 113 patients from the 3
groups was too small for analysis. Thus, metagenomics analyses were performed in 104
patients (Fig 1).

The characteristics of the 104 patients forming the study population at the time of NPS
collection are shown in Table 1. The median (range) ages were 50 (19-87), 61 (31-82) and
68 years (33-90) in Outpatients, Hospitalized patients and ICU patients, respectively
(p<0.01). Males were overrepresented in the ICU group (82.2%), compared to 58.8% in
Hospitalized patients, and 28.6% in Outpatients (p<<0.01). Risk factors for severe disease
were significantly more frequent in ICU patients than in Outpatients, including higher
body mass index (p = 0.02), diabetes (p<0.01), and hypertension (p<0.01). The median
time intervals between the onset of symptoms and the virological diagnosis of SARS-CoV-2
infection were 4 days in Outpatients, 7 days in Hospitalized patients, and 6 days in ICU
patients (p<0.01). Three quarters (12/16) of Hospitalized patients required supplemental
oxygen, while 46.7% (21/45) of ICU patients required non-invasive ventilation or continu-
ous-positive airway pressure support and 42.3% (19/45) patients required invasive mechani-
cal ventilation. In ICU patients, the median Sepsis-Related Organ Failure Assessment
(SOFA) score was 6. Overall, mortality reached 37.8% (17/45) at 15 days post-admission in
the ICU group, and 11.8% (2/17) in the Hospitalized patient group, whereas no patients
died in the Outpatients group (Table 1).

Global results of shotgun metagenomics analyses

Total RNAs were extracted from the 104 NPS and sequenced by means of “shotgun metage-
nomics”, as already reported. The sequences generated were analyzed with our in-house soft-
ware MetaMIC [7]. The median (range) depth of sequencing was 34,610,028 sequences per
sample (10,868,858-78,673,906), in accordance with the manufacturer’s recommendation (i.e.,
5 to 200 million reads). The median (range) phred quality score was 32.5 (30.1-33.9). Sequence
bio-analysis generated information on: (i) the genetic nature of SARS-CoV-2 viruses isolated
from NPS; (ii) the concomitant presence of bacteria, viruses, fungi, and/or parasites in the
swabs; (iii) the nature of host transcriptomic changes induced by SARS-CoV-2 infection.
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SARS-CoV-2 RNA quantification and sequence analysis

As shown in Fig 2A, viral loads measured in Log copies/ng of human DNA in metagenomics
correlated with those measured by the Ct number in the same swabs by means of RT-qPCR
(r =0.86, p<0.01). The viral loads were significantly higher in Outpatients than in patients
with more severe disease, with no difference between Hospitalized and ICU patients (Fig 2B).
Reconstruction of full-length viral genome sequences was possible in the 74 patients with viral
loads >4 Log copies/ng of human DNA, with a median (range) genome length coverage of 99.9%
(99.9%-99.9%), and a median (range) sequencing depth of 1,584 full-length sequences (669-
141,039). Phylogenetic analysis of full-length SARS-CoV-2 genomes showed no significant cluster-
ing according to the severity of the disease (Fig 2C). Bootstrapping values were low (<70%), due to
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Table 1. Patient characteristics at the time of nasopharyngeal swab sampling.

Patient characteristics Outpatients (N = 42) Hospitalized patients (N = 17) ICU patients (N = 45) P-value*
Demographic parameters
Age, median [range], year (N = 104) 50 [19-87] 61 [31-82] 68 [33-90] <0.01
Female- n/N (%) (N = 104) 30/42 (71.4) 7/17 (41.2) 8/45 (17.8) <0.01
Risk factors
Current smokers- n|N (%) (N = 92) 4/34 (11.8) 1/14 (7.1) 3/44 (6.8) 0.73
BMI, kg/m2 median [range] (N = 87) 25.6 [16.9-34.0] 28.1 [19.8-39.0] 28.0 [21.0-43.3] 0.02
Chronic underlying conditions, n|N (%)
Chronic obstructive pulmonary disease (N = 92) 2/34 (5.8) 1/14 (7.1) 2/44 (4.5) 0.16
Asthma (N = 92) 7/34 (20.6) 2/14 (14.3) 1/44 (2.3) 0.03
Diabetes (N = 92) 1/34 (2.9) 4/14 (28.6) 14/44 (31.8) <0.01
Hypertension (N = 92) 7/34 (20.6) 8/14 (57.1) 24/44 (54.6) <0.01
Cardiac disease (N = 92) 2/34 (5.9) 2/14 (14.3) 10/44 (22.7) 0.12
Chronic renal disease (N = 92) 1/34(2.9) 0/14 (0) 3/44 (6.8) 0.17
Cancer (N = 92) 2/34 (5.9) 0/14 (0) 1/44 (2.3) 0.28
Immunodeficiency (Transplant, HIV) (n = 92) 0/34 (0) 2/14 (14.3) 4/44 (9.1) 0.33
COVID treatments n|N (%)
Antibiotics (N = 93) 11/34 (32.4) 9/15 (60.0) 38/44 (86.4) <0.01
Corticosteroids (N = 93) 1/34 (2.9) 2/15 (13.3) 1/44 (2.3) 0.17
NSAIDs (N =93) 9/34 (26.5) 1/15 (6.7) 5/44 (11.4) 0.11
Chronic immunosuppressive treatment n|N (%) (N = 93) 0/34 (0) 2/15 (13.3) 4/44 (9.1) 0.33
COVID-19 Disease
Interval from symptoms to NSP, median [range], days 4[0-14] 7 [2-14] 6 [0-19] <0.01
Blood neutrophil counts, median [range], G/L 4.9 [2.4-11.0] 5.6 [2.3-16.4] 0.32
Blood lymphocyte counts, median [range], G/L 1.1 [0.6-3.2] 0.7 [0.2-1.6] 0.01
Ventilation, n|N (%)
Oxygen 0/42 (0) 12/16 (75.0) 45/45 (100) <0.01
Non-invasive ventilation/C-PAP 21/45 (46.7)
Mechanical ventilation 19/45 (42.3)
SOFA score >6, n|N (%) 23/43 (53.5)°
Death at day-15, n/N (%) (N = 104) 0/42 (0) 2/17 (11.8) 17/45 (37.8) <0.01

BMI, body mass index; NSAIDs, non-steroidal anti-inflammatory drugs; C-PAP, continuous positive airway pressure.
* Chi-Square test for categorial data, ANOVA One Way test for quantitative data.

*Blood Pressure was not available for two patients.

https://doi.org/10.1371/journal.ppat.1009416.t001

the low genetic diversity of SARS-CoV-2 during the first epidemic wave. No viral signature was
associated with the severity of the disease. The reported D614G substitution in the spike protein
[10] was present in the 3 groups, significantly more frequent in Outpatients (34/42, 81.0%) than in
Hospitalized patients (9/13, 69.2%), and in ICU patients (23/36, 63.9%; p = 0.03). None of the spike
substitutions recently described in variants from different geographical origins that emerged during
the second epidemic wave (including L18F, Del69/70, Del140, K417N/T, N439K, L452R, Y453F,
E484K, N501Y, D681H) were found. Data are available in GenBank (MT470100-MT470179).

Metagenomics analysis assessing bacterial, viral, fungal, and/or parasitic
co-carriage

Metagenomics were used to assess, without a priori, the presence of other bacterial, viral, fun-
gal, and/or parasitic microorganisms in the NPS. The proportion of patients carrying
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Fig 2. Relationship between SARS-CoV-2 characteristics and the severity of COVID-19 disease. (A) Relationship between
SARS-CoV-2 viral loads measured in naso-pharyngeal swabs (NPS) with RT-qPCR or metagenomics. (B) Comparison of SARS-CoV-2
viral loads measured by metagenomics in NPS in the three groups of patients. (C) Phylogenetic analysis of full-length SARS-CoV-2
genome sequences from the three groups (indicated by different colors). *p<0.05; **p<0.01.

https:/doi.org/10.1371/journal.ppat.1009416.9002
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potentially pathogenic bacterial agents significantly differed between the Hospitalized group
(1/17, 5.9%) and the two other groups: 11/42 (26.2%) in the Outpatients group and 25/45
(55.6%) in the ICU group (p<0.01).

These results were confirmed when considering all pathogens together. Indeed, there was
no difference between the Outpatients group (23/42, 54.8%) and the ICU group (30/45, 66.7%;
p = 0.26), nor between Outpatients and Hospitalized patients (5/17, 29.4%; p = 0.08), but the
difference was statistically significant between ICU and Hospitalized patients (p<0.01). Never-
theless, considering the microorganism species, as shown in Table 2, the 3 groups did not dif-
fer for the presence of the different pathogens in NPS.

Human transcriptomic analyses

Principal component analysis of global transcriptomic data showed segregation of the patients
according to the group they belonged to, suggesting that the expression of certain genes is sig-
nificantly related to the severity of COVID-19 disease (S1 Fig). Differentially expressed genes,
defined by a log2 fold change >2 or <-2 with padj <0.05 (n = 1,910), were used as input to
perform unsupervised ranked ontology analysis, in order to identify significant functional
enrichments (including up- or downregulation) of genes related to the KEGG pathways.
When comparing Outpatients to ICU patients, two pathways were significantly enriched: (i)
the cytokine-cytokine receptor interaction pathway, including both CXCR2 and CXCR3 path-
ways and their main activating chemokines (enrichment score 6.93, FDR 0.0018, KEGG Path-
way hsa04060), and (ii) the olfactory transduction pathway (enrichment score 2.69, FDR
0.0081, KEGG Pathway hsa04740).

Table 2. Bacterial, viral, fungal and parasite coinfections in nasopharyngeal swabs from the 104 patients, classi-
fied according to the severity of COVID-19 and their pathogenic capacity.

Outpatients (N =42) | Hospitalized patients (N=17) | ICU patients (N = 45)

Potentially pathogenic bacteria (alone or predominant among the oropharyngeal flora or other bacteria)

Haemophilus influenzae 1 0 1
Moraxella catarrhalis 7 0 11
Staphylococcus aureus 1 1 6
Streptococcus pneumoniae 2 0 7
Other bacteria not usually detected in the nasal microbiota

Acinetobacter spp. 0 0 5
Corynebacterium spp. 11 5 6
Lactobacillus crispatus 0 0 2
Mycoplasma spp. 0 0 1
Pasteurella spp. 0 0 1
Pseudomonas spp. 0 0 2
Prevotella spp. 0 0 1
Proteus mirabilis 0 0 2
Pathogenic viruses (alone or associated with bacteria)

Human herpes virus 1 1 0 1
Influenza virus B 1 0 1
Mastadenovirus 1 0 1
Respiratory syncitial virus 1 0 0
Rhinovirus 1 1 0
Non-pathogenic parasites

Entamoeba gingivalis 0 0 2

https://doi.org/10.1371/journal.ppat.1009416.t002
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ICU patients were characterized by a significantly greater expression of pro-inflammatory
chemokine transcripts CXCLI (p = 0.03) and CXCLS or interleukin 8 (IL-8) (p = 0.04) (Fig
3A). The expression of the CXCL5 gene was also enhanced in ICU patients, but the difference
did not reach significance (p = 0.10). Hospitalized patients presented with an intermediate
profile (Fig 3A). The expression of the CXCR2 receptor transcript was significantly lower in
ICU patients than in Outpatients (p<0.0001) (Fig 3A). Finally, the expression of CCL2, inter-
feron a, B, €, v, k, and A, and tumor necrosis factor-o genes did not differ between the 3
groups.

Compared to ICU patients, Outpatients presented with a T helper “Th1-Th17” profile,
characterized by a significant increase in the expression of CXCL9 (p<0.0001), CXCL10
(p<0.0001) and CXCL11 (p<0.0001) transcripts, that resulted in a significantly enhanced
expression of the Granzyme B gene (p<0.0001). Expression of the CXCR6 gene (Th1) was sig-
nificantly enhanced (p<0.0001), while the increased expression of the CCR6 receptor (Th17)
was nearly significant (p = 0.055) (Fig 3B). Hospitalized patients had chemokine profiles closer
to ICU patients than to Outpatients for this pathway.

Receiver operating characteristic (ROC) curves and areas under the curves (AUC) were cal-
culated for each group of patients to assess the predictive value of two panels of genes on the
severity of the disease: (i) the CXCR2 panel, including CXCL1, IL-8, CXCL5 and CXCR2; and
(ii) the CXCR3 panel, including CXCL10, CXCL11, CXCL9, CXCR3, GZMB, CCR6 and
CCL20. As shown in Fig 4A, expression of the CXCR2 panel accurately predicted the severity
of the disease (AUC of 0.86 for severity in ICU patients vs 0.90 for lack of severity in Outpa-
tients). Conversely, as shown in Fig 4B, expression of the CXCR3 panel accurately predicted
the lack of severity of the disease (AUC of 0.91 for non-severity in Outpatients vs 0.96 for lack
of non-severity in ICU patients). Prediction was poor for Hospitalized patients who had inter-
mediate profiles.

Olfactory receptor gene expression in NPS was significantly reduced in Outpatients, com-
pared to Hospitalized and ICU patients (p<0.0001) (Fig 5A). Finally, angiotensin-converting
enzyme 2 (ACE2) transcript expression was significantly greater in Outpatients than in
patients with more advanced disease (p<0.0001) (Fig 5B).

Multivariate analysis and predictors of 30-day mortality

Multivariate analysis showed a positive association between the expression of markers of the
CXCR3 pathway (CXCL11, CXCR3, GZMB, CCR6, CCL20), ACE2 and female sex. Two
CXCR3 biomarkers (CXCL9 and CXCL10) were negatively associated with age (Table 3).

The biomarker predictors of 30-day mortality were analyzed by multivariate analysis. Age,
diabetes and obesity were independently associated with death. Thus, multivariate analysis was
adjusted for age, sex, diabetes and body mass index. The expressions of CXCL5 (adjusted odds
ratio (aOR): 10.50, 95%CI: 1.22-90.55; p = 0.032) and CXCL9 (aOR: 15.48; 95%CI: 1.05-
227.12; p = 0.046) were independently associated with 30-day mortality in ICU patients
(Table 4). There was also a trend for an association between the expressions of CXCL11 and
GZMB and 30-day mortality. No association was found with the other biomarkers (Table 4).

Discussion

In the present study, we used metagenomics based on next-generation sequencing to charac-
terize the genomic, metagenomic, and transcriptomic features of NPS in patients with various
severities of COVID-19 disease, with the goal to identify viral and/or host factors associated
with the most severe forms of the infection.
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OR52W1, OR56A4, OR6B1, OR6B2, OR6X1, OR8B2, OR8B3 and OR9G1). (B) Expression of the angiotensin-
converting enzyme-2 (ACE2) transcript, the SARS-CoV-2 entry receptor, in the three groups of patients. *p<0.05;

**p<0.01.

https://doi.org/10.1371/journal.ppat.1009416.9005

Shotgun metagenomics provides semi-quantification of SARS-CoV-2 viral loads normal-
ized to the amount of cellular materials. Here, the viral loads in the NPS were significantly
higher in Outpatients than in patients with more severe pulmonary disease, in keeping with
similar observations made during the course of SARS disease at the time of the 2003 epidemic
[11]. Based on what is known of the natural dynamics of SARS-CoV-2 viral loads, this finding

Table 3. Association between clinical factors and biomarker gene expression (n = 93). aOR indicate adjusted odds ratio. Significant associations (p <0.05) are in bold.

Age (years), for 1 year Female sex (vs BMI >30 vs <30 Hypertension Diabetes Cardiovascular
increase Male) (kg/mz) disease
CXCR2 | CXCLI1® Coeﬁ‘b [95% 0.01 [-0.01; 0.02] -0.65 [-1.07; -0.04 [-0.49; -0.40] -0.16 [-0.59; 0.29 [-0.19; -0.67 [-1.23; -0.10]
CIj -0.23] 0.26] 0.77]
p value 0.2 0.003 0.85 0.45 0.24 0.021
IL8° Coeff® [95% 0.02 [-0.01; 0.05] -1.25 [-1.99; 0.03 [-0.75; 0.82] -0.23 [-1.00; 0.22 [-0.65; -0.60 [-1.63; 0.43]
CIj 0.50] 0.54] 1.10]
p value 0.12 0.001 0.93 0.55 0.61 0.25
CXCL5 | aOR® [95% 0.99 [0.95; 1.03] 1.07[0.38;2.97] | 1.17[0.39;3.48] | 0.94[0.33;2.69] |  1.69 [0.49; 0.45 [0.12; 1.73]
CIj 5.84]
p value 0.6 0.9 0.78 0.91 0.4 0.24
CXCR2 aOR® [95% 1.00 [0.95; 1.05] 9.17 [1.72; 48.93] 0.30 [0.08; 1.14] 1.03 [0.30; 3.51] 2.33[0.54; 0.32 [0.06; 1.61]
cIj 10.0]
p value 0.99 0.009 0.077 0.97 0.25 0.17
CXCR3 | CXCL10" Coeﬂb [95% -0.06 [-0.09; -0.03] -0.05 [-0.96; 0.86] -0.84 [-1.78; 0.11] 0.05 [-0.88; -0.42 [-1.54; 0.41 [-0.83; 1.65]
cIj 0.98] 0.64]
p value 0.0002 0.91 0.08 0.91 0.41 0.51
CXCL11 | aOR® [95% 1.00 [0.95;1.04] 4.12[1.11;15.28] |  0.74[0.21;2.66] 1.06 [0.33; 3.44] 1.38 [0.37; 0.32 [0.04; 1.46]
CI] 5.11]
p value 0.86 0.034 0.64 0.93 0.63 0.14
CXCLY* Coeffb [95% -0.03 [-0.05; -0.01] 0.05 [-0.60; 0.72] -0.35 [-1.04; 0.35] 0.03 [-0.65; -0.43 [-1.20; 0.90 [-0.05; 1.85]
CIj 0.72] 0.33]
p value 0.007 0.86 0.32 0.93 0.26 0.064
CXCR3 aOR® [95% 0.98 [0.94; 1.02] 9.77 [2.95; 32.3] 4.98 [1.24; 20.00] 0.63 [0.20; 1.95] 4.80 [1.27; 1.20 [0.27; 5.29]
cIj 18.10]
p value 0.42 <0.001 0.023 0.42 0.02 0.81
GZMB aOR" [95% 1.01 [0.96; 1.06] 6.03 [1.36; 26.8] 1.09 [0.28; 4.21] 0.53 [0.15; 1.87] 3.99 [0.80; 0.28 [0.06; 1.43]
cIj 20.00]
p value 0.69 0.02 0.9 0.32 0.09 0.13
CCR6 | aOR®[95% 0.96 [0.92; 1.00] 5.53 [1.50;20.40] |  0.76 [0.20;2.90] | 0.93 [0.20;4.12] | 0.3[0.03;2.99] |  1.78 [0.24; 13.50]
CI]
p value 0.06 0.01 0.68 0.93 0.31 0.58
CCL20 aOR® [95% 1.00 [0.95; 1.05] 5.25 [1.24; 22.10] 0.73 [0.21; 2.57] 0.97 [0.30; 3.20] 0.96 [0.27; 0.54 [0.12; 2.41]
CIj 3.47]
p value 0.92 0.02 0.63 0.96 0.95 0.42
ACE2 aOR®[95%ClI] 1.00 [0.95; 1.06] 22.6 [2.59; 0.78 [0.19; 3.18] 0.48 [0.14; 1.66] 2.47 [0.58; 0.28 [0.05; 1.46]
196.40] 10.50]
p value 0.94 0.005 0.73 0.25 0.22 0.13

a log-transformed

b Multivariate linear regression (Coeff) or logistic regression (aOR) adjusted for all clinical factors

https://doi.org/10.1371/journal.ppat.1009416.t003
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Table 4. Multivariate analysis assessing the prognostic value of biomarker gene expression on 30-day mortality in
ICU patients (N = 44, 17 deaths).

Biomarker gene expression (detected vs not) aOR* 95%CI p value**
CXCL5 10.50 1.22 90.55 0.032
CXCR2 3.09 0.47 20.25 0.238
CXCL11 541 0.85 34.38 0.074
CXCL9 15.48 1.05 227.12 0.046
GZMB 5.81 0.86 39.42 0.072
ACE2 3.05 0.51 18.24 0.221

aOR indicates adjusted odds ratio.

*Adjusted for age, BMI (>30kg/m” vs <30kg/m?), diabetes and gender.
*Separate multivariate logistic regression for each biomarker

** Wald test

https://doi.org/10.1371/journal.ppat.1009416.t004

could suggest that Outpatients are seen at an earlier stage of the infection, whereas severe
forms, when they develop, occur later upon the course of the disease. However, Hospitalized
and ICU patients were diagnosed only 2-3 days later than Outpatients relative to the onset of
symptoms in our study. Together, these results suggest that the severity of SARS-CoV-2 infec-
tion is not associated with higher viral loads in NPS.

Shotgun metagenomics allowed us to identify 3 viral co-infections, including influenza
virus B, respiratory syncytial virus and rhinovirus, as already described with comparable meth-
ods [12]. However, as recently suggested [13], such coinfections are rare. Interestingly, the
Hospitalized patient group carried fewer microorganisms, in particular fewer pathogenic bac-
teria, than the ICU and Outpatients groups in our study. These results are difficult to explain
and remain to be confirmed in larger groups of hospitalized patients. Importantly, there was
no significant difference in the frequencies of carriage of Prevotella sp. genus, found in only
one ICU patient, for which a role in the severity of COVID-19 has been suggested [14].

No viral sequence signature was associated with the severity of the disease. The recently
described D614G substitution in the spike protein [10] was more frequent in Outpatients than
in Hospitalized patients and in ICU patients, suggesting no role in the severity of the disease.
Whether this substitution confers a transmissibility advantage remains debated [10]. These
results indicate that the genetic characteristics of SARS-CoV-2 have no influence on the sever-
ity of COVID-19. Together with the preceding findings, they suggest that differences in sever-
ity of COVID-19 are not explained by viral factors. Further studies will be needed to assess
whether this holds true with the recently described emergence of new variants in different geo-
graphical regions with numerous substitutions in the spike protein.

In contrast, host transcriptomic analyses unequivocally differentiated Outpatients from
ICU patients. Transcriptomic patterns from Hospitalized patients appeared to be closer to
those from ICU patients. This finding was not surprising, as there appears to be essentially two
forms of SARS-CoV-2-induced respiratory disease: a benign form that does not require hospi-
talization, and a serious pneumonia requiring oxygen supplementation that may ultimately
aggravate and require mechanical ventilation. The two pathways that were enriched when
comparing Outpatients and ICU patients were the cytokine-cytokine receptor interaction
pathway and the olfactory transduction pathway. Severe pneumonia was associated with over-
expression of transcripts of cytokines that activate the CXCR2 receptor pathway, including
CXCL1, IL-8, and CXCL5, whereas patients with benign disease presented with a T helper
“Th1-Th17” profile, characterized by a significant increase in the expression of CXCR3 path-
way activator genes, including CXCL9, CXCL10, CXCL11, and Granzyme B. The expression
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of IL17A, which is produced by Th17 cells and has been suggested to activate CXCL1 [15,16],
was not significantly different between the groups.

CXCL1, IL-8, and CXCLS5 activate the CXCR2 receptor, the function of which is to recruit
neutrophils to the site of inflammation where they play a central role in first-line defences
against infection [17]. The involvement of IL-8 in patients with more severe disease suggests
that these individuals have reached the amplification phase that prolongs neutrophil recruit-
ment and activation [18]. These findings strengthen the recent hypothesis that the most severe
cases of COVID-19 are caused by overactive immune cells producing Neutrophil Extracellular
Traps (NETs), excess neutrophil infiltration enhancing the inflammatory response and pro-
longing tissue damage [19,20]. The expression of the CXCR2 receptor transcript was signifi-
cantly lower in ICU patients than in Outpatients, possibly because the analysis was global and
the CXCR2 receptor is present in many cell types, including epithelial, and endothelial cells,
that could be destroyed in large amounts in the context of severe local inflammation. It has
also been shown that CXCR2 is downregulated on neutrophils during sepsis, thereby favouring
infection [17].

A genome-wide association study identified a gene cluster at locus 3p21.31 as a genetic sus-
ceptibility locus in patients with COVID-19 with respiratory failure [21]. Among the 6 genes
spanned by the association signal (SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6 and XCR1I), the
CXCR6 gene was significantly under-expressed in ICU patients compared to other groups in
our study. No difference was observed for the other genes. CXCR6 expression has been shown
to control the pulmonary localization of resident memory T cells, which have been reported to
be required for the immune response against different types of respiratory pathogens, such as
for instance influenza virus [22]. Together, these findings point to a genetic predisposition to
severe immunological forms of COVID-19 infection.

Transcriptomic data, in particular panels of over- or under-expressed genes, can be used to
classify patients into different pathophysiology groups. They can also be useful in practice to
predict clinical outcomes and make care decisions. In the present study, the expression of pan-
els of genes involved either in the CXCR?2 or in the CXCR3 signalling pathways was strongly
associated with the severity of COVID-19 disease. Pending validation on another, prospec-
tively recruited cohort of patients with COVID-19, these results suggest that simple gene
expression panels in NPS could be used early in the course of the disease to identify patients at
risk of severe disease, in order to optimize hospital resources, in particular when an epidemic
peak is reached.

Anosmia, and dysgeusia have been reported to be frequent in patients with SARS-CoV-2
infection. They have been more often described in those with a benign form of the disease,
while it has been suggested that patients with more advanced disease may under-report this
symptom. In our study, olfactory receptor expression was significantly reduced in Outpatients,
compared to Hospitalized and ICU patients. This observation confirms the association of
anosmia with the least severe forms of infection.

ACE2 has been shown to be the receptor of SARS-CoV-2, mediating its entry into cells
through attachment of the spike envelope protein [23]. ACE2 is expressed by olfactory epithe-
lial support cells, but it does not appear to be expressed by olfactory neuronal cells [24]. In our
cohort, ACE2 expression in NPS was significantly greater in Outpatients than in patients with
more advanced disease. The infection of a larger number of nasal cells in patients with benign
disease, that fits with our observation of higher viral loads in these patients, may reflect the
early stage of infection. It could explain the greater impact of the infection on olfactory recep-
tor expression and the resulting anosmia in these patients than in those with more severe
disease.
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Numerous studies have shown that female sex is associated with a better prognosis of
COVID-19 disease [25]. It has been suggested to be due to the expression of genes carried by
the X chromosome, in particular those coding for the ACE2 receptor [26] and for the CXCR3
pathway of the T-cell response [27]. In our study, most of the biomarkers associated with a
good prognosis of infection were associated with female sex, independently of age and cardio-
metabolic prognosis factors. These results strengthen the hypothesis of a genetic background
favouring the severity of the disease. ICU survivors were more likely to express certain markers
of the CXCR3 pathway, regardless of the demographic and clinical factors, suggesting the pre-
ponderant role of T-cell responses in the protection against severity.

The main limitation of this work is that our studies were performed in NPS and not in
lower respiratory specimens from endotracheal aspirate or bronchoscopy with bronchoalveao-
lar lavage. However, such explorations are unethical because they are unnecessary in outpa-
tients with benign forms of the disease, as well as in hospitalized patients, including those
requiring mechanical ventilation, in whom the diagnosis of SARS-CoV-2 infection has been
made from NPS. In addition, the American Association for Bronchology and Interventional
Pulmonology recently published guidelines indicating that bronchospcopy should be used
sparingly in the evaluation and management of patients with suspected or confirmed COVID-
19 infections, in order to maximize protection of patients and healthcare workers. Indeed,
bronchoscopy is an aerosol-generating procedure that poses substantial risk to patients and
staff. It should have an extremely limited role in the diagnosis of COVID-19 and only be con-
sidered in intubated patients if NPS are negative for SARS-CoV-2 RNA and other diagnosis is
considered that would significantly change clinical management [28]. Therefore, a study com-
paring genomic, metagenomic, and transcriptomic data in lower respiratory specimens from
patients with various COVID-19 severities will never be possible. Fortunately, a recent study
comparing the human transcriptomic response in nasal and blood samples from children with
acute viral respiratory infection and controls showed that nasal gene expression signatures
were as good or better than blood signatures for discriminating between symptomatic, asymp-
tomatic and uninfected children. Therefore, we are confident that our data reflect the systemic
host transcriptomic response to infection in the 3 groups of patients studied.

Another limitation of our study is the lack of a SARS-CoV-2-negative control group of
patients hospitalized in the ICU during the same period. This group was initially planned in
the study design. However, no patients could be included because, like in many other hospitals
in the world, our beds, including in the ICU, were entirely occupied by patients infected with
SARS-CoV-2 during the study period, which corresponded to the beginning of the first wave
of the COVID-19 pandemic in Europe. We then decided not to build a SARS-CoV-2-negative
control group during a later period, because both groups would not be comparable due to the
seasonality of respiratory infections and the impact of prevention measures put in place in hos-
pitals and the society after the first pandemic wave.

In conclusion, our findings suggest a classical Th1-Th17 T-lymphocyte response in patients
with benign COVID-19 disease not requiring hospitalization. In contrast, severe and pro-
longed inflammation due to neutrophil accumulation plays a major role in severe COVID-19
cases, regardless of the genetic characteristics of the virus or the presence of bacterial, viral,
fungal and/or parasitic coinfections. Similar profiles have been reported during SARS-CoV
and MERS-CoV infections, but very few human samples could be analysed due to the scarcity
of cases during these two epidemics [11]. If the formation of NETs is confirmed, their procoa-
gulant properties could explain the frequency of thrombotic events during the course of
COVID-19 disease [29]. These results suggest that immune therapies will be required for the
treatment of patients with severe forms of SARS-CoV-2 infection. In this context, CXCR2
antagonists, including several compounds in clinical development [17], could play a beneficial
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role in the treatment of patients with severe COVID-19. Among them, IL-8 antagonists appear
as particularly promising for the treatment of patients with severe COVID-19 in the light of
our findings.

Materials and methods
Ethics statement

The authors declare that the planning, conduct, and reporting of the study was in line with the
Declaration of Helsinki, and French laws for biomedical research. It only involved the use of
residual samples that were sent for COVID-19 diagnosis by RT-qPCR and with non-opposi-
tion of the patients to their use in an assay. The study was approved by the Henri Mondor Hos-
pital Institutional Review Board (Créteil, France), on approval number 00011558, and all
patients provided their written informed consent.

Patients

All patients seen at the Henri Mondor hospital (Créteil, France) between March 9 and March
30, 2020, with signs compatible with the diagnosis of COVID-19 were tested by RT-qPCR for
the presence of SARS-CoV-2 RNA in NPS (RealStar SARS-CoV-2 RT-PCR Kit, Altona Diag-
nostics, Hamburg, Germany). All patients requiring immediate hospitalization in the ICU
were included in the study, while patients in the Hospitalized patient and Outpatient groups
were randomly selected among the remaining subjects, who were too many to be all included.
For this, the study period was divided into slots of 3 hours, including weekends and nights.
Among them, 21 slots of 3 hours were randomly selected, with an overrepresentation (2 to 1)
of opening hours versus night and weekend hours. All patients sampled during the 21 selected
slots were included in the study. Patient characteristics, including gender and age, risk factors
for severe COVID-19, treatments and parameters specific for severe COVID-19 cases (in Hos-
pitalized, and ICU patients) were collected.

The characteristics of the patients are shown in Table 1.

Shotgun metagenomics experimental procedure

The ISO15189-accredited shotgun metagenomics procedure used for this study (MetaMIC)
has been previously published [7,30]. Briefly, a pre-extraction step combining mechanical,
enzymatic and chemical procedures was performed prior to extraction by means of QIA-
symphony DSP DNA Midi Kit on a QiaSymphony Instrument (Qiagen, Hilden, Germany).
The extracts were used for library preparation by means of TruSeq Stranded Total RNA kit
(Ilumina, San Diego, California) and for pair-end sequencing by means of NextSeq 500/550
High Output Kit v2.5 (300 cycles) on a NextSeq500 Instrument (Illumina). A negative control
(sterile water) and a positive control (ZymoBIOMICS Microbial Community Standard,
Ozyme, Montigny-le-Bretonneux, France) were included in each run and processed through
the entire protocol.

Bioanalysis of metagenomics data

Fastq files were analyzed by our in-house software MetaMIC (v2.2.0). The data were filtered
based on quality (phred score) and the sequences were mapped against several custom data-
bases, including human and pathogen sequences derived from the NT database and their
annotation. Human sequences were counted, collected in a separate Fastq file and subse-
quently used for transcriptomic analyses. Microbial sequences were analysed with specific
modules. Sequence counts were made for each bacterial, viral, fungal and parasite species and
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compared to the environmental control. The runs were considered valid if each component of
the positive control, that contains a mixture of different microbial species, was detected. The
final report included only microbial agents present in significant proportions. For each of
them, a specific file containing all annotated sequences was built. This file was also used for
SARS-CoV-2 genome analyses.

Phylogeny

The SARS-CoV-2 annotated sequences from each patient were aligned against the reference
sequence (NC_045512.2) with BWA-mem [31]. A consensus full-length genome sequence was
obtained for each patient. Multiple alignments were carried out using Muscle [32]; phyloge-
netic analysis was carried out with IQ-Tree v1.3.11.1 [33], rooted with the KY770858.1 bat
virus sequence using GTR+F+1+G4 model and 10,000 bootstraps. The tree was generated by
means of iTOL (v4.4.2).

Transcriptomic analysis

The analysis of transcript expression was performed following previously published guidelines
[34]. Briefly, after quality filtration with Sickle v1.33 [35], RNA transcripts were aligned with
GRCh37 (release 87) human genome using HISAT2 v2.1.0 [36]. The expression levels of all
genes were estimated by means of Stringtie v1.3.5 [37]. Differential expression was calculated
using gene count data and DESeq2 version 1.26.0 [38] in R statistical programming environ-
ment. Wald test associated with Benjamini and Hochberg procedure were used to test the sig-
nificance of the differences in transcript expression. Differentially expressed genes with p-
values adjusted below 0.01 and log2 fold changes >2 or <-2 were used as input to perform
ranked ontology analysis with String [39]. A normalized count of genes was used to identify
enriched signalling pathways, taking into account gene ranking according to the extent of
over- or under-expression using KEGG Functional pathways [40]. For pathways found to be
significantly enriched, the expression of the genes involved was measured from the transcript
count data for further comparisons.

To explore the predictive value on the severity of COVID-19 disease of gene expression
from the CXCR2 and CXCR3 pathways, normalized count expression of CXCL1, CXCLS5, IL8,
CXCR2 and CXCL10, CXCL11, CXCL9, CXCR3, GZMB, CCR6, CCL20 respectively was used
for analysis with sickit-learn (0.23.2). The dataset was divided in two (2:1), in order to create
one dataset to train the model and another one to evaluate it. A linear support-vector classifi-
cation model was used to fit one classifier per class. ROCs and AUCs were calculated to mea-
sure the performance of the two panels.

Quantification and statistical analysis

Quantitative parametric variables were compared across the 3 groups (Outpatients, Hospital-
ized patients, and ICU patients) using ANOVA One Way test combined with post-hoc Tukey
HSD test for 2-to-2 comparisons when the ANOVA was significant. Qualitative variables were
compared with Chi-Square test.

Univariate and multivariate analysis was performed to assess the predictive power of the 12
identified biomarkers on 30-day mortality, independently of the clinical factors. Biomarker
gene expression was log-transformed and handled in a continuous way whenever possible
(value at 0 corresponding to transcript “not detected”, for CXCL1, IL18, CXCL10, CXCL9),
and otherwise transformed into two categories (“detected” versus “not detected”). For continu-
ous biomarkers, uni- and multivariate linear regressions were performed to identify clinical
factors independently associated with an increased expression of the biomarker gene. For
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categorical biomarkers, uni- and multivariate logistic regressions were performed. An a priori
adjustment strategy was chosen, based on known clinical prognosis factors, including age, sex,
body mass index, diabetes, hypertension, cardio-vascular disease, and chronic obstructive pul-
monary disease. Due to the small number of patients with chronic obstructive pulmonary dis-
ease included in the study, adjustment for this variable was not possible. The association
between each biomarker and 30-day survival was assessed by uni- and multivariate analysis in
the subgroup of ICU patients by means of logistic regression. The same adjustment strategy
was used.

All statistical tests were performed using Stata SE (v16.0, College Station, TX, USA). p val-
ues <0.05 were considered as significant.

Supporting information

S1 Fig. Principal component analysis of transcriptomic data. Group of severity are indicated
in blue (Outpatients), green (Hospitalized patients) and red (ICU patients).
(TIF)

Acknowledgments

The authors are grateful to the COMETS2 Clinical Study Group for including patients in the
study or for helpful technical assistance: Camille Corlouer, Virginie Courbin, Malo Emery,
Sébastien Gallien, Giulia La Martire, Giovanna Mellica, Pierre-André Natella, Nadia Oubaya,
Mounira Smati, Florian Sonthonnax, and Charlotte Wemmert.

Author Contributions

Conceptualization: Christophe Rodriguez, Nicolas de Prost, Slim Fourati, Florence Canoui-
Poitrine, Laure Surgers, Paul-Louis Woerther.

Data curation: Guillaume Gricourt.
Formal analysis: Christophe Rodriguez, Guillaume Gricourt, Melissa N’debi.
Funding acquisition: Christophe Rodriguez, Nicolas de Prost, Slim Fourati.

Investigation: Nicolas de Prost, Raphaél Lepeule, Laure Surgers, William Vindrios, Jean-Dan-
iel Leliévre, Nicolas Mongardon, Olivier Langeron, Armand Mekontso-Dessap.

Methodology: Christophe Rodriguez, Nicolas de Prost, Slim Fourati, Guillaume Gricourt,
Melissa N'debi, Vanessa Demontant, Elisabeth Trawinski.

Project administration: Christophe Rodriguez, Claudie Lamoureux, Isaac Désveaux, Oriane
Picard.

Resources: Christophe Rodriguez, Vanessa Demontant, Elisabeth Trawinski, Laure Surgers.
Software: Christophe Rodriguez, Guillaume Gricourt.
Supervision: Christophe Rodriguez, Laure Surgers.

Validation: Christophe Rodriguez, Slim Fourati, Claudie Lamoureux, Florence Canoui-Poi-
trine, Laure Surgers, Paul-Louis Woerther.

Visualization: Christophe Rodriguez, Florence Canoui-Poitrine, Laure Surgers, José L.
Cohen, Paul-Louis Woerther, Jean-Michel Pawlotsky.

Writing - original draft: Christophe Rodriguez, Nicolas de Prost, Slim Fourati, Claudie
Lamoureux, Florence Canoui-Poitrine, Paul-Louis Woerther, Jean-Michel Pawlotsky.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009416 March 29, 2021 18/21


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009416.s001
https://doi.org/10.1371/journal.ppat.1009416

PLOS PATHOGENS

Covid-19 metagenomics and human transcriptomics

Writing - review & editing: Christophe Rodriguez, Nicolas de Prost, Slim Fourati, Florence

Canoui-Poitrine, Jean-Daniel Leliévre, Nicolas Mongardon, Olivier Langeron, José L.
Cohen, Armand Mekontso-Dessap, Paul-Louis Woerther, Jean-Michel Pawlotsky.

References

1.

10.

11.

12

13.

14.

15.

16.

Yang X, YuY, Xu J, Shu H, Xia J, Liu H, et al. Clinical course and outcomes of critically ill patients with
SARS-CoV-2 pneumonia in Wuhan, China: a single-centered, retrospective, observational study. The
Lancet Respiratory medicine. 2020. https://doi.org/10.1016/S2213-2600(20)30079-5 PMID: 32105632;
PubMed Central PMCID: PMC7102538.

Huang YS, Higgs S, Vanlandingham DL. Emergence and re-emergence of mosquito-borne arbovi-
ruses. Current opinion in virology. 2019; 34:104-9. https://doi.org/10.1016/j.coviro.2019.01.001 PMID:
30743191.

Vetter P, Eckerle |, Kaiser L. Covid-19: a puzzle with many missing pieces. Bmj. 2020; 368:m627.
https://doi.org/10.1136/bmj.m627 PMID: 32075791.

ZhouF,YuT,DuR, FanG, LiuY, Liu Z, et al. Clinical course and risk factors for mortality of adult inpa-
tients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet. 2020; 395(10229):1054—
62. https://doi.org/10.1016/S0140-6736(20)30566-3 PMID: 32171076.

Ritchie Al, Singanayagam A. Immunosuppression for hyperinflammation in COVID-19: a double-edged
sword? Lancet. 2020; 395(10230):1111. https://doi.org/10.1016/S0140-6736(20)30691-7 PMID:
32220278; PubMed Central PMCID: PMC7138169.

Chiu CY, Miller SA. Clinical metagenomics. Nature reviews Genetics. 2019; 20(6):341-55. https://doi.
0rg/10.1038/s41576-019-0113-7 PMID: 30918369.

Rodriguez C, Jary A, Hua C, Woerther PL, Bosc R, Desroches M, et al. Pathogen identification by shot-
gun metagenomics of patients with necrotising soft-tissue infections. The British journal of dermatology.
2019. https://doi.org/10.1111/bjd.18611 PMID: 31610037.

Fourati S, Rodriguez C, Hezode C, Soulier A, Ruiz |, Poiteau L, et al. Frequent Antiviral Treatment Fail-
ures in Patients Infected With Hepatitis C Virus Genotype 4, Subtype 4r. Hepatology. 2019; 69(2):513—
23. https://doi.org/10.1002/hep.30225 PMID: 30125371.

Langelier C, Kalantar KL, Moazed F, Wilson MR, Crawford ED, Deiss T, et al. Integrating host response
and unbiased microbe detection for lower respiratory tract infection diagnosis in critically ill adults. Pro-
ceedings of the National Academy of Sciences of the United States of America. 2018; 115(52):E12353—
E62. https://doi.org/10.1073/pnas.1809700115 PMID: 30482864; PubMed Central PMCID:
PMC6310811.

Korber B, Fisher W, Gnanakaran S, Yoon H, Theiler J, Abfalterer W, et al. Spike mutation pipeline
reveals the emergence of a more transmissible form of SARS-CoV-2. BioRXiV. 2020. https://doi.org/10.
1101/2020.04.29.069054.

de Wit E, van Doremalen N, Falzarano D, Munster VJ. SARS and MERS: recent insights into emerging
coronaviruses. Nat Rev Microbiol. 2016; 14(8):523-34. https://doi.org/10.1038/nrmicro.2016.81 PMID:
27344959; PubMed Central PMCID: PMC7097822.

Van Tan L, Thi Thu Hong N, My Ngoc N, Tan Thanh T, Thanh Lam V, Anh Nguyet L, et al. SARS-CoV-2
and co-infections detection in nasopharyngeal throat swabs of COVID-19 patients by metagenomics.
The Journal of infection. 2020; 81(2):e175—e7. https://doi.org/10.1016/}.jinf.2020.06.033 PMID:
32562797; PubMed Central PMCID: PMC7403860.

Shah SJ, Barish PN, Prasad PA, Kistler AL, Neff N, Kamm J, et al. Clinical features, diagnostics, and
outcomes of patients presenting with acute respiratory illness: a comparison of patients with and without
COVID-19. medRxiv: the preprint server for health sciences. 2020. https://doi.org/10.1101/2020.05.02.
20082461 PMID: 32511488; PubMed Central PMCID: PMC7273256.

Khan AA, Khan Z. COVID-2019-associated overexpressed Prevotella proteins mediated host-pathogen
interactions and their role in coronavirus outbreak. Bioinformatics. 2020; 36(13):4065-9. https://doi.org/
10.1093/bioinformatics/btaa285 PMID: 32374823; PubMed Central PMCID: PMC7373214.

Fujie H, Niu K, Ohba M, Tomioka Y, Kitazawa H, Nagashima K, et al. A distinct regulatory role of Th17
cytokines IL-17A and IL-17F in chemokine secretion from lung microvascular endothelial cells. Inflam-
mation. 2012; 35(3):1119-31. https://doi.org/10.1007/s10753-011-9419-0 PMID: 22219048.

Liang SC, Long AJ, Bennett F, Whitters MJ, Karim R, Collins M, et al. An IL-17F/A heterodimer protein
is produced by mouse Th17 cells and induces airway neutrophil recruitment. Journal of immunology.
2007; 179(11):7791-9. https://doi.org/10.4049/jimmunol.179.11.7791 PMID: 18025225.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009416 March 29, 2021 19/21


https://doi.org/10.1016/S2213-2600%2820%2930079-5
http://www.ncbi.nlm.nih.gov/pubmed/32105632
https://doi.org/10.1016/j.coviro.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30743191
https://doi.org/10.1136/bmj.m627
http://www.ncbi.nlm.nih.gov/pubmed/32075791
https://doi.org/10.1016/S0140-6736%2820%2930566-3
http://www.ncbi.nlm.nih.gov/pubmed/32171076
https://doi.org/10.1016/S0140-6736%2820%2930691-7
http://www.ncbi.nlm.nih.gov/pubmed/32220278
https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.1038/s41576-019-0113-7
http://www.ncbi.nlm.nih.gov/pubmed/30918369
https://doi.org/10.1111/bjd.18611
http://www.ncbi.nlm.nih.gov/pubmed/31610037
https://doi.org/10.1002/hep.30225
http://www.ncbi.nlm.nih.gov/pubmed/30125371
https://doi.org/10.1073/pnas.1809700115
http://www.ncbi.nlm.nih.gov/pubmed/30482864
https://doi.org/10.1101/2020.04.29.069054
https://doi.org/10.1101/2020.04.29.069054
https://doi.org/10.1038/nrmicro.2016.81
http://www.ncbi.nlm.nih.gov/pubmed/27344959
https://doi.org/10.1016/j.jinf.2020.06.033
http://www.ncbi.nlm.nih.gov/pubmed/32562797
https://doi.org/10.1101/2020.05.02.20082461
https://doi.org/10.1101/2020.05.02.20082461
http://www.ncbi.nlm.nih.gov/pubmed/32511488
https://doi.org/10.1093/bioinformatics/btaa285
https://doi.org/10.1093/bioinformatics/btaa285
http://www.ncbi.nlm.nih.gov/pubmed/32374823
https://doi.org/10.1007/s10753-011-9419-0
http://www.ncbi.nlm.nih.gov/pubmed/22219048
https://doi.org/10.4049/jimmunol.179.11.7791
http://www.ncbi.nlm.nih.gov/pubmed/18025225
https://doi.org/10.1371/journal.ppat.1009416

PLOS PATHOGENS

Covid-19 metagenomics and human transcriptomics

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Zhang X, Guo R, Kambara H, Ma F, Luo HR. The role of CXCR2 in acute inflammatory responses and
its antagonists as anti-inflammatory therapeutics. Current opinion in hematology. 2019; 26(1):28-33.
https://doi.org/10.1097/MOH.0000000000000476 PMID: 30407218; PubMed Central PMCID:
PMC6994181.

de Oliveira S, Rosowski EE, Huttenlocher A. Neutrophil migration in infection and wound repair: going
forward in reverse. Nature reviews Immunology. 2016; 16(6):378-91. https://doi.org/10.1038/nri.2016.
49 PMID: 27231052; PubMed Central PMCID: PMC5367630.

Barnes BJ, Adrover JM, Baxter-Stoltzfus A, Borczuk A, Cools-Lartigue J, Crawford JM, et al. Targeting
potential drivers of COVID-19: Neutrophil extracellular traps. The Journal of experimental medicine.
2020; 217(6). https://doi.org/10.1084/jem.20200652 PMID: 32302401; PubMed Central PMCID:
PMC7161085.

Zuo'Y, Yalavarthi S, Shi H, Gockman K, Zuo M, Madison JA, et al. Neutrophil extracellular traps in
COVID-19. JCl insight. 2020. https://doi.org/10.1172/jci.insight. 138999 PMID: 32329756.

Ellinghaus D, Degenhardt F, Bujanda L, Buti M, Albillos A, Invernizzi P, et al. Genomewide Association
Study of Severe Covid-19 with Respiratory Failure. The New England journal of medicine. 2020. https://
doi.org/10.1056/NEJM0a2020283 PMID: 32558485; PubMed Central PMCID: PMC7315890.

Wein AN, McMaster SR, Takamura S, Dunbar PR, Cartwright EK, Hayward SL, et al. CXCR6 regulates
localization of tissue-resident memory CD8 T cells to the airways. The Journal of experimental medi-
cine. 2019; 216(12):2748-62. https://doi.org/10.1084/jem.20181308 PMID: 31558615; PubMed Central
PMCID: PMC6888981.

Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the recognition of SARS-CoV-2 by full-
length human ACE2. Science. 2020; 367(6485):1444-8. https://doi.org/10.1126/science.abb2762
PMID: 32132184; PubMed Central PMCID: PMC7164635.

Brann DH, Tsukahara T, Weinreb C, Logan DW, Robert Datta S. Non-neural expression of SARS-CoV-
2 entry genes in the olfactory epithelium suggests mechanisms underlying anosmia in COVID-19
patients. bioRXiV. 2020. https://doi.org/10.1101/2020.03.25.009084.

Scully EP, Haverfield J, Ursin RL, Tannenbaum C, Klein SL. Considering how biological sex impacts
immune responses and COVID-19 outcomes. Nature reviews Immunology. 2020; 20(7):442—7. https://
doi.org/10.1038/s41577-020-0348-8 PMID: 32528136; PubMed Central PMCID: PMC7288618.

Ali F, Elserafy M, Alkordi MH, Amin M. ACE2 coding variants in different populations and their potential
impact on SARS-CoV-2 binding affinity. Biochemistry and biophysics reports. 2020; 24:100798. https:/
doi.org/10.1016/j.bbrep.2020.100798 PMID: 32844124; PubMed Central PMCID: PMC7439997.

Wang J, Syrett CM, Kramer MC, Basu A, Atchison ML, Anguera MC. Unusual maintenance of X chro-
mosome inactivation predisposes female lymphocytes for increased expression from the inactive X.
Proceedings of the National Academy of Sciences of the United States of America. 2016; 113(14):
E2029-38. https://doi.org/10.1073/pnas.1520113113 PMID: 27001848; PubMed Central PMCID:
PMC4833277.

Wabhidi MM, Herth FJF, Chen A, Cheng G, Yarmus L. State of the Art: Interventional Pulmonology.
Chest. 2020; 157(3):724-36. https://doi.org/10.1016/j.chest.2019.10.013 PMID: 31678309.

Gollomp K, Kim M, Johnston |, Hayes V, Welsh J, Arepally GM, et al. Neutrophil accumulation and NET
release contribute to thrombosis in HIT. JCI insight. 2018; 3(18). https://doi.org/10.1172/jci.insight.
99445 PMID: 30232279; PubMed Central PMCID: PMC6237233.

Deschamps O, Ortonne N, Hue S, Rodriguez C, Deschodt C, Hirsch G, et al. Acute exanthemas: a pro-
spective study of 98 adult patients with an emphasis on cytokinic and metagenomic investigation. The
British journal of dermatology. 2019. https://doi.org/10.1111/bjd.18166 PMID: 31127953.

Houtgast EJ, Sima VM, Bertels K, Al-Ars Z. Hardware acceleration of BWA-MEM genomic short read
mapping for longer read lengths. Computational biology and chemistry. 2018; 75:54—64. https://doi.org/
10.1016/j.compbiolchem.2018.03.024 PMID: 29747076.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004; 32(5):1792-7. https://doi.org/10.1093/nar/gkh340 PMID: 15034147; PubMed Central
PMCID: PMC390337.

Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS. UFBoot2: Improving the Ultrafast Boot-
strap Approximation. Molecular biology and evolution. 2018; 35(2):518-22. https://doi.org/10.1093/
molbev/msx281 PMID: 29077904; PubMed Central PMCID: PMC5850222.

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expression analysis of RNA-seq
experiments with HISAT, StringTie and Ballgown. Nature protocols. 2016; 11(9):1650-67. https://doi.
org/10.1038/nprot.2016.095 PMID: 2756017 1; PubMed Central PMCID: PMC5032908.

Joshi NA, Fass JN. A sliding-window, adaptive, quality-based trimming tool for FastQ files 2011. Avail-
able from: https://github.com/najoshi/sickle.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009416 March 29, 2021 20/21


https://doi.org/10.1097/MOH.0000000000000476
http://www.ncbi.nlm.nih.gov/pubmed/30407218
https://doi.org/10.1038/nri.2016.49
https://doi.org/10.1038/nri.2016.49
http://www.ncbi.nlm.nih.gov/pubmed/27231052
https://doi.org/10.1084/jem.20200652
http://www.ncbi.nlm.nih.gov/pubmed/32302401
https://doi.org/10.1172/jci.insight.138999
http://www.ncbi.nlm.nih.gov/pubmed/32329756
https://doi.org/10.1056/NEJMoa2020283
https://doi.org/10.1056/NEJMoa2020283
http://www.ncbi.nlm.nih.gov/pubmed/32558485
https://doi.org/10.1084/jem.20181308
http://www.ncbi.nlm.nih.gov/pubmed/31558615
https://doi.org/10.1126/science.abb2762
http://www.ncbi.nlm.nih.gov/pubmed/32132184
https://doi.org/10.1101/2020.03.25.009084
https://doi.org/10.1038/s41577-020-0348-8
https://doi.org/10.1038/s41577-020-0348-8
http://www.ncbi.nlm.nih.gov/pubmed/32528136
https://doi.org/10.1016/j.bbrep.2020.100798
https://doi.org/10.1016/j.bbrep.2020.100798
http://www.ncbi.nlm.nih.gov/pubmed/32844124
https://doi.org/10.1073/pnas.1520113113
http://www.ncbi.nlm.nih.gov/pubmed/27001848
https://doi.org/10.1016/j.chest.2019.10.013
http://www.ncbi.nlm.nih.gov/pubmed/31678309
https://doi.org/10.1172/jci.insight.99445
https://doi.org/10.1172/jci.insight.99445
http://www.ncbi.nlm.nih.gov/pubmed/30232279
https://doi.org/10.1111/bjd.18166
http://www.ncbi.nlm.nih.gov/pubmed/31127953
https://doi.org/10.1016/j.compbiolchem.2018.03.024
https://doi.org/10.1016/j.compbiolchem.2018.03.024
http://www.ncbi.nlm.nih.gov/pubmed/29747076
https://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/msx281
http://www.ncbi.nlm.nih.gov/pubmed/29077904
https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1038/nprot.2016.095
http://www.ncbi.nlm.nih.gov/pubmed/27560171
https://github.com/najoshi/sickle
https://doi.org/10.1371/journal.ppat.1009416

PLOS PATHOGENS

Covid-19 metagenomics and human transcriptomics

36.

37.

38.

39.

40.

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome alignment and genotyping
with HISAT2 and HISAT-genotype. Nature biotechnology. 2019; 37(8):907—15. https://doi.org/10.1038/
s41587-019-0201-4 PMID: 31375807.

Kovaka S, Zimin AV, Pertea GM, Razaghi R, Salzberg SL, Pertea M. Transcriptome assembly from
long-read RNA-seq alignments with StringTie2. Genome biology. 2019; 20(1):278. https://doi.org/10.
1186/s13059-019-1910-1 PMID: 31842956; PubMed Central PMCID: PMC6912988.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome biology. 2014; 15(12):550. https://doi.org/10.1186/s13059-014-0550-8 PMID:
25516281; PubMed Central PMCID: PMC4302049.

Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING v11: protein-pro-
tein association networks with increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic acids research. 2019; 47(D1):D607-D13. https://doi.org/10.1093/nar/
gky1131 PMID: 30476243; PubMed Central PMCID: PMC6323986.

Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new perspectives on genomes,
pathways, diseases and drugs. Nucleic acids research. 2017; 45(D1):D353-D61. https://doi.org/10.
1093/nar/gkw1092 PMID: 27899662; PubMed Central PMCID: PMC5210567.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009416 March 29, 2021 21/21


https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1038/s41587-019-0201-4
http://www.ncbi.nlm.nih.gov/pubmed/31375807
https://doi.org/10.1186/s13059-019-1910-1
https://doi.org/10.1186/s13059-019-1910-1
http://www.ncbi.nlm.nih.gov/pubmed/31842956
https://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1093/nar/gky1131
http://www.ncbi.nlm.nih.gov/pubmed/30476243
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1093/nar/gkw1092
http://www.ncbi.nlm.nih.gov/pubmed/27899662
https://doi.org/10.1371/journal.ppat.1009416

