S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Cell Host & Microbe

Heightened Innate Immune Responses in the
Respiratory Tract of COVID-19 Patients

Graphical Abstract Authors
Zhuo Zhou, Lili Ren, Li Zhang, ..., Qi Jin,
SARS-CoV-2 A Mingkun Li, Jianwei Wang
5 & o Bronchoalveolar CYt:"‘(‘I’n'eS%esnes
68 £ a et °f"s Correspondence
s i;,z - %{p.? C‘/\ F—— limk@big.ac.cn (M.L.),
@@ = ‘e = wangjw28@163.com (J.W.)
In Brief

Zhou et al. use metatranscriptomic
sequencing to profile immune signatures
in the bronchoalveolar lavage fluid of
COVID-19 patients. COVID-19 patients

COVID-19 patients

Bacteia or other viruses Cytokine genes
and ISGs

) i Bronchoalveolar exhibit robust innate immune responses
(1) T, *L\ & vege fue Cius with notable hypercytokinemia and
, £ — é;'f/: SR increased expression of IFN-stimulated
@@ @ > genes. This analysis provides timely
information for understanding SARS-
CoV-2-host interactions and COVID-19

pathogenesis.

Community-acquired
pneumonia patients

Highlights
e BALF cell transcriptome indicates robust innate immune
responses in COVID-19 patients

e COVID-19 patients exhibit chemokine-dominant
hypercytokinemia

e ISGs are highly expressed in COVID-19 patients and exhibit
pathogenic potential

Zhou et al., 2020, Cell Host & Microbe 27, 883-890
June 10, 2020 © 2020 Elsevier Inc. 35
https://doi.org/10.1016/j.chom.2020.04.017 é CellPress



mailto:limk@big.ac.�cn
mailto:wangjw28@163.�com
https://doi.org/10.1016/j.chom.2020.04.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2020.04.017&domain=pdf

Cell Host & Microbe ¢ CelPress

Heightened Innate Immune Responses
in the Respiratory Tract of COVID-19 Patients

Zhuo Zhou,'-%'4 Lili Ren,%314 Li Zhang,*'* Jiaxin Zhong,*%4 Yan Xiao,?'# Zhilong Jia,® Li Guo,? Jing Yang,*>

Chun Wang,*> Shuai Jiang,* Donghong Yang,” Guoliang Zhang,® Hongru Li,° Fuhui Chen,'° Yu Xu,” Mingwei Chen,"
Zhancheng Gao,” Jian Yang,? Jie Dong,? Bo Liu,? Xiannian Zhang,’? Weidong Wang,® Kunlun He,® Qi Jin,?

Mingkun Li,>*3* and Jianwei Wang?315*

1Biomedical Pioneering Innovation Center, Beijing Advanced Innovation Center for Genomics, Peking University Genome Editing Research
Center, School of Life Sciences, Peking University, Beijing 100871, China

2National Health Commission of the People’s Republic of China Key Laboratory of Systems Biology of Pathogens and Christophe Mérieux
Laboratory, Institute of Pathogen Biology, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing 100730, China
3Key Laboratory of Respiratory Disease Pathogenomics, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing
100730, China

4Beijing Institute of Genomics, Chinese Academy of Sciences, and China National Center for Bioinformation, Beijing 100101, China
5University of Chinese Academy of Sciences, Beijing 100049, China

SKey Laboratory of Biomedical Engineering and Translational Medicine, Ministry of Industry and Information Technology, Beijing Key
Laboratory for Precision Medicine of Chronic Heart Failure, Chinese PLA General Hospital, Beijing 100853, China

“Department of Respiratory and Critical Care Medicine, Peking University People’s Hospital, Beijing 100044, China

8National Clinical Research Center for Infectious Diseases, Guangdong Key Laboratory for Emerging Infectious Diseases, Shenzhen Third
People’s Hospital, Southern University of Science and Technology, Shenzhen 518112, China

9Fujian Provincial Hospital, Fujian 350000, China

10Department of respiratory, the Second Affiliated Hospital of Harbin Medical University, Harbin 150001, China

Department of Respiratory and Critical Care Medicine, the First Affiliated Hospital of Xi’an Jiaotong University, Shaanxi Province
710061, China

12School of Basic Medical Sciences, Beijing Advanced Innovation Center for Human Brain Protection, Capital Medical University, Beijing
100069, China

13Center for Excellence in Animal Evolution and Genetics, Chinese Academy of Sciences, Kunming 650223, China

14These authors contributed equally

15Lead Contact

*Correspondence: limk@big.ac.cn (M.L.), wangjw28@163.com (J.W.)

https://doi.org/10.1016/j.chom.2020.04.017

SUMMARY

The outbreaks of 2019 novel coronavirus disease (COVID-19) caused by SARS-CoV-2 infection have posed a
severe threat to global public health. It is unclear how the human immune system responds to this infection.
Here, we used metatranscriptomic sequencing to profile immune signatures in the bronchoalveolar lavage fluid
of eight COVID-19 cases. The expression of proinflammatory genes, especially chemokines, was markedly
elevated in COVID-19 cases compared to community-acquired pneumonia patients and healthy controls, sug-
gesting that SARS-CoV-2 infection causes hypercytokinemia. Compared to SARS-CoV, which is thought to
induce inadequate interferon (IFN) responses, SARS-CoV-2 robustly triggered expression of numerous IFN-
stimulated genes (ISGs). These ISGs exhibit immunopathogenic potential, with overrepresentation of genes
involved in inflammation. The transcriptome data was also used to estimate immune cell populations, revealing
increases in activated dendritic cells and neutrophils. Collectively, these host responses to SARS-CoV-2 infec-
tion could further our understanding of disease pathogenesis and point toward antiviral strategies.

INTRODUCTION

The COVID-19 outbreak caused by SARS-CoV-2 infection (Lu
et al., 2020; Ren et al., 2020; Zhou et al., 2020; Zhu et al.,
2020) has been declared as a global pandemic. Typical clinical
symptoms of COVID-19 are fever, cough, myalgia, and short-
ness of breath (Huang et al., 2020; Wang et al., 2020). Severe
cases often develope acute lung injury, or the fatal form, acute

L)

respiratory distress syndrome (ARDS) (Chen et al., 2020; Huang
etal., 2020; Wang et al., 2020). To date, no specific antiviral treat-
ment is available for COVID-19.

The infection of certain respiratory viruses has often resulted in
arobust inflammatory response (de Jong et al., 2006; Huang et al.,
2005). This immune dysregulation, termed hypercytokinemia or
“cytokine storm,” is often associated with detrimental outcomes
such as ARDS (de Jong et al., 2006). To date, it remains elusive
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how pathogen infections disrupt the host immune homeostasis
and stimulate a hyperactive proinflammatory response. A pro-
posed model has suggested that viral evasion of the innate im-
mune response plays a critical role (D’Elia et al., 2013): the virus
can effectively blind the immune system, causing an inadequate
or delayed response. This immune escape gives rise to the unre-
strained virus replication, which eventually results in a hyperacti-
vated proinflammatory response.

Type | IFN (IFN-I) response plays a critical role in combating vi-
rus infection, mainly by inducing the expression of interferon-
stimulated genes (ISGs) that exert antiviral functions (Samuel,
2001). Meanwhile, viruses have developed strategies to coun-
teract IFNs. For example, SARS-CoV can efficiently suppress
IFN induction and antagonize IFN’s effect by harnessing its
structural and non-structural proteins (de Wit et al., 2016).
SARS-CoV infection failed to induce competent IFN response
in cultured cells (Cheung et al., 2005; Spiegel and Weber,
2006; Ziegler et al., 2005) and SARS patients (Reghunathan
et al., 2005). The inadequate IFN response may account for the
progressive increase of viral load in SARS patients, the concom-
itant hypercytokinemia, and the ultimate fatal outcomes.

Clinical study on COVID-19 has suggested the hypercytokine-
mia in severe cases (Huang et al., 2020). However, a more
comprehensive investigation of the host immune response is
needed. Here, we collected the bronchoalveolar lavage fluid
(BALF) of eight COVID-19 patients, 146 community-acquired
pneumonia patients, and 20 healthy controls; this is followed
by metatranscriptome sequencing and functional analysis. The
molecular signatures of the host response, especially the innate
immune response to SARS-CoV-2 infection, are explicitly de-
picted, showing distinct patterns from those seen in SARS and
pneumonia caused by other pathogens.

RESULTS

Sample Collection, Metatranscriptome Sequencing,
Differential Expression Gene Analysis

BALFs were obtained from laboratory-confirmed COVID-19 pa-
tients (SARS2) (n = 8), community-acquired pneumonia patients
(CAP) (n = 146), and healthy controls without known respiratory
diseases (Healthy) (n = 20). The demographic and clinical
characteristics of the cohorts are detailed in Table S1. By meta-
transcriptome sequencing, more than 20 million reads were
generated for each BALF sample from SARS2, CAP, and
Healthy. Among them, 56% of the reads could be mapped to
the human genome and were used for further analysis. As meta-
transcriptome data enabled us to capture the transcriptionally
active microbes, we further classified CAP into two categories:
Virus-like CAP (determined by at least 100 viral reads and 10-
fold higher reads than those in the negative controls) and Non-
viral CAP. The read counts for SARS-CoV-2 in each COVID-19
case were listed in Table S2.

Differentially expressed genes (DEGs) were then identified by
comparing pneumonia transcriptomes with the healthy control
transcriptomes (SARS2 versus Healthy [SARS2-H], Virus-like
CAP versus Healthy [Vir-H], and Non-viral CAP versus Healthy
[NonVir-H]). An adjusted p value (g-value < 0.05) and fold change
(FC) ratio (log2FC| > 2) were used to determine the DEGs
(Tables S3A-S3C). The volcano plot showed that the number

884 Cell Host & Microbe 27, 883-890, June 10, 2020

Cell Host & Microbe

of DEGs in SARS2-H was markedly higher than that in Vir-H
and NonVir-H, suggesting that SARS-CoV-2 infection strongly
perturbed transcriptome homeostasis of cells in the lung (Fig-
ure 1A). The principal component analysis revealed that
SARS2 formed distinct clusters, while Virus-like CAP and Non-
viral CAP clusters were more widely dispersed and overlapped
(Figure 1B), showing the disparate characteristics of DEGs in
SARS2 from others.

We next collated genes whose expression is mostly regulated
(log2FC| > 5) in SARS2-H (Figure S1A). Expression levels of
proinflammatory cytokine and chemokine genes (IL-1B,
CXCL17, CXCLS8, and CCL2), typical antiviral ISGs (IFIT and
IFITM family genes), and calgranulin genes that exert pleiotropic
functions in inflammatory disorders (S7T00A8, S100A9, and
S100A12) were upregulated in SARS2 as compared to Healthy
(Figure S1A). Meanwhile, we observed marked upregulation of
ILTRN and SOCS3 (Figure S1A), both of which encode cytokine
signaling antagonists, suggesting that the negative feedback
loops were elicited. Genes involved in morphogenesis and
migration of immune cells (NCKAP1L, DOCK2, SPN, and
DOCK10) were underexpressed (Figure S1A). A host of DEGs
was also observed when comparing CAPs to Healthy, albeit
with much lower fold changes (Figure S1A).

Global Functional Analyses

We then performed global functional analyses. For pathway anal-
ysis, we applied the Ingenuity Pathway Analysis (IPA) and KEGG
analyses on DEGs. In IPA, “Interferon Signaling” ranked first in
the upregulated pathways in SARS2 (Z score = 3.3, Figure 1C).
This pathway is also upregulated, though to a lesser extent, in Vi-
rus-like CAP (Z score = 1), whereas not in the Non-viral CAP (Fig-
ure 1C), indicating robust IFN response in SARS-CoV-2 infection.
The pathways involved in the inflammatory response in SARS2
was revealed by both analyses, with upregulated “Role of IL-
17F in Allergic Inflammatory Airway Diseases” (Z score = 3.0)
and “Chemokine Signaling” (Z score = 1.6) in IPA (Figure 1C),
along with “Chemokine signaling pathway,” “IL-17 signaling
pathway,” “TNF signaling pathway,” and “NF-kB signaling
pathway” in KEGG (q < 0.05, Figure S1B). Moreover, both IPA
and KEGG analyses showed that DEGs from SARS2-H were
strongly and specifically enriched in mRNA translation-related
categories, with upregulated “EIF2 Signaling” (Z score = 3.3, Fig-
ure 1C) in IPA and “Ribosome” (g < 0.05, Figure S1B) in KEGG.
Intriguingly, several neuron function-related pathways were spe-
cifically downregulated in SARS2 by IPA analysis, including
“CREB Signaling in Neurons” (Z score = —1.1), “Synaptogenesis
Signaling Pathway” (Z score = —1.4), and “Endocannabinoid
Neuronal Synapse Pathway” (Z score = —2.1, Figure 1C). This un-
expected observation awaits further investigation.

Next, we build protein-protein interaction (PPI) networks with
the upregulated DEGs in SARS2 by STRING (Figures 1D and
S2). A dominant network comprising several subnetworks was
generated using the confidence score of 0.9. Genes in the top
two enriched KEGG categories (Figure S1B)— namely, “Ribo-
some” and “Chemokine signaling pathway” —formed two
most densely connected subnetworks, which are mainly
composed of ribosomal proteins and chemokines, respectively
(Figure 1D). Overall, our global functional analysis revealed a
highly responsive state against noxious stimuli in COVID-19
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Figure 1. Analysis of DEGs in BALF of COVID-19 and CAP Patients Compared to Healthy Controls
(A) Volcano plot of DEGs comparing SARS2 versus Healthy (SARS2-H), Virus-like CAP versus Healthy (Vir-H), and Non-viral CAP versus Healthy (NonVir-H). The

names of DEGs with the top 20 absolute FC are shown.
(B) PCA loading plot based on all DEGs. Autoscaling of data was performed.

(C) Functional enrichment analysis of DEGs with IPA. Asterisks (*) indicate g-values < 0.05 and absolute Z score > 1.
(D) PPI network of upregulated DEGs in SARS2 comparing to Healthy. Each node represents a protein, and interactions with confidence score > 0.9 are pre-

sented.
See also Figure S2.

cases, characterized by the potent defense responses and
hyperactive ribosome biogenesis.

Cytokine Profiles
To understand the cytokine profile in BALF from the COVID-19
patients, we assigned DEGs into seven categories of cytokine-

related genes (Figure 2A). In categories of “Chemokine” and
“Receptor,” multiple genes were more remarkably upregulated
in SARS2 than those in CAPs. Several genes were regulated in
the “Interleukin” and “Tumor necrosis factor” categories, and
few were modulated in other categories (Figure 2A). To examine
potential cytokine expression dynamics, we aligned individual
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Figure 2. Cytokine-Related Gene Expressions in COVID-19 and CAP Patients

(A) Heatmap of 218 genes encoding cytokines and receptors.

(B) Heatmap of DEGs encoding cytokines and receptors. SARS2 samples (n = 8) were ordered by days after symptom onset (DSO) in the right panel of (A) and (B).
Asterisks (*) indicate significant DEGs (absolute log2FC > 2, g-value < 0.05). Relative viral reads (calculated by the ratio of SARS-CoV-2 reads to human reads)

and the ratios of IL1B to IL1RN are shown in (A) and (B).

cases according to the increasing days between sampling and
symptom onset. Expression levels of cytokine-related genes
seem to decrease over time, with one patient (C4) who eventually
deceased being the outlier (Figure 2A). These observations sug-
gested that the exuberant inflammation in COVID-19 could be
progressively resolved, and unquenched inflammation may
result in detrimental outcomes.

Chemokines are predominant among upregulated cytokine-
related genes in SARS2 (Figure 2A). CXCL17 ranked first in the up-
regulated chemokines. CXCL17 upregulation is specific to SARS2
and was observed in all eight cases (Figure 2B), suggesting a role
of CXCL17 in COVID-19 pathogenesis. CXCL8, the archetypal
neutrophil chemoattractant, together with CXCL7 and CXCL2,
was upregulated (Figure 2B). These chemokines are thought to
be critical for recruiting neutrophils into the inflamed lung (Donnelly
etal., 1993; Frevert et al., 1995; Miller et al., 1992). CXCR2, the re-
ceptor for CXCL8, CXCL1,and CXCL2, was also markedly upregu-
lated (Figure 2B). Moreover, we observed the upregulation of CCL2
and CCL7, both of which are vital for monocyte recruitment (Shi
and Pamer, 2011) (Figure 2B). By presenting individual cases in
the heatmap, one case (C1) with ultra-high viral reads (Table S2)
exhibited the most pronounced chemokine upregulation (Fig-
ure 2B), suggesting that higher virus replication resulted in a
more robust proinflammatory response. Corroborating this, in
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three cases (C1, C2, and C5) sampled at the same time after symp-
tom onset (day 8), the increases of viral load corresponded with the
upregulations of critical chemokines, including CXCL8, CCL2,
CCL7, etc. (Figure 2B). Both CAPs showed less DEGs and lower
expression of cytokine genes as compared to SARS2 (Figure 2B).

ILTRN and ILB are interleukin genes significantly upregulated in
SARS?2 (Figure 2B), and these upregulations are mirrored by
elevated protein levels of IL-1Ra and IL-1 in plasma of COVID-
19 patients (Huang et al., 2020). Because IL-1 was recognized
as the key cytokine driving proinflammatory response in BALF
from patients with ARDS (Pugin et al., 1996), it is possible that
the ratio of IL-1p toits inhibitor, IL-1Ra, may correlate to inflamma-
tion intensity in COVID-19 patients; however, we did not observe
clear correlation in the current study (Figure 2B).

Signatures of IFN Response

We then examined the IFN response in COVID-19 patients. By in-
tersecting our data with a list composed of 628 ISGs (Mostafavi
et al., 2016), we found that SARS2 showed more markedly
elevated expression of ISGs than CAPs, and the expression
seems decreased over time, again with the fatal case (C4) being
the outlier (Figure 3A). Eighty-three ISGs were significantly
elevated in SARS2, suggesting the robust IFN response (Table
S4). 1ISGs known to exert direct antiviral activity were
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(C) Upregulated ISGs in SARS-CoV-2 infection identified in this study, as well as in SARS-CoV and other viral infections (see Table S4).

In (B) and (C), ISGs were assigned into five biclusters.

upregulated, including IFIT and IFITM genes that exert broad-
spectrum antiviral functions (IFIT1, -2, -3, and IFITM1, -2, -3)
and others (ISG15 and RSAD2) (Diamond and Farzan, 2013; Hel-
big and Beard, 2014; Perng and Lenschow, 2018) (Figure 3B).
Among those, IFITMs have been shown to inhibit cellular entry
of SARS-CoV and MERS-CoV (Huang et al., 2011; Wrensch
et al., 2014). Moreover, we observed the increased expression
of IFIH1, TANK, IRF7, and STAT1, which may further potentiate
IFN signaling (Figure 3B).

In addition to antiviral activity, ISGs may exert diverse functions.
We assigned these ISGs to five previously established functional
clusters (Mostafavi et al., 2016), including RNA processing (C1
and C2), IFN regulation andantiviral function (C3), metabolic regu-
lation (C4), and inflammation regulation (C5) (Table S4). Surpris-
ingly, ISGs are substantially enriched in the cluster of C5 (29 out
of 83) (Figure 3B), which mainly comprises inflammation media-
tors or regulators. CCL2 and CXCL10, two IFN-inducible chemo-
kine genes found in C5 (Figure 3B), were also elevated in periph-
eral blood of patients with SARS (Cameron et al., 2007). These
results pointed to the immunopathological role of IFN response
in COVID-19 patients. Further, using a curated ISG list from pa-
tient blood transcriptomes (Mostafavi et al., 2016) and data from
peripheral blood of SARS patients (Cameron et al., 2007; Reghu-
nathan et al., 2005), we compared the ISG distributions in the five

clusters between SARS-CoV-2 and other viruses. ISGs identified
in infections of yellow fever virus (live attenuated vaccine), HCV,
EBV, and dengue virus were primarily assigned to C3 with less
involvement of C5, while SARS-CoV-2 exhibited overly high C5
distribution (Figure 3C, Table S4). Compared to other viruses,
SARS-CoV infections induced significantly fewer ISGs (Figure 3C,
Table S4). Together, our results unveiled the unique signatures of
IFN response in SARS-CoV-2 infection.

Cell Composition Analyses

The compositions of BALF cells could reflect immune cell profiles
in the affected lung (Costabel and Guzman, 2001). Using the tran-
scriptome data, we estimated immune cell types and their propor-
tions by CIBERSORT (Newman et al., 2015). Similar to findings in
BALF from healthy adults (Meyer et al., 2012), the BALF cell com-
ponents in Healthy were mainly macrophages and lymphocytes
(Figure 4A). This result supported the accuracy of the BALF cell
sequencing and the effectiveness of our analytical approach.
Among innate immune cells, activated dendritic cells, activated
mast cells, and neutrophils were more abundant in viral pneu-
monia groups than those in Healthy (Figure 4B). SARS2 showed
a more pronounced increase in neutrophils than other pneumonia
(Figure 4B). Compared to innate immune cells, the composition of
T cells and B cells was less varied among pneumonia groups and
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(A) The proportion of nine major immune cell types.

(B) The proportion of 12 innate-immunity-related cell subtypes. Asterisks represent significant differences between groups (*g-value < 0.05, **g-value < 0.01, **g-

value < 0.001, Mann-Whitney test).
See also Figure S3.

Healthy (Figure S3A). A recent study suggested that the neutro-
phil-to-lymphocyte (NLR) ratio was associated with the disease
severity of COVID-19 (Liu et al., 2020). Our analysis also showed
a significantly higher NLR in COVID-19 cases (Figure S3A). The
highest NLR was observed in the case with ultra-high viral reads
and robust cytokine andISG expression (Figures S3B and S3C).

DISCUSSION

Many of the transcriptomic profiling studies have been conduct-
ed by using intermittent samples such as peripheral blood
(Chaussabel, 2015). However, some infections, such as avian
influenza or SARS, occur in the lower respiratory tract (Gu and
Korteweg, 2007; van Riel et al., 2006), where the immune
response was triggered and regulated. Thus, blood transcrip-
tome may not be optimal for profiling the immunopathological
features in those scenarios. In the current study, we sampled
COVID-19 patients with bronchoalveolar lavage (BAL), a method
for retrieving cells and solutes from different areas of the lung
(Meyer et al., 2012). By sequencing and analyzing the BAL fluid
cells from eight COVID-19 patients and control cohorts, we ob-
tained gene expression profiles of both host and virus, which
directly reflected the in situ host response against SARS-CoV-
2 infection. We thus provided a valuable opportunity to garner in-
sights into COVID-19 pathogenesis.

In COVID-19 patients, we observed the upregulation of a
plethora of proinflammatory cytokines, suggesting the patho-
genic role of hypercytokinemia. The most salient feature of the
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cytokine profile is the chemokine response, as seen from the
elevated expression of multiple chemokines and their receptors.
Among those, various neutrophil chemoattractants were upregu-
lated. Consonant with this, the higher neutrophil amount was
observed in SARS2 by cell composition analysis. Also, chemoat-
tractants for monocytes and otherimmune cells were significantly
upregulated. In patients with ARDS, the alveolar spaces are occu-
pied by the infiltrating neutrophils and monocytes (Matute-Bello
et al,, 2008), suggesting the pathogenic role of those cells.
Thus, our data unraveled a possible chemokine-dominant hyper-
active cytokine response in COVID-19 cases.

In contrast to SARS-CoV, SARS-CoV-2 triggered a robust IFN
response, hallmarked by the expression of numerous ISGs,
including IFITMs shown to counteract SARS-CoV and MERS-
CoV (Huang et al., 2011; Wrensch et al., 2014). This protective po-
tential of ISGs may account for the lower proportion of severe
cases and the case-fatality rate in COVID-19 as compared to
SARS (Wu and McGoogan, 2020). Nevertheless, high SARS-
CoV-2 loads were detected very early after symptom onset (Zou
et al., 2020), suggesting that the virus may have developed coun-
termeasures against the IFN system such as delaying the IFN
response by inhibiting innate immune signaling. Moreover,
although robust ISG induction was observed, we failed to detect
significant upregulation of IFNs. This discrepancy needs further
investigation.

IFN-I could also be pathogenic. In the mouse model, depletion
of IFN-a/B receptor protects mice from lethal infection of SARS-
CoV (Channappanavar et al., 2016). Moreover, delayed IFN-3
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treatment failed to inhibit virus replication and aggravated pulmo-
nary inflammation in the mice infected with MERS-CoV (Chan-
nappanavar et al., 2019). These data suggested that the timing
of IFN therapy against SARS and MERS is critical. In the ISGs
identified in COVID-19 cases, we found a subset of genes with
proinflammatory activities, which is relatively underrepresented
in other viral infections. These “proinflammatory ISGs” may assist
the antiviral protection by amplifying inflammatory signals to the
environment. However, they could also be deleterious in infec-
tions, especially when hypercytokinemia has already been trig-
gered. As IFN treatment has been adopted as an antiviral therapy
against SARS-CoV-2 infection (ChiCTR: ChiCTR2000029600),
the timing and dose should be carefully considered.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Biological Samples
Human bronchoalveolar lavage fluid Peking University People’s Hospital, NA
samples Shenzhen Third People’s Hospital, Fujian
Provincial Hospital, the Second Affiliated
Hospital of Harbin Medical University, the
First Affiliated Hospital of Xi’an Jiaotong
University, and hospitals in Wuhan
Chemicals, Peptides, and Recombinant Proteins
Trizol LS Thermo Fisher Scientific Cat#10296028
Critical Commercial Assays
Direct-zol RNA Miniprep Kit Zymo Research Cat#R2051

Trio RNA-Seq Library Preparation Kit NuGEN Cat#0357-32

Deposited Data

Reads mapped to human genome GRCh38 This paper Genome Warehouse in National Genomics

extracted from the raw sequencing data Data Center https://bigd.big.ac.cn/gsa;
Project number: PRJCA002273

Software and Algorithms

HISAT2 v2.1.0 Kim et al., 2019 http://ccb.jhu.edu/software/hisat2/

FeatureCounts 2.0.0 Liao et al., 2014 http://subread.sourceforge.net/

Fastp 0.20.0 Chen et al., 2018 https://github.com/OpenGene/fastp

Quantile normalization (Bioconductor Ritchie et al., 2015 https://www.bioconductor.org/packages/

limma package v3.42.2) release/bioc/html/limma.html

Ingenuity Pathway Analysis, December
2019 release (v499329)

Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis
(Bioconductor clusterProfiler
package v3.14.3)

STRING v11

Cytoscape v3.7.1
CIBERSORT algorithm v1.06
Samtools 1.9

Kramer et al., 2014

Yuetal., 2012

Szklarczyk et al., 2019
Shannon et al., 2003
Newman et al., 2015
Li et al., 2009

https://digitalinsights.giagen.com/

https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

https://string-db.org
https://cytoscape.org
https://cibersort.stanford.edu/
http://samtools.sourceforge.net/

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jianwei

Wang (wangjw28@163.com).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The accession number for the reads mapped to human genome GRCh38 extracted from the raw sequencing data reported in this
paper is [Genome Warehouse in National Genomics Data Center (National Genomics Data Center Members and Partners, 2020)]:
[PRJCA002273] that is publicly accessible at https://bigd.big.ac.cn/gsa.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

BALF samples from eight laboratory-confirmed COVID-19 patients (SARS2) were collected from hospitals in Wuhan in January 2020.
BALFs from 146 community-acquired pneumonia patients (CAP) and 20 healthy controls from volunteers without any known pulmonary
diseases (Healthy) were collected from Peking University People’s Hospital, Shenzhen Third People’s Hospital, Fujian Provincial Hos-
pital, the Second Affiliated Hospital of Harbin Medical University, and the First Affiliated Hospital of Xi’an Jiaotong University between
2014 and 2018. CAP was diagnosed following guidelines of the Infectious Diseases Society of America and the American Thoracic So-
ciety (Mandell et al., 2007). The known respiratory pathogens in CAP patients were screened by using FTD Respiratory pathogens kit
(Fast Track Diagnostics, Luxembourg). The study was approved by the Institutional Review Board of hospitals where sampling was car-
ried out. The data collection for the COVID-19 patients were deemed by the National Health Commission of the People’s Republic of
China as the contents of the public health outbreak investigation. The written informed consent was obtained from all subjects before
inclusion. Of the COVID-19 cases, five were male and three were female. Of the CAP cases, 75 were male and 54 were female. Eight
COVID-19 cases had an average age of 49 years (range 40-61), and 112 CAP cases had an average of 56.4 years (range 22-91). The
healthy subjects were pre-screened, and 20 had no known respiratory diseases were included as healthy control. Currently or poten-
tially immunocompromised subjects with active cancer, primary immunodeficiency disorders, HIV infection, or tuberculosis infection
were excluded from the study. Subjects with a recent medical record of taking immunosuppressive medications were excluded
from the study. The detailed information of the subjects could be found in the demographic and clinical Table (Table S1).

METHOD DETAILS

Sample Preparation and Sequencing

BALF samples were obtained during bronchoscopies done as part of clinical management. In the biosafety level (BSL)-Ill laboratory,
a 200 ul aliquot of each BALF sample from COVID-19 patients were lysed in Trizol LS (Thermo Fisher Scientific, Carlsbad, CA, USA),
followed by RNA extraction using a Direct-zol RNA Miniprep kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s
instructions. RNA extractions from other samples were conducted following the same protocol in the BSL-Il laboratory. 10 ul of pu-
rified RNA was used for cDNA generation and library preparation using an Ovation Trio RNA-Seq Library Preparation Kit (NUGEN, CA,
USA) according to the manufacturer’s instructions. Three samples, including two saline solutions passing through the bronchoscope
and one nuclease-free water, were included as the negative controls. Metatranscriptome sequencing was performed on an lllumina
HiSeq 2500/4000 platform (lllumina, United Kingdom).

Data Processing and Analysis

Raw sequencing reads were quality controlled as previously described (Shen et al., 2020). Briefly, the FASTQ files were subjected to
adaptor trimming, low quality reads removal, and short reads removal using Fastp 0.20.0 (Chen et al., 2018). All clean data were map-
ped to the human genome GRCh38 using HISAT2 v2.1.0 (Kim et al., 2019) with default parameters. Bam files were sorted by
Samtools 1.9 (Li et al., 2009).

Gene counts were summarized using the featureCounts program (Liao et al., 2014) as part of the Subread package release 2.0.0
(http://subread.sourceforge.net/). To identify differentially expressed genes (DEGs) between two groups, genes that were present in
less than 50% of samples in both groups and genes with average counts per million (CPM) lower than five in both groups were
removed. Remained gene counts were then normalized using the quantile method and the voom method. DEGs were determined
with the threshold adjusted p value < 0.05 and absolute logged fold-change (Log2FC) > 2 using the Bioconductor limma package
v3.42.2 (Ritchie et al., 2015). In presenting the individual case of SARS2, the fold change of each gene was calculated as the ratio of
normalized gene expression of each SARS2 individual to the mean expression of Healthy.

For the functional enrichment of DEGs, Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Inc.) (Kramer et al., 2014) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis (Kanehisa and Goto, 2000) were applied via IPA December 2019
release (v499329) and the Bioconductor clusterProfiler package v3.14.3 (Yu et al., 2012), respectively. Protein-protein interaction
(PPI) networks of upregulated DEGs were built using STRING v11 (Szklarczyk et al., 2019) with a confidence score threshold of
0.9 and plotted with Cytoscape v3.7.1 (Shannon et al., 2003).

To infer the composition of immune cells in BALF, raw gene counts were normalized as transcripts per million (TPM) and processed
using the CIBERSORT algorithm v1.06 (Newman et al., 2015) with the original CIBERSORT gene signature file LM22 and 100 permu-
tations. Twenty-two immune cell subtypes were obtained and further summarized into nine major immune cell types. Samples with
p-value < 0.05, which reflects the statistical significance of the deconvolution results across all cell subsets, were included.

QUANTIFICATION AND STATISTICAL ANALYSIS
Fisher’s exact test was used for categorical variables, and the Mann-Whitney test was used for continuous variables that do not

follow a normal distribution. P values from multiple testing were adjusted (g-value) using the Benjamini-Hochberg false discovery
rate (FDR) with a significance level of 0.05 (Benjamini and Hochberg, 1995).
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