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Systems biological assessment of immunity to mild
versus severe COVID-19 infection in humans
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Coronavirus disease 2019 (COVID-19) represents a global crisis, yet major knowledge gaps remain about
human immunity to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). We analyzed
immune responses in 76 COVID-19 patients and 69 healthy individuals from Hong Kong and Atlanta,
Georgia, United States. In the peripheral blood mononuclear cells (PBMCs) of COVID-19 patients, we
observed reduced expression of human leukocyte antigen class DR (HLA-DR) and proinflammatory
cytokines by myeloid cells as well as impaired mammalian target of rapamycin (mTOR) signaling and
interferon-a. (IFN-a) production by plasmacytoid dendritic cells. By contrast, we detected enhanced
plasma levels of inflammatory mediators—including EN-RAGE, TNFSF14, and oncostatin M—which
correlated with disease severity and increased bacterial products in plasma. Single-cell transcriptomics
revealed a lack of type | IFNs, reduced HLA-DR in the myeloid cells of patients with severe COVID-19,
and transient expression of IFN-stimulated genes. This was consistent with bulk PBMC transcriptomics and
transient, low IFN-a levels in plasma during infection. These results reveal mechanisms and potential

therapeutic targets for COVID-19.

he recent emergence of the severe acute

respiratory syndrome coronavirus 2 (SARS-

CoV-2) in Wuhan, China, in December 2019

and its rapid international spread caused

a global pandemic. Research has moved
rapidly in isolating, sequencing, and cloning
the virus; developing diagnostic kits; and test-
ing candidate vaccines. However, key ques-
tions remain about the dynamic interaction
between the human immune system and the
SARS-CoV-2 virus.
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Coronavirus disease 2019 (COVID-19) presents
with a spectrum of clinical phenotypes, with
most patients exhibiting mild to moderate
symptoms and 15% of patients progressing,
typically within a week, to severe or critical dis-
ease that requires hospitalization (7). A mi-
nority of those who are hospitalized develop
acute respiratory disease syndrome (ARDS)
and require mechanical ventilation. Epidemi-
ological data so far suggest that COVID-19 has
a case fatality rate several times greater than
that of seasonal influenza (7). The elderly and
individuals with underlying medical comor-
bidities such as cardiovascular disease, dia-
betes mellitus, chronic lung disease, chronic
kidney disease, obesity, hypertension, or can-
cer have a much higher mortality rate than
healthy young adults (2). The underlying causes
of this difference are unknown, but they may
be due to an impaired interferon (IFN) response
and dysregulated inflammatory responses, as
have been observed with other zoonotic corona-
virus infections such as severe acute respiratory
syndrome (SARS) and Middle East respira-
tory syndrome (MERS) (3). Current research is
uncovering how the adaptive immune re-
sponse to SARS-CoV-2 is induced with optimal
functional capacities to clear SARS-CoV-2 viral
infection (4-6).

Understanding the immunological mecha-
nisms underlying the diverse clinical presen-
tations of COVID-19 is a crucial step in the
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design of rational therapeutic strategies. Re-
cent studies have suggested that COVID-19
patients are characterized by lymphopenia
and increased numbers of neutrophils (7-9).
Most patients with severe COVID-19 exhibit
enhanced levels of proinflammatory cytokines
including interleukin-6 (IL-6) and IL-1B as
well as MCP-1, IP-10, and granulocyte colony-
stimulating factor (G-CSF) in the plasma (Z0).
It has been proposed that high levels of pro-
inflammatory cytokines might lead to shock
as well as respiratory failure or multiple organ
failure, and several trials to assess inflamma-
tory mediators are under way (ZI). However,
little is known about the immunological mech-
anisms underlying COVID-19 severity and the
extent to which they differ from the immune
responses to other respiratory viruses. Fur-
thermore, the question of whether individuals
in different parts of the world respond differ-
ently to SARS-CoV-2 remains unknown. In this
study, we used a systems biological approach
[mass cytometry and single-cell transcriptomics
of leukocytes, transcriptomics of bulk periph-
eral blood mononuclear cells (PBMCs), and
multiplex analysis of cytokines in plasma] to
analyze the immune response in 76 COVID-19
patients and 69 age- and sex-matched controls
from two geographically distant cohorts.

Analysis of peripheral blood leukocytes from
COVID-19 patients by mass cytometry

COVID-19-infected patient samples and sam-
ples from age- and sex-matched healthy con-
trols were obtained from two independent
cohorts: (i) the Princess Margaret Hospital at
Hong Kong University and (ii) the Hope Clinic
at Emory University in Atlanta, Georgia, United
States. Patient characteristics and the different
assays performed are shown in Table 1. We used
mass cytometry to assess immune responses to
SARS-CoV-2 infection in 52 COVID-19 patients,
who were confirmed positive for viral RNA by
polymerase chain reaction (PCR), and 62 age-
and gender-matched healthy controls distrib-
uted between the two cohorts. To characterize
immune cell phenotypes in PBMCs, we used a
phospho-CyTOF panel that includes 22 cell
surface markers and 12 intracellular markers
against an assortment of kinases and phospho-
specific epitopes of signaling molecules and
H3K27ac—a marker of histone modification
that drives epigenetic remodeling (12, 13) (table
S1). The experimental strategy is described in
Fig. 1A. The phospho-CyTOF identified 12 main
subtypes of innate and adaptive immune cells in
both cohorts, as represented in the t-distributed
stochastic neighbor embedding (t-SNE) plots
(Fig. 1B). There was a notable increase in the
frequency of plasmablast and effector CD8
T cells in all infected individuals (Fig. 1B) in both
cohorts, as has been described recently in other
studies (6, 8, 14). Of note, the kinetics of the
CDS8 effector T cell response were prolonged
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and continued to increase up to day 40 after
onset of the symptoms (fig. S1).

We next used manual gating to identify 25
immune cell subsets (fig. S2) and determined
whether there were changes in the frequency

or signaling molecules of innate immune cell
populations consistent between the two co-
horts. There were several differences, but no-
tably the frequency of plasmacytoid dendritic
cells (pDCs) was significantly reduced in the
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Fig. 1. Mass cytometry analysis of human peripheral blood leukocytes
from COVID-19 patients. (A) A schematic representation of the experimental
strategy. PFA, paraformaldehyde. (B) Representation of mass cytometry—
identified cell clusters visualized by t-SNE in two-dimensional space. The box
plots on the bottom show frequency of plasmablasts (CD3™, CD20", CD56,
HLA-DR*, CD14~, CD16", CD1lc", CD1237, CD19"°, CD27™ and CD38™) and effector
CD8 T cells (CD3*, CD8*, CD38™, and HLA-DR™) in both cohorts. (C) Frequencies
of pDCs (CD3", CD207, CD56~, HLA-DR*, CD14", CD16~, CD1lc", and CD123")
in healthy and COVID-19-infected individuals in both cohorts. (D and E) Box
plots showing fold change (FC) of pS6 staining in pDCs (D) and IxBa staining
in mDCs (E) relative to the medians of healthy controls. The histograms on
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the right depict representative staining of the same. (F) Distinguishing features
[false discovery rate (FDR) < 0.01] through linear modeling analysis of the
mass cytometry data between healthy and infected subjects. In all box plots, the
boxes show median, upper, and lower quartiles. The whiskers show 5th to

95th percentiles. Each dot represents an individual sample (healthy: n = 17 and
45; infected: n = 19 and 54, for Atlanta and Hong Kong cohorts, respectively).
For the t-SNE analysis, n = 34 and 60 for Atlanta and Hong Kong cohorts,
respectively. The colors of the dots indicate the severity of clinical disease, as
shown in the legends. The differences between the groups were measured by
Mann-Whitney rank sum test (Wilcoxon, paired = FALSE). The P values depicting
significance are shown within the box plots.

2 of 11

PBMCs of SARS-CoV-2-infected individuals
in both cohorts (Fig. 1C). The kinetics of pDC
response did not show an association with the
time since symptom onset (fig. S1C). Neither
did the observed changes correlate with the
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Table 1. Patient characteristics and number of samples used in different assays. NA, not

applicable.
Characteristics Hong Kong cohort Atlanta cohort
Number of subjects
COVID-19 36 patients® 40 patients*
Flu/RSV NA 16 patients
Healthy 45 individuals 24 individuals
Age
COVID-19 [median (range)] 55 (18-80) 56 (25-94)
Flu/RSV NA 66 (51-86)
Healthy 53 (21-69) 52 (23-91)
Gender
COVID-19 (male, %) 58% 55%
Flu/RSV (male, %) NA 31%
Healthy (male, %) 58% 42%
Clinical severity of COVID-19 patients
Mild/moderate 75% 18%
Severe (no ICU) 14% 60%
ICU 11% 18%
Clinical severity of flu/RSV patients
Mild/moderate NA 37.5%
Severe (no ICU) NA 37.5%
ICU NA 31%
Intervention
IFN-B1 20% NA
Corticosteroids 19% NA
Antivirals 61% NA

Assays using COVID-19 samples

Phospho-CyTOF

54 PBMC samples (36 patients)

19 PBMC samples (16 patients)

In vitro stimulation NA 17 PBMC samples (15 patients)
Olink proteomics NA 36 plasma samples (29 patients)
CITE-seq NA 7 PBMC samples (7 patients)

Bulk RNA-seq NA 17 PBMC samples (15 patients)
Bacterial products NA 51 plasma samples (40 patients)

Assays using flu/RSV samples

Phospho-CyTOF NA

4 PBMC samples (4 patients)

Olink proteomics NA

*Some patients have blood from multiple time points.

clinical severity of infection (fig. S1). Addi-
tionally, there was reduced expression of pS6
[(phosphorylated ribosomal protein S6), a
canonical target of mammalian target of rapa-
mycin (mTOR) activation (15)] in pDCs and
decreased IxBa—an inhibitor of the signaling
of the NF-xp transcription factor—in myeloid
dendritic cells (mDCs) (Fig. 1, D and E). mTOR
signaling is known to mediate the production
of interferon-o. (IFN-0) in pDCs (I6), which
suggests that pDCs may be impaired in their
capacity to produce IFN-o. in COVID-19 patients.
Finally, we used a linear modeling approach
to detect features that distinguish healthy from
infected individuals and those that discrimi-
nate individuals on the basis of the clinical se-
verity of COVID-19. This analysis was performed
with the cohort (Hong Kong or Atlanta) as a
covariate to identify only features that were
consistent across both cohorts. The distinguish-
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19 plasma samples (16 patients)

ing features between healthy and infected
individuals are shown in Fig. 1F. These include
frequencies of plasmablast and effector T cells
and the changes in innate immune cells de-
scribed above in addition to STATI1 (signal
transducer and activator of transcription 1)
and other signaling events in T cells and nat-
ural killer (NK) cells. Of note, no features were
significantly different between clinical sever-
ity groups.

We further examined the effect of various
therapeutic interventions on the immune re-
sponses using samples from the Hong Kong
cohort, in which some patients were treated
with IFN-1, corticosteroids, or antivirals. The
infected individuals, irrespective of the inter-
vention, showed an increased plasmablast and
effector CD8 T cell frequency compared with
healthy controls (fig. S3). However, there was
an increased frequency of effector CD8 T cells

4 September 2020

(fig. S3, bottom panel, right column) and de-
creased pSé6 signal in the pDCs of antiviral-
treated individuals (fig. S4).

COVID-19 results in functional impairment
of blood myeloid cells and pDCs

Given the earlier findings that mTOR signal-
ing in pDCs mediates the production of IFN-o
in response to Toll-like receptor (TLR) stimu-
lation (16), the reduced expression of pS6 in
pDCs suggests that such cells may be impaired
in their capacity to produce IFN-a. To test this,
we performed ex vivo stimulation of PBMCs
from healthy or COVID-19-infected individ-
uals, using a mixture of synthetic TLR7 and
TLR 8 (TLR7/8) and TLR3 ligands, which are
known to be expressed by viruses, and we per-
formed an intracellular staining assay to detect
cytokine responses. The TLR ligands included
TLR3 and TLR?7/8 ligands, polyIC and R848.
Consistent with our hypothesis, there was re-
duced production of IFN-o, in response to the
TLR stimuli in the pDCs of infected individu-
als compared with those of healthy controls
(Fig. 2A). The TNF-o response was also signif-
icantly reduced in the pDCs of infected indi-
viduals, which demonstrates that the pDCs are
functionally impaired in COVID-19 infection.
We also determined the ability of mDCs and
CD14" monocytes to respond to TLR stimuli.
Notably, the response in mDCs as well as that
in monocytes were also significantly lower in
response to stimulation with a bacterial ligand
cocktail (composed of TLR2, TLR4, and TLR5
ligands) or with the viral TLR cocktail (Fig. 2B
and fig. S5). Furthermore, the reduced IxBa
levels did not translate into enhanced NF-xf3
subunit p65 phosphorylation as measured
by p65 (Ser®®®) in the same cells (Fig. 2C). These
results suggest that the innate immune cells in
the periphery of COVID-19-infected individuals
are suppressed in their response to TLR stim-
ulation, irrespective of the clinical severity.

Enhanced concentrations of cytokines
and inflammatory mediators in plasma
from COVID-19 patients

The impaired cytokine response of myeloid
cells and pDCs in response to TLR stimulation
was unexpected and seemingly at odds with
the literature describing an enhanced inflam-
matory response in COVID-19-infected indi-
viduals. Several studies have described higher
plasma levels of cytokines, including but not
limited to IL-6, TNF-a, and CXCL10 (10, 17-19).
Therefore, we evaluated cytokines and chemo-
kines in plasma samples from the Atlanta co-
hort using the Olink multiplex inflammation
panel that measures 92 different cytokines
and chemokines. Of the 92 analytes measured,
71 proteins were detected within the dynamic
range of the assay. Of these 71 proteins, 43 cy-
tokines, including IL-6, MCP-3, and CXCLIO,
were significantly up-regulated in COVID-19
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% of pDCs

% of mDCs
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infection (Fig. 3, top row, and fig. S6). These
results demonstrate that plasma levels of in-
flammatory molecules were significantly up-
regulated, despite the impaired cytokine response
in blood myeloid cells and pDCs, which sug-
gests a tissue origin of the plasma cytokines.
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IL-6

In addition to IL-6 and other cytokines de-
scribed previously (10), we identified three
proteins that were significantly enhanced in
COVID-19 infection and strongly correlated
with clinical severity (Fig. 3, bottom row). These
were TNFSF14 [LIGHT, a ligand of lympho-

Fig. 2. Flow cytometry analysis of ex
vivo stimulated human peripheral blood
leukocytes from COVID-19 patients.

(A) Box plots showing the fraction of pDCs
in PBMCs of healthy or infected donors
(CD37, CD207, CD567, HLA-DR", CD14",
CD167, CD1lc™, and CD123") producing
IFN-a,, TNF-a, or IFN-o + TNF-o in
response to stimulation with the viral
cocktail (polylC + R848). The contour plots
on the right show IFN-a, TNF-a, or IFN-o +
TNF-a staining in pDCs. (B) Box plots
showing the fraction of mDCs in PBMCs of
healthy or infected donors (CD3~, CD20",
CD56°, HLA-DR", CD14", CD167, CD123",
and CD11c") producing IL-6, TNF-a, or
IL-6 + TNF-a in response to no stimulation
(top), the bacterial cocktail (middle;
Pam3CSK4, LPS, and Flagellin), or the viral
cocktail (bottom; polyIC + R848). The
flow cytometry plots on the right are
representative plots gated on mDCs
showing IL-6, TNF-a, or IL-6 + TNF-a
response. (C) Fold change of NF-kp p65
(Ser®®) staining in PBMCs stimulated
with bacterial cocktail relative to no
stimulation in healthy and infected donors
to show the reduced induction of p65
phosphorylation in infected individuals. The
histograms show representative flow
cytometry plots of p65 staining in mDCs.
GeoMFI, geometric mean fluorescence
intensity. In all box plots, the boxes show
median, upper, and lower quartiles.

The whiskers show 5th to 95th percentiles.
Each dot represents an Atlanta cohort
patient (n = 14 and 17 for healthy and
infected, respectively). Colors of the

dots indicate the severity of clinical dis-
ease, as shown in the legends. The
differences between the groups were
measured by Mann-Whitney rank sum test.
The P values depicting significance are
shown within the box plots.

toxin B receptor that is highly expressed in

human lung fibroblasts and implicated in lung

tissue fibrosis and remodeling and inflam-
mation (20)], EN-RAGE [S100A12, a biomarker
of pulmonary injury that is implicated in path-
ogenesis of sepsis-induced ARDS (21)], and
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oncostatin M [(OSM), a regulator of IL-6].
Of note, the TNFSF14 is distinctively enhanced
in the plasma of COVID-19-infected individuals
but not in cases of other related pulmonary
infections such as influenza (flu) virus and
respiratory syncytial virus (RSV) (Fig. 3). Given
the pronounced and unappreciated obser-
vations of the enhanced plasma concentra-
tions of TNFSF14, EN-RAGE, and OSM and
their correlation to disease severity, we used an
enzyme-linked immunosorbent assay (ELISA)
to independently validate these results. Con-
sistent with the multiplex Olink analysis, we
found a significant increase of these inflam-
matory mediators in the plasma of severe and
intensive care unit (ICU) COVID-19 patients.

Fig. 3. Multiplex analysis of cytokines in the
plasma of COVID-19 patients. Cytokine levels in
the plasma of healthy or infected individuals.

The infected individuals are further classified on
the basis of the severity of their clinical COVID-19
disease. The normalized protein expression values
plotted on the y axes are arbitrary units defined by
Olink Proteomics to represent Olink data. In all
box plots, the boxes show median, upper, and lower
quartiles. The whiskers show 5th to 95th percent-
iles. Each dot represents an Atlanta cohort
sample (n = 18 healthy, 4 moderate, 18 severe,

12 ICU, 2 convalescent, 8 flu, and 11 RSV).

The colors of the dots indicate the severity of clinical
disease, as shown in the legends. The differences
between the groups were measured by Mann-Whitney
rank sum test (Wilcoxon, paired = FALSE; *P <
0.05; **P < 0.01; ***P < 0.001; ns, not significant).

Fig. 4. Early, transient ISG expression in COVID-19 infection. (A) A sche-
matic representation of DC enrichment strategy used in CITE-seq analysis.
scRNA-seq, single-cell RNA-seq. (B) UMAP representation of PBMCs from all
analyzed samples (n = 12), colored by manually annotated cell type. (C) Pairwise
comparison of genes from healthy individuals (n = 5) and COVID-19-infected
patients (n = 7) was conducted for each cluster. DEGs were analyzed for
overrepresentation of BTMs. The ringplot shows overrepresented pathways in
up- and down-regulated genes of each cluster. The heatmap on the right shows
the average expression levels of 33 ISGs derived from the enriched BTMs

in different cell clusters of healthy (n = 5) and COVID-19 subjects (n = 7).
(D) UMAP representation of PBMCs from all analyzed samples showing the
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Furthermore, we found a correlation between
multiplex analysis by Olink and the ELISA
results (fig. S7). These results suggest that
COVID-19 infection induces a distinctive in-
flammatory program characterized by cyto-
kines released from tissues (most likely the
lungs) but suppression of the innate immune
system in the periphery. These observations
may also represent previously unexplored ther-
apeutic strategies for intervention against se-
vere COVID-19.

Single-cell transcriptional response
to COVID-19 infection

To investigate the molecular and cellular pro-
cesses that lead to the distinctive inflamma-

tory program, we used cellular indexing of
transcriptomes and epitopes by sequencing
(CITE-seq) and profiled the gene and pro-
tein expression in PBMC samples of COVID-19-
infected individuals. Cryopreserved PBMC sam-
ples from a total of 12 age-matched subjects
in the Atlanta cohort (five healthy controls and
seven COVID-19 patients; Table 2) were en-
riched for DCs, stained using a cocktail of 36
DNA-labeled antibodies (table S2), and analyzed
using droplet-based single-cell gene expres-
sion profiling approaches (Fig. 4A). We per-
formed the experiment in two batches and
obtained transcriptomes for more than 63,000
cells after initial preprocessing. Next, we gen-
erated a cell-by-gene matrix and conducted
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expression levels of selected IFNs and ISGs. (E) Kinetics of circulating IFN-a
levels (picograms per milliliter) in plasma measured using SIMoA technology
(n =18 healthy and 40 COVID-19-infected patients). (F) Correlation between
circulating IFN-o. levels in plasma and the average expression of ISGs measured

Hierarchically clustered heatmap of the expression of

the CITE-seq ISG signature (C) in the bulk RNA-seq dataset, performed using
an extended group of subjects (n = 17 healthy and 17 COVID-19~infected
samples). Colors represent gene-wise z scores. (H) Bar chart representing
the proportion of variance in CITE-seq ISG signature expression explained by
the covariates in the x axis through principal variance component analysis
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dimensionality reduction through uniform
manifold approximation and projection (UMAP)
and graph-based clustering. Analysis of cell
distribution within the UMAP between exper-
iments revealed no major differences, and we
analyzed the datasets from the two experiments
together without batch correction (fig. S8). Next,
we calculated the per-cell quality control (QC)
metrics (fig. S9), differentially expressed genes
(DEGsS) in each cluster compared with all other
cells (fig. S10 and table S4), and the abundance
of DNA-labeled antibodies in each cell (fig. S11).
Using this information, we filtered low-quality
cells and manually annotated the clusters. After
QC and cluster annotation, we retained a final
dataset with 57,669 high-quality transcriptomes
and a median of ~4781 cells per sample and
1803 individual genes per cell that we used to
construct the single-cell immune cell landscape
of COVID-19 (Fig. 4B).

‘We observed several clusters that were pri-
marily identified in COVID-19-infected indi-
viduals, including a population of plasmablasts,
platelets, and red blood cells and several pop-
ulations of granulocytes. Notably, we detected
clusters of T cells and monocytes that were
characterized by the expression of interferon-
stimulated genes (ISGs) such as IF127, IFITM3,
or ISG15 (see C11-C MONO_IFN and C18-T_IFN
in fig. S10). These IFN response-enriched clus-
ters emerged only in samples from COVID-19
patients (fig. S12).

To describe the specific transcriptional state
of single cells from COVID-19-infected indi-
viduals, we determined the DEGs for cells from
all COVID-19-infected samples in a given clus-
ter compared with the cells from all healthy
individuals in the same cluster. We then an-
alyzed these DEGs with overrepresentation
analysis using blood transcriptional modules
(BTMs) (22) to better understand which im-
mune pathways are differentially regulated in
patients with COVID-19 compared with healthy

individuals (Fig. 4C and fig. S13). The analysis
indicated a marked induction of antiviral BTMs,
especially in cell types belonging to the mye-
loid and dendritic cell lineage. Detailed anal-
ysis of the expression pattern of the distinct
union of genes driving the enrichment of these
antiviral pathways in monocytes and dendritic
cells revealed that many ISGs were up-regulated
in these cell types (Fig. 4C, heatmap). Given
our observations of muted IFN-o production
in pDCs (Fig. 2A), we investigated the expres-
sion of genes encoding various type I and type
II IFNs across cell types (Fig. 4D and fig. S14).
Notably, with the exception of modest levels
of IFN-y expression in T and NXK cells, we could
not detect any expression of IFN-a and -3 genes,
which is consistent with the functional data
demonstrating impaired type I IFN produc-
tion by pDCs and myeloid cells (Fig. 2). How-
ever, there was an enhanced expression of ISGs
in patients with COVID-19 (Fig. 4D) in spite of
an impaired capacity of the innate cells in the
blood compartment to produce these cytokines.

Despite the lack of type I IFN gene expres-
sion, the presence of an ISG signature in the
PBMCs of COVID-19-infected individuals raised
the possibility that low quantities of type I IFNs
produced in the lung by SARS-CoV-2 infection
(I7) might circulate in the plasma and induce
the expression of ISGs in PBMCs. We thus mea-
sured the concentration of IFN-o in plasma
using a highly sensitive ELISA enabled by single
molecule array (SIMoA) technology. We ob-
served a marked increase in the concentra-
tion of IFN-0, which peaked around day 8 after
onset of symptoms and regressed to baseline
levels by day 20 (Fig. 4E). Notably, we observed a
strong correlation between the average ex-
pression levels of the ISG signature in PBMCs
identified by CITE-seq analysis and the IFN-a
concentration in plasma (Fig. 4F). Addition-
ally, we noticed a strong temporal dependence
of the IFN-a response.

Table 2. Detailed characteristics of patient samples used in the CITE-seq analysis. Dashes
indicate that the information is not applicable. dec., deceased; F, female; M, male; B, Black; W, white.

ID Infection Response ICU Day Age Sex Ethnicity
covl COVID-19 Severe, dec. Y 15 60 F B
cov2 COVID-19 Severe N 15 75 F W
cov3 COVID-19 Severe N 16 59 M B
covd COVID-19 Severe N 8 48 M B
covh COVID-19 Moderate N 9 53 F B
covb COVID-19 Moderate N 2 75 F W
cov/ COVID-19 Moderate N 9 47 F B
hdl Healthy = = = 84 B W
hd2 Healthy - = = 68 F W
hd3 Healthy - - - 38 M W
hd4 Healthy = = = 90 M W
hd5 Healthy - - - 70 B W
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To investigate this further and to indepen-
dently validate the observations in the CITE-seq
analysis, we performed bulk RNA sequenc-
ing (RNA-seq) analysis of PBMCs in an ex-
tended group of subjects (17 COVID-19 patients
and 17 healthy controls) from the same cohort.
We first evaluated whether the ISG signature
containing 33 genes identified in the CITE-seq
data was also observed in the bulk RNA-seq
dataset. We observed a strong induction of the
ISGs in COVID-19 subjects compared with
healthy donors in this dataset as well (Fig. 4G).
Of note, we did not detect expression of genes
encoding IFN-o or IFN-B, consistent with the
CITE-seq and flow cytometry experiments (Fig.
4D and Fig. 2, respectively). We also performed
an unbiased analysis of an extended set of genes
in the IFN transcriptional network (23) and
found that these were induced in COVID-19
subjects relative to healthy controls, as observed
for the limited ISG signature (fig. S15A). Sim-
ilar to the observation with CITE-seq data (Fig.
4F), there was a strong correlation between cir-
culating IFN-o and the ISG response measured
by the bulk transcriptomics (fig. S15B). Addi-
tionally, we analyzed the individual impact of
major covariates—time, disease severity, sex, and
age—on the observed ISG signature. Although
time emerged as the primary driver of ISG sig-
nature, COVID-19 clinical severity also had an
effect (Fig. 4H and fig. S15C). Taken together,
these data demonstrate that, early during SARS-
CoV-2 infection, there are low levels of circulat-
ing IFN-o that induce ISGs in the periphery
while the innate immune cells in the periph-
ery are impaired in their capacity to produce
inflammatory cytokines.

In addition to an enhanced ISG signature,
the CITE-seq analysis revealed a significant
decrease in the expression of genes involved in
the antigen-presentation pathways in myeloid
cells (Fig. 4C and fig. S13). Consistent with this,
we observed a reduction in the expression of
the proteins CD86 and human leukocyte anti-
gen class DR (HLA-DR) on monocytes and
mDCs of COVID-19 patients, which was most
pronounced in subjects with severe COVID-19
infection (Fig. 5A and fig. S16A). HLA-DR is an
important mediator of antigen presentation
and is crucial for the induction of T helper cell
responses. Using the phospho-CyTOF data from
both the Atlanta and Hong Kong cohorts, we
confirmed the reduced expression of HLA-DR
on monocytes and mDCs in patients with severe
COVID-19 disease (Fig. 5B). By contrast, SI00A12,
the gene encoding EN-RAGE, was substantially
increased in the PBMCs of COVID-19 patients,
whereas the expression of genes encoding other
proinflammatory cytokines was either absent or
unchanged compared with healthy controls
(Fig. 5C and fig. S16B). Notably, the SI00A12
expression was highly restricted to monocyte
clusters (Fig. 5D) and showed a significant cor-
relation with EN-RAGE protein levels in plasma
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Fig. 5. Attenuated inflammatory response in peripheral innate immune
cells from COVID-19 patients. (A) Flow cytometry analysis of PBMCs analyzed
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bulk RNA-seq dataset. The boxes show median, upper, and lower quartiles,

and the whiskers show 5th to 95th percentiles. (D) UMAP representation of
S100A12 expression in PBMCs from all samples analyzed by CITE-seq.

(E and F) Correlation (Cor) analysis of SI00A12 expression in cells from myeloid
and dendritic cell clusters (C MONO_1, NC MONO, CDC2, PDC, C MONQ_IFN,

C MONO_2, and C MONQ_3) with EN-RAGE levels in plasma (E) or HLA-DPA1
expression in the same clusters (F) (n = 5 healthy and 7 COVID-19 subjects). The
statistical significance between the groups in (B) and (C) was determined by
two-sided Mann-Whitney rank-sum test; *P < 0.05; **P < 0.01; ***P < 0.001.

measured by Olink (Fig. 5E). Finally, we exam-
ined whether there is an association between
HLA-DR and S100A12 expression in our data-
set, and we found a strong inverse correlation
between S100A12 gene expression and the
genes encoding the antigen presentation ma-
chinery (HLA-DPA1, HLA-DPB1, HLA-DR, and
CD74) (Fig. 5F and fig. S17). Notably, the re-
ceptor for S100A12, AGER (RAGE), was ex-
pressed sparsely in PBMCs (fig. S18), which
suggests that the target of EN-RAGE action
was likely to be elsewhere—perhaps the lung,
where RAGE is known to be expressed in type

Arunachalam et al., Science 369, 1210-1220 (2020)

I alveolar epithelial cells and mediate inflam-
mation (24).

Taken together, CITE-seq analysis of PBMCs
in COVID-19 patients revealed the following
mechanistic insights: (i) a lack of expression of
genes encoding type I IFN and proinflamma-
tory cytokines in PBMCs, which was consistent
with the mass cytometry (Fig. 1C) and func-
tional data (Fig. 2); (ii) an early but transient
wave of ISG expression, which was entirely
consistent with analysis of RNA-seq from bulk
PBMCs (Fig. 4G and fig. S15A) and strongly
correlated with an early burst of plasma IFN-o

4 September 2020

(Fig. 4F), likely of lung origin (17); and (iii) the
impaired expression of HLA-DR and CD86 but
enhanced expression of SI00A12 in myeloid
cells, which was consistent with the mass cy-
tometry (Fig. 5B), Olink (Fig. 3), and ELISA
(fig. S7) data, and is a phenotype reminiscent
of myeloid-derived suppressor cells described
previously (25).

Severe COVID-19 infection is associated with
the systemic release of bacterial products

The increased levels of proinflammatory me-
diators in the plasma—including IL-6, TNF,
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TNFSF14, EN-RAGE, and OSM (Fig. 3)—coupled
with suppressed innate immune responses
in blood monocytes and DCs (Fig. 2 and fig.
S5) suggested a sepsis-like clinical condition
(26, 27). In this context, it has been previously
suggested that proinflammatory cytokines
and bacterial products in the plasma may play
pathogenic roles in sepsis, and the combina-
tion of these factors could be important in
determining patient survival (28, 29). There-
fore, to determine whether a similar mech-
anism could be at play in patients with severe
COVID-19, we measured bacterial DNA and
lipopolysaccharide (LPS) in the plasma. Nota-
bly, the plasma of severe and ICU patients had
significantly higher levels of bacterial DNA,
as measured by PCR quantitation of bacterial
16S ribosomal RNA (rRNA) gene product, and
of LPS, as measured by a TLR4-based reporter
assay (Fig. 6, A and B). Furthermore, there was
a significant correlation between bacterial DNA
or LPS and the plasma levels of the inflamma-
tory mediators 1L-6, TNF, MCP-3, EN-RAGE,
TNFSF14, and OSM (Fig. 6C and fig. S19). These
results suggest that the enhanced cytokine re-

Arunachalam et al., Science 369, 1210-1220 (2020)

lease may in part be caused by increased bacte-
rial products in the lung or in other tissues.

Discussion

We used a systems biology approach to deter-
mine host immune responses to COVID-19.
Mass cytometry analysis of peripheral blood
leukocytes from two independent cohorts re-
vealed several common features of immune
responses induced upon SARS-CoV-2 infec-
tion. There was a notable and protracted in-
crease in the frequencies of plasmablasts and
effector CD8 T cells in the peripheral blood,
consistent with recent studies (6, 8, 14). Nota-
bly, the effector T cells continued to increase
up to day 40 after symptom onset. Studies
have shown that SARS-CoV-2 infection indu-
ces exhaustion and apoptosis in T cells (30, 31).
Whether the continuing effector CD8 T cell
response reflects continuous exposure to anti-
gen and whether the cells are exhausted will
require further investigation.

In contrast to robust activation of B and T
cells, we observed a significant decrease in the
frequency of pDCs. Furthermore, mTOR sig-

4 September 2020

naling in pDCs was reduced significantly in
COVID-19-infected individuals, as measured
by decreased pS6 signaling by mass cytome-
try. These results suggest that pDCs, the pri-
mary producers of type I IFNs, are impaired in
COVID-19 infection, which is consistent with
studies in SARS-CoV infection (32). To deter-
mine whether the reduced mTOR signaling in
pDCs resulted in impairment of type I IFN pro-
duction, we stimulated cells in vitro with TLR
ligands. Our results demonstrate that pDCs
from COVID-19-infected patients are func-
tionally impaired in their capacity to produce
IFN-a in response to TLR stimulation. Taken
together, these data suggest that COVID-19
causes an impaired type I IFN response in
the periphery. Administration of type I IFN
has been proposed as a strategy for COVID-19
intervention (33); however, it must be noted
that type I IFN signaling has been shown to
elevate angiotensin-converting enzyme 2 (ACE2)
expression (34) in lung cells, which can po-
tentially lead to enhanced infection.

In addition to the impaired IFN-o produc-
tion by pDCs, there was a marked diminution
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of the proinflammatory cytokines IL-6, TNF-o,
and IL-1B produced by monocytes and mDCs
upon TLR stimulation (Fig. 2B). This was con-
sistent with the lack of or diminished expres-
sion of the genes encoding IL-6 and TNF in
the CITE-seq analysis (Fig. 5C). These results
suggest an impaired innate response in blood
leukocytes of patients with COVID-19. This
concept was further supported by the CyTOF
and flow cytometry data that showed decreased
HLA-DR and CD86 expression, respectively,
in myeloid cells (Fig. 5, D and E, and fig. S16).
To obtain deeper insight into the mechanisms
of host immunity to SARS-CoV-2, we performed
CITE-seq single-cell RNA-seq and bulk RNA-seq
analysis in COVID-19 patients at various stages
of clinical severity. Our data demonstrate that
SARS-CoV-2 infection results in an early wave
of IFN-a in the circulation that induces an ISG
signature. Although the ISG signature shows
a strong temporal dependence in our data-
sets, we also find that the ISG signature is
strongly induced in patients with moderate
COVID-19 infection (Fig. 4G). Consistent with
this, Hadjadj et al. (5) have reported an en-
hanced expression of ISGs in patients with
moderate disease compared with those with
severe or critical disease. Taken together, these
data suggest that SARS-CoV-2 infection induces
an early, transient type I IFN production in the
lungs that induces ISGs in the peripheral blood,
primarily in patients with mild or moderate
disease. Additionally, we observed reduced
expression of genes encoding proinflamma-
tory cytokines, as well as HLA-DR expression
in myeloid cells, which was consistent with the
CyTOF and flow cytometry data showing re-
duced HLA-DR and CD86 expression, respec-
tively, in myeloid cells.

Our multiplex analysis of plasma cytokines
revealed enhanced levels of several proin-
flammatory cytokines, as has been observed
previously (35), and revealed a strong associ-
ation of the inflammatory mediators EN-RAGE,
TNFSF14, and OSM with the clinical severity
of the disease. Notably, the expression of genes
encoding both TNFSF14 and OSM were down-
regulated in the PBMCs from COVID-19 pa-
tients with severe disease in the analysis of
CITE-seq data (Fig. 5C), which suggests a tis-
sue origin for these cytokines. The gene en-
coding EN-RAGE, however, was expressed at
high levels in blood myeloid cells in patients
with severe COVID-19 (Fig. 5, C to F) (although
it is also possible that EN-RAGE is expressed
in the lungs too). Of note, these three cytokines
have been associated with lung inflamma-
tory diseases. In particular, EN-RAGE has been
shown to be expressed by CD14* HLA-DR"
cells, the myeloid-derived suppressor cells, and
it is a marker of inflammation in severe sepsis
(21, 25, 36). Additionally, its receptor, RAGE,
is highly expressed in type I alveolar cells in
the lung (24). Notably, we observed that the
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classical monocytes and myeloid cells from
severe COVID-19 patients in the single-cell
RNA-seq data expressed high levels of SI00A12,
the gene encoding EN-RAGE, but not the typ-
ical inflammatory molecules IL-6 and TNF-c.
These data suggest that the proinflammatory
cytokines observed in plasma likely originate
from the cells in lung tissue rather than from
peripheral blood cells. Taken together with
the mass cytometry data, the plasma cytokine
data may be utilized to construct an immu-
nological profile that discriminates between
severe versus moderate COVID-19 disease
(fig. S20).

These results suggest that SARS-CoV-2 infec-
tion results in a spatial dichotomy in the innate
immune response, characterized by suppres-
sion of peripheral innate immunity in the face
of proinflammatory responses that have been
reported in the lungs (37). Furthermore, there
is a temporal shift in the cytokine response
from an early but transient type I IFN response
to a proinflammatory response during the later
and more severe stages, which is similar to that
observed with other diseases such as influenza
(38). Notably, there were enhanced levels of
bacterial DNA and LPS in the plasma, which
were positively correlated with the plasma
levels of EN-RAGE, TNFSF14, OSM, and I1L-6,
which suggests a role for bacterial products—
perhaps of lung origin—in augmenting the pro-
duction of inflammatory cytokines in severe
COVID-19. The biological consequence of the
impaired innate response in peripheral blood
is unknown but may reflect a homeostatic
mechanism to prevent rampant systemic hyper-
activation, in the face of tissue inflammation.
Finally, these results highlight molecules such
as EN-RAGE or TNFSF14, and their receptors,
which could represent attractive therapeutic
targets against COVID-19.
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