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their role in COVID-19. Here, Kr€amer et al.

utilize longitudinal analysis of NK cells to

show early TNF and IFN-a signatures

associated with moderate and severe

COVID-19, respectively, and NK cell

functional impairment in severe disease.
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SUMMARY
Longitudinal analyses of the innate immune system, including the earliest time points, are essential to under-
stand the immunopathogenesis and clinical course of coronavirus disease (COVID-19). Here, we performed a
detailed characterization of natural killer (NK) cells in 205 patients (403 samples; days 2 to 41 after symptom
onset) from four independent cohorts using single-cell transcriptomics and proteomics together with func-
tional studies. We found elevated interferon (IFN)-a plasma levels in early severe COVD-19 alongside
increased NK cell expression of IFN-stimulated genes (ISGs) and genes involved in IFN-a signaling, while up-
regulation of tumor necrosis factor (TNF)-induced genes was observed in moderate diseases. NK cells exert
anti-SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) activity but are functionally impaired in
severe COVID-19. Further, NK cell dysfunctionmay be relevant for the development of fibrotic lung disease in
severe COVID-19, as NK cells exhibited impaired anti-fibrotic activity. Our study indicates preferential IFN-a
and TNF responses in severe and moderate COVID-19, respectively, and associates a prolonged IFN-
a-induced NK cell response with poorer disease outcome.
INTRODUCTION

The clinical presentation of severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) infection is highly variable, ranging

from asymptomatic to severe courses of coronavirus disease
2650 Immunity 54, 2650–2669, November 9, 2021 ª 2021 Elsevier In
(COVID-19) (Huang et al., 2020; Wang et al., 2020a; Zhou

et al., 2020). Besides epidemiological factors and certain comor-

bidities (Bennett et al., 2021; Williamson et al., 2020), an imbal-

anced immune response underlies the clinical manifestation of

COVID-19. Patients with severe disease, in particular, present
c.
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with elevated blood plasma levels of numerous cytokines

and chemokines (Chen et al., 2020; Giamarellos-Bourboulis

et al., 2020), as well as a dysregulated type I interferon (IFN)

response (Blanco-Melo et al., 2020; Hadjadj et al., 2020; Yao

et al., 2021). Further characteristics of severe COVID-19 are

high frequencies of circulating CD14hiCD16hi monocytes,

decreased CD14loCD16hi monocytes (Hadjadj et al., 2020;

Schulte-Schrepping et al., 2020; Su et al., 2020), proliferating,

type I IFN-activated HLAlo-suppressive monocytes, and emer-

gency granulopoiesis. Metabolically hyperactive plasmablasts,

IFN-activated circulating megakaryocytes, and erythropoiesis

are increased in critically ill patients (Bernardes et al., 2020; Ste-

phenson et al., 2021). T and B cell compartments are also altered

in severe COVID-19 (Huang et al., 2020; Braun et al., 2020; Gri-

foni et al., 2020; Ni et al., 2020; Schulien et al., 2021).

Despite many studies on important aspects of the immunopa-

thology of COVID-19, our understanding of this disease is still

incomplete. For example, the role of natural killer (NK) cells, a

heterogeneous family of innate immune cells, has not been suf-

ficiently studied. Although there is clear evidence for their role in

acute viral infections (Björkström et al., 2011; Blom et al., 2016;

Kokordelis et al., 2014), data on NK cells in SARS-CoV-2 infec-

tion are sparse (Maucourant et al., 2020; Rajaram et al., 2020).

A COVID-19 vaccine study demonstrated an anti-Spike-depen-

dent NK cell response in vaccinated macaques (Yu et al., 2020),

suggesting that NK cells exert functions against SARS-CoV-2-

infected cells. Accordingly, a potential therapeutic benefit of

NK cells in COVID-19 is currently being investigated in clinical tri-

als (ClinicalTrials.gov: NCT04797975, NCT04634370, and

NCT04280224). On the other hand, NK cells can potentially

exacerbate the extent of lung injury in viral respiratory infections

(Rajaram et al., 2020).

COVID-19 has been associated with NK cell activation,

increased frequency of CD57+ adaptive NK cells (Maucourant

et al., 2020; Varchetta et al., 2020), impaired cytolytic activity

(Osman et al., 2020), reduced peripheral NK cells (Giamarellos-

Bourboulis et al., 2020; Jiang et al., 2020; Wang et al., 2020b;
Wilk et al., 2020), and increased intra-pulmonary NK cell fre-

quencies (Chua et al., 2020; Liao et al., 2020; Xu et al., 2020).

However, due to heterogeneous study populations, including

patients under high-dose steroid therapy, the lack of longitudinal

analyses, and limited functional characterizations, the exact

effects of SARS-CoV-2 infection on NK cells and their role in

antiviral immune responses and the immunopathogenesis of

COVID-19 still need to be clarified.

Here, we performed a detailed longitudinal characterization

of NK cells in COVID-19 patients of different severities by

combining single-cell transcriptomics and proteomics in four in-

dependent cohorts with comprehensive functional analyses,

including studying NK cell activity against SARS-CoV-2-infected

cells.

We demonstrate that NK cells in early severe COVID-19

display signs of a strong IFN-a response with increased expres-

sion of IFN-stimulated genes (ISGs) and genes related to IFN-a

signaling, whereas in early moderate disease, NK cells were

characterized by a tumor necrosis factor (TNF) imprint. This dif-

ferential gene expression pattern was specific for the first week

after onset of symptoms and also enabled us to discriminate be-

tween patients with fatal outcomes of COVID-19 and those who

finally recovered. Moreover, we demonstrate an impaired anti-

SARS-CoV2 NK cell activity, which was particularly prominent

and prolonged in severe COVID-19. In summary, our data link

persistent NK cell dysfunction, induced by an exaggerated

IFN-a response, with an unfavorable disease course and thereby

support a role for NK cells in the immunopathogenesis of

COVID-19.

RESULTS

Multi-center study to determine NK cell molecular
phenotype and function
To assess the impact of SARS-CoV-2 infection on the function

and composition of the NK cell pool, we analyzed longitudinally

collected peripheral blood samples in a multi-center setting.
Immunity 54, 2650–2669, November 9, 2021 2651
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Figure 1. Multi-center study to determine NK cell molecular phenotype and function
(A) Overview of the study design.

(B) Overview of longitudinal patient distribution.

(legend continued on next page)
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Samples collected in Bonn (cohort 1) were analyzed on the

cellular level by multi-color flow cytometry and a micro-well-

based single-cell RNA sequencing (scRNA-seq) approach, while

plasma levels of soluble factors were studied using a bead-

based digital and planar-array ultrasensitive immunoassays.

For cohorts 2 and 3, collected in Berlin and Kiel, respectively,

as well as for the fourth cohort, assembled from two large co-

horts carried out in the UK (Stephenson et al., 2021) and the

US (Su et al., 2020), scRNA-seq was performed using a

droplet-based platform. Cohort 2 samples were additionally

analyzed bymass cytometry, cytometry by time of flight (CyTOF)

(Figures 1A and 1B; Table S1). Patients treated with dexametha-

sone were excluded from the analyses to avoid immunotherapy-

induced biases in the results. A total of 205 patients and 81 con-

trols, including 8 donors with flu-like symptoms, were studied.

In both cohorts 1 and 2, COVID-19 was associated with a

decreased absolute number of circulating NK cells (Figures 1C

and 1D). Longitudinal analysis in cohort 1 demonstrated a similar

loss of NK cells in both moderate and severe diseases in week 1.

In contrast, fromweek 2 onward, patients withmoderate disease

showed a normalization of NK cell counts, while severe

COVID-19 was characterized by persistent NK cell depletion

(Figure S1A). Percentages of CD56bright and CD56dim NK cells

did not differ between study groups (Figures S1B and S1C). Cor-

relation analysis demonstrated that the numbers of total and

CD56dim NK cells negatively correlated with C-reactive protein

(CRP), an acute-phase protein reflecting the intensity of inflam-

mation (Figure 1E). COVID-19 was associated with an increased

NK cell expression of the apoptosis marker active caspase-3

and CD95 (Figure 1F). SARS-CoV-2 nucleocapsid protein

induced active caspase-3 expression and a dose-dependent in-

crease in CD95 (Figure 1G). In summary, our findings indicate

that COVID-19 significantly affects the NK cell compartment.

COVID-19-specific composition of the circulating NK
cell compartment
In order to gain a more detailed insight into COVID-19-induced

alterations of the NK cell pool, we assessed transcriptional

changes of NK cells in the blood by scRNA-seq analysis. In

cohort 1, NK cell transcriptomes were extracted from COVID-

19 peripheral blood mononuclear cell (PBMC) scRNA-seq data

(Schulte-Schrepping et al., 2020) derived from 64 samples

from 17 COVID-19 patients (8 moderate and 9 severe) collected

between days 2 and 25 after symptom onset, and 13 sex- and

age-matched controls. Uniform Manifold Approximation and

Projection (UMAP) visualization of the NK cells in cohort 1 re-

vealed transcriptional alterations in diseased NK cells. Density

coloring stratified for cells from controls or moderate or severe

COVID-19 patients showed differential two-dimensional distri-

bution (Figure 2A). To investigate these disease-relevant differ-
(C) Absolute numbers of total NK cells and NK cells subsets in cohort 1.

(D) Absolute numbers of total NK cells and CD56dim NK cells in cohort 2.

(E) Pearson correlation between numbers of absolute and CD56dim NK cells and

(F) Frequency of NK cells positive for active caspase-3 or CD95 in cohort 1.

(G) Detection of CD95 and active caspase-3 in control NK cells co-incubated wi

Kruskal-Wallis (KW) test corrected for multiple comparison by controlling the false

***p < 0.01.

For n, see Table S6.
ences, differentially expressed genes (DEGs) were calculated

for severity groups (Figure 2B). Hierarchical clustering of the

DEGs revealed 5 different gene modules with specific patterns

according to the disease groups. Gene enrichment analysis of

the severe COVID-19-related module 3 and the moderate

COVID-19-related modules 4 and 5 revealed enrichment in the

Hallmark terms ‘‘IFN-a response’’ and ‘‘TNF signaling,’’ respec-

tively (Table S3), indicating that these pathways are discrimina-

tors for severe and moderate COVID-19 NK cells on the tran-

scriptional level.

To further explore the transcriptional heterogeneity within the

NK cell compartment, we performed a clustering analysis of

the single-cell transcriptomes, identifying 6 distinct subtypes

(Figure 2C). Comparison to previously published NK scRNA-

seq signatures (Smith et al., 2020) and cluster marker expression

revealed these 6 subtypes comprised inflamed CD56dim (high

IFN-related genes); proliferating CD56dim (MKI67); cytokine

CD56dim (CCL4, CCL3, IFNG); HLAhiCD56dim (HLA-DP, HLA-

DR); CD56dim (FCGR3A); and CD56bright (NCAM1) NK cells (Fig-

ure 2D; Table S2). NK cell transcriptomes from the other 3

cohorts (cohorts 2–4) (Bernardes et al., 2020; Schulte-Schrep-

ping et al., 2020), which were comprised of 49 samples from

18 COVID-19 patients and 22 control donors, 20 samples from

10 COVID-19 patients, and 5 control donors as well as 201

samples from 110 COVID-19 patients and 39 control donors,

respectively (Figures 1A and 1B; Tables S1 and S6), resulted in

3 validation datasets of 6,964, 15,369, and 97,764 single-cell

NK transcriptomes, respectively. Peripheral NK cell subtypes

identified in cohort 1 were similarly found in cohorts 2–4,

validating the subtype annotation (Figures S2A and S2B).

Next, we analyzed the distribution of NK cell subtypes across

different disease severities (Figures 2E and S2C). In severe

COVID-19 patients, both inflamed and proliferating CD56dim

NK cells were strongly overrepresented compared to moderate

COVID-19. The fraction of cytokine CD56dim NK cells was en-

riched in samples derived from patients with moderate disease.

All these subtypes were rather low in controls, emphasizing their

strong disease association. CD56dim NK cells represented the

main NK cell population in blood from control donors (Figures

2E and S2C). Taken together, inflamed and proliferating CD56dim

NK cells were associated with severe and cytokine CD56dim NK

cells with moderate disease, respectively.

In parallel, we applied flow cytometry in cohort 1 to study the

peripheral NK cell compartment based on protein markers (Fig-

ures 2F, S2D, and S2E; Table S2). Analysis of NKp80 and CD94

excluded contamination with ILC1s within the NK cell gate (Fig-

ure S2H). We identified inflamed CD56dim, proliferating CD56dim,

cytokine CD56dim, HLAhi CD56dim, CD56dim, and CD56bright

subpopulations analogous to the transcriptome analysis

(Figure S2E). Proportions of inflamed CD56dim, proliferating
serum CRP levels.

thout or with nucleocapsid.

discovery rate (FDR; Benjamini, Krieger, Yekutieli [BKY]); *p < 0.05, **p < 0.01,
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CD56dim, and HLAhi CD56dim subpopulations were increased in

COVID-19 patients (Figure 2G). Inflamed CD56dim, cytokine

CD56dim, HLAhi CD56dim, and CD56bright NK subsets were also

identified by CyTOF in cohort 2 (Figure S2G), where inflamed

CD56dim and HLAhiCD56dim NK cells were elevated in COVID-

19 patients (Figure 2I). The cytokine CD56dim subset was partic-

ularly increased in patients with flu-like symptoms. The

Cellular Indexing of Transcriptomes and Epitopes (CITE)-seq

data from cohort 4 identified 6 NK cell subtypes as seen by tran-

scriptome-based analysis, further corroborating subpopulation

structure at the protein level (Figures 2D and 2E). Single-marker

analysis confirmed elevated activation (both cohorts: CD69 and

HLA-DR; cohort 1: CD38) and proliferation (cohort 2: KI-67) in

severe patients. Furthermore, an increase of NK cell-specific re-

ceptor expression was detected for severe disease (cohort 1:

NKG2C) and flu-like illness (cohort 2: CD226), respectively (Fig-

ures S2H, gating, S2I, and S2J).

Together, NK cells stratified by disease severity revealed

marked differences between severe and moderate COVID-19

in regard to gene expression and composition of NK cell

subtypes.

Longitudinal characterization reveals early and
persistent NK cell disparity between moderate and
severe COVID-19
To also include the aspect of disease dynamics in our analysis

(Figure 3A), peripheral NK cells of cohort 1 were stratified by

separate samples obtained the weeks after disease onset, and

DEGs were calculated comparing cells from the respective

severity groups. UMAP representation revealed prominent

time-dependent changes (Figure 3B). Calculated DEGs between

conditions were grouped into 15 modules by hierarchical clus-

tering (Figure 3C) and used as input for functional enrichment

analysis and transcription factor (TF) and upstream ligand pre-

diction (Figure 3D; Table S4). Modules 1 and 2 were highly ex-

pressed in moderate COVID-19 NK cells and enriched for the

terms ‘‘TNF signaling via NF-kB’’ and ‘‘response to IFN-

gamma,’’ indicating antiviral activity based on IFN and TNF

signaling. The modules included IRF1, IFITM3, CCL3, and

CCL4, which are induced by type I IFNs and genes such as

TNFAIP, NFKBIA, and FOSL2 relevant for TNF signaling. TF pre-
Figure 2. COVID-19-specific composition of the circulating NK cell co

(A) Cell frequency density by disease severity overlaid on the UMAP of cohort 1

(B) Heatmap of DEGs calculated based on the possible severity comparisons for a

Hochberg) and FDR cutoff of 5%. Hierarchical clustering of gene modules and

(KEGG) and Hallmark databases (Table S3).

(C) UMAPof NK cells fromcohort 1 (scRNA-seq; 10,927 cells). NK subtypes define

(D) Selected marker genes for each identified NK subtype from (C).

(E) Heatmap showing the proportion of each severity group for identified NK sub

(F) Cell frequency density plot by disease severity overlaid on the UMAP of coho

(middle top panel), and severe COVID-19 (left lower panel) patients. Phenograph

overlaid on the UMAP (right panel; alignment in Figures S2D and S2E).

(G) Box and whisker plots of identified NK subtypes in cohort 1 (FC data). KW and

0.01, ***p % 0.001, ****p % 0.0001).

(H) Cell frequency density plot by disease severity overlaid on the UMAP of co

moderate COVID-19 (third top panel), and severe COVID-19 (left lower panel) patie

scRNA-seq data overlaid on the UMAP (right panel; alignment in Figures S2F an

(I) Box and whisker plots of identified NK subtypes in cohort 2 (CyTOF). KWwith m

0.05, **p % 0.01, ***p % 0.001.

For n, see Table S6.
diction further underlined an IFN-induced response with STAT1/

2 and the TNF impact, with RELA among the top predicted TFs.

RelA is a component of nuclear factor kB (NF-kB) that drives

various transcriptional programs after TNF stimulation (Liu

et al., 2017). Module 3 was comprised of 46 genes characterized

by a strong expression in the second week of severe disease.

Functional enrichment analysis assigned the terms ‘‘E2F tar-

gets’’ and ‘‘DNA replication’’ to this module, indicating an

enhanced proliferative capacity. TF prediction pointed to mem-

bers of the E2F family as key TFs, further emphasizing the prolif-

erative functionality of these genes. HMGB2, a factor related to

cell proliferation in cancer (Zhang et al., 2019b), was predicted

as the top potential ligand. Module 4 was enriched in genes spe-

cifically upregulated in week 1 in severe COVID-19 NK cells.

Functional analysis of the 121 module genes revealed implica-

tions in ‘‘IFN-a response’’ and ‘‘negative regulation of viral pro-

cesses.’’ Correspondingly, the module contained numerous

IFN-related genes (MX1, ISG15, ISG20, and IFIH1). The top pre-

dicted ligands being members of the IFN-a family and the pre-

dicted TF including IFN-induced factors (STAT1, STAT2, and

IRF9) underlined the inflammatory character of this module.

These results indicated the relevance of IFN-a signaling for se-

vere COVID-19 NK cells in early disease. In conclusion, early se-

vere COVID-19 is dominated by IFN-a signaling (module 4) while,

in contrast to early moderate COVID-19, showing lower enrich-

ment for the TNF signaling pathway (module 1 and 2).

To assess the implication of the 6 NK cell subtypes (Figure 2C)

in disease-severity- and time-specific DEG modules (Figures 3C

and 3D), gene set enrichment analysis of each module for each

subtype was performed (Figure 3E). As expected by functional

enrichment and TF prediction, modules 1 and 2, specific for early

moderate COVID-19 NK cells, enriched especially in the cyto-

kine-producing CD56dim and partly in the inflamed CD56dim NK

cells, while module 4, enriched in week 1 after symptom onset

in severe COVID-19 NK cells, was dominated by inflamed

CD56dim NK cells, stressing the early differences in severe and

moderate COVID-19 and further highlighting the importance of

TNF for a milder disease course. The proliferating CD56dim NK

cells contributed exclusively to module 3, including prolifera-

tion-related genes upregulated in the second week of severe

COVID-19 (Figures 3C and 3D). Visualization of the proportions
mpartment

(scRNA-seq).

ll NK cells (scRNA-seq, cohort 1). Multiple comparison adjustment (Benjamini-

functional enrichment using the Kyoto Encyclopedia of Genes and Genomes

d by clustermarker expression and reference-basedNKannotations (Table S2).

types of cohort 1 (scRNA-seq).

rt 1 (flow cytometric [FC] data) of controls (left top panel), moderate COVID-19

clustering (middle lower panel) and NK cell subsets based on scRNA-seq data

Dunn’s multiple comparison test (not significant [ns]: p > 0.05, *p% 0.05, **p%

hort 2 (CyTOF) of controls (left top panel), flu-like-illness (second top panel),

nts. Phenograph clustering (middle lower panel) and NK cell subsets based on

d S2G).

ultiple comparison by controlling FDR (BKY) was performed; ns: p > 0.05, *p%
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Figure 3. Longitudinal characterization of NK cells in COVID-19

(A–D) Workflow of longitudinal analysis of scRNA-seq data from cohort 1 (A), UMAPs (B), heatmap generation (C), and analysis (D) are indicated.

(B) Cell frequency density plot by disease severity and weeks after onset overlaid on the UMAP of cohort 1 (scRNA-seq, for n, see Table S6).

(C) Heatmap of DEGs calculated based on the possible comparisons for severities and week after onset based on all NK cells (scRNA-seq, cohort 1). Multiple

comparison adjustment (Benjamini-Hochberg) and FDR cutoff of 5%. Hierarchical clustering of genes into modules (Table S4).

(D) Selected results from functional enrichment analysis using the Gene Ontology (GO), KEGG, and Hallmark databases, transcription factor (TF) prediction, and

upstream ligand prediction for each identified heatmap module from (C) (for the entire list, see Table S4).

(E) Heatmap of mean area under the curve (AUC) scores based on AUCell enrichment of heatmap gene modules from (C) for NK subtypes of cohort 1

(scRNA-seq).

(legend continued on next page)
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of different subtypes over time showed an enrichment of in-

flamed CD56dim NK cells in week 1 declining until mid week 2

(Figure 3F). In contrast to severe COVID-19, moderate disease

was characterized by a continuous presence of cytokine-pro-

ducing CD56dim NK cells. In severe patients, a strong increase

of proliferating CD56dim NK cells was observed starting approx-

imately 11 days after symptom onset until the end of week 3

(Figure 3F).

Next, we defined time-dependent and severity-specific alter-

ations of the 6 NK cell subsets in cohort 1 (Figures 3G, 3H, and

S3A) and cohort 2 (Figure S3B). The proportion of inflamed

CD56dim NK cells was slightly higher in early severe COVID-19

compared to patients with moderate disease in cohort 1 (Fig-

ure 3H) and cohort 2 (Figure S3C). Consistent with the scRNA-

seq data, proliferating CD56dim NK cells increased from week 2

to 3 in severe COVID-19 in cohort 1. Severe COVID-19 was also

associated with increased protein expression of the activation

markers CD38, CD69, and HLA-DR, especially in week 1 (Fig-

ure S3A and S3D). In cohort 2, the frequency of CD56dim HLA-

DRhi did not differ between moderate and severe disease but

was increased in COVID-19 compared to controls and flu-like

illness, respectively (Figures 3C and 3D). Finally, the proliferation

marker KI-67 was increased on NK cells in severe COVID-19.

Together, the predominant expression of activation markers

was observed both on RNA and protein levels in the early phase

of the disease course in severe COVID-19 patients.

Increased IFN-a and TNF signaling drive disease-
severity-associated transcriptional programs in COVID-
19 NK cells
To address the type I IFN system inmore detail, we extracted the

genes from the Hallmark term ‘‘IFN-a response’’ and visualized

those that were DEGs (Figure 4A). Both moderate and severe

COVID-19 patients showed elevated expression of these type I

IFN signature genes at disease onset, which subsided in week

1 in moderate patients and in week 3 in severe patients. Several

type I IFN target genes showed differential regulation between

moderate and severe COVID-19; for example, IFITM1 and

IFITM3 were mainly elevated in moderate disease while GBP4,

SELL, PSME2, CASP1, or TXNIP were only increased in severe

COVID-19 (Figure 4A). Even when using all ‘‘IFN-a response’’

genes for signature enrichment analysis, this response was

elevated early after infection and persisted into the second

week in severe disease (Figure 4B). Examination of the data of

cohorts 2–4 corroborated these findings, as the IFN-a response

was also enriched in COVID-19 NK cells in weeks 1 and 2, with a

stronger signal in severe cases.

While investigating plasma levels of IFNs and proinflammatory

cytokines (Figure 4C), we observed increased plasma concen-

trations of IFN-a together with other proinflammatory cytokines

(TNF, IL-6, and IFN-g) in week 1, especially in severe disease

(Figure 4C). In contrast to proinflammatory cytokines, plasma

levels of IFN-a dropped after week 1. Plasmacytoid dendritic
(F) NK subtype occupancy over time in days after symptom onset as average of

(G) Density plot of cell frequency by disease severity and weeks after onset over

(H) Heatmap divided by disease severity and weeks after onset showing the pro

(FC data).

For n, see Table S6.
cells (pDCs), a main producer of IFN-a, were reduced in both

moderate and severe COVID-19 in week 1 (Figures S4A and

S4B), which is in line with recent findings (Kuri-Cervantes et al.,

2020), and argued against pDCs being the major source for

elevated circulating IFN-a during this time.

When correlating IFNs and proinflammatory cytokines (week

1) with clinically determined disease severity, only IFN-a corre-

lated with both WHO classification and SOFA score (Figure 4D).

Hence, we used severe COVID-19 samples from all weeks after

symptom onset and showed that the IFN response signature is

elevated in patients from cohort 1 and 2 who succumbed to

infection (Figure 4E), which might therefore contribute to a fatal

disease course.

To study the role of TNF, we extracted the genes from the Hall-

mark term ‘‘TNF signaling via NF-kB’’ and visualized DE genes in

cohort 1 (Figure 4F). These genes showed a distinct distribution

from the ‘‘IFN-a response’’ Hallmark term with very strong sig-

nals in moderate compared to severe COVID-19, particularly in

week 1, with a prolonged expression for most genes. A few

genes included in the TNF-signaling Hallmark (AREG, IL7R,

andCEBPD) were only induced in severe COVID-19. Enrichment

analysis using the complete Hallmark for ‘‘TNF signaling via

NF-kB’’ demonstrated a strong enrichment in NK cells from

moderate COVID-19 patients that subsided over time, with no

enrichment in severe COVID-19 NK cells (Figure 4G). In cohorts

2–4, the TNF signature was enriched in moderate patients for the

earliest time points available in the cohorts. In contrast to the

IFN-a response signatures, the TNF signaturewasmost elevated

in NK cells from discharged patients, both in cohorts 1 and 2,

when analyzing severe samples from all weeks after symptom

onset (Figure 4H).

The lack of enrichment of TNF signature genes in severe

COVID-19 was discordant with the high level of TNF in plasma

in these patients (Figures 4C and S4C). The interplay between

the TNF and type I IFN pathways might be, in part, responsible

for differential gene induction in NK cells (Schultze and Aschen-

brenner, 2021). We tested this possible interaction by incubating

peripheral NK cells from control individuals with or without TNF in

the presence of two different IFN-a concentrations and as-

sessed IFN target genesMX-1, IFI6, and ISG15 (Figure 4I). While

the addition of TNF in the presence of high levels of IFN-a, remi-

niscent of severe COVID-19, led to a further increase of IFN

target gene expression, this was not observed under low-level

IFN-a. In a second set of experiments, TNF target genes were

assessed in presence of TNFwith or without low-level IFN-a (Fig-

ure 4J). Here, the addition of IFN-a reduced the expression of

TNF target genes, mirroring the transcriptional signatures in se-

vere COVID-19.

Collectively, we observed strong TNF signature gene induc-

tion in moderate but not severe COVID-19, while IFN-a response

genes were predominant in NK cells from severe COVID-19 and

were linked to IFN signaling being associated with an unfavor-

able outcome.
all samples stratified by severity.

laid on the UMAP of cohort 1 (FC data).

portion of each severity group for the three identified NK subtypes of cohort 1
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Figure 4. Increased IFN-a and TNF signaling drive disease-severity-associated transcriptional programs in COVID-19 NK cells

(A) Heatmap of genes of the intersection of the Hallmark IFN-a response and the previously calculated DEGs in cohort 1 (scRNA-seq) separated by disease

severity and week after symptom onset.

(legend continued on next page)
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NK cells display anti-SARS-CoV-2 activity but are
functionally impaired in COVID-19
Quantitative assessment of NK cell responses demonstrated a

marked dysfunction of circulating NK cells after stimulation

with K562 cells (Figures 5A and S5A). Disturbance of NK cell

function was more pronounced in patients with severe COVID-

19, who displayed reduction in percentages of IFN-g+, and

TNF+ cells in both CD56dim (Figure 5B) and CD56bright NK cells

(Figure S5B). However, cytotoxic degranulation was only

impaired in the CD56dim subgroup and not in the CD56bright sub-

group (Figures 5B and S5B). Kinetic analysis demonstrated that

cytokine production differed between moderate and severe

COVID-19 over time (Figure 5C), with NK cells in severe

COVID-19 showing a persistent functional disturbance after

more than 2 weeks (Figure 5C). Similar observations were

made when peripheral NK cells were stimulated with cytokines

(Figures S5C and S5D).

Next, we tested the anti-SARS-CoV-2 function of circulating

COVID-19 NK cells. To this end, Caco-2 cells and Vero E6

cells were infected with SARS-CoV-2 and co-cultured with

purified NK cells. Using SARS-CoV-2 Spike-specific nanobod-

ies (Koenig et al., 2021) for quantification of virus protein levels

in viable, active Caspase-3– cells, we found peripheral NK

cells from controls reduced viral protein levels both in Caco-

2 and Vero E6 cells (Figure 5D). In contrast, NK cells from

both moderate and severe COVID-19 displayed impaired anti-

viral activity independent of interleukin (IL)-2 pre-stimulation

(Figures 5E and 5F). Circulating NK cells increased the

expression of active caspase-3 in SARS-CoV-2-infected

target cells, especially after pre-stimulation with IL-2. Howev-

er, induction of active caspase-3 did not differ between

COVID-19 NK cells and controls (Figures 5G and 5H). To

test whether reduced NK cell IFN-g/TNF production might

be involved in impaired antiviral activity of COVID-19 NK cells,

different concentrations of IFN-g, TNF, or a combination of

both cytokines were added to virus-infected cells. Both IFN-

g and TNF led to reduced viral RNA titers (Figures S5E and

S5F) and decreased expression of the Spike protein (Figures
(B) AUCell-based enrichment of the Hallmark IFN-a response signature, and viol

cohorts (scRNA-seq). For cohorts 2 and 3, the enrichment of week 2 after sym

together with controls, are shown, respectively. FDR-corrected KW p value is in

(C) Heatmap of SARS-CoV-2 nucleocapsid, immunoglobulin G (IgG), and plasma c

19 (n = 8), and severe COVID-19 (n = 9).

(D) Heatmap showing the Spearman correlation coefficients of Sequential Organ F

of COVID-19 samples originating from week 1 after symptom onset (severe: n =

(E) AUCell-based enrichment of the Hallmark IFN-a response signature, and violin

disease outcome for cohort 1 (scRNA-seq) and cohort 2 (scRNA-seq). KW and Du

****p % 0.0001).

(F) Heatmap of genes of the intersection of the Hallmark TNF signaling and the pre

and week after symptom onset.

(G) AUCell-based enrichment of the Hallmark TNF signaling signature, and violin

(scRNA-seq). For cohorts 2 and 3, the enrichments of week 2 after symptom onse

controls, are shown, respectively. FDR-corrected KW p value is indicated.

(H) AUCell-based enrichment of the Hallmark TNF signaling signature, and violin p

outcome for cohort 1 (scRNA-seq) and cohort 2 (scRNA-seq). KW and Dunn’s mu

0.0001). For n, see Table S6.

(I) Relative expression of ISGHallmark transcripts (MX-1, IFI6, and ISG15; 2-DCq va

NK cells with recombinant IFN-a (pink line: 1ng/ml; violet line: 10ng/ml) in combi

(J) Relative expression of TNF Hallmark transcripts (MAP3K, TNF1IP3, and LIT

unstimulated or stimulated control NK cells with TNF (10 ng/ml) alone or TNF (10
S5G and S5H). In line with these findings, we found lower con-

centrations of IFN-g and TNF in supernatants of COVID-19 NK

cells compared to control cells after incubation with both cell

lines (Figures 5I and 5J).

Taken together, the antiviral activity of COVID-19 NK cells was

markedly diminished and is associated with a decline in IFN-g

and TNF production.

Soluble factors mediate COVID-19-associated NK cell
dysfunction
Enhanced expression of immune checkpoint molecules on NK

cells is suggested to be involved in ineffective antiviral immune

responses (Hadjadj et al., 2020; Vabret et al., 2020; Wilk et al.,

2020, Kong et al., 2020; Schultheiß et al., 2020). scRNA-seq

analysis revealed an increased expression of several immune

checkpoint genes in COVID-19, but no consistent differences

were found between moderate and severe disease (data not

shown). On the protein level, increased frequencies of PD-1+,

LAG3+, and TIGIT+ peripheral NK cells, especially in severe

COVID-19, were observed in cohort 2, and higher proportions

of TIM-3+ NK cells were observed in cohort 1 (Figures S6A and

S6B). The proportion of TIM-3+ and PD-1+ NK cells was rather

low, and there was no correlation between IFN-g production

and the frequency of TIM-3+ or PD-1+ NK cells (Figure S6C).

Regarding TIGIT, we found more increased IFN-g production in

TIGIT- than in TIGIT+ NK cells, irrespective of COVID-19 severity.

The severe COVID-19-associated impairment of IFN-g produc-

tion was detected for both TIGIT+ and TIGIT- subpopulations

(Figure S6D). In summary, little evidence was found for a defini-

tive involvement of the checkpoint molecules, PD-1, TIGIT, LAG-

3, or TIM-3, in functional NK cell impairment in COVID-19.

Given the increased concentrations of inflammatory and

immunosuppressive cytokines observed in early severe

COVID-19 (Figure 4C), we next incubated peripheral control

NK cells with plasma from COVID-19 patients or controls. Incu-

bation with severe COVID-19 plasma resulted in a marked func-

tional impairment with decreased IFN-g (Figures 6A and 6B) and

TNF (Figure 6C) production, whereas plasma from patients with
in plots of the AUC scores per severity group and week after onset for all four

ptom onset and for cohort 4 the enrichment of week 1 after symptom onset,

dicated.

ytokines in samples from patients of cohort 1: control (n = 6), moderate COVID-

ailure Assessment (SOFA) score andWHOordinal scale, with plasma cytokines

9, moderate: n = 9). Statistically significant correlations are indicated.

plots of the AUC score of controls and severe COVID-19 samples stratified by

nn’smultiple comparison test (ns: p > 0.05, *p% 0.05, **p% 0.01, ***p% 0.001,

viously calculated DEGs in cohort 1 (scRNA-seq) separated by disease severity

plots of the AUC per severity group and week after onset for all four cohorts

t and for cohort 4 the enrichment of week 1 after symptom onset, together with

lots of the AUC of controls and severe COVID-19 samples stratified by disease

ltiple comparison test (ns: p > 0.05, *p% 0.05, **p% 0.01, ***p% 0.001, ****p%

lues related to 2 housekeepers) in unstimulated (black line) or stimulated control

nation with recombinant TNF (0, 10, or 25 ng/ml) for 18 h.

AF; Z scored data obtained from 2-DCq values related to 2 housekeepers) in

ng/ml) combined with IFN-a (1 ng/ml) for 18 h.

Immunity 54, 2650–2669, November 9, 2021 2659



A

C

D

G H I J

E F

B

Figure 5. NK cells display anti-SARS-CoV-2 activity but are functionally impaired in COVID-19

(A) Schematic experimental setup.

(B) Detection of IFN-g, TNF-a production, and CD107a expression of CD56dim NK cells severe, n = 41.

(legend continued on next page)
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moderate disease had only minor effects. A more detailed anal-

ysis revealed these differences between moderate and severe

COVID-19 mainly resulted from differences at week 2 and later,

resembling our ex vivo observations (Figure 5C). Ex vivo NK cell

cytokine production per patient correlated with in vitro IFN-g and

TNF production of control NK cells after incubation with plasma

from the respective COVID-19 patient (Figure 6D). These findings

indicated that soluble factors were involved in COVID-19-asso-

ciated NK cell dysfunction. In line with this hypothesis, we found

IFN-a, TNF, and IL-6 suppressed NK production of IFN-g (Fig-

ure S6E). However, neither blockade of individual cytokines

nor simultaneous blockade of different cytokine combinations

(data not shown) resulted in normalization of severe COVID-19

NK cell functions (Figure 6E). Yet, when culturing severe

COVID-19 NK cells in the presence of plasma from controls,

cytokine production and degranulation were almost completely

restored (Figures 6F and 6G). To test whether there was a direct

effect of viral components, particularly the SARS-CoV-2 nucleo-

capsid on NK cell function, we incubated NK cells from control

donors with different concentrations of nucleocapsid and

analyzed IFN-g production after co-culture with K562 cells.

Neither with nor without IL-2 did control donor NK cells show dif-

ferences in IFN-g production after incubation with nucleocapsid

(Figure S6F).

While transcriptome analyses had illustrated altered transcrip-

tional programming of NK cells in COVID-19, functional assays

show that this is not an inherent cell-intrinsic characteristic but

a dysfunctional state triggered by severe COVID-19-associated

soluble plasma components.

COVID-19 NK cells display impaired anti-fibrotic activity
Severe COVID-19 beyond the second week is characterized by

persisting clinical symptoms (Grasselli et al., 2020; Guan et al.,

2020). We therefore investigated the molecular phenotype of

NK cells in later stages of the disease. Comparison of severe

COVID-19 samples from week 3+ versus all others in cohort 1

distinguished a group of differentially regulated genes, which

were then assessed in the other cohorts (Figure 7A). While these

genes also appeared to be differentially regulated in week 3+ for

cohorts 2 and 3, the genes were already differentially regulated in

week 2 for cohort 4. 14 genes showed similar average log fold

changes in all cohorts (Figure 7B). Late-phase NK cells from pa-

tients with severe disease were characterized by downregulated

expression of IFN-related genes but higher expression ofDUSP2

(a regulator of the ERK signaling pathway) (Jeffrey et al., 2006) as

well as the glucocorticoid-inducible factor TSC22D3 and RNA-

binding protein ZFP36L2, which are linked to immunosuppres-

sion (Salerno et al., 2018; Yang et al., 2019b). In addition, we
(C) Functional capacity of K562-stimulated CD56dim NK cells separated accordin

(D) Detection of SARS-CoV-2 Spike protein in Caco-2 and Vero E6 cells cultured

(E) Detection of SARS-CoV-2 Spike protein in Caco-2 cells cultured with control

(F) Detection of SARS-CoV-2 Spike protein in Vero E6 cells cultured with contro

(G) Detection of active caspase-3 in SARS-CoV-2-infected Caco-2 cells cultured

(H) Detection of active caspase-3 in SARS-CoV-2-infected Vero E6 cells cultured

(I) IFN-g concentrations in cell culture supernatants obtained from (E) and (F).

(J) TNF-ɑ concentrations in cell culture supernatants obtained from (E) and (F).

Statistical analysis in (C)–(E): KW test corrected for multiple comparison by con

****p % 0.0001.

For n, see Table S6.
observed an increased expression of the chemokine receptor

CXCR4 and AREG (encoding for amphiregulin [AR]), an

epidermal growth factor receptor ligand involved in pulmonary

fibrosis (Ding et al., 2016). Analysis of COVID-19 bronchoalveolar

lavage fluid (BALF) samples (Liao et al., 2020) revealed the pro-

portion of NK cells expressing higher levels of AREG and

CXCR4 to be increased in severe COVID-19 (Figure 7C). Multi-

color flow cytometry (MCFC) confirmed CXCR4 upregulation

on circulating CD56dim NK cells (Figures 7D, S7A, and S7B)

and AR expression on NK cells in late severe COVID-19

(Figure 7E).

Plasma from severe COVID-19 patients but not controls upre-

gulated CXCR4 and AR (Figures 7F and 7G). We observed a pos-

itive correlation between the post-culture expression of CXCR4

and AR (Figure S7C), resembling our findings on the transcrip-

tome level (Figure S7D). Similar to severe COVID-19 (Figures

7C and S7E), upregulation of AREG, DUSP2, ZFP36L2, and

TSC22D3 in pulmonary NK cells is also found in lung fibrosis

(Habermann et al., 2020) (Figure 7H). To test the impact of

COVID-19 NK cells on fibrotic activity of human lung fibroblasts,

expression of the pro-fibrotic marker genesCOL1A1 and ACTA2

were assessed (Figures 7I, 7J, and S7F–S7H). Incubation with

non-activated peripheral NK cells from COVID-19 patients had

no effect on the expression of pro-fibrotic genes in the fibro-

blasts (Figure S7F). However, after activation with IL-2, NK cells

from control individuals reduced the expression of pro-fibrotic

genes in fibroblasts, which was not the case after incubation

with severe COVID-19 NK cells (Figure 7I). Following activation

with IL-2, NK cells from severe COVID-19 were impaired in

inducing active caspase-3 compared to controls and moderate

COVID-19 in human lung fibroblasts (Figures 7J and S7G).

Without activation, COVID-19 NK cells induced lower caspase-

3 than control NK cells, though no difference was observed

regarding disease severity (Figure S7H). Moreover, we observed

that AREG expression negatively correlated with several genes

involved in cytotoxic NK cell functions (Figure S7I), which might

indicate a high expression of AREG to define an NK cell popula-

tion with low anti-fibrotic activity.

Collectively, these data support a diminished role of NK cells in

prohibiting fibrosis development in COVID-19.

DISCUSSION

NK cells are an essential part of the innate immune response and

are importantly involved in antiviral immune responses (Björk-

ström et al., 2011; Blom et al., 2016; Kokordelis et al., 2014).

Increased intra-pulmonary NK cell frequencies (Chua et al.,

2020; Liao et al., 2020; Xu et al., 2020) and anti-Spike-dependent
g to study groups and weeks after onset.

with or without control NK cells.

versus COVID-19 NK cells.

l versus COVID-19 NK cells.

with control versus COVID-19 NK cells.

with control versus COVID-19 NK cells.

trolling FDR (BKY) was performed; ns, *p % 0.05; **p % 0.01, ***p % 0.001,
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