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SUMMARY
We profiled adaptive immunity in COVID-19 patients with active infection or after recovery and created a
repository of currently >14 million B and T cell receptor (BCR and TCR) sequences from the blood of these
patients. The B cell response showed converging IGHV3-driven BCR clusters closely associated with
SARS-CoV-2 antibodies. Clonality and skewing of TCR repertoires were associated with interferon type I
and III responses, early CD4+ and CD8+ T cell activation, and counterregulation by the co-receptors BTLA,
Tim-3, PD-1, TIGIT, and CD73. Tfh, Th17-like, and nonconventional (but not classical antiviral) Th1 cell polar-
izations were induced. SARS-CoV-2-specific T cell responses were driven by TCR clusters shared between
patients with a characteristic trajectory of clonotypes and traceability over the disease course. Our data pro-
vide fundamental insight into adaptive immunity to SARS-CoV-2 with the actively updated repository
providing a resource for the scientific community urgently needed to inform therapeutic concepts and vac-
cine development.
INTRODUCTION

We are facing a pandemic of coronavirus disease 2019 (COVID-

19) that is forcing us to live with the causative zoonotic severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), at least

until a protective vaccine is developed.While there is no evidence

for age-dependent differences of viral loads inCOVID-19 patients,

only a fraction of individuals exposed to the virus is infected and

not all infected individuals develop the symptoms of COVID-19

(Wu and McGoogan, 2020). Similar to the two related viruses—

SARS-CoVand theMiddle East respiratory syndromecoronavirus

(MERS-CoV)—SARS-CoV-2 harnesses the widely expressed

angiotensin-converting enzyme 2 (ACE2) on the surface of host

cells as an entry receptor (Hoffmann et al., 2020; Walls et al.,

2020; Zhou et al., 2020). SARS-CoV-2 infection occurs in three

stages: an asymptomatic incubation period (with the potential,
442 Immunity 53, 442–455, August 18, 2020 ª 2020 Elsevier Inc.
however, of transmission to susceptible individuals), a mildly

symptomatic period in some patients, and, in�19% of confirmed

cases, progression to a severely symptomatic state with 5% of

critical disease courses (Rothe et al., 2020; Shi et al., 2020;

Wang et al., 2020; Wu and McGoogan, 2020). Inferring from the

pathophysiology of other coronaviruses, it is very likely that the ca-

pacity to mount a protective adaptive immune response plays a

decisive role if viral propagation can be stopped early or if the virus

will massively destroy tissues with high ACE2 expression, ulti-

mately leading to a severe inflammatory state with relevant organ

damage, specifically in the lungs and the kidneys (McKechnie and

Blish, 2020; Puelles et al., 2020; Shi et al., 2020). Based on these

assumptions, as long as no protective vaccine is available, anti-

viral and therapeutic approaches promoting adaptive immunity

would seem to be the most promising early in the disease,

whereas in later disease stages, it may be key to suppressing
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inflammation to prevent tissue damage. However, there is only

incomplete knowledge about the nature of T and B cell immune

responses induced by SARS-CoV-2 and the factors determining

the regulation of such responses and their persistence. This is

especially true for non-hospitalized COVID-19 patients who

achieved spontaneous viral clearance, thus providing a bottle-

neck resource for identifying successfully regulated anti-SARS-

CoV-2 immune responses that are urgently needed to inform trial

design and strategic vaccine development.

To close this gap, we performed a comprehensive immuno-

logical analysis to decode the adaptive immune response

directed against the virus using next-generation immunose-

quencing flanked by antibody diagnostics, cytokine profiling,

and flow cytometry in a cohort of hospitalized patients with

active COVID-19 disease and a cohort that recovered from

COVID-19 without medical intervention. The generated data

reported here represents the basis for an actively updated

repository (gateway.ireceptor.org; Study ID: IR-Binder-000001)

opened for public scientific use that will allow researchers with

different backgrounds to test their individual hypotheses on a

growing dataset.

RESULTS

Cohorts and Laboratory Characteristics
We hypothesized that individuals with mild to moderate disease

courses and early recovery would be a subset with effective im-

mune control and persistent immune receptor signatures in

post-infection blood, whereas patients with more severe or

even fatal COVID-19 show an inflammatory reaction and fail to

induce early protective immunity. Based on this assumption,

we compiled a cohort of patients who recovered after COVID-

19 (cohort 1, n = 19 patients, n = 20 samples) and a cohort of pa-

tients with active infection (cohort 2, n = 20 patients, n = 50 sam-

ples). Two patients overlapped in cohort 1 and 2 since samples

from active disease as well as after recovery were available. Pa-

tients from cohort 1 with mild to moderate disease courses were

generally younger (median age 34 versus 67 years in cohort 1

versus 2), were managed as outpatients, and the majority had

no comorbidities. The majority of cohort 2 patients had comor-

bidities (18 of 20 with comorbidities linked to unfavorable

COVID-19 outcome according to Wu et al. (2020a), all of the pa-

tients had to be hospitalized, and 12 of 20 patients were critically

ill, with a need for mechanical ventilation or extracorporeal mem-

brane oxygenation (ECMO). As a reference, we used an age-

matched healthy donor (HD) cohort that tested negative for

COVID-19 antibodies (n = 39). The characteristics of patient co-

horts 1 and 2 are shown in Table S1 and the disease courses are

shown in Figure 1. Human leukocyte antigen (HLA) typing results

of the cohort are shown in Table S2.

Many patients with active (and mostly severe) COVID-19

showed leukocytosis, some with granulocytosis and pro-

nounced T cell lymphopenia, while B lymphocyte counts were

normal or even increased in the majority of patients (Figures

2A–2E). The CD4+:CD8+ T cell ratio was shifted toward CD4+

T cells (Figure 2F), and regulatory T (Treg) cells were expanded

in some patients (Figure 2G). Immunoglobulin G (IgG) and IgM

concentrations were normal or decreased, but 5 of 13 evaluable

patients had unexpectedly increased IgA amounts (Figure 2H).
A large proportion of all patients exposed to SARS-CoV-2

showedpositivity for anti-SARS-CoV-2 IgA and IgGat somepoint,

as measured by ELISA (32 of 37 patients; Figures 2I and 2J). An

even higher percentage showed positivity by plasma neutraliza-

tion assay at some point (35 of 37 patients; Figure 2K). Patients

with active COVID-19 showed generally higher peak amounts of

anti-SARS-CoV-2 antibodies than recovered patients, with rela-

tive IgG amounts of 6.3 compared to 2.1 (as measured by semi-

quantitative ELISA) in a time span of 30–45 days after the first

symptoms surfaced (Figure 2I). Of 70 time points analyzed by

ELISA between a few days to 8 weeks after symptom onset, 48

were positive for IgA and IgG, 12 were negative for IgA and IgG,

6 were IgG negative but IgA positive, and only 3 were IgG positive

but IgA negative (Figures 2I, 2J, and 2L). The neutralization assay

detected antibodies more sensitively, with only 2 of the 70 time

points resulting in negative numbers. Two of three patients with

hematological malignancies developed delayed (patient 3,

4 weeks after COVID-19 contact) or only very weak and intermit-

tent IgA antibody responses (patient 1), as tested by IgA and IgG

ELISA, while the plasma neutralization assay was consistently

positive, except for the first time point of patient 1. Patient 3 had

been treated with rituximab �6 months before infection with

SARS-CoV-2, while patient 1 had undergone stem cell transplan-

tation 7 months before infection and received immunosuppres-

sive treatment for graft-versus-host disease, both treatments im-

pairing B cell immune responses.

Persistent Cytokine Deregulation and Interferon Type I
and III Responses in COVID-19 Patients
We reasoned that the previously reported cytokine storm in

COVID-19 may be responsible for some of the blood count ab-

normalities of these patients (Mehta et al., 2020). IL-6 and IL-

10, both involved in class switch recombination but also in

T cell exhaustion, were significantly increased in the plasma of

patients with active COVID-19, in line with previous data (Chen

et al., 2020; Diao et al., 2020), while the recovered patients

showed normal concentrations (Figure 3A). Also, plasma con-

centrations of B cell-activating factor (BAFF) were exclusively

increased in active COVID-19 patients and exhibited a very un-

usual positive correlation with B cell counts, while a prolifera-

tion-inducing ligand (APRIL) was elevated only in the plasma of

recovered patients (Figures 3A and S1). The antiviral cytokine

pattern was compatible with an IFN type I and type III response,

the latter persisting at increased levels during the recovery phase

in COVID-19 (Figure 3B). COVID-19 had strong effects on the

secretory variants of immune checkpoint molecules such as sol-

uble Tim-3 (sTim-3), sLAG-3, sCD25, and sGalectin-9, which

were normal in the recovered state, suggesting massive antiviral

responses and counterregulation at the time point of active (and

severe) disease (Figure 3C). All of the cytokines showing less

profound alterations in COVID-19 are shown in Figure S2.

Early-Phase CD4+ and CD8+ T Cell Activation and
Counterregulation with Shift toward T Follicular Helper,
Th17, and Nonconventional Th1 Cell Responses in
COVID-19
Based on the impact of SARS-CoV-2 on T cell numbers, the

CD4+:CD8+ ratio, and secretory immune checkpoint molecules,

we aimed to explore the functional state of T cells in COVID-19
Immunity 53, 442–455, August 18, 2020 443
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Figure 1. COVID-19 Disease Courses in Patients from Cohorts 1 and 2

Overview of COVID-19 disease course, intervention, and sample collection of patients infected with SARS-CoV-2 in cohort 1 (recovered) and 2 (active). pt,

patient.

See also Tables S1 and S2.
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by multiparametric flow cytometry. For this analysis, we used

subjects with active disease at the date of sample collection,

with samples acquired between 2 weeks and 1 month from

symptom onset. We found 6 patients matching these selection

criteria, 5 from cohort 2 and 1 from cohorts 1 and 2, with a me-

dian number of 23 days after symptom onset. Unsupervised

cluster analysis clearly revealed 2 differentially abundant clusters

(DACs) in the T cell compartment of COVID-19 patients (Fig-

ure 4A). As annotation of the markers indicates, both clusters

contained cells expressing co-inhibitory receptors, namely

BTLA (B and T lymphocyte attenuator), previously described to

increase septic morbidity by inducing innate dysfunction (Shubin

et al., 2012), and programmed cell death protein-1 (PD-1) and
444 Immunity 53, 442–455, August 18, 2020
T cell immunoreceptor with Ig and immunoreceptor tyrosine-

based inhibition motif domain (TIGIT). Further analysis of the

expression of co-inhibitory receptors in each lymphocyte sub-

population confirmed that BTLA was strongly upregulated in

both CD4+ and CD8+ T cells compared to controls (Figures 4B

and 4C), indicating T cell activation and counterregulation in

both subsets (Fuertes Marraco et al., 2015). While Tim-3 upregu-

lation seemed to be a more important activation checkpoint for

the CD8+ subset, PD-1 upregulation was more pronounced on

the CD4+ subset, together with a strong downregulation of the

metabolically active ecto-50-nucleotidase CD73, which is also

involved in the modulation of innate immune activation during

viral immune response (Aeffner et al., 2015) (Figures 4B and
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Figure 2. Basic Laboratory Characteristics of COVID-19 Cohorts

(A–E) Total number of leukocytes (A), granulocytes (B), lymphocytes (C), CD3+ T cells (D), and CD20+ B cells (E) per microliter of blood in HDs and COVID-19

cohorts 1 (recovered) and 2 (active). The gray dotted lines indicate the respective lower and upper limits of the reference range.

(F and G) Ratio of CD4+:CD8+ T cells (F) and percentage of regulatory T cells (G) in healthy donors (HDs) and patients with active COVID-19.

(H) Immunoglobulin (Ig) levels in patients with active COVID-19. Gray dotted lines indicate respective lower and upper limits of reference range.

(I and J) Relative levels of anti-SARS-CoV-2 IgG (I) and IgA (J). Black dotted lines indicate borderline range.

(legend continued on next page)
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4C). Also, natural killer (NK) cells, significantly involved in antiviral

responses, showed important signs of disinhibition by, for

example, the downregulation of the inhibitory receptor TIGIT

(Figures 4B and 4C). The proportions of naive and different

stages of memory cells, in contrast, did not show any significant

imbalance in COVID-19 patients (Figure 4E), supporting the

finding that T cell responses are still in the early phase of immune

activation in patients with active or severe COVID-19 infections.

The dynamics of T helper (Th) subset differentiation, however,

are already shifting, demonstrating profound T follicular helper

(Tfh) and Th17-like, and to some degree nonconventional,

(CCR6+ CCR4+) Th1 (Th1*) polarization (Becattini et al., 2015),

while the classical antiviral Th1 axis was not induced (Sallusto,

2016) (Figure 4D). In contrast to the classical Th1 cells, the

recently described Th1* cells express CD161 and interleukin-1

receptor type I (IL-1RI) typical for Th17, but not classical Th1,

cells. However, despite sharing these features with Th17 cells,

Th1* cells do not produce IL-17 (Sallusto, 2016). Dimensionality

reduction of immune profiling data on activation and co-inhibi-

tory receptors for individual patients show the profound global

differences between COVID-19 patients and HDs (Figure S3).

Creation of a Repository for B and T Cell Receptor
Sequences from COVID-19 Patients
Our analysis of blood B and T cell compartments and antibody

repertoires confirmed some of the previously reported and re-

vealed new aspects of COVID-19 immune responses, suggest-

ing that SARS-CoV-2 substantially affects adaptive immunity

and immune cell architecture and function. Using in-depth

sequence analyses of B and T cell repertoires in our 2 informative

cohorts, we hypothesized that we could reveal the nature of pro-

tective versus detrimental B and T cell responses. This may be

used as a prognostic biomarker in patients and is critically

needed to develop monoclonal antibodies to SARS-CoV-2, but

also to determine the optimal T cell engagement strategy for vac-

cine development. For this purpose, we created a COVID-19

BCR and TCR sequence repository in response to the COVID-

19 pandemic that is continuously fed with new annotated

sequence data (details on data deposition are illustrated in Fig-

ure S4; gateway.ireceptor.org; Study ID: IR-Binder-000001). At

the time of manuscript submission, the repository contained se-

quences from a total of 37 patients, including 69 time points, and

overall >6.2 million BCR and >8.3 million TCR sequences that

were retrieved from this repository for the analyses presented

here. Sequencing details and depths of BCR and TCR reper-

toires are shown in Table S3.

Convergence of B Cell Responses toward IGHV3-
Containing Rearrangements without Somatic
Hypermutation in COVID-19
Global Ig heavy-chain gene (IGH) metrics showed slightly more

diverse and richer repertoires in COVID-19 patients, an effect

that was more pronounced in the recovered cases of cohort 1

(Figure 5A). Overall, only very slight increases in IGH somatic hy-
(K) Neutralizing antibodies against infectious SARS-CoV-2 isolate were analyz

titer R1:20.

(L) Heatmap of results from (I)–(K). NT, neutralizing anti-SARS-CoV-2 antibodies. T

(2 groups), ordinary 1-way ANOVA (3 groups).
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permutation as a proxy for germinal center reactions were

discernible in repertoires from COVID-19 patients as compared

to HDs (Figure 5B). It is noteworthy that there was a rather broad

range of somatic hypermutations across individuals. To study a

potential clinical significance associated with this, we compared

the rates of somatically mutated BCRs per patient in critically ill

individuals who had required mechanical ventilation or ECMO

with those of hospitalized individuals who did not require any

ventilation support in the course of their disease. This analysis

showed that high somatic hypermutation (corresponding to a

low percentage of naive B cells) was a pattern associated with

a more severe clinical picture (Figure 5B). Notably, BCRs with

high somatic hypermutation did not display evidence for clonal

expansion as compared to BCRs without.

Next, we examined our dataset for conserved sequence fea-

tures indicating the shared imprints of a convergent B cell

response in COVID-19 patients, thus reducing repertoire

complexity for the identification of potential BCRs correspond-

ing to selected antibodies targeting SARS-CoV-2. To achieve

this, we retrieved the 50 most frequent BCR clonotypes from a

subset of 13 randomly chosen anti-SARS-CoV-2 positive reper-

toires of both cohorts (Figures 2I–2K), as well as 6 control

COVID-19 repertoires without detectable anti-SARS-CoV-2

IgG or IgA antibody titers and subjected this subset of 19 reper-

toires to phylogenetic sequence analysis. Only B cell clusters

derived from at least 10 unique BCR clonotypes and at least 4

different COVID-19 patients were considered to be potential

sources of SARS-CoV-2 targeting antibodies. To estimate the

specificity of our clustering approach, we used a positive and

negative control cohort. The positive control consisted of HDs

immunized with recombinant recombinant vesicular stomatitis

virus-vectored Ebola vaccine (rVZV-EBOV, the recently licensed

Ebola vaccine [Ervebo]) who developed rVZV-EBOV-specific an-

tibodies at day 28 after vaccination (cohort characteristics and

sequencing depths are shown in Table S4). These 13 BCR rep-

ertoires were aligned with 5 BCR repertoires from individuals

who did not develop rVZV-EBOV-specific antibodies at day 28

after vaccination. As a negative control, we used 13 and 6

randomly chosen BCR repertoires from HDs that were studied

using the same algorithm. The phylogenetic analysis revealed

15 clusters of related BCR sequences in antibody-positive

COVID-19 repertoires and 11 clusters after rVZV-EBOV vaccina-

tion, while 5 clusters were generated from the 2 randomly chosen

sets of unchallenged HD repertoires. The COVID-19 clusters

spanned different individuals that apparently had, independently

of one another, engaged in very similar B cell responses charac-

terized by the preferential usage of Ig heavy chain variable region

3 (IGHV3) subfamily genes, mostly rearranged with Ig heavy

chain joining region 4 (IGHJ4) or IGHJ6 gene segments. In

contrast, the vaccine-specific clusters from the Ebola cohort ex-

hibited a more scattered usage of IGHV genes. Of note, the ma-

jority of COVID-19-specific IGHV3 BCR clusters contained un-

mutated BCR sequences (Figure 5C). This was in line with our

metrics data, suggesting that patients with more effective
ed. Analysis was started with a 1:10 dilution. Seropositivity is defined by a

he error bars indicate mean ± SDs. Statistical analysis: 2-sided unpaired t-test
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Figure 3. Profiling of Soluble Factors in COVID-19 Patients Shows Persistent Cytokine Deregulation and Interferon (IFN) I and III Responses

Mean plasma levels of cytokines key to B cell function (A) and viral response (B), as well as soluble immune checkpoints (C) in patients with active disease (n = 20)

or after recovery (n = 19) compared to HDs (n = 32). All samples were measured at least in duplicates. Additional data are included in Figure S2. The error bars

indicate means ± SDs. Statistical analysis: ordinary 1-way ANOVA.

See also Figures S1 and S2.
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Figure 4. T Cells from COVID-19 Patients Show Early-Phase CD4+/CD8+ Activation and Helper Cell Polarization toward Tfh, Th17, and Th1

Responses
(A) Unbiased analysis of flow cytometry data using SPADEVizR trees shows significant enrichment of differentially abundant clusters (DACs) in active COVID-19

patients and HDs.

(B) Results of manual flow cytometry analysis of T and NK cell surface markers depict increased expression of inhibitory markers and ectoenzymes. Values are

represented as the percentage of the respective cell population.

(C) Comparison of T and NK cell activation and exhaustion markers between COVID-19 patients and HDs. ++, Significantly increased in COVID-19; (+), increased

in COVID-19; =, similar in COVID-19 and HDs; (-) decreased in COVID-19, -, significantly decreased in COVID-19; /, not applicable. Additional data are included in

Figure S3.

(D) Th cell subsets in HDs and COVID-19 patients. Values are represented as the percentage of CD4+ T cells, respectively. Tfh, T follicular helper cells. Th1*, non-

classical Th1 cells.

(E) Differentiation and maturation profiles of CD8+ and CD4+ T cells. The error bars indicate mean ± SEMs. Statistical test: 2-sided unpaired t test.

See also Figure S3.
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Figure 5. B Cell Repertoire Analysis from Living COVID-19 Sequence Repository Shows BCR Rearrangements Converging toward

IGHV3 Usage with Low Somatic Hypermutation and Homology with Antibody Sequence Selected against the SARS-VoV-2 S1 Antigen

(A) Peripheral blood IGH repertoire metrics of HDs and patients with active COVID-19 and after recovery.

(B) Percentage of peripheral blood BCRswith somatic hypermutation in HDs and patients with active COVID-19 and after recovery. IGH hypermutation in patients

with active COVID-19, depending on ventilation status and severity of disease. ECMO, extracorporeal membrane oxygenation. The error bars indicate

mean ± SDs. Ordinary 1-way ANOVA (3 groups) or 2-sided unpaired t-test (2 groups) were used to study the differences between cohorts.

(C) B cell repertoire-wide phylogenetic tree analysis of SARS-CoV-2 ELISA-positive (n = 13) versus -negative (n = 6) samples (left panel), HDs (upper right panel),

and an Ebola vaccination cohort (lower right panel). The top 50 clones per IGH repertoire were used for the analysis.

(D) Sequence alignment between BCR sequences derived from IGH repertoires of COVID-19 patients from our cohorts, with a SARS-CoV-2 neutralizing single-

domain antibody (n3010) recently isolated by Wu et al. (2020c). The asterisk indicates the number of patients.

See also Figure S4 and Tables S3, S4, and S5.
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Figure 6. T Cell Repertoire Analysis from Living COVID-19 Sequence Repository Shows COVID-19-Specific, Shared TCR Clusters with Char-

acteristic Clonotype Trajectories over Time

(A) Peripheral blood TRB repertoire metrics of HDs and patients with active COVID-19 and after recovery. The error bars indicate means ± SDs. Ordinary 1-way

ANOVA was used to study differences between cohorts.

(legend continued on next page)
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immune responses to SARS-CoV-2 had a larger pool of naive B

cells. All of the COVID-19 cluster sequences are shown in detail

in Table S5. Notably, we also detected 5 distinct B cell clono-

types in 8 different patients encoding BCRs very similar to an

anti-SARS-CoV-2 single-domain antibody (n3010) recently iso-

lated byWu et al. (2020c) from a phage-displayed single-domain

antibody library that was selected on the SARS-CoV-2 S1 anti-

gen. These sequences also had a bias toward IGHV3 and

IGHJ4 gene usage and exhibited low levels of somatic hypermu-

tation with 98%–100% identity to the germline V gene

(Figure 5D).

COVID-19-Specific T Cell Clusters Are Shared between
Patients and Show Characteristic Clonotype
Trajectories over the Course of the Disease
Global T cell metrics showed highly clonal T cell repertoires in

active COVID-19, while, along with an overshooting T cell regen-

eration, T cell repertoires increased their diversity and richness

above the level of HDs at recovery (Figure 6A). T cell receptor

beta chain variable and joining (TRBV/J) gene usage was

strongly skewed in patients with COVID-19 (Figure 6B). We

used the GLIPH2 algorithm (grouping of lymphocyte interaction

by paratope hotspots) to cluster TCR sequences based on pre-

sumed identical antigen recognition. In addition, we calculated

the generation probability (pGen) of all T cell clonotypes con-

tained in the clusters. T cell clonotypes with a high pGen, also

called public clonotypes, are expected to be shared by >60%

of the population due to their convergent recombination (Elhanati

et al., 2018), while low pGen clusters are thought to be private

and not expected in a large proportion of the population. Conse-

quently, if low pGen sequences or clusters are shared between

several individuals, it can be assumed that they were generated

or selected during a directed immune response to a specific

(e.g., infectious) trigger. The GLIPH2 algorithm was applied on

all of the repertoires from cohorts 1 and 2. Clusters exclusively

present or enriched at active (and mostly severe) disease con-

tained predominantly public clonotypes (Figure 6C, left panel,

lower left quadrant, and red dots), while only a few low pGen

clusters were found to be enriched (Figure 6C, left panel, upper

left quadrant). In contrast, we detected a high number of clusters

exclusive to the recovered cohort 1 (n = 2,331; Figure 6C, left

panel, green dots), including 31 low pGen clusters. Notably,

the cluster with the lowest pGen of 2�51 and the sequence motif

‘‘S-GGTGYE’’ (Figure 6C, right panel) was shared exclusively by

3 patients at recovery (patients 6, 27, and 38). All of the relevant

clusters, including their originating CDR3 amino acid sequence

and their TRBV and TRBJ gene usage, are shown in Table S6.

Patient 7 developed only mild disease and successfully coped

with the SARS-CoV-2 infection. Longitudinal sampling of this pa-

tient during active disease (days 15, 20, and 23) and at recovery

(day 27) enabled us to dissect T cell dynamics during viral clear-

ance. We analyzed the top 1,000 TCR clonotypes of this patient
(B) PCA of combinatorial TRBV/TRBJ gene usage in HDs and patients with active

Pillai-Bartlett test of multivariate analysis of variance (MANOVA) of principal com

(C) Distribution and pGen of COVID-19-specific T cell clusters in patients with ac

(D) Principal-components analysis (PCA) of normalized clonotype frequencies o

trajectory ± SE of clonotypes belonging to pattern 1 (expanding) or pattern 2 (co

See also Figure S4 and Tables S3 and S6.
over all of the time points and identified 4 different patterns of

clonotype dynamics by hierarchical clustering (Figure 6D, left

panel). Patterns 1 and 2 especially caught our attention, since

large numbers of clonotypes were assigned to them. The clono-

types of patterns 1 and 2 presented opposing trajectories, with

pattern 2 clonotypes decreasing in frequency from day 20 until

recovery and pattern 1 clonotypes constantly expanded over

time, with the highest abundance at recovery (Figure 6D, right

panel). We reasoned that if the expanding clonotypes of pattern

1 were crucial for the immune response during SARS-CoV-2

infection, they should also be included in the COVID-19-specific

clusters shared between patients. Some of the expanding

pattern 1 clonotypes derived from patient 7 were assigned to

these clusters (e.g., to 10 COVID-19 clusters shared exclusively

between recovered patients; cluster motifs: PNTGE, TGTGE, G-

GGET, RG-PYNE, RQ-STDT, RTS-YNE, GLAGET, QAGANV, L-

SGANV, and S-VGTGTYE).

DISCUSSION

We are in the early phase of a pandemic caused by the zoonotic

SARS-CoV-2. Even if some of the immunological and inflamma-

tory features of SARS-CoV or MERS-CoV may be similar for

SARS-CoV-2, many of the vital questions remain unanswered.

Most important, we have not deciphered adaptive immune re-

sponses in COVID-19 thus far. The first clinical data suggest

that SARS-CoV-2 has a dramatic impact on cells of the adaptive

immune system, but not all virus-induced immune reactions

appear to be protective (Iwasaki and Yang, 2020; Jaume et al.,

2011; Ko et al., 2017; Lee et al., 2006; Mehta et al., 2020; Merad

andMartin, 2020; Tan et al., 2020; Wu et al., 2020b). Therefore, a

more profound insight into the nature of beneficial versus detri-

mental B and T cell responses is critically needed. On the one

hand, this will facilitate better prognostication in patients with

risk factors and improve the monitoring of immunity to SARS-

CoV-2 in recovered individuals. On the other hand, this knowl-

edge may be used to enhance treatment (e.g., by cloning thera-

peutic monoclonal antibodies derived from immune repertoires

of recovered patients) and, most important, to determine the

optimal T cell engagement strategies for vaccines.

In the work presented here, we provide a comprehensive

immunological profile of 2 cohorts of patients: cohort 1,

comprising individuals recovered after mild to moderate

COVID-19 disease, and cohort 2, comprising individuals with

active infection and mostly severe disease courses. We show

that almost all of the individuals with COVID-19 or a history of

COVID-19 developed antibodies to SARS-CoV-2, including pa-

tients with major disturbances in B cell/Ig levels at active dis-

ease, including high IgA and normal or low IgG and IgM amounts

as well as B lymphocytosis. The T cell pools of patients with

active disease were considerably diminished and showed shifts

toward CD4+ and expanded Treg cells. We showed increased
COVID-19 and after recovery. The statistical analysis was performed using the

ponents 1 and 2.

tive COVID-19 and after recovery.

f the most abundant 1,000 clonotypes over all time points (left panel). Mean

ntracting) (right panel).
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Th17 and Tfh and a trend toward non-classical Th1* cell re-

sponses, while a conventional Th1 cell response was not

observed. The previously described antiviral immune activation

or counterregulation patterns in both CD4+ and CD8+ T cell sub-

sets were confirmed, and relevant checkpoints such as BTLA

and CD73 were identified. The inhibitory checkpoints described

on the cellular level were also mirrored by the level of soluble im-

mune checkpoint molecules in our dataset (Diao et al., 2020;

Zheng et al., 2020). In recovered patients, the soluble immune

checkpoint molecules had returned to normal concentrations.

Moreover, our study confirms previously published data on the

dysregulation of cytokines such as IL-6, IL-8, IL-10, IFN-g-

induced protein 10 (IP-10), tumor necrosis factor a (TNF-a),

sCD25 (IL-2Ra), and IFN-g (Chen et al., 2020; Diao et al., 2020;

Hou et al., 2020). In addition to that, we show that IFN-b and

IL-1b are increased in active COVID-19, which has not been

found by others (Chen et al., 2020; Merad and Martin, 2020). In

our view, a major strength of this comprehensive cytokine anal-

ysis is the demonstration of striking abnormalities in patients

who have recovered fromCOVID-19 (some several weeks before

the sampling time point), which to the best of our knowledge has

only been investigated for a few selected cytokines thus far (Diao

et al., 2020; Hou et al., 2020). We found a pronounced deregula-

tion in cytokines and soluble factors exclusively increased at re-

covery (IL-12, APRIL, and sCD40L), while others were elevated

independently of the disease state (TNF-b, IFN-g1, IFN-a2, and

IFN-g2/3). The decreased amounts of IL-13 both in active dis-

ease and recovery are noteworthy, since this cytokine is involved

in humoral immune reactions and alternative activation of mac-

rophages, resulting in the release of anti-inflammatory stimuli

(Gordon, 2003; Tangye et al., 2002). Also, the elevated levels of

APRIL may be interesting since APRIL is known to support

long-lived plasma cells in its niches (O’Connor et al., 2004). In

the B cell context, the strong correlation of soluble BAFF levels

with disease activity especially caught our attention. BAFF is

an essential homeostatic cytokine for B cells that regulates

splenic B cell numbers. Under physiological conditions, soluble

BAFF shows a strict negative correlation with peripheral blood

B cell numbers (Kreuzaler et al., 2012). Here, we found (1) a

lack of B lymphopenia, with some patients even experiencing

high B cell counts (unexpected in light of the pronounced T lym-

phopenia), and (2) a positive correlation of BAFF levels with B cell

numbers. A possible explanation for this observation is the upre-

gulation of BAFF triggered by the inflammatory environment of

COVID-19. Typical BAFF producers are innate immune cells

such as neutrophils that release BAFF in response to IFN stimu-

lation or TLR ligation (Mackay and Schneider, 2009; Sjöstrand

et al., 2016). In COVID-19, neutrophil counts are increased and

IFN stimulation is part of the inflammatory reaction. Given the

positive correlation between BAFF levels and B cell count in

COVID-19, it seems plausible that B cell counts are driven by

neutrophil granulocyte-produced BAFF. Another interesting

aspect is the elevated levels of sCD40L in patients who have

recovered from COVID-19. sCD40L can be shed from activated

T cells, but it is also contained in platelet granules, and thus a

well-known biomarker for platelet activation (Aloui et al., 2014).

This is remarkable since patients with COVID-19 have an

increased risk of thromboembolic events, and the finding of

elevated sCD40L—in some patients several weeks after recov-
452 Immunity 53, 442–455, August 18, 2020
ery—could raise concerns that this diseasemay increase cardio-

vascular risk over a longer time than suspected.

Themost salient part of our study, however, is the examination

of >14 million TCR and BCR sequences from the blood of

COVID-19 patients and especially their clustering, enabling us

to deduce COVID-19-relevant TCR or BCR signatures. Next-

generation sequencing (NGS)-based analysis of TCR and BCR

repertoires is an emerging technology that allows system-wide

deciphering of the contribution of specific receptor configura-

tions to adaptive immunity in infection, autoimmunity, or cancer.

Sophisticated bioinformatic pipelines may permit a reduction of

the complexity of the large datasets resulting from such trials to

effectively discover reactive clusters of TCR and target specific

BCR-antibody sequences.

Here,weaimedatclusteringTcells relevant for immunityagainst

SARS-CoV-2. We searched for TCR rearrangements with pre-

sumed shared antigen specificity, fulfilling the following require-

ments: (1) cluster of rearrangements of at least 4 different clono-

type species with global and/or local paratope similarity, (2) low

cluster-pGen, and (3) reduction of clusters present in HDs. Using

this approach, we found 150 clusters with low pGen in COVID-

19 patients that are likely of pathophysiological relevance. From

this set, 31 clusters emerged as the most promising candidates

associatedwith protective immunity due to their lowpGen and se-

lective occurrence in recovered individuals. The longitudinalmoni-

toring of T cell repertoires derived from patient 7 during active dis-

ease and recovery was of particular importance, since we could

identify clonotypes that expanded during the patient�s successful

immune response towards SARS-CoV-2, a pattern also found in

twoSARS-CoV-2 infected individualswithmild disease (Minervina

et al., 2020). Notably, these clonotypes encompassed amino acid

motifs that were also shared by other patients at recovery. Pro-

spective studies will need to clarify whether the early expansion

of such (preexisting) clonotypes affects the clinical course of

COVID-19. Of note, we found that T cell repertoires of patients

with a mild clinical course who recovered from COVID-19 were

highly diverse. This could point to the direction that the ability to

achieve effective TCR diversification may determine the chances

of improved outcome and immune control in COVID-19, as sug-

gested for other infections in mice and humans (Gil et al., 2015;

Messaoudi et al., 2002; Price et al., 2004; Speranza et al., 2018).

While TCR clusters are essentially defined by paratope similar-

ity, the shaping of B cell immune repertoires by antigens is more

complex and not solely based on the expansion of clones with

specific rearrangements. Most B cell responses essentially rely

on maturation by somatic hypermutation in a germinal center re-

action to produce clones with high BCR-antibody affinity. To

detect BCR clusters likely targeting the same SARS-CoV-2 anti-

gen, we clustered evolutionarily similar B cell clonotypes using

phylogenetic trees. This analysis revealed a characteristic

pattern of IGHV3 and IGHJ4/6 usage in clusters specific for anti-

body-positive individuals with COVID-19, suggesting that these

sequencesmay correspond to those of SARS-CoV-2 antibodies.

This was also supported by the identification of sequences with

striking homology to antibody phage display clones selected on

the SARS-CoV-2 S1 antigen (Wu et al., 2020c). The sequences

within these clusters did not show substantial somatic hypermu-

tation, suggesting that they represent naive responses. Also, we

found that individuals with a more severe clinical course
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(requiring mechanical ventilation/ECMO) had a significantly

lower percentage of B lineage cells carrying an unmutated

BCR, which is in line with previously published data by Nielsen

et al. (2020). Althoughmore detailed work on B lineage repertoire

patterns is clearly needed, especially on samples acquired

earlier in the disease course, these initial results may indicate

that patients with B lineage repertoires exhibiting a high degree

of somatic hypermutation may have a higher risk of a severe dis-

ease course and may require more stringent monitoring.

A potential mechanism of detrimental systemic effects of

SARS-CoV-2 antibody responses can be conceived from our

data in combination with the observations of Wu et al. (2020c),

who isolated anti-SARS-CoV-2 single-domain antibodies. While

these antibodies have been artificially selected on biopanned an-

tigens, our data show that homologous sequences are also

selected in humans, thereby validating these results. Wu et al.

(2020c) showed that antibodies selected against the S1 domain

of SARS-CoV-2 may be very diverse and may target a range of

different epitopes, while only some are neutralizing. Our data

may also point in this direction, since we found that the antibody

response converged on different (and rather unmutated) IGHV3

rearrangements, while in none of our cases did a single dominant

clone emerge in response to SARS-CoV-2. Of note, the phenom-

enon of a diverse range of neutralizing and non-neutralizing an-

tibodies targeting different immunogenic S epitopes has not

been observed in a similar way for SARS-CoV and MERS-CoV,

in which a dominant antigenic loop makes it easy to isolate anti-

bodies with neutralizing capacity (Wu et al., 2020c). One can

speculate that diversification of the antibody response at the

expense of protective antibodiesmay fuel the immunopathogen-

esis of COVID-19 via the antibody-dependent enhancement

(ADE) of viral uptake. Among others, ADE is described in a ma-

caque model of SARS-CoV, in which the presence of antibodies

targeting the S protein causes enhanced S-IgG uptake by alve-

olar macrophages, resulting in functional polarization toward a

proinflammatory phenotype with a lethal outcome due to acute

lung injury (Liu et al., 2019). Detrimental effects of S-IgG have

also been reported in mice (Tseng et al., 2012).

The B and T cell clusters reported here clearly require pro-

spective validation to be used in different clinical settings. This

could improve the diagnosis of asymptomatic patients and the

identification of previously infected individuals and also help in

estimating the risk of progression into more severe disease

stages. Of note, T cells reactive to SARS-CoV-2 epitopes have

been identified in individuals exposed to other ‘‘common cold’’

coronaviruses, suggesting some protective heterologous immu-

nity (Grifoni et al., 2020), a concept that has also been proposed

for cross-reactive antibodies induced in patients with SARS-CoV

and MERS infections (Pinto et al., 2020). Our SARS-CoV-2 reac-

tive TCR and BCR data may also help to define anti-SARS-CoV-

2 immunity in individuals potentially pre-exposed to heterolo-

gous viruses on a population level.

Limitations of Study
One of the major limitations of this dataset is the paucity of avail-

able blood samples from COVID-19 patients with mild courses

during the symptomatic phase of their disease and of early sam-

ples from patients with more severe courses. This material is diffi-

cult to obtain since patients with early disease or mild symptoms
often isolate at home. However, it will be necessary to gather such

samples to be able to validate the significance of our clusters for

diagnosis in early disease. Another limitation of this study refers to

the thus-far limited definition of protective versus detrimental

adaptive immune responses and the prognostic significance of

our clusters. A more stringent definition of protective responses

will only be possible with earlier samples (as mentioned above),

but also more longitudinal samples of patients recovering from

COVID-19, sequencing of specific T cell subsets (CD4+/Treg/

CD8+), and of sorted T cells responsive to SARS-2 peptide pools

or of peptide-major histocompatibility complex (MHC)-tetramer+

T cells. These experiments are ongoing and will likely deepen

our understanding of SARS-CoV-2 immunity. Finally, while HLA

typing has beenperformed onour patient cohort anddata are pro-

vided in this article, we wish to point out that for an analysis of the

contribution of certain HLA types to COVID-19 susceptibility or

severity of disease, much larger datasets are clearly needed.

This can only be achieved by collaborative efforts such as the

COVID-HLA-GENOME (COHLAGE) project, which will also inte-

grate sequence data from individual cohorts such as ours.

Our data clearly show the power of mining comprehensive im-

mune repertoires for relevant immune cell clusters by using infor-

mative cohorts and potent clustering tools. In this way, the re-

pository opened up for public scientific use will allow multiple

researchers with different backgrounds to test their individual

hypotheses on a growing dataset. Our living repository will expe-

dite our understanding of prognostic immune response signa-

tures across patients with COVID-19 to inform treatment benefits

and even vaccine discovery for this pandemic disease. Ulti-

mately, immune signature detection via NGS could flank existing

serology-based tools for better diagnosis and monitoring.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-PD-1 (Clone: EH12.2G7, Lot:

B240811)

Biolegend (via Biozol, Munich, Germany) Cat#329907

APC anti-CCR7 (Clone: G043H7, Lot:

B274551)

Biolegend (via Biozol, Munich, Germany) Cat#353245; RRID:AB_2750146

AlexaFluor700 anti-CD8 (Clone: RPA-T8,

Lot: B253967)

Biolegend (via Biozol, Munich, Germany) Cat# 344723; RRID:AB_629214

AlexaFluor488 anti-HLA-DR (Clone: L243,

Lot: B246766)

Biolegend (via Biozol, Munich, Germany) Cat#307619; RRID:AB_627944

FITC anti-2B4 (Clone: C1.7, Lot: B208362) Biolegend (via Biozol, Munich, Germany) Cat#329506; RRID:AB_1279186

FITC anti-Tgd (Clone: 11F2, Lot: 8005745) BD Biosciences, USA Cat#347903; RRID:AB_400358

PerCP-Cy5.5 anti-CD3 (Clone: UCHT1, Lot:

B251283)

Biolegend (via Biozol, Munich, Germany) Cat#560835; RRID:AB_2033956

PE-Cy7 anti-CD56 (Clone: 5.1H11, Lot:

B256222)

Biolegend (via Biozol, Munich, Germany) Cat#362509; RRID:AB_2563926

PE-Cy7 anti-CD39 (Clone: A1, Lot:

B251864)

Biolegend (via Biozol, Munich, Germany) Cat#328211; RRID:AB_2293623

PE-Cy7 anti-CCR4 (Clone: L291H4, Lot:

B265812)

Biolegend (via Biozol, Munich, Germany) Cat#359409; RRID:AB_2562430

PE-Dazzle anti-CXCR5 (Clone: J252D4,

Lot: B226045)

Biolegend (via Biozol, Munich, Germany) Cat#356903; RRID:AB_2561812

PE/Dazzle anti-TIGIT (Clone: A15153G, Lot:

B254055)

Biolegend (via Biozol, Munich, Germany) Cat#372724; RRID:AB_2715972

PE/Dazzle anti-CD28 (Clone: CD28.2, Lot:

B242368)

Biolegend (via Biozol, Munich, Germany) Cat#302941; RRID:AB_627002

PE anti-Tim-3 (Clone: F38-2E2, Lot:

B260888)

Biolegend (via Biozol, Munich, Germany) Cat#3153008; RRID:AB_2687644

PE anti-CD73 (Clone: AD2, Lot: B248074) Biolegend (via Biozol, Munich, Germany) Cat#344003

PE anti-CCR6 (Clone: G034E3, Lot:

B240450)

Biolegend (via Biozol, Munich, Germany) Cat#3141003A; RRID:AB_2687639

BV421 anti-CRTH2 (Clone: BM16, Lot:

B245754)

Biolegend (via Biozol, Munich, Germany) Cat#350111; RRID:AB_2112695

BV421 anti-CD25 (Clone: BC96, Lot:

B261190)

Biolegend (via Biozol, Munich, Germany) Cat#302629; RRID:AB_626993

BV421 anti-BTLA (Clone: MIH26, Lot:

B238296)

Biolegend (via Biozol, Munich, Germany) Cat#344511; RRID:AB_2065765

BV5218(BV510) anti-CD4 (Clone: RPA-T4,

Lot: B249258)

Biolegend (via Biozol, Munich, Germany) RRID:AB_629054

BV605 anti-CD27 (Clone: O323, Lot:

B241914)

Biolegend (via Biozol, Munich, Germany) Cat#302829; RRID:AB_629018

BV605 anti-CD161 (Clone: HP3G10, Lot:

B245750)

Biolegend (via Biozol, Munich, Germany) Cat#339915

BV605 anti-CD57 (Clone: QA17A04, Lot:

B276635)

Biolegend (via Biozol, Munich, Germany) Cat#393305; RRID:AB_2734459

BV650 anti-CD127 (Clone: A019D5, Lot:

B257518)

Biolegend (via Biozol, Munich, Germany) Cat#351352; RRID:AB_2734366

BV650 anti-CXCR3 (Clone: G025H7, Lot:

B225762)

Biolegend (via Biozol, Munich, Germany) Cat#3156004B; RRID:AB_2687646

BV711 anti-KLRG1 (Clone: 2F1/KLRG1,

Lot: B266677)

Biolegend (via Biozol, Munich, Germany) Cat#138407; RRID:AB_10574005

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

BV785 anti-CD45RA (Clone: HI100, Lot:

B246562)

Biolegend (via Biozol, Munich, Germany) Cat#304139; RRID:AB_10705799

BV785 anti-CD25 (Clone: BC96, Lot:

B237289)

Biolegend (via Biozol, Munich, Germany) Cat#302637; RRID:AB_626993

Bacterial and Virus Strains

SARS-CoV-2 FFM1 isolate was isolated from a patient at University

Hospital Frankfurt who was tested positive

for SARS-CoV-2 by PCR

N/A

Biological Samples

Peripheral blood of patients with active

COVID-19 disease and after recovery

This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Phusion HS II Thermo Fisher Scientific, Darmstadt,

Germany

Cat#F549S

Critical Commercial Assays

Anti-SARS-CoV-2-ELISA IgA Euroimmun AG, L€ubeck, Germany Cat#EI 2606-9601 A

Anti-SARS-CoV-2-ELISA IgG Euroimmun AG, L€ubeck, Germany Cat#EI 2606-9601 G

LEGENDplex Human B Cell Panel (13-plex) BioLegend (via Biozol, Munich, Germany) Cat#740527

Human Immune Checkpoint Panel 1

(10-plex)

BioLegend (via Biozol, Munich, Germany) Cat#740962

Human Anti-Virus Response Panel (13-plex) BioLegend (via Biozol, Munich, Germany) Cat#740390

Deposited Data

NGS Sequencing annotated data iReceptor Public Archive ID IR-Binder-000001

NGS Sequencing fastq data European Nucleotide Archive ID PRJEB38339

Experimental Models: Cell Lines

Caco-2 cells ATCC DSMZ Cat# ACC-169: RRID:CVCL_0025

Oligonucleotides

BIOMED2-FR1 (IGH) (van Dongen et al., 2003) N/A

BIOMED2-TRB-A/ B (van Dongen et al., 2003) N/A

Software and Algorithms

R Studio version 3.5.1 RStudio, Boston, USA https://rstudio.com/products/rstudio/

GraphPad Prism 8.0.2 GraphPad Software, La Jolla, CA, USA https://www.graphpad.com/scientific-

software/prism/

FlowJo v10 BD, USA https://www.flowjo.com/solutions/flowjo

SPADEVizR (Gautreau et al., 2017) https://rdrr.io/github/tchitchek-lab/

SPADEVizR/

MiXCR (3.0.8) (Bolotin et al., 2015) https://mixcr.readthedocs.io/en/master/

IMGT/HighV-QUEST Brochet et al., 2008 http://www.imgt.org/HighV-QUEST/

home.action

OLGA Sethna et al., 2019 https://github.com/statbiophys/OLGA

GLIPH2 Huang et al., 2020 http://50.255.35.37:8080/

FastTreeMP Price et al., 2010 http://www.microbesonline.org/fasttree/

Archaeopteryx viewer (0.9928 beta) Han and Zmasek, 2009 https://sites.google.com/site/cmzmasek/

home/software/archaeopteryx
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RESOURCE AVAILABILITY

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

Binder (mascha.binder@uk-halle.de).
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Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
From the iReceptor Public Archive (IPA) our data will be findable as part of the AIRR Data Commons using the iReceptor Gateway

(Corrie et al., 2018) (https://gateway.ireceptor.org; iReceptor Study ID IR-Binder-000001). Moreover, we have deposited our raw

fastq sequencing files in the European Nucleotide Archive with the accession number ENA: PRJEB38339.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients and samples
We focused our investigation on two sets of patients: Cohort 1 included recovered individuals, the majority after mildly symptomatic

COVID-19 disease. Cohort 2 had been assembled at the University Medical Centers Halle and Frankfurt. This cohort included pa-

tients with severely symptomatic COVID-19 disease, all of which requiring hospitalization. Up to 9 follow-up blood samples were

available per patient, some of which spanning different disease stages in the same patient. Age-matched healthy donors (n = 39)

were used as a reference. Patient characteristics are summarized in Table S1. Blood collection was performed under institutional

review board approvals number 2020-039 and 11/17.

Genomic HLA-typing
All patients were genotyped through the use of sequence-specific primer- (SSP-) PCR-based low resolution technique (Innotrain,

Kronberg, Germany and in some cases, additionally, Protrans. Ketsch, Germany) both for HLA class I loci A, B and C (Cw) and for

the HLA class II loci DRB1* (DR), DRB3* (DR52), DRB4* (DR53), DRB5* (DR51) and DQB1* (DQ).

METHOD DETAILS

ELISA determination of serostatus for SARS-CoV-2 IgG and IgA antibodies
Plasma levels of anti-SARS-CoV-2 antibodies was determined using the Anti-SARS-CoV-2-ELISA IgA and IgG (Euroimmun AG,

L€ubeck, Germany) according to the manufacture�rs instructions. The kit employs a recombinant S1 domain of the SARS-CoV-2 spike

(S) protein as antigen. Readouts were performed at 450 nm using a Tecan Spectrophotometer SpectraFluor Plus (Tecan Group Ltd.,

M€annedorf, Switzerland).

Determination of SARS-CoV-2 neutralizing antibodies
To test for neutralizing capacity of SARS-CoV-2 specific antibodies, Caco-2 cells (human colon carcinoma cells, ATCC DSMZ ACC-

169 (American Type Culture Collection, Manassas, Virginia, USA)) were seeded on a 96-well plate 3-5 days prior infection. 2-fold di-

lutions of the test sera beginning with a 1:10 dilution (1:10; 1:20; 1:40; 1:80; 1:160; 1:320; 1:640 and 1:1280) were made in culture

medium (Minimum essential medium, MEM; GIBCO, Dublin, Ireland) before mixed 1:1 with 100 TCID50 (Tissue culture infectious

dose 50) of reference virus (SARS-CoV-2 FFM1 isolate). FFM1 was isolated from a patient at University Hospital Frankfurt who

was tested positive for SARS-CoV-2 by PCR. Virus-serum mixture was incubated for one hour at 37�C and transferred onto the

cell monolayer. Virus related cytopathic effects (CPE) were determined microscopically 48 to 72 h post infection. To determine a po-

tential neutralizing ability of patient serum, CPE at a sample dilution of 1:10 is defined as non-protective while a CPE at a dilution of >

1:20, is defined as protective.

Cytokine responses
Plasma was isolated by centrifugation of whole blood for 15minutes at 2000 x g. Samples were stored at - 80�C before use. Cytokine

plasma levels were detected using the LEGENDplex HumanBCell Panel (13-plex), Human Immune Checkpoint Panel 1 (10-plex) and

the Human Anti-Virus Response Panel (13-plex) BioLegend (via Biozol, Munich, Germany) according to the supplier’s suggestions.

Data was acquired using the BD FACSCelesta flow cytometer and analyzed with the BioLegend LEGENDplex software.

T cell subset analysis by flow cytometry and data analysis
In brief, PBMCs, frozen in fetal bovine serum + 10% DMSO, were defrosted and incubated with three different multicolor antibody

panels for 45min at room temperature in the dark, after FC blockingwas performed. Cells werewashed and fixed in 4%PFA for 50min

at room temperature in the dark before the analysis was performed. Cells were measured with an LSRFortessa (BD Biosciences).

Following antibodies were used: APC anti-PD-1 (Clone: EH12.2G7, Lot: B240811, Biolegend), APC anti-CCR7 (Clone: G043H7,

Lot: B274551, Biolegend), AlexaFluor700 anti-CD8 (Clone: RPA-T8, Lot: B253967, Biolegend), AlexaFluor488 anti-HLA-DR (Clone:

L243, Lot: B246766, Biolegend), FITC anti-2B4 (Clone: C1.7, Lot: B208362, Biolegend), FITC anti-Tgd (Clone: 11F2, Lot: 8005745,

BD Biosciences), PerCP-Cy5.5 anti-CD3 (Clone: UCHT1, Lot: B251283, Biolegend), PE-Cy7 anti-CD56 (Clone: 5.1H11, Lot:

B256222, Biolegend), PE-Cy7 anti-CD39 (Clone: A1, Lot: B251864, Biolegend), PE-Cy7 anti-CCR4 (Clone: L291H4, Lot:

B265812, Biolegend), PE-Dazzle anti-CXCR5 (Clone: J252D4, Lot: B226045, Biolegend), PE/Dazzle anti-TIGIT (Clone: A15153G,

Lot: B254055, Biolegend), PE/Dazzle anti-CD28 (Clone: CD28.2, Lot: B242368, Biolegend), PE anti-Tim-3 (Clone: F38-2E2, Lot:
e3 Immunity 53, 442–455.e1–e4, August 18, 2020
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B260888, Biolegend), PE anti-CD73 (Clone: AD2, Lot: B248074, Biolegend), PE anti-CCR6 (Clone: G034E3, Lot: B240450,

Biolegend), BV421 anti-CRTH2 (Clone: BM16, Lot: B245754, Biolegend), BV421 anti-CD25 (Clone: BC96, Lot: B261190, Biolegend),

BV421 anti-BTLA (Clone: MIH26, Lot: B238296, Biolegend), BV5218(BV510) anti-CD4 (Clone: RPA-T4, Lot: B249258, Biolegend),

BV605 anti-CD27 (Clone: O323, Lot: B241914, Biolegend), BV605 anti-CD161 (Clone: HP3G10, Lot: B245750, Biolegend), BV605

anti-CD57 (Clone: QA17A04, Lot: B276635, Biolegend), BV650 anti-CD127 (Clone: A019D5, Lot: B257518, Biolegend), BV650

anti-CXCR3 (Clone: G025H7, Lot: B225762, Biolegend), BV711 anti-KLRG1 (Clone: 2F1/KLRG1, Lot: B266677, Biolegend),

BV785 anti-CD45RA (Clone: HI100, Lot: B246562, Biolegend), BV785 anti-CD25 (Clone: BC96, Lot: B237289, Biolegend).

Manual data analysis by classical hierarchical gating was performed using BD FACS Diva and FlowJo v10 software (BD, USA).

SPADEVizR(Gautreau et al., 2017) was used for unsupervised clustering and differential expression analysis of the flow cytometry

raw data, while UMAP embedding was used for dimensionality reduction and visualization of the manually analyzed data.

NGS immunosequencing and data analysis
To determine the entirety of the clonal V(D)J rearrangements of peripheral T and B cell receptors (T / B cell repertoire), all acquired

blood samples underwent next-generation sequencing of the TRB and IGH genetic locus. In brief, genetic loci were amplified

together in a multiplex PCR using BIOMED2-FR1 (IGH) or –TRB-A/ B primer pools and 250–500 ng of genomic DNA (Br€uggemann

et al., 2019; van Dongen et al., 2003). The primers were purchased from Metabion International AG (Martinsried, Germany). Two

consecutive PCR reactions were performed to generate fragments tagged with Illumina-compatible adapters for hybridization to

the flow cell and 7 nucleotide barcodes for sample identification. All PCRs were performed using Phusion HS II (Thermo Fisher Sci-

entific Inc., Darmstadt, Germany). After gelelectrophoretic separation, amplicons were purified using the NucleoSpin�Gel and PCR

Clean-up kit (Macherey-Nagel, D€uren, Germany), quantified on the Qubit platform (QIAGEN, Hilden, Germany) and pooled to a final

concentration of 4 nM. The quality of the amplicon pools was controlled on an Agilent 2100 Bioanalyzer (Agilent Technologies, Bö-

blingen, Germany) before undergoing NGS. Annotation of TRB and IGH loci rearrangements was computed with the MiXCR frame-

work (3.0.8) (Bolotin et al., 2015). As reference for sequence alignment the default MiXCR library was used for TRB sequences and the

IMGT library v3 for IGH. Non-productive reads and sequences with less than 2 read counts were not considered for further analysis.

Each unique complementarity-determining region 3 (CDR3) nucleotide sequence was defined as one clone. All analyses and data

plotting was performed using R version 3.5.1. Broad repertoire metrics (clonality, diversity, richness), somatic hypermutation

(IGH) and V(-J) gene usage were analyzed and plotted as previously described (Simnica et al., 2019a, 2019b).

Further, presumably virus-specific TCR and BCR (or neutralizing antibody sequences) were bioinformatically deduced by

comparing immune repertoires of COVID-19 patients with corresponding control groups (healthy donors and an Ebola vaccination

cohort; Table S4). As previously described by our group (Simnica et al., 2019a, 2019b), we used the established cluster algorithm

GLIPH2 (grouping of lymphocyte interactions by paratope hotspots) (Huang et al., 2020) for clustering of T cells by global and/or local

similarity of the CDR3 amino acid sequence flanked by the calculation of generation probability (pGen) using OLGA (Optimized Likeli-

hood estimate of immunoGlobulin Amino-acid sequences) (Sethna et al., 2019). To exclude contamination bias (which might have

occurred during sequencing and/or sample preparation) we chose a stringent threshold and only included clusters in our analysis,

which contained aminimum of four unique TCR clonotypes and were present at least in three individuals. The median pGen is shown

for each cluster and is transformed to Log2 for plotting purposes. The frequency of each cluster is represented by the median fre-

quency of all clonotypes it consists of.

Over time dynamics of the 1000most abundant clonotypes were plotted following the general approach published byMinervina et

al., 2020a, 2020b for patient 7 who had mild disease and several follow-up samples until recovery. Briefly, the normalized clonotype

frequency over the time course was used to generate an Euclidean distant matrix. Using hierarchical clustering, we identified four

distinct patterns of clonotype dynamics. We generated a PCA based on the normalized clonotype trajectories, color-coded the

four different patterns and plotted mean trajectories for the most dominant patterns 1 and 2.

Repertoire-wide evolutionary analysis of B cells was performed using approximately maximum-likelihood trees, a concept shown

to successfully cluster B cell sequences in the context of immunization (VanDuijn et al., 2017). Briefly, themost abundant 50 clones of

each repertoire were used for the analysis. Therefore, the nucleotide sequence of each clone (covering framework region (FR) 2 to

CDR3 of the rearranged IGH locus) was converted into the according amino acid sequence and gapped according to the IMGT

unique numbering using HighV-QUEST (Brochet et al., 2008). The resulting fasta files were used to infer phylogenetic trees with Fast-

TreeMP (Price et al., 2010) and the data were visualized and analyzed using the Archaeopteryx viewer (0.9928 beta) (Han and Zma-

sek, 2009). We defined a relevant cluster to consist of at least 10 unique BCR clonotypes from at least 4 different patients.

STATISTICAL ANALYSIS

Differences in NGS metrics and cytokine levels were studied by ordinary one-way ANOVA and Student’s t test. PCA differences by

Pillai–Bartlett test of MANOVA. All statistical analyses were performed using R version 3.5.1 and GraphPad Prism 8.0.2 (GraphPad

Software, La Jolla, CA, USA).
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