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SUMMARY
T cell immunity toward SARS-CoV-2 spike (S-), membrane (M-), and nucleocapsid (N-) proteins may define
COVID-19 severity. Therefore, we compare the SARS-CoV-2-reactive T cell responses in moderate, severe,
and critical COVID-19 patients and unexposed donors. Overlapping peptide pools of all three proteins induce
SARS-CoV-2-reactive T cell response with dominance of CD4+ over CD8+ T cells and demonstrate interindi-
vidual immunity against the three proteins. M-protein induces the highest frequencies of CD4+ T cells, sug-
gesting its relevance for diagnosis and vaccination. The T cell response of critical COVID-19 patients is robust
and comparable or even superior to non-critical patients. Virus clearance and COVID-19 survival are not
associated with either SARS-CoV-2 T cell kinetics or magnitude of T cell responses, respectively. Thus,
our data do not support the hypothesis of insufficient SARS-CoV-2-reactive immunity in critical COVID-19.
Conversely, it indicates that activation of differentiated memory effector T cells could cause hyperreactivity
and immunopathogenesis in critical patients.
INTRODUCTION

The clearance of viral pathogens requires an effective T cell

response directed against protein antigens expressed by the vi-

rus.1 The T cell response against the severe acute respiratory

syndrome-related coronavirus (SARS-CoV)-2 virus, which

caused the ongoing pandemic, is presumably initiated by respi-

ratory professional antigen-presenting cells (APCs) that can

engulf viral antigens, as shown for the 2002–2003 SARS-CoV
Cell Report
This is an open access article under the CC BY-N
infection.2 As the production of type I interferons (IFN-Is), which

can directly and indirectly induce and enhance antiviral effector

T cell responses,3 is suppressed in SARS-CoV-2 infection, espe-

cially in severe cases,4,5 one may hypothesize that the reduced

IFN-I response results in an impaired T cell immunity in severe

SARS-CoV-2 infection, as observed in SARS-CoV-1 infection.6

Activated T cells can migrate to the site of infection, where

they facilitate viral clearance. However, antigen-specific T cells

can contribute to immune pathogenesis. There is mounting
s Medicine 1, 100092, September 22, 2020 ª 2020 The Authors. 1
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Table 1. Patient Characteristics

Characteristics Moderate Severe Critical P =

No. patients (%) 7 (25) 9 (32.1) 12 (42.9)

Age, y, median (range) 68 (58.5–82.5) 81 (69–83) 58 (54.75–70.5) ns

Gender, male/female (%) 4/3 (57.1/42.9) 3/6 (33.3/66.6) 11/1 (91.7/8.3) 0.022

Chest CT abnormalities

Bilateral ground-glass opacity (%) 5 (71.4) 7 (77.8) 11 (91.7) ns

Pleural effusion (%) 0 (0) 1 (11.1) 1 (8.3) ns

Acute respiratory distress syndrome (%) 0 (0) 1 (11.1) 5 (41.7) ns

Treatments

Oxygen therapy (%) 2 (28.6) 7 (77.8) 11 (91.7) 0.017

Intravenous antibiotics (%) 5 (71.4) 8 (88.9) 11 (91.7) ns

Admission to intensive care unit (%) 0 (0) 0 (0) 10 (83.3) <0.001

Mechanical ventilation (%) 0 (0) 0 (0) 10 (83.3) <0.001

No. samples 16 27 22 –

No. samples/patient, median (range) 2 (1–3) 3 (2–4) 2 (1–4) –

Patients were grouped according to the most severe COVID-19 category as per Robert Koch Institute classification.8 Comparison between patient

ages was made with the Kruskal-Wallis test; comparisons of patient gender, chest CT abnormalities, and treatments were made with Fisher’s exact

test. p < 0.05 was considered significant.
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evidence that the latter is the major reason for critical coronavi-

rus disease 2019 (COVID-19) disease manifestations,7,8 as evi-

denced by the recent findings of the successful treatment of

COVID-19 patients with immunosuppressive dexamethasone.9

The SARS-CoV-2 contains 4 structural proteins: the spike

glycoprotein (S), the envelope (E) protein, themembrane (M) pro-

tein and the nucleocapsid (N) protein.10 The S-protein mediates

host cell entry by binding to the angiotensin-converting enzyme

2 (ACE2).11 Due to its surface exposure and crucial role in infect-

ing host cells, the S-protein is an attractive therapeutic target—

for instance, for antibodies that block the S-ACE2 interaction. In

fact, it was shown that patients who recovered from COVID-19

developed virus-neutralizing anti-S immunoglobulin (Ig) titers.12

Given the requirement for T cell help in the generation of high-af-

finity IgG antibodies, this finding indicates that S-protein-reac-

tive T cell immunity was formed in those patients.13,14

Accordingly, very recent studies identified SARS-CoV-2 S-pro-

tein-reactive T cell responses in patients suffering from moder-

ate, severe, and critical COVID-19.8,15 Furthermore, it was

shown that the amount of SARS-CoV-2 S-protein-reactive

CD4+ T cells increased with disease progression.16 Besides

the S-protein, N- and M-proteins were also suggested as poten-

tial targets for diagnostic and prophylactic approaches.7,10 In

fact, B cell responses against the N-protein seemed to be the

first to arise 4–8 days after symptom onset for the 2002–2003

SARS-CoV infection,17,18 which indicates that the N-reactive

T cell response also is prevalent during this time frame. The M-

protein is the most abundant surface protein of SARS-CoV vi-

rions, suggesting a high antigenicity.19 Grifoni et al.20 provided

data on T cell responses toward a diverse set of SARS-CoV-2

epitopes in recovered COVID-19 patients. However, no analysis

of the T cell reactivity toward these antigens in hospitalized pa-

tients and no association with disease severity are available.

These data are important to understand possible immunopatho-

genic effects provided by T cells reactive to certain SARS-CoV-2
2 Cell Reports Medicine 1, 100092, September 22, 2020
proteins. A dominant T cell response toward viral antigens has

been associated with immunopathogenesis, for example, in pa-

tients with hemorrhagic fever following dengue virus infection.21

The observation of similar mechanisms in COVID-19 could influ-

ence vaccination and treatment strategies profoundly. It has

been shown that studying T cell responses may be more reliable

than antibody testing in Swedish and French cohorts.22,23 Infor-

mation on early T cell responses in critical COVID-19 patients in

comparison to non-critical is lacking, but it is important to define

strategies addressing epidemiological questions. Another unre-

solved question is the influence of the magnitude of the T cell

response for the clinical disease course.

For these reasons, we identified, characterized, and

compared S-, M-, and N-reactive T cell responses in COVID-

19 patients with different clinical manifestation during the acute

disease phase and at recovery.

RESULTS

Study Design
We analyzed 65 blood samples drawn at different time points af-

ter hospital admission of a cohort of 28 COVID-19 patients with

moderate (32 samples), severe (16 samples), and critical (17

samples) disease manifestation (Tables 1 and S1). The patients

were grouped into the respective category according to their

worst manifestation using the German Robert Koch Institute

symptom classification, as previously described.8 This way, 7

patients with a total of 16 samples were categorized as moder-

ate, 9 patients with 27 samples as severe, and 12 patients with

22 samples as critical. In agreement with other studies,24 we

observed significantly more males within the group of critical

COVID-19 patients compared to the moderate and severe

cases. We further analyzed 10 samples from SARS-CoV-2 unex-

posed individuals that were collected and stored before the

pandemic. Unexposed donors were significantly younger than
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COVID-19 patients (median age [range] 55 [42–64] versus 69

[26–91] years) (Table S2).

Simultaneous Analysis of S-, M-, and N-Proteins Is
Required to Avoid Underestimation of T Cell Immunity
By stimulation with S-, M-, or N-protein overlapping peptide

pools (OPPs), we could show that all 3 proteins have the ca-

pacity to induce SARS-CoV-2-reactive CD4+ and CD8+

T cells (Figure 1A). To this end, we used pools of mainly 15-

mer peptide with 11 amino acid overlaps spanning the whole

N- and M-protein or in silico predicted immunodominant

sequence domains of S-protein (Figure S1). Large OPPs

have been shown to allow monitoring of antigen-specific

T cell responses independent of human leukocyte antigen

(HLA) type.25 This approach is therefore time and cost-effi-

cient and allows the monitoring of T cell reactivity in larger co-

horts. After 16 h of stimulation, antigen-reactive T cell re-

sponses were detected by intracellular staining using flow

cytometry. The gating strategy is presented in Figure S2. Acti-

vation markers CD154 and CD137 in CD4+ T cells and CD137

in combination of production of any of interleukin (IL)-2, IFN-g,

tumor necrosis factor a (TNF-a), and/or granzyme B (GrzB) in

CD8+ T cells (CD137+ cytokine+ CD8+ T cells) were used to

define SARS-CoV-2-reactive T cells. We regarded responses

as detectable if the frequency in the specifically stimulated

sample exceeded the unstimulated DMSO control 3 times

(stimulation index > 3). The presented frequencies show

values in the stimulated samples after subtraction of the unsti-

mulated control (Figures 1 and S3).

Considering the response rate per patient population, CD4+

T cell and CD8+ T cell responses were detectable in at least 1

sample in 27 (96.4%) and 21 (75%) COVID-19 patients,

respectively (Figures 1B–1D). Considering the response rate

per sample, we detected a CD4+ T cell response in 56 and

a CD8+ T cell response in 33 of 65 patient samples against

at least one of the SARS-CoV-2 proteins (Figures S3A–S3C).

However, none of the proteins induced CD4+ or CD8+ T cell

responses in all 56 and 33 positive samples, respectively.

Within the 56 responding samples, M-protein OPPs induced

a detectable CD4+ T cell response in the highest number of

samples (M = 45, N = 36, S = 42), whereas for the 33 respond-

ing samples within CD8+ subsets, the S-protein OPP was

dominant (M = 13, N = 14, S = 26) (Figures S3A–S3C). There-

fore, testing a single protein OPP would underestimate T cell

immunity in at least 20% of patients. Although the immunoge-

nicity of the three proteins and its role in the clinical course

require follow-up investigations, our data advocate that

measuring T cell responses induced by all three proteins is

of high relevance when studying SARS-CoV-2-reactive

T cells, especially in the early phase of the disease. In accor-

dance with other studies,15,20 SARS-Cov-2-reactive T cells

were detectable also in samples of unexposed donors that

were frozen before the outbreak of COVID-19. We measured

detectable CD4+ T cells in 4 and CD8+ T cells in 3 of 10 unex-

posed donors (Figures 1B–1D). Overall, the level of T cell re-

sponses was lower in the unexposed donors, confirming the

specificity of SARS-CoV-2 peptide stimulation in COVID-19

patients.
Magnitude and Functionality of T Cells Directed against
S-, M-, and N-Proteins Show Different Patterns for CD4+

and CD8+ T Cells
Comparing the magnitude of response against the three pro-

teins, we found that the M-protein OPP induced the highest fre-

quencies of reactive CD4+ T cells, similar to the number of

detectable CD4+ T cell responses described above (Figure 2A).

Compared to the S- and N-reactive CD4+ T cells, we found a

consistent trend of higher frequencies of M-reactive CD4+

T cells expressing cytokines and effector molecules such as

IL-2, IFN-g, TNF-a, and GrzB. N-protein induced the lowest re-

sponses in comparison to the other proteins (Figures 2B–2F).

The patterns observed for S-, N-, and M-protein reactivity of

CD4+ T cells were not found in CD8+ T cells (Figures 2J–2O). In

fact, a tendency of the higher frequencies of S- or N-protein

reactive CD8+ T cells compared to M-protein was observed,

but without reaching statistical significance after correction for

multiple testing. Analyzing a possible correlation in frequencies

of T cells reactive to S-, N-, and M-proteins, we did not observe

a strong correlation in CD4+ and CD8+ T cell-restricted immunity

(Figures 2G–2I and 2P–2R).

SARS-CoV-2-Reactive T Cell Immunity in Critical
Patients Is Robust and Non-inferior Compared to
Moderate COVID-19 Cases
The exact role of SARS-CoV-2-reactive T cell immunity for

COVID-19 progression is unknown at present. We therefore

investigated differences in the T cell immunity between moder-

ate, severe, and critical COVID-19 patients. A defective switch

between innate and adaptive immunity has been described in

previous studies to differentiate patients with favorable and un-

favorable outcomes after SARS-CoV infection.26 In contrast to

the endemic SARS-CoV infection, we detected a comparable

or even slightly higher magnitude of CD4+ and CD8+ T cells reac-

tive to S-, M-, and N-proteins in critical COVID-19 as compared

to moderate and severe cases (Figure 3).

Examining a limited number of subjectively selected functions

of virus-reactive T cells may generate distorted and incomplete

interpretations of the function and phenotype of these cells.27

Polyfunctional T cells, which express more than one cytokine

or effector molecule, have been described as a hallmark of pro-

tective immunity in viral infections.27–30 Addressing this point, we

analyzed the IFN-g, TNF-a, IL-2, and IL-4 cytokines, as well as

effector molecule GrzB expression in parallel to differentiation

stage phenotyping. Not only the quantity but also the function-

ality of T cell immunity were similar or even higher in patients

with critical COVID-19 severity compared to moderate and se-

vere cases (Figures 3E, 3F, 3N, and 3O). The cytokine and

effector molecule expression of bifunctional CD4+ T cells was

dominated by IFN-g, TNF-a, IL-2 (Figure S4B), and antigen-reac-

tive IFN-g-, IL-2-, and TNF-a-producing CD4+ T cells constituted

over 70%of trifunctional CD4+ T cells (Figure S4C). As expected,

the majority of polyfunctional CD8+ T cells produced the cyto-

toxic effector molecule GrzB, most commonly in combination

with IFN-g and TNF-a (Figures S4B and S4C). A T helper 2

(TH2) cell-dominated response was associated with immunopa-

thology and eosinophil infiltration after vaccination with N-pro-

tein-expressing vaccinia virus in amouse SARS-CoVmodel.31,32
Cell Reports Medicine 1, 100092, September 22, 2020 3



Figure 1. SARS-CoV-2-Reactive T Cells Are Induced by the S-, M- and N-Proteins with Interindividual Patterns

Peripheral blood mononuclear cells (PBMCs) isolated from 65 blood samples collected from 28 COVID-19 patients with moderate, severe, or critical disease and

blood samples of 10 unexposed donors collected and cryopreserved before the COVID-19 pandemic were stimulated for 16 h with S-, M-, or N-protein OPPs.

Antigen-reactive T cells were determined by flow cytometry and identified according to the gating strategy presented in Figure S2. Maximum values of each

COVID-19 patient were compared to unexposed donors.

(A) Representative plots of CD4+ T cells and CD8+ T cells after stimulation with S-, M-, and N-protein OPPs. Antigen-reactive CD4+ T cells were identified by

CD154 and CD137 expression and antigen-reactive CD8+ T cells by CD137 expression and production of any cytokines out of IL-2, IFN-g, TNF-a, and/or GrzB

(CD137+ cytokine+).

(B) Stimulation index (SI) of CD154+ CD137+ CD4+ T cells (SARS-COV-2-specific CD4+ T cells), CD137+ cytokine+ CD8+ T cells (SARS-COV-2-specific CD8+

T cells) and bifunctional and trifunctional CD154+ CD4+ and CD137+ CD8+ T cells. Bi- and trifunctional T cells were calculated by Boolean gating of IL-2, IFN-g,

TNF-a, IL-4, and GrzB production. SI was calculated by dividing the measured T cell subset response by the respective response in the DMSO control. Values >3

were considered detectable in the following analyses. The maximum value of each COVID-19 patient is depicted. Scatterplots show line at median; error bars

represent the interquartile ranges. The statistical comparison was done with the Kruskal-Wallis test and the Dunn’s multiple comparisons test. p < 0.05 was

considered significant.

(C) Frequency of patient sampleswith detectable (SI > 3) CD4+ (left) and CD8+ (right) T cell responses in at least 1 sample after stimulation with S-, M-, or N-protein

(total of 65 samples of 28 COVID-19 patients and 10 samples of 10 unexposed donors).

(D) Venn diagrams of 28 COVID-19 patients and 10 unexposed donors with detectable (SI > 3) SARS-Cov-2-reactive CD4+ or CD8+ T cells after stimulation with S-

, M-, or N-protein in at least 1 sample. A total of 27 COVID-19 patients and 4 unexposed donors showed CD4+ T cell reactivity and 21 COVID-19 patients and 3

unexposed donors showed CD8+ T cell reactivity toward at least 1 of the tested SARS-CoV-2-S-, M-, and N-proteins.

See also Figures S1, S2, and S3 and Table S2.
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However, we have no indication of ongoing TH2 responses in

critical patients since only very few IL-4-producing T cells were

observed in all of the samples (Figures 2E and 2N).

An immunodominance of T cell responses toward certain pep-

tides has been associated with immunopathology in flaviviri-

dae.21,33–35 However, the relative composition of T cell re-

sponses against S-, M- and N-proteins in COVID-19 patient

samples was mostly uniform across the different disease sever-

ities (Figure S5).

In linewith data showing an association between polyfunction-

ality and the stage of phenotypic differentiation,27 we observed

similar frequencies of CD4+ and CD8+ T cells with effector mem-

ory (TEM)/TEMRA phenotypes in critical COVID-19 samples

compared to moderate and severe samples (Figures S6A and

S6B). The presence of S-, N-, and M-reactive T cells with an

advanced differentiation phenotype early after diagnosis in our

study indicates preexisting cellular immunity as demonstrated

by the detection of SARS-CoV-2-cross-reactive T cells in unex-

posed donors in our study and other studies.15,20 Of note, few

unexposed donors also showed detectable polyfunctional

T cells (Figure 1B). The memory composition of SARS-CoV-2-

reactive T cells in unexposed donors largely resembled the

COVID-19 patients, with the exception of fewer CD4+ and

CD8+ TEM andmore central memory (TCM) and naive (TNAIVE) cells

(Figures S6A and S6B).

Viral Clearance and COVID-19 Recovery Are Not
Associated with Changes in SARS-CoV-2-Reactive T
Cell Responses
It is still an open question as to which extent the T cell immunity

contributes to viral clearance and what the basis for a critical

disease manifestation in certain individuals is. To investigate

the possible involvement of impaired/insufficient adaptive im-

mune responses, we stratified our patients according to their

virus clearance status. Patients who were discharged from

the hospital or had a minimum of 2 negative SARS-CoV-2

RNA PCR samples without a positive sample thereafter were

categorized as cleared. Patients who were not discharged

and had repetitive positive PCR results were grouped as un-

cleared. All of the patients from whom this information or

follow-up samples were not available were excluded from this

analysis. Consequently, we could include 11 patients in the
Figure 2. SARS-CoV-2 Reactive T Cells Display a Higher M-Protein Rea

From a total of 28 COVID-19 patients, 65 blood samples were drawn at 1 or at mul

for 16 h with S-, M-, or N-protein OPPs. The gating strategy is presented in Figu

(A–F) Mean frequencies of samples of individual COVID-19 patients (n = 28).

(A) CD154+ CD137+ CD4+ T cells (antigen-specific CD4+ T cells), and (B) IFN-g-,

T cells. The statistical analysis was performedwith the Friedman test for non-param

significant. Boxplots show medians and interquartile ranges. Whiskers and outlie

(G–I) Correlation of M-, N-, and S-protein OPP-reactive (CD154+ CD137+) CD4+

efficient.

(J–O) Mean frequencies per COVID-19 patient (n = 28). (J) CD137+ IL-2, IFN-g,

T cells), and (K) IFN-g-, (L) TNF-a-, (M) IL-2-, (N) IL-4-, and (O) GrzB-producing CD1

for non-parametric data and with Dunn’s multiple comparisons test. p < 0.05 w

Whiskers and outliers were calculated with the Tukey method.

(P–R) Correlation analysis of M-, N-, and S-protein-reactive (CD137+ cytokine+) C

coefficient.

See also Figures S1 and S2.
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cleared cohort and 7 patients in the uncleared cohort. Their

clinical characteristics are described in Table S3. In the cleared

group, we analyzed an initial blood sample before viral clear-

ance and a follow-up sample after clearance. In the uncleared

group, the first and the last available samples were obtained.

There were no significant differences in sampling time related

to the date of the first positive PCR and to the hospital admis-

sion, as well as in the time between the initial sample and the

follow-up sample between the cleared and uncleared cohort

(Table S3). We observed no significant differences regarding

detectable T cell responses between the two cohorts (Fig-

ure 4A). In addition, the frequencies of SARS-CoV-2 protein-

reactive CD4+ and CD8+ T cells, the frequencies of polyfunc-

tional CD4+ T cells, and the ratio of initial and follow-up samples

did not differ between the groups (Figures 4B–4I). Patients who

did not clear the virus achieved a comparable magnitude of

SARS-CoV-2-reactive T cell immunity as compared to the

clearing patients already at the initial time point. Furthermore,

we measured higher titers of neutralizing antibodies in patients

who did not successfully clear the virus compared to patients

who cleared the virus (Figure S7).

We did not find any changes in SARS-CoV-2-reactive

T cells associated with recovery from COVID-19, which is in

line with the viral clearance data. Comparisons of clinical

characteristics and sample timing are summarized in Table

S4. The magnitude of S-, M-, and N-reactive T cells measured

at the time of critical COVID-19 did not show significant differ-

ences in comparison to the corresponding measurements

performed directly after patient recovery (Figure 5). The

T cell data of recovering critical patients were comparable

with the magnitude and functionality of S-, M-, and N-reactive

T cell immunity measured at the initial visit in critical patients

with lethal outcomes (Figures 5B–5I), suggesting that other

cell subsets or cell subsets located at another site (e.g., the

infected organ) are responsible for antiviral control and dis-

ease manifestation. Critical patients appear to have a gener-

ally higher level of SARS-CoV-2-reactive T cells as compared

to the non-critical controls, but it must be kept in mind that the

critical patients are probably later in their infectious course

(Table S4), with more time for T cell proliferation. Accordingly,

the differences between critical and moderate patients

decrease in follow-up (Figure 5).
ctivity in CD4+ T Cells and S- and N-Protein Reactivity in CD8+ T Cells

tiple time points after SARS-CoV-2 positive PCR tests. PBMCswere stimulated

re S2.

(C) TNF-a-, (D) IL-2-, (E) IL-4-, and (G) GrzB-producing antigen-specific CD4+

etric data andwith Dunn’smultiple comparisons test. p < 0.05was considered

rs were calculated with the Tukey method.

T cells. The calculation was performed with Spearman’s rank correlation co-

TNF-a, and/or GrzB (CD137+ cytokine+) CD8+ T cells (antigen-specific CD8+

37+ CD8+ T cells. The statistical analysis was performedwith the Friedman test

as considered significant. Boxplots show medians and interquartile ranges.

D8+ T cells. The calculation was performed with Spearman’s rank correlation
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DISCUSSION

Our data provide a comprehensive characterization of the T cell

response against S-, M- and N-SARS-CoV-2 proteins in patients

with different COVID-19 severity and in unexposed donors. The

reactivity demonstrates individual patterns, indicating that all

three proteins should be considered in cellular monitoring to

avoid underestimation, especially in the early phase of the dis-

ease. Moreover, our findings suggest potential targets of humor-

al immunity. Considering the role of CD4+ TH cells for antibody

generation and the higher CD4+ T cell response against M-pro-

tein, our results highlight the M-protein as an additional target

for antibody monitoring and vaccine development. Here, our

data are in line with the article by Grifoni et al.,20 demonstrating

the immunogenic properties of certain M- and N-related immu-

nodominant peptides in COVID-19 convalescent patients.

Similar to the data by Grifoni et al.20 and Weiskopf et al.,16 we

showed dominance of CD4+ T cell responses over CD8+ T cell

responses. However, in comparison to these two studies,

CD8+ T cell frequencies were substantially lower in our study.

We could detect a CD8+ T cell response in 75% of the COVID-

19 patients and in 30% of the unexposed donors. The CD8+

T cell response appeared to be functional, since a substantial

number of the cells produced GrzB and IFN-g. Discrepancies

between our findings and the results of two other studies can

be explained by different methodological protocols and different

populations analyzed in the studies. Thus, our study analyzed

patients with differing COVID-19 severity, while convalescent

patients or patients with acute respiratory distress syndrome

were analyzed in studies by Grifoni et al.20 and Weiskopf

et al.,16 respectively. Furthermore, instead of using the two acti-

vation markers CD137 and CD69 for the definition of antigen-

specific CD8+ T cells, we used activationmarker CD137 together

with at least 1 cytokine. In addition, OPPs containing 15-mers

were applied in our study for T cell stimulation, whereas Weis-

kopf et al.16 and Grifoni et al.20 used PPs consisting mainly of

9- to 11-amino acid-long peptides for the optimal stimulation

of CD8+ T cells, as identified by a bioinformatics epitope predic-

tion approach.36 In fact, 9- to 11-mers are described to be

optimal for being presented via major histocompatibility com-

plex (MHC) class I molecules for CD8+ T cell activation, and there
Figure 3. Critical COVID-19 Patients Maintain a Strong SARS-CoV-2 S-

From a total of 28 COVID-19 patients, 65 blood samples were drawn at 1 or at mult

for each individual COVID-19 patient. COVID-19 severity was assessed at the time

patients grouped according to their worst disease category (n = 7moderate, n = 9 s

, or N-protein OPPs and analyzed by flow cytometry. The gating strategy to ident

(A–D) Frequencies of (A) CD154+ CD137+ CD4+ T cells (antigen-specific CD4+ T c

T cells.

(E and F) Frequencies of polyfunctional CD154+ CD4+ T cells. (E) Bifunctional and

IFN-g, TNF-a, IL-4, and GrzB production. A detailed composition of bi- and trifu

(G–I) Frequencies of antigen-specific CD4+ (G) TEM, (H) TCM, and (I) TEMRA cells.

(J–M) Frequencies of (J) CD137+ IL-2, IFN-g, TNF-a and/or GrzB (CD137+ cytokine

GrzB-producing CD137+ CD8+ T cells.

(N and O) Frequencies of polyfunctional CD137+ CD8+ T cells. (N) Bifunctional and

IFN-g, TNF-a, IL-4, and GrzB production. Composition of bi- and trifunctional ce

(P–R) Frequencies of antigen-specific CD8+ (P) TEM, (Q) TCM, and (R) TEMRA cells

Statistical comparisons were done with 2-way repeated-measures ANOVA and

Boxplots show medians and interquartile ranges. Whiskers and outliers were cal

See also Figures S1, S2, and S4– S6 and Table S1.
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are some concerns that CD8+ T cell responses can be underes-

timated using 15-mer peptides. However, previous studies by

other groups and our group37–39 demonstrated 15-mer as a

non-inferior T cell stimulation source, and appropriate experi-

mental setup can avoid underestimation.37 The induction of

CD4+ and CD8+ T cell responses in unexposed donors in our

cohort is comparable to that of previous investigations and can

probably be attributed to cross-reactivity toward common cold

coronaviruses.15,40

A prolonged positivity of SARS-CoV-2 RT-PCR has been

observed for up to several weeks after infection.41 Factors that

influence this finding in certain individuals and the infectiousness

of the detected virus have yet to be investigated. Seroconver-

sion, as a sign of the development of adaptive immunity, does

not implicate PCR negativity.42 Similarly, we did not find differ-

ences in the T cell responses of patients who cleared the virus

to patients who did not clear it. Neutralizing antibodies were

higher in the serum of patients who did not clear the virus, impli-

cating that the prevention of virus entry in the host cells leads to a

prolonged residence of the virus in the extracellular space and

stronger activation of adaptive immunity. However, this finding

needs to be confirmed in a larger cohort.

Patients with critical COVID-19 demonstrated equal, or even

slightly higher, frequencies of CD4+ and CD8+ T cells reactive

to S-, M-, and N-OPPs, demonstrating the ability of critical

COVID-19 patients to maintain a substantial cellular immunity

that was induced following infection. The exact time point of

infection in our cohort, as in most other investigations studying

natural infections, is not known. The slightly higher response of

critical patients may therefore reflect a longer disease course

in the critical cohort. It may also be that the higher magnitude

and functionality of the T cell response observed in critical

COVID-19 cases simply reflects a more severe infection course

with a stronger immunogenic environment, provided by a higher

viral burden and inflammatory bystander activation. Yet another

possible explanation lies in the observation that SARS-CoV-2

triggers the production of high amounts of circulating chemo-

kines, which may prevent T cells from reaching the infected

tissue.43

Although the direct antiviral capacity must be proven in

future studies, polyfunctional T cells are commonly regarded
, M-, and N-Protein-Reactive CD4+ and CD8+ T Cell Response

iple time points after COVID-19 diagnosis. Themean frequency was calculated

of sampling as per the guidelines of the German Robert Koch Institute and the

evere, and n = 12 critical samples). PBMCswere stimulated for 16 hwith S-,M-

ify SARS-CoV-2 S-, M-, or N-protein-reactive T cells is presented in Figure S2.

ells), and (B) IFN-g-, (C) IL-2-, and (D) TNF-a-producing antigen-specific CD4+

(F) trifunctional CD154+ CD4+ T cells were analyzed by Boolean gating of IL-2,

nctional cells is presented in Figure S4.

+) CD8+ T cells (antigen-specific CD8+ T cells), and (K) IFN-g-, (L) IL-2-, and (M)

(O) trifunctional CD137+ CD8+ T cells were analyzed by Boolean gating of IL-2,

lls is presented in Figure S4.

.

with Tukey’s multiple comparison test. p < 0.05 was considered significant.

culated with the Tukey method.
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as a parameter of protective immunity.27,29,30,44 To this end,

the presence of IFN-g- and TNF-a-coproducing CD4+ and

CD8+ T cells indicating an effector/memory phenotype and

long-term protection was also shown for the 2002–2003

SARS-CoV infection.45,46 However, they can also provide im-

mune damage contributing to immunopathogenesis,47 and the

correlation of IFN-g-induced protein-10 (IP-10), T cell prolifer-

ation, and COVID-19 progression observed in a recent study

may point toward this hypothesis.43 In this context, our finding

of an advanced differentiation stage of SARS-CoV-2-reactive

T cells found at early time points and in unexposed donors rai-

ses the question about the beneficial effect of preexisting im-

munity for the course of infection. One could speculate that

even though it appears to be generally protective, preexisting

SARS-CoV-2 reactive T cells with effector phenotype, which

are cross-reactive with common cold coronaviruses,15 can

lead to hyperactive response and immunopathogenesis in

severe infection. It has been observed that preformed anti-

gen-specific T cells skewed toward certain peptides due to

previous infection with a different serotype can cause immu-

nopathology in flaviviridae infection.21,33–35 It is therefore

important to note that we did not find this skewed response

in our critical patients as compared to the moderate cases;

however, a more detailed approach using individual peptides

may be beneficial to study this question more closely in the

future.

Another important finding is the lack of association between

COVID-19 recovery and SARS-CoV-2-reactive T cell immunity

in critical COVID-19. Thus, the magnitude and functionality of

M-, N-, and S-reactive T cells were comparable before and after

recovery from COVID-19 in critical cases. More important, there

were no significant differences in SARS-CoV-2 reactive T cell im-

munity between deceased and recovered critical COVID-19 pa-

tients at any analyzed time point.

Although further studies are required, our datamay suggest that

other cell subsets or other locations should be targeted to eluci-

date the exact role of T cells in COVID-19 progression. Our study

highlights that all three main SARS-CoV-2 structural proteins

should be evaluated for diagnostics and therapeutic strategies

to avoid the underestimation of cellular immunity, especially in

early COVID-19. Critical patients mount a robust SARS-CoV-2-
Figure 4. T Cell Reactivity Does Not Differ between Viral PCR-Positive

Analysis of T cell responses of patients who cleared SARS-CoV-2 (n = 11) and

discharged from the hospital during the observation period (uncleared, n = 7). In th

and follow-up sample, respectively). In the uncleared group, the first (initial) and th

16 h with S-, M-, or N-protein OPPs and analyzed by flow cytometry. The gating st

in Figure S2.

(A) SI of CD154+ CD137+ CD4+ T cells (antigen-specific CD4+ T cells), and CD13

specific CD8+ T cells). SI was calculated by dividing themeasured T cell subset re

at median; error bars represent interquartile ranges. The statistical comparison

comparisons test. p < 0.05 was considered significant.

(B–E) Comparison of the frequencies of CD154+ CD137+ CD4+ T cells, CD137+ IL-

and trifunctional CD154+ CD4+ T cells. Bi- and trifunctional CD154+ CD4+ T ce

production. The statistical comparisons were done with 2-way repeated-measure

significant. Boxplots show medians and interquartile ranges. Whiskers and outlie

(F–I) Relative changes of the follow-up sample compared to the initial sample. A

indicate a reduction, and values >1 indicate an increase in the frequency of the su

Kruskal-Wallis test and Dunn’s multiple comparisons test. p < 0.05 was conside

See also Figures S1, S2, and S7 and Table S3.
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specific T cell response that could be involved in immunopatho-

genesis, but certainly disfavors the hypothesis of an impaired

T cell response as a reason for life-threatening COVID-19.

Limitations of Study
Our study has some limitations. Thus, the exact time point of

infection in our cohort, as described above, is not known, and

the slightly higher T cell response detected in critical patients

may reflect a longer disease course in the critical cohort.

Therefore, further prospective studies considering a longer

follow up in non-critical patients enabling a better sampling

time match between the groups would be required. Further-

more, only three SARS-CoV-2 OPPs were available at the

time point of the study initiation (M-, S-, and N-proteins), while

26 further proteins remained unconsidered but could theoret-

ically elicit immune responses.48 Our analysis was limited to

TH1 cytokines and CD8+ T cell effector molecules. Unbiased

or broader analysis may reveal protective or detrimental

T cell subtypes in non-critical or critical COVID-19 patients,

respectively. Due to the relatively short history of SARS-

CoV-2 infection in humans, the longevity of T cell memory re-

mains uncertain.
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Antibodies

anti CCR7 conjugated to PerCP-Cy5.5 (clone G043H7) BioLegend Cat#: 353220, RRID: AB_10916121

anti CD4 conjugated to A700 (clone OKT4) BioLegend Cat#: 317426, RRID: AB_571943

anti CD8 conjugated to V500 (clone RPA-T8) BD Biosciences Cat#: 560775, RRID: n/a

anti CD45RA conjugated to BV605 (clone HI100) BioLegend Cat#: 304134, RRID: AB_2563814

anti Granzyme B conjugated to FITC (clone GB11) BioLegend Cat#: 515403, RRID: AB_2114575

anti IL2 conjugated to PE (clone MQ1-17H12) BioLegend Cat#: 500307, RRID: AB_315094

anti IL4 conjugated to PE-Dazzle594

(clone MP4-25D2)

BioLegend Cat#: 500832, RRID: AB_2564036

anti CD137 (4-1BB) conjugated to PE-Cy7

(clone 4B4-1)

BioLegend Cat#: 309818, RRID: AB_2207741

anti CD154 (CD40L) conjugated to A647 (clone 24-31) BioLegend Cat#: 310818, RRID: AB_492970

anti TNFa conjugated to eFluor450 (clone MAb11) eBioscience Cat#: 48-7349-42, RRID: AB_2043889

anti IFNg conjugated to BV650 (clone 4S.B3) BioLegend Cat#: 502538, RRID: AB_2563608

anti CD3 conjugated to BV785 (clone OKT3) BioLegend Cat#: 317330, RRID: AB_2563507

Biological Samples

Blood and serum from SARS-CoV2 infected patients Marien Hospital Herne,

University Hospital of the

Ruhr-University Bochum, Germany

n/a

Blood and serum from SARS-CoV2 infected patients University Hospital Essen,

University Duisburg-Essen, Germany

n/a

Blood from patients not infected with SARS-CoV2

(collected and biobanked prior SARS-CoV2 pandemic)

University Hospital Essen,

University Duisburg-Essen, Germany

n/a

Blood from patients not infected with SARS-CoV2

(collected and biobanked prior SARS-CoV2 pandemic)

Knappschaftskrankenhaus

Bochum, University Hospital

of the Ruhr-University

Bochum, Germany

n/a

Chemicals, Peptides, and Recombinant Proteins

PepTivator SARS-CoV-2 Protein S (covering the

immunodominant sequence domains of the surface

(or spike) glycoprotein (‘‘S’’) of SARS-Coronavirus 2

(GenBank MN908947.3, Protein QHD43416.1))

Miltenyi Biotec Cat#: 130-126-701

PepTivator SARS-CoV-2 Protein N (covering the

complete sequence of the nucleocapsid

phosphoprotein (‘‘N’’) of SARS-Coronavirus 2

(GenBank MN908947.3, Protein QHD43423.2))

Miltenyi Biotec Cat#: 130-126-699

PepTivator SARS-CoV-2 Protein M (covering the

complete sequence of the membrane

glycoprotein (‘‘M’’) of SARS-Coronavirus 2

(GenBank MN908947.3, Protein QHD43419.1))

Miltenyi Biotec Cat#: 130-126-703

RPMI 1640 Life Technologies Cat#: 21875-034

Penicillin-Streptomycin-Glutamin (L-glutamine

200 mM, penicillin 10,000 units, streptomycin

10 mg/mL, sterile-filtered)

Sigma Aldrich Cat#: G6784-10X5ML

FBS Good, EU approved regions, filtrated bovine

serum, 0.2 mm sterile filtered

PAN-Biotech Cat#: P40-37500

Brefeldin A from Penicillium brefeldianum,

R 99% (HPLC and TLC)

Sigma Aldrich Cat#: B7651-5MG

Fixable Viability Dye eFluor 780 eBioscience Cat#: 65-0865-14
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DMEM Thermo Fisher Cat#: 11965092

GMEM Thermo Fisher Cat#: 21710025

Poly-L-Lysin Sigma-Aldrich Cat#: P4832

Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Cat#: 15140122

Lipofectamin 2000 Thermo Fisher Cat#: 11668027

L-Glutamine (200 mM) Thermo Fisher Cat#: 25030024

MEM Non-Essential Amino Acids Solution (100X) Thermo Fisher Cat#: 11140035

Mifepristone Thermo Fisher Cat#: H11001

Critical Commercial Assays

Intracellular Fixation & Permeabilization Buffer Set Thermo Fisher Scientific Cat#: 88-8824-00

Luciferase Assay System Promega Cat#: E1501

Deposited Data

Raw and analyzed data - Stimulation of PBMCs

from COVID19 patients with S Protein OPPs.

8 http://medxriv.org/lookup/doi/

10.1101/2020.04.28.20083089

Experimental Models: Cell Lines

Human embryo kidney (HEK) 293T cells ATCC ATCC CRL-3216

I1-Hybridoma ATCC ATCC CRL-2700

Vero E6 cells Christian Drosten/Marcel M€uller

(Charite, Berlin, Germany)

n/a

BHK-G43 BHK-21 cells co-transfected

with the plasmids pSwitch (Invitrogen)

and pGeneC-VSVG

n/a

Recombinant DNA

pCAGGS-SARS-S 11 n/a

VSV*DG(FLuc) Berger Rentsch and Zimmer, 2011 n/a

Software and Algorithms

FlowJo version 10.6.2 BD Biosciences https://www.flowjo.com/

R, version 3.6.2 51 https://www.r-project.org/

GraphPad Prism version 7 GraphPad https://www.graphpad.com/

Venny version 2.1 52 https://bioinfogp.cnb.csic.es/

tools/venny/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact Nina Babel

(nina.babel@charite.de)

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Samples
28 patients with moderate (n = 7), severe (n = 9) and critical (n = 12) COVID-19, categorized by their most severe diagnosis were re-

cruited. The degree of COVID-19 severity was evaluated according to the guidelines of the Robert Koch Institute, Germany, as pre-

viously described8. In addition, we used samples of 10 donors collected before the COVID-19 pandemic and frozen at �80�C as an

unexposed control group. The study was approved by the ethical committee of the Ruhr-University Bochum (20-6886) and University

Hospital Essen (20-9214-BO), and written informed consent was obtained from all participants. The clinical and demographic patient
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parameters are shown in Table 1. Patients withmoderate and severe COVID-19were recruited after the first symptomswere reported

and a positive SARS-CoV-2 PCR confirmed the disease (in median 4 days after the diagnostic test). The sampling time is presented in

Table S2. For the Figure 1, the maximum value of all samples of an individual patient was included. In Figures 2 and 3, the mean fre-

quency was calculated of all measured samples of an individual patient. For Figures 4 and S7, we included patients that were dis-

charged from the hospital or had aminimum of 2 negative SARS-CoV-2 RNA PCR samples without a positive sample thereafter in the

cleared group. The uncleared group consisted of patients that were not discharged and had repetitive positive PCR results. All pa-

tients from whom this information or follow-up samples were not available were excluded from this analysis. Figure 5 shows a more

detailed analysis of critical patients (n = 11). A first sample was collected during critical COVID-19 on ICU in all presented patients. Of

patients with critical disease who survived, we collected a second sample at the day of the planned discharge from the intensive care

unit (recovered critical group) (n = 5). Samples of critically ill patients who deceased later on from the disease were categorized as

deceased critical (n = 6). One patient categorized as critical only had a short stay on ICU and was not included in this analysis. For

moderate and severely ill patients, the initial and the last available samples were used for the non- critical control group. Figures S3,

S4, S5, and S6 include all acquired and pooled patient samples. Samples were grouped into COVID-19 severity groups according to

the symptom presentation at time of sampling.

Primary Cell Culture and Cell Line Cultivation
Primary cells were incubated for OPP stimulation in a humidified incubator at 37�C and 5%CO2. Cells were maintained in RPMI (Life

Technologies) medium supplemented with 1% Penicillin-Streptomycin-Glutamin and 10% FCS. Cells were slowly frozen in freeze-

medium (FCS + 10% DMSO, Life Technologies) and stored at �80�. Vero E6 cells were maintained in Dulbecco’s minimal essential

medium (DMEM; Life Technologies, Zug, Switzerland) supplemented with 10% fetal bovine serum (FBS) and non-essential amino

acids (Life Technologies). Baby hamster kidney (BHK-21) cells were maintained in Glasgow’s minimal essential medium (GMEM,

Life Technologies) supplemented with 10% FBS. BHK-G43 was maintained in GMEM containing 5% FBS. I1-Hybridomamaintained

in minimal essential medium (MEM, Life Technologies) supplemented with 15% FBS. Human embryo kidney (HEK) 293T cells were

cultured using DMEM with 10% FBS.

METHOD DETAILS

Preparation of PBMCs
PBMC were prepared from EDTA collection tubes (S-Monovette K3, Sarstedt) by gradient centrifugation: 15 mL blood was diluted

with PBS/BSA (GIBCO) at a 1:1 ratio, underlaid with 15 mL Ficoll-Paque Plus (GE Healthcare) and centrifuged for 20 min at 800 rpm.

The mononuclear cell layer was isolated and cells were washed with PBS. Afterward, PBMCs were frozen in FCS + 10% DMSO

(Sigma Aldrich) and stored at �80�C until further usage.

Stimulation with OPPs
SARS-CoV-2 PepTivator peptide pools (Miltenyi Biotec), consisting mainly of 15-mer sequences with 11 amino acids (aa) overlap

containing overlapping peptide pools (OPP) spanning in silico predicted immunodominant50 parts of the S-protein, or, covering

the complete sequence of the N- and M-protein, were used for peripheral blood mononuclear cells (PBMC) stimulation. The purity

of each OPP was > 70%. The peptides were dissolved per manufacturer’s directions in sterile water and used at a concentration of

1 mg/ml. After thawing, PBMCs were rested overnight before being plated in a 96-UWell plate (Sarstedt) in RPMI media (Life Tech-

nologies) supplemented with 1% Penicillin-Streptomycin-Glutamine (Sigma Aldrich), and 10% FCS (PAN-Biotech). The cells were

stimulated for 16 h at 37�C and after 2 h, Brefeldin A (1 mg/ml, Sigma Aldrich) was added. As a positive control, cells were stimulated

with SEB (1 mg/ml, Sigma Aldrich) and as a negative control, cells were left untreated.

Flow cytometry
After stimulation with SARS-CoV-2 OPP, PBMCs were stained with fluorophore conjugated antibodies for flow cytometry analysis.

Mastermixes, containing all antibodies for intra or extracellular staining in the optimal concentrations were prepared directly before

staining. At first, cells were surface stained with CCR7-PerCP-Cy5.5 (clone G043H7) (BioLegend), CD4-A700 (clone OKT4) (Bio-

Legend), Fixable Viability Dye eFluor780 (eBioscience), CD8-V500 (clone RPA-T8) (BD Biosciences) and CD45RA-BV605 (clone

HI100) (BioLegend) for 10 minutes at room temperature in the dark. After thoroughly washing with PBS/BSA, cells were fixed and

permeabilized using Intracellular Fixation & Permeabilization Buffer Set according to the manufacturer’s instructions (Thermo Fisher

Scientific). Then, the cells were stained with Granzyme B-FITC (clone GB11) (BioLegend), IL2-PE (clone MQ1-17H12) (BioLegend),

IL4-PE-Dazzle594 (clone MP4-25D2) (BioLegend), CD137 (4-1BB)-PE-Cy7 (clone 4B4-1) (BioLegend), CD154 (CD40L)-A647; (clone

24-31) (BioLegend), TNFa-eFluor450 (clone MAb11) (eBioscience), IFNg-BV650 (clone 4S.B3) (BioLegend), CD3-BV785 (clone

OKT3) (BioLegend) for 30 minutes at room temperature in the dark. All samples were washed thoroughly with PBS and acquired

on a CytoFlex flow cytometer (Beckman Coulter).
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Measurement of SARS-CoV-2 neutralizing antibodies
For the virus neutralization assay, sera were incubated for 30 min at 56�C in order to inactivate complement factors. A propagation-

incompetent VSV*DG(FLuc) pseudovirus system bearing the SARS-CoV-2 spike protein in the envelope was incubated with quadru-

plicates of twofold serial dilutions of immune sera in 96-well plate prior to infections of Vero E6 cells (1x104 cells / well) in DMEM +

10% FBS (Life Technologies). At 18 hours post infection, firefly luciferase (FLuc) reporter activity was determined after addition of

25 mL of firefly luciferase ONE-GloTM substrate (Promega) using a GloMax� plate reader (Promega) and the reciprocal antibody dilu-

tion causing 50% inhibition of the luciferase reporter calculated (PVND50).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and graphical representation
Flow cytometry data were analyzed using FlowJo version 10.6.2 (BD Biosciences). Gating was performed using single stains and

fluorescenceminus one controls and adjusted according to the DMSO controls for each individual sample. Gating strategies are pre-

sented in Figure S2. Unspecific activation in unstimulated controls was subtracted from stimulated samples to account for specific

activation in the presented frequencies. Negative values were set to zero. Stimulation index (SI) was calculated by dividing the

measured T cell subset response by the respective response in the DMSO control. If the DMSO control was negative, the minimum

value across that subset was used for calculation. SI below 1 was set to 1. SI above 3 was considered detectable response. Relative

changes of the follow up sample compared to the initial samples were calculated by dividing the frequency of the respective subset in

the follow up sample by the frequency in the initial sample. If the initial sample was 0, theminimum value across that subset was used

for calculation. If the value was below 0.01, it was set to 0.01. Multifunctional T cells were analyzed using Boolean gating of IL2, IL4,

IFNg, TNFa, and GrzB producing T cells in combination with CD154 for CD4+ and CD137 for CD8+ T cells. Statistical analysis was

performed using R, version 3.6.251 and GraphPad Prism v7, which was also used for graphical representation. Venn diagrams were

prepared using Venny v2.152.

Statistical analysis
Non-parametric statistical tests were used where applicable. Patient age and time point of sampling were compared with Kruskal-

Wallis-Test. Patient gender, chest CT abnormalities and treatments were compared with Fisher’s exact test. Comparisons of SI be-

tween COVID-19 patient samples and unexposed donors were done with Kruskal-Wallis test and Dunn’s multiple comparisons test.

Differences in T cells responses of mean patient frequencies and of all patient samples together were analyzed with Friedman test

and Dunn’s multiple comparison test. As sphericity was not assumed, Geisser-Greenhouse correction was applied. Correlation be-

tween the T cell responses toward the different peptides was analyzed by Spearman’s rank correlation coefficient. Differences in

T cell responses of patient samples grouped according to COVID-19 severity were analyzed by repeated-measurement two-way

ANOVA and Tukey’s multiple comparison test. Comparison of SI and frequencies of T cell subsets in patients with different

SARS-CoV-2 clearance and of patients with different clinical course in follow up was performed using Two-way repeated-measure-

ment ANOVA and Sidak’s multiple comparisons test. Comparisons of relative changes of T cell subset frequencies and of neutralizing

antibodies in follow up in these patients were done with Kruskal-Wallis test and Dunn’s multiple comparisons. P values below 0.05

were considered significant; only significant P values are reported.
e4 Cell Reports Medicine 1, 100092, September 22, 2020
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Supplementary tables 

Supplement Table 1. Time points of sampling of pooled samples. Related to Table 1 and Figure 3. 

 
 Moderate Severe Critical P= 

Number of samples 

 

32 16 17  

Time since positive test  

(median [range]) 

5 [-2-42] 8 [1-21] 9 [1-35] ns 

Time since hospital admission  

(median [range]) 

6.5 [1-79] 8.5 [1-57] 17 [1-69] ns 

Comparison was done with Kruskal-Wallis test. P<0.05 were considered significant. 
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Supplement Table 2. Characteristics of COVID-19 patients and unexposed donors. Related to 

Figure 1. 

 

 COVID-19 Unexposed donors P= 

Number of patients 28 (73.7%) 10 (26.3%)  

Age (median [range]) 69 [26-91] 55 [42-64] 0.002 

Gender (Male/Female) 18/10 

(36% / 64%) 

5/5 

(50% / 50%) 

ns 

Comparison of patient age was done with Mann-Whitney test. Comparison of patient gender was done with Fisher’s exact 

test. P<0.05 were considered significant. 
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Supplement Table 3. Characteristics of SARS-CoV-2 PCR negative (cleared) and PCR positive 

(uncleared) patients. Related to Figure 4. 

 

 SARS-CoV-2 cleared SARS-CoV-2 uncleared P= 

Number of patients 11 (61.1%) 7 (38.9%)  

Age (median [range]) 69 [44-85] 79 [58-88] ns 

Gender (Male/Female) 6/5 

(54.5% / 45.5%) 

3/4  

(43% / 57%) 

ns 

Sample group initial 

(moderate/severe/critical) 

5/3/3 

(45% / 27% / 27%) 

4/2/1 

(57% / 29% / 14%) 

 

Sample group follow up 

(moderate/severe/critical) 

8/0/3 

(73% / 0% / 27%) 

5/1/1 

(71% / 14% / 14%) 

 

Time since positive test  

initial (median [range]) 

2 [1-14] 1 [1-9] ns 

Time since hospital admission 

initial (median [range]) 

2 [1-50] 1 [1-19] ns 

Time since positive test  

follow up (median [range]) 

30 [4-41] 9 [7-22] ns 

Time since hospital admission 

follow up (median [range]) 

31 [4-79] 8 [3-25] ns 

Time between initial and follow 

up (median [range]) 

21 [2-29] 6  [2-21] ns 

Comparison of patient gender was done with Fisher’s exact test. All other comparisons were done with Mann-Whitney 

test. P<0.05 were considered significant. 

 

 

  



4 
 

Supplement Table 4. Characteristics of COVID-19 non-critical, recovered critical and critical 

patients who deceased. Related to Figure 5. 

 

 COVID-19  

non-critical 

COVID-19 

recovered critical 

COVID-19 

deceased critical 

P= 

Number of patients 15 (58%) 5 (19%) 6 (23%)  

Age (median [range]) 81 [66-83] 58 [58-69] 63.5 [48-74] ns 

Gender (Male/Female) 6/9 (40% / 60%) 5/0 (100% / 0%) 6/0 (100% / 0%) 0.005 

Sample group initial 
(moderate/severe/critical) 

7/8/0 

(47% / 53% / 0%) 

0/0/5 

(0% / 0% / 100%) 

0/0/6 

(0% / 0% / 100%) 

 

Sample group follow up 
(moderate/severe/critical) 

14/1/0 

(93% / 7% / 0%) 

0/0/5 

(0% / 0% / 100%) 

NA  

Time since positive test  

initial (median [range]) 

4.5 [1-21] 10 [1-14] 4 [2-9] ns 

Time since hospital admission 

initial (median [range]) 

4 [1-21] 15 [1-18] 7 [3-69] ns 

Time since positive test  

follow up (median [range]) 

8.5 [4-42] 31 [8-35] NA ns 

Time since hospital admission 

follow up (median [range]) 

8 [3-46] 32 [20-39] NA 0.0341 

Time between initial and follow 

up (median [range]) 

4 [2-25] 21 [3-21] NA ns 

Comparison of patient gender was done with Fisher’s exact test. Comparison of patient age and of initial samples was 

done with Kruskal-Wallis-test. Comparison of follow up samples was done with Mann-Whitney test. P<0.05 were 

considered significant. 
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Supplementary Figures 

 

 

 
 
Supplementary figure S1: Schematics of the spike (S)-, nucleocapsid (N)- and membrane (M)-SARS-CoV-2 

proteins. Related to Figure 1-5.  

The S-protein overlapping peptide pool (OPP) contained 15mer peptide with 11 amino acid (AA) overlaps 

spanning the S-protein regions 304-338, 421-475, 492-519, 683-707, 741-770, 785-802, and 885-1273. The N- 

and M-protein OPPs also contained 15mer peptides with 11 AA covering the whole proteins.  
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Supplementary figure S2: Gating-strategy for the identification of SARS-CoV-2-reactive CD4+ and CD8+ T 

cells including cytokine and effector molecule expression as well as memory phenotype characterization. 

Related to Figure 1-5.   

PBMC were stimulated with SARS-CoV-2-overlapping-peptide-pools for 16h. Brefeldin A was added after 2h to 

block the cytokine secretion. Representative plots illustrate the gating strategy. (top row) Lymphocytes were 

identified, doublets were excluded by forward scatter (FSC) width (W) and area (A) signals, live CD3+ T cells 

were identified and subdivided into CD4+ and CD8+ T cells. (middle row) CD3+CD4+CD154+ CD137+ living 

lymphocytes were considered antigen-reactive CD4+ T cells. These cells were further analyzed for the expression 

of interleukin (IL) 2, interferon γ (IFNγ), tumor necrosis factor (TNFα), IL4 and granzyme B (GrzB). (bottom row) 

CD3+CD8+CD137+ living lymphocytes that produced at least one of the cytokines IL2, IFNγ, TNFα, or the effector 

molecule GrzB were considered as antigen-reactive CD8+ T cells (CD8+ CD137+ cytokine+). Antigen-reactive 

cytokine and effector molecule production was analyzed by the frequency of CD3+CD8+CD137+ 

IL2/IFNγ/TNFα/IL4 or GrzB producers. Memory phenotype was analyzed for CD154+ CD137+  CD4+ and CD137+ 

cytokine+ CD8+ T cells as CD45RA+ CCR7+ (TNAIVE), CD45RA- CCR7+ (TCM), CD45RA- CCR7- (TEM) and 

CD45RA+CCR7+ (TEMRA). Plots show pseudocolor plots. Large dots are used for SARS-CoV-2 specific T cells 

for better visibility. 
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Supplementary figure S3: SARS-CoV-2-reactive T cells are induced by the S-, M- and N- protein with inter-

individual pattern in pooled samples. Related to Figure 1.   

Peripheral blood mononuclear cells (PBMC) isolated from 65 blood samples collected from 28 COVID-19 patients 

with moderate, severe or critical disease were compared to each other. PBMC were stimulated for 16 hours with 

S-, M-, or N-protein OPP. Antigen-reactive T cells were determined by flow cytometry and identified according 

to the gating strategy presented in Fig. 1 and supplementary figure S2.   

a) Stimulation index (SI) of CD154+ CD137+ CD4+ T cells (SARS-COV-2-specific CD4+ T cells), CD137+ IL2, 

IFNγ, TNFα and/or GrzB (cytokine+) CD8+ T cells (SARS-COV-2-specific CD8+ T cells) and bifunctional and 

trifunctional CD154+ CD4+ and CD137+ CD8+ T cells. Bi- and trifunctional T cells were calculated by Boolean 

gating of IL2-, IFNγ-, TNFα, IL4-, and GrzB-production. SI was calculated by dividing the measured T cell subset 

response by the respective response in the DMSO control. Values above 3 were considered detectable in the 

following analyses. Scatter plots show line at median, error bars represent interquartile range. Statistical 

comparison was done with Friedman test and Dunn’s multiple comparisons test. P<0.05 were considered 

significant. 

b) Frequency of patient samples with detectable (SI > 3) CD4+ (left) and CD8+ (right) T cell responses after 

stimulation with S-, M-, or N-protein (total of 65 samples of 28 COVID-19 patients). 

c) Venn diagrams of 65 COVID-19 patient samples with detectable (SI > 3) SARS-Cov-2-reactive CD4+ or CD8+ 

T cells after stimulation with S-, M- or N-protein. 56 of COVID-19 samples within CD4+ T cells and 33 COVID-

19 samples within CD8+ T cells showed T cell reactivity towards at least one of the tested SARS-CoV-2-S, M, and 

N-proteins.  
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Supplementary figure S4: Composition of polyfunctional SARS-CoV-2-reactive T cells shows TH1 

characteristics of  CD4+ T cells and CD8+ T cells with cytotoxic capacity in pooled samples. Related to Figure 

3.   

PBMC were isolated from blood samples of 28 COVID-19 patients at one or multiple time points after diagnosis 

(n=65 samples). PBMC were incubated for 16h with SARS-CoV-2 spike (S)-, membrane (M)-, or nucleocapsid 

(N)-protein overlapping peptide pools and analyzed with flow cytometry.  

a) Representative gating of CD4+ CD154+, CD8+ CD137+ and interleukin (IL) 2-, interferon γ (IFNγ)-, tumor 

necrosis factor α (TNFα)-, IL4-, and granzyme B (GrzB)- producing CD4+ (upper row) or CD8+ (lower row) T 

cells.  

b-c) Composition of bi- and trifunctional CD154+ CD4+ and CD137+ CD8+ T cells after stimulation with S-, M- 

or N-protein of patient samples with different COVID-19 disease severity (n=32 moderate, n= 16 severe and n=17 

critical COVID-19 samples). Polyfunctional cells were calculated using Boolean gating. The relative share of each 

subset of the total bi- or trifunctional T cell response was calculated for each combination of peptide pool 

stimulation and clinical classification. To avoid skewed presentation, analysis was not done if in less than 5 

individuals of a COVID-19 severity sample group a polyfunctional response could be measured (NA = not 

applicable).  
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Supplementary figure S5: Total responses towards SARS-CoV-2 spike (S)-, membrane (M)- and 

nucleocapsid (N)-overlapping peptide pools are not skewed in different COVID-19 severity groups in pooled 

samples. Related to Figure 3.   

T cell responses of 32 moderate, 16 severe and 17 critical COVID-19 patient samples towards overlapping peptide 

pools of S-, M- and N-protein were analyzed. The mean relative share of each peptide response of the total response 

was analyzed for CD154+ CD137+ CD4+ T cells, CD154+ bifunctional T cells, CD137+ IL2, IFNγ, TNFα and/or 

GrzB producing CD8+ T cells (CD137+ cytokine+) and CD137+ bifunctional CD8+ T cells.  
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Supplementary figure S6: SARS-CoV-2-reactive T cells are of advanced differentiation stage phenotype in 

pooled samples. Related to Figure 3.   

Blood was drawn from 28 COVID-19 patients at one or multiple time points after a positive SARS-CoV-2-

infection test (n=65 samples) and of 10 donors before the COVID-19 pandemic. Severity of COVID-19 was 

assessed at the time of sampling as per the guidelines of the German Robert-Koch-Institute and samples grouped 

accordingly (n=32 moderate, n= 16 severe and n=17 critical COVID-19 samples). Peripheral blood mononuclear 

cells were stimulated for 16h with S-, M-, or N-protein overlapping peptide pools and analyzed by flow cytometry. 

The gating strategy to identify SARS-CoV-2 S-, M-, or N-protein reactive T cells and the memory phenotype is 

presented in Fig. S2. 

a-b) Mean frequency of TNAIVE (CCR7+ CD45RA+), TCM (CCR7+ CD45RA-), TEM (CCR7- CD45RA-), and TEMRA 

(CCR7- CD45RA+) among CD154+ CD137+ CD4+ (a) or CD137+ cytokine+ CD8+ T cells.   
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Supplementary figure S7: Patients that stayed SARS-CoV-2 PCR positive have higher neutralizing 

antibody titers. Related to Figure 4.   

Analysis of SARS-CoV-2 neutralizing antibodies in samples of patients who cleared the virus collected before 

(initial) and after (follow up) clearance (n=11 patients) and in samples of patients who failed to clear the virus in 

the observation period (initial = first sample; follow up = last obtained sample) (n=7 patients). Statistics were done 

with Kruskal-Wallis test with Dunn’s multiple comparisons test. P<0.05 were considered significant. Scatter plots 

with line at median, error bars show interquartile range.  
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