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ABSTRACT

Infection with SARS-CoV-2 results in mild to severe COVID-19 disease courses. Several studies showed the association of
impaired T-cell responses and certain HLA haplotypes with disease severity. However, it remained unclear if T-cell activation
was compromised due to a general reduction of presented epitopes or other intrinsic factors within APCs or T cells. Furthermore,
a potential reduction of presented epitopes would suggest if an upcoming SARS-CoV-2 variant could escape T-cell immunity.
Hence, knowledge about the T-cell epitope landscape of SARS-CoV-2 would allow to better understand mechanisms leading to
severe disease and to estimate the potential stability of the T-cell response in light of virus evolution, which might provide insights
for future vaccine designs. Hence, in the present study, the T-cell epitope landscape of SARS-CoV-2 was determined via in vitro T-
cell stimulation plus in silico prediction. HLAs associated with mild and severe disease courses showed almost the same potential
in epitope presentation, suggesting intrinsic factors of APCs or T cells as contributors to the more severe disease courses. As T-cell
epitopes did also not originate from regions of SARS-CoV-2 having shown high mutation rates in the past, a relatively stable T-cell
response can be expected regarding new SARS-CoV-2 strains in the future. Analysis of the T-cell epitope landscape of SARS-CoV-2
suggests T-cell intrinsic factors as likely modulators of disease severity and that the capacity of MHC-peptide presentation remains
stable among circulating SARS-CoV-2 viral strains.

Abbreviations: APC, antigen-presenting cells; CPE, cytopathic effect; HLA, human leukocyte antigen; MHC, major histocompatibility complex; TCR, T-cell receptor.
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1 | INTRODUCTION

There are two main approaches to predict T-cell epitopes, and
thereby strength and specificity. One approach is the identifi-
cation and mapping of T-cell epitopes, which are presented via
major histocompatibility complex (MHC) class I and class II
molecules. Such peptides have average lengths of 8 to 11 amino
acids and 13 to 18 amino acids for MHC class I and MHC class
I1, respectively [1]. There are two main approaches to predict T-
cell epitopes. One is the in silico analysis of peptide binding to
specific HLA molecules via software tools such as NetMHCpan.
The other is the in vitro stimulation of T cells with peptides of
interest and the correlation of an individual’s HLA haplotype
(i.e., the sum of all HLA alleles of that individual) with the T-
cell response. Feeding into both approaches, all potential peptides
derived from an antigen from the N- to the C-terminal part of the
protein (referred to as sequential walk) provide information about
the immunogenic regions of that specific antigen.

The underlying reasons for severe COVID-19 disease courses
are poorly understood. Accumulation of virus-specific CD4* T
cells was reported in severe cases [2-4] and increased production
of IFN-y by CD8* T cells and a higher degree of T-cell clonal
expansion was described to be favorable for moderate COVID-
19 [5]. Additionally, the presence of bystander T-cell activation
in early anti-viral defense was demonstrated in mild early-
onset disease [6], while elevated circulating plasmablasts and
reduced germinal center responses were repeatedly observed in
severe COVID-19 [7]. To which extent the general strength of
the T-cell response might be dampened by the bystander T-
cell activation and its correlation with disease severity is still
not fully understood. Since the underlying mechanisms leading
to severe COVID-19 infections are yet to be determined, the
identification of individuals with a higher risk for severe disease
is pending. Little work has been done to systematically associate
peptide presentation with the severity of the disease and to
compare the potential of HLA haplotypes from severe and mildly
infected people with each other. Both analyses could support the
identification of reliable clinical prediction markers.

In addition, novel virus strains can dampen the T-cell responses
gained via vaccination with first-generation vaccines or natural
infection with pre-VOC viral strains. Certain strains are even able
to completely escape it if they are presented in the context of cer-
tain HLA molecules [8, 9]. The extent to which this is supported
by a dampened peptide presentation in different individuals or
whether certain HLA molecules are predestined for this viral
escape is still controversial. It is common understanding to corre-
late known T-cell epitopes with areas undergoing high mutation
rates in order to make assumptions about the degree to which
T-cell responses will be potentially diminished in the future.

In this study, T-cell epitopes were identified and the T-cell epitope
landscape within various SARS-CoV-2 proteins was determined
using groups of vaccinated and/or convalescent individuals. As
these immunogenic protein regions did not overlap with areas,
which show enhanced mutation rates, a relatively stable T-cell
response is expected toward upcoming virus strains. Further-
more, we could not find evidence that peptide presentation
capacity from the immunogenic regions of HLA haplotypes from
severe and mild diseases are strongly different. However, in line

with previous studies [7], in long and more severe disease courses
a bystander activation of unspecific CD8* T cells, represented by
waning frequencies of virus-reactive CD8* T cells, accompanied
by significantly increased cell counts and a strong CD4* T-cell
response were detected. Thus, we conclude that differences in
disease courses (duration and severity) were likely not induced by
the ability of certain HLA molecules to present specific peptides
and to induce T-cell responses, but rather the specificity of the
T-cell response directly.

Taken together, we suggest that the T-cell response is likely
to remain relatively stable in future SARS-CoV-2 virus strains.
In addition, the main cause of severe disease courses is rather
the result of intrinsic differences in T-cell receptor (TCR)/HLA-
induced signaling and activation.

2 | RESULTS

2.1 | Composition of Cohort Study Groups and
Epitope Analysis Strategy

To determine the T-cell epitope landscape, three cohort groups
were analyzed: (A) vaccinated (n = 27), (B) convalescent (n =
33), and (C) convalescent vaccinated (n = 12) study subjects
(Figure 1). For all study subjects background information is
provided (Figure 1A,B; Figure S1, Table S1).

We established an experimental workflow comprised of three
analysis levels (Figure 1C, bottom left graphic): On the first level,
T cells were stimulated in vitro. For this purpose, 53 peptide
pools were used, and all pools together covered the entire S, N,
and M antigens from their N- to the C-termini. They comprised
consecutive peptides, mostly 15-mers which had 11 amino acids
overlap with each other. Each single peptide pool covered a 50
amino acid-long region of the indicated SARS-CoV-2 antigens
(Figure 1C, “I”). This first analysis level provided information
on whether and which 50-amino acids long region were
immunogenic and, thus, could mount a T-cell response (Table 1).
On the second analysis level, the available 15-mer peptides for
the previously identified immunogenic 50-amino-acid-long
regions were used for T-cell stimulation to further narrow down
a potential T-cell epitope. In addition on the second level, an in
silico, prediction of potential MHC-binders was conducted using
the software NetMHC(II)pan and correlated with in vitro findings
(Figure 1C, “IIa/IIb”). Therewith, we determined theoretical
binding affinities of 15mer single peptides to the HLA alleles of
interest. Simultaneously the accompanying 9-mer MHC binding
core peptide sequences were defined.

The latter is verified on the third and last analysis level. Here,
9-mer immunogenic core peptides, within 15-mer verified and
predicted immunogenic peptides (Tables 2 and 3), were in vitro
validated for their potential to induce T-cell responses, and
NetMHC(IT)pan-predicted MHC restrictions were confirmed or
refuted (Figure 1C, “III”; Table 4). An exemplary gating strategy
or the flow cytometric identification of T-cell reactivity upon
stimulation with a 9-mer core peptide (HLA-A01:01_P2) and
SARS-CoV-2 peptide pools (SARS-CoV-2 PepTivator S/M/N) is
provided in Figure S2.
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FIGURE 1 |
number of participants, the sex distribution ratio (female:male), the mean age of the participants, the interim days between vaccination or infection to the

Experimental design and cohort description. (A) For cohorts A, B, and C, the cohort-specific SARS-CoV-2 background, including the

date of the blood donation as well as the administered vaccines are listed (B) Exemplary distribution of HLA-A allotypes for cohorts A, B, and C. Shown
is the frequency of each allele amongst the total number of HLA-A allotypes expressed within the cohort. (C) Given the protein sequence of the SARS-
CoV-2 spike, nucleocapsid, and membrane proteins, 53 peptide pools covering approximately 50 amino acid-long, overlapping sequences were designed
(top). These peptide pools include 10 consecutive 15-mer peptides, with an 11 amino acid overlap to each other. Vaccinated (cohort A), convalescent
(cohort B) as well as vaccinated and convalescent individuals (cohort C) were recruited to assess (I) the CD4+ and CD8* T-cell response against these
aforementioned 50-mer sequences, and (IIa) the CD4" and CD8* T-cell response against 15-mer peptides that are derived from immunogenic peptide
pools by conducting in vitro stimulation approaches. Furthermore, (IIb) the binding affinity of peptides to MHC Class I and II molecules were in silico
predicted using NetMHCpan with regard to the HLA background of the individual study subjects. Lastly, (IIT) T-cell responses from core peptides were
validated in vitro. Study subjects of cohort D, comprising independent convalescent individuals, were HLA phenotyped. The frequency as well as absolute
number of SARS-CoV-2 responsive T cells, neutralizing antibody (nAB) titers, and their clinical phenotype were assessed. All parameters were included
in correlation analyses.
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| (Continued)

TABLE 2

# Reactive

Ancestor peptide

Predicted HLA restriction

donors

Peptide sequence
SRTLSYYKLGASQRV

pool
CoV_Prot_M_173-222

15-mer peptide

DQA10301-

DRBI_0701

DRBI1_1501

CoV_Prot_M_173-187

DQB10301

DQA10301-

DRBI1_0701

SYYKLGASQRVAGDS

CoV_Prot_M_173-222

CoV_Prot_M_177-191

DQB10301

HLA-C14:02 HLA-A30:01

HLA-C02:02
HLA-A30:01

CoV_Prot_M_173-222 FAAYSRYRIGNYKLN

CoV_Prot_M_193-207

CoV_Prot_M_173-222

CoV_Prot_M_197-211

SRYRIGNYKLNTDHS

CoV_Prot_M_173-222

DRBI1_1501

SRYRIGNYKLNTDHS

CoV_Prot_M_197-211

DRBI1_0405

DRB1_0401

DRBI1_0408

IGNYKLNTDHSSSSD
TDHSSSSDNIALLVQ

CoV_Prot_M_173-222

CoV_Prot_M_201-215

HLA-A01:01

CoV_Prot_M_173-222

CoV_Prot_M_208-222

CoV_Prot_M_173-222

CoV_Prot_M_208-222

DRB1_0401

TDHSSSSDNIALLVQ

Note: Rows refer to individual 15-mer peptides derived from the SARS-CoV-2 Spike (S), Nucleocapsid (N), or Membrane (M) protein (1st column), as well as their ancestor peptide pools (2nd column). The specific peptide sequence (3rd

column) and the number of reactive donors found four each of the peptides after in vitro stimulation (4th column) are indicated. Likewise, the likely HLA restriction of the peptides, that were predicted by NetMHCpan given the HLA

allotypes by reactive donors, are listed (5th column).

2.2 | Identification of Immunogenic Protein
Regions and Peptides

To identify SARS-CoV-2-specific immunity gained through vac-
cination or infection, the absolute numbers of study subjects,
who showed T-cell responses to the indicated 50-amino-acid-long
regions of the SARS-CoV-2 S, M, and N proteins were counted
(Figure 2). T-cell reactivity was measured based on CD8*IFN-
y*TNF-a" T cells (from now on referred to as “reactive CD8* T
cells”) (Figure 2B, upper graph) and CD4*CD154*TNF-a* T cells
(from now on referred to as “reactive CD4" T cells”) (Figure 2B,
lower graph). Cohort C (red bars) was negligible due to low
n numbers and little overlap in HLA distributions to cohorts
A and B (Figure 1B). Comparison of cohort A (orange bars)
and B (petrol bars) unveiled differences between vaccination
and infection: vaccinated individuals showed peaks of reactivity
within the mid-region of the S1-subunit for both, reactive CD4*
and CD8" T cells, and at the N-terminal region of the Sl-receptor
binding domain (RBD) and S2-subunit for reactive CD8* T cells.
In contrast, convalescent individuals displayed a generally more
homogeneously distributed T-cell reactivity along the S, N, and M
proteins among CD8"-reactive T cells. This was slightly different
for reactive CD4* T cells, as here convalescent individuals display
a partial lack of reactivity within the S1 RBD subunit, as well as
a peaking region of reactivity at the C-terminus of the Membrane
protein.

To uncover whether virus mutations would occur preferentially
in regions that could mount a T-cell response, the number
of mutations emerging from the B.1.1.529/Omicron virus strain
lineages (EG.5.1, XBB, BQ.1, BA.2.75, BA.2.12.1, BA.5, BA.4, and
BA.1) within the respective protein regions (Figure 2B, left y-axes,
pink lines) was aligned. Only partial overlap with the identified
regions of T-cell reactivities was observed.

Taken together, T-cell responses in a cohort of convalescent
individuals were mostly distributed over the entire sequences of
the S, M, and N proteins, while vaccinated individuals rather
reacted to distinct regions of the S protein. Our analyses pro-
vided a comprehensive overview of the epitope landscape of
the S, M, and N protein of SARS-Cov-2 and identified certain
differences between vaccinated and convalescent individuals.
Recent mutations in SARS-CoV-2 did not indicate preferential
mutations in regions capable of mounting strong T-cell responses.
Furthermore, a considerable number of potential MHC-binding
peptides were predicted and detected in all antigens. Hence, we
conclude that T-cell responses ought to be rather resilient to viral
variants with the current rate of mutation of SARS-CoV-2 and a
T-cell escape variant affecting a general public would require a
major reorganization of the viral protein structure, which is in
line with previous studies [10]

2.3 | (Un)favorable Haplotypes Do Not Influence
HLAS’ Peptide Presentation Capacity

Fischer et al. [11] recently correlated certain HLA haplotypes
with a longer disease duration and enhanced severity. To uncover
whether the cause of a severe disease course lies in an impaired
potential of the HLAs to present SARS-CoV-2 S, M, and N-
derived peptides, an independent cohort of convalescent donors,
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| (Continued)

TABLE 3

Predicted HLA

restriction

HLA-C07:02

HLA-C07:02
HLA-DQA10501-

Peptide sequence

TVATSRTLSYYKLGA

Ancestor peptide pool

15-mer peptide

HLA-C02:02

HLA-A01:01
HLA-C06:02
DRBI1_0101

CoV_Prot_M_135-183

CoV_Prot_M_169-183

CoV_Prot_M_173-222

CoV_Prot_M_173-187

SRTLSYYKLGASQRV

CoV_Prot_M_173-222

CoV_Prot_M_177-191

SYYKLGASQRVAGDS

DQB10301
HLA-DQAI10103-

HLA-DQA10103- HLA-DQA10102-

HLA-DQA10101-

IGNYKLNTDHSSSSD

CoV_Prot_M_173-222

CoV_Prot_M_201-215

DQB10603 DQB10603 DQB10201

DQB10402
HLA-DQA10101-

KLNTDHSSSSDNIAL

CoV_Prot_M_173-222

CoV_Prot_M_205-219

DQBI10603

Note: Rows refer to individual 15-mer peptides derived from the SARS-CoV-2 Spike (S), Nucleocapsid (N), or Membrane (M) protein (1st column), as well as their ancestor peptide pools (2nd column) and the specific peptide sequence (3rd

column). Likewise, the likely HLA restriction of the peptides, that were predicted by NetMHCpan given the HLA allotypes by reactive donors, are listed (4th column).

the so-called cohort D, was recruited (Figure 1C). Cohort D
was included to represent the first and second line of infections
(“Ischgl-cohort”). Therefore, this cohort is a cohort, with known
immune and infection status, as well as disease status. Moreover,
the patients are young and do not have co-morbidities as they
are potential convalescent blood donors. These individuals were
sequenced for their HLA haplotypes and assessed for their cel-
lular and humoral immune responses. Thereafter, the identified
HLA haplotypes expressed by the individuals of cohort D were
correlated to the individual disease duration and severity, which
was assessed based on a self-questionnaire (see extract in the
M&M part). This correlation and the previous study by Fischer
et al. [11] including a much bigger cohort, allowed a classifica-
tion of the HLA haplotypes into two major groups: favorable
and unfavorable haplotypes. The two groups were classified by
calculating a hazard score for all individuals of cohort D based on
their disease course (Table S3 and S4).

Having identified those haplotypes that are linked to mild and
more severe COVID-19 disease (Table S5), individuals from
cohorts A to C were re-grouped according to their expression
of favorable- and unfavorable-HLA haplotypes and subsequently
re-analyzed to see whether those HLAs elicit an altered T-cell-
response pattern. However, the resulting T-cell immunogenic
protein regions were comparable for individuals of all cohorts
and both subgroups (Figure S3). This assertion is applicable to
both, reactive CD8* and CD4" T cells, pointing toward a similar
MHC-mediated peptide presentation capacity within both groups
of individuals. A reciprocal analysis comparing the number of
presented epitopes in people, who underwent severe or mild
disease courses only revealed minimal differences, with signif-
icantly higher peptide responses for the more favorable MHC
1I haplotypes (Figure S4), providing further evidence for similar
peptide presentation potentials in mild and severe diseases.

2.4 | HLA Haplotypes Linked to Unfavorable
Disease Courses Correlate With Reduced CD8*
T-Cell Responses

As we did not find indications pointing to differences in peptide-
presentation capacity between individuals expressing favorable
and unfavorable HLA alleles for cohorts A to C, we hypothesized
that T-cell intrinsic differences and varying strengths of the
T-cell responses were the underlying cause of varying disease
courses. Hence, cellular responses in patients with favorable and
unfavorable HLA haplotypes were analyzed for cohort D and
the frequencies of CD3*CD8*INF-y* as well as CD3*CD4*INF-
y* effector memory T cells were assessed and correlated with
the individual disease duration or severity. This analysis revealed
that patients with an unfavorable HLA-haplotype showed lower
frequencies of INF-y-expressing SARS-CoV-2-specific CD8* T
cells (with around 3%), although these patients suffered longer
from COVID-19 (Figure 3A,B). Noteworthy, blood withdrawal
was always around the same time point (see material and
methods section). Simultaneously, the same group suffering
from long disease duration presented with high frequencies of
INF-y-expressing SARS-CoV-2-specific CD4* T cells (with up to
approx. 28%), (Figure 4A,B). However, when the study subjects
were not specifically categorized into favorable or unfavorable
HLA-haplotypes, disease duration as well as disease severity
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(Continued)

TABLE 4

Expanded cells

PBMC

#CD8+  #Total Total #CD4+/ #CD4+ #CD8+  #Total Total
postive hits res-

#CD4+

#CD4+/

postive postive hits

res-

CD8+
res-ponse

#Tests

res- res- postive

CD8+
res-ponse

#Tests

Core peptide

HLA-restric-

Ancestor peptide

Ancestor 15mer

ponse hits [%]

ponse

total

[%]
0/1
1/4 (25)
0/2
0/2
0/2
0/1
0/2
0/3
0/1

ponse hits

ponse

total

sequence

tion

pool

peptide

Core peptide ID

0/2
3/5(60)
1/4 (25)

1

HLA-C12:03 NATNVVIKV

CoV_Prot_S_121-175

CoV_Prot_S_121-175

CoV_Prot_S_121-135

CoV_Prot_S_121-135

HLA-C12:03_HLA-B51:01_P1

HLA-C12:03_HLA-B51:01_P1

3

5

1

4

HLA-B51:01 NATNVVIKV

HLA-C12:03_P2

SSSGWTAGA 2

HLA-C12:03

CoV_Prot_S_245-295

CoV_Prot_S_249-263

HLA-C14:02_P1

0/2
1/2 (50)

2

HLA-C14:02 RYRIGNYKL

CoV_Prot_M_173-222

CoV_Prot_M_193-207

2

HLA-C14:02 LGAENSVAY

CoV_Prot_S_698-747

CoV_Prot_S_698-712

HLA-C14:02_P2
HLA-C15:02_P1

0/1
2/2 (100)
2/3(66,67)

1
2
3
1

YTNSFTRGV

CoV_Prot_S_1-51 HLA-C15:02

CoV_Prot_S_024-038

HLA-C15:02_P2

2

HLA-C15:02 VITWFHAIHV

CoV_Prot_S_81-130

CoV_Prot_S_41-91

CoV_Prot_S_93-107

CoV_Prot_S_057-071

HLA-C15:02_P3

ASTEKSNII

HLA-C15:02
HLA-C16:01

0/1
0/6

YSSANNCTF

CoV_Prot_S_121-175

CoV_Prot_S_154-168

HLA-C16:01_DRB1_1501_P1

1/5(20) 6

1

5

YSSANNCTF

DRB1_1501

CoV_Prot_S_121-175

CoV_Prot_S_154-168

HLA-C16:01_DRBI1_1501_P1

Note: Rows refer to individual 9-mer core peptides derived from in vitro- and in silico-derived analyses of (potential) immunogenic 15-mer SARS-CoV-2 spike, nucleocapsid, and membrane-specific proteins. Columns from left to right refer to the individual core peptide ID, the

respective ancestor 15-mer peptide and pool, the predicted HLA restriction toward which the tests were performed, as well as the results of tests on PBMCs (6th to 11th column) and expanded cells (12th to 17th column).

aligned with an increased number of CD3*CD8'INF-y* as
well as CD3*CD4*INF-y* antigen-specific T cells for all SARS-
CoV-2 proteins (S, M, and N) after re-stimulation (Figures 3C
and 4C). Considering only the unfavorable HLA-haplotypes for
all disease stages, a significant increase in the absolute number
of CD3*CD8*INFy* T cells was identified for those individuals
that suffered from a long disease duration (Figures 3D and 4D),
pointing toward a bystander T-cell activation [17].

2.5 | HLA-alleles Correlated With Disease
Duration and CD4*1 T-Cell Response

Although the unfavorable HLA-haplotypes did not show a direct
impact on CD4* T-cell responses within cohort D, the question
was raised whether other parameters might play a role. Therefore,
we looked at the age, and expression of CCR5, a chemokine
receptor that is crucial for the humoral response of mucosal
immunity [11], as well as the humoral response itself. There
were no differences within cohort D under consideration of age
or the expression of CCR5. As virus-specific CD4" T helper-
cell responses were elevated during long COVID-19 disease
courses within the study subjects of cohort D, we assessed
their neutralizing antibody (nAB) titers. Titers of >1:160 were
considered as a positive reaction against SARS-CoV-2 infections.
Here we correlated the CD4" T-cell response of all study sub-
jects with their individual disease duration and the associated
HLA-haplotypes, showing that those with the unfavorable HLA-
haplotypes presented also with the highest counts of CD4" T
cells (Figure 5A). Considering the level of nABs in correlation
to the haplotypes, those individuals with unfavorable haplotypes
correlated also with the highest titers of neutralizing antibodies
(Figure 5B).

3 | DISCUSSION

3.1 | Mapping of Immunogenic Protein Regions
Reveals Distinct Patterns for Vaccinated and
Naturally Infected Individuals

Virus-specific T-cell responses are linked to fast viral clearance
and mild disease courses. Improving our understanding of SARS-
CoV-2-specific T-cell responses is crucial for the ability to treat
and prevent severe disease courses. The present study provides
a comprehensive overview of the epitope landscape of the N, M,
and S proteins of SARS-CoV-2.

Dornte et al. could previously show via both in vitro peptide
stimulation and in silico NetMHCpan analyses that SARS-CoV-2
mutations may not lead to a complete escape from the T-
cell response on a population level. Since December 2020 [12],
multiple vaccines have been developed to protect the population
from severe infections [13]. However, through the continuous
mutation of SARS-CoV-2 antigens novel virus strains arise with
altered pathogenicity, as these strains bear the potential to escape
SARS-CoV-2 specific immunity gained via vaccination with
first-generation vaccines or via natural infection with ancestral
virus-strains [1]. Therefore, predicting the effect of mutations on
T cell-mediated immune responses is important to estimate the

250f 34

85UB0| SUOWILLIOD BARERID) Bqed!jdde 8Ly Aq peunob a1e SapILe VO '8N JO s8N 104 ARIq1T BUIIUO AB]IM UO (SUORIPUOD-PUR-SULBYLIOD" A3 | 1M ARe.q 1 jeu|uo//Sdiy) SUORIPUOD PUe SLd L 843 885 *[5202/90/50] Uo A%iq18uliuo 8|1 HOPEsSNA euiol|qIasapLe 1 pun SIISBAIUN Ad L6y TSHZ0Z 18/200T OT/I0p/iod" A3 ARelq Ul |uo//SdRY Woiy pepeojumoq ‘¥ ‘Se0z ‘TrTyTeST



$1/82 cleavage site

S1 S1RBD S1 S2 N M

<> <«
#amino acids 292 223 128 128 565 419 222
amino-acid position 13-304 319-541

€484
K444 N501
18: K417 K44d  NSOI

Omicron lineages*

#reactive donors amongst
CD8+IFNy+TNFa+ T cells
#mutatiosns within

N DA O DDA NDNDO DN
BB 088 0 8 D B B B 100

R CIAENY N A N O o bSO NA D P ab A A GRS
S B RN ) p":gi\ S8 10 g0 g S 95":’9“ .9"”’.@”“.9"9\0;5’8'95'9_.;{‘ BB @ P b g 0 WAV S b
8o O O

" b3 SR 70,87 ,87 WL NI NN A AV

o G R A S N N PSSt At AN W ¥ S 63 ¥

K B R S A N R RN, SIS ST OO

S I I R I R R Y e e A R R I Y Y XY A M A Y Y Y PO D01 Y2 T2 1 1 16 1 v R 2O I

QU 7 07 &7 7 3 S & O S S S S S S S N S SN S S A2 D Dl D Gl Gl Gl G < Q@‘o IO NS NI L AP SR O %

R € e e ¥ e a0 e 1€ e e ¥ e ¥ € e ¥ o€ ¢ € ¢ € e ¢€ SIS ST R0 Q7 QT 4@«
TR

Kdad  N5O1
K417 K444 NSO1

14 e e v .

#mutatiosns within
Omicron lineages*

#reactive donors amongst
CD4+CD154+TNFa+ T cells

b A5 A\ D A0 & o N> DD S HS

B R N A RS

PG B B G 7 A o N P T P S @ 8
NS A A0 AN AN AN A

NN A DS A AL S A D A
ey ”Q:ﬂ\s;"\b”‘a§ » gt ‘,.’*e’«,\“ Pt
: A R P AT
IR A AT AR A A AR A I A A XY s
e EEE L L ELELE L L LLLLLELEE q«°‘q&°¢<"\é&/‘o‘/‘o‘;@'@\ SIS
Y L ik ol

7%, ’os . s S 3
LA A A A R A R A

A; vaccinated @ B; convalescent @ C; vaccinated + convalescent

n(S; A) = 25, n(S; B) = 29, n(S; C) = 10,
n(N; A) =0, n(N; B) = 22, n(N;C) =9,
n(M; A) =0 n(M; B) = 22 n(M; C) =9

*Omicron lineages cover EG.5.1, XBB, BQ.1, BA.2.75, BA.2.12.1, BA.5, BA.4, BA.2, and BA.1

FIGURE 2 | Immunogenic protein regions within the SARS-CoV-2 spike-, nucleocapsid-, and membrane-protein among cohorts A, B, and C. (A)
Ilustration of SARS-CoV-2 Spike (S), Nucleocapsid (N) and Membrane (M) protein sequences. Given are the total numbers of amino acids covered by
the protein (subunits) as well as their respective positions. (B) Bar graphs (aligned to (A)) for cohort A (vaccinated; orange), cohort B (convalescent;
petrol) and cohort C (vaccinated and convalescent; red) showing the absolute numbers of reactive study subjects amongst CD8* TNF-a*IFN-y* (upper
graphs) and CD4*tCD154T TNF-at T cells (lower graphs) (left y-axes) upon stimulation with peptide pools covering the Spike protein (left graphs), the
nucleocapsid protein (middle graphs) and the Membrane protein (right graphs), plotted against the respective protein region (x-axes). Aligned to these
bars, the absolute number of mutations that are found within the SARS-CoV-2 B.1.1.529/Omicron sublineages E.G.1, XBB, BQ.1, BA.2.12.1, BA.5, BA.4

and BA.1 (pink curve; left y-axes) is shown.

potential loss of immunoprotection, for example, caused by a
novel heavily mutated SARS-CoV-2 strain.

The present study demonstrates that vaccinated individuals have
a tendency to mount T-cell responses to slightly more distinct
regions of the Spike protein, while T-cell responses in naturally
infected individuals were induced via more uniformly distributed
regions of the S protein. Note, that here T-cell responses have been
evaluated independently from the individual response strength,
and that the number of T-cell epitopes might not correlate
with the latter. This uniform distribution of protein regions
that are recognized by T cells of convalescent individuals could
also be observed for the M and the N proteins. Notably, this
difference between vaccinated and convalescent individuals was
especially pronounced within the CD4* T-cell compartment.
Whether CD4* T-cell activation could directly affect the quan-
tity and quality of the humoral immune response remains to
be investigated, since follicular T helper (Tgy) cells were not
analyzed. However, the direct correlations between CD4+ T-cell
and humoral responses have been described [14, 15]. Therefore, a
lack of CD4" T cells that specifically recognize cognate peptides

presented by the pre-activated B cells may result in an impaired
formation of long-lived memory B cells. The broad and more
evenly distributed T-cell response presented by convalescent indi-
viduals might support an improved B-cell response and memory
phenotype compared with the immunity gained by vaccinated
individuals, but as mentioned above differences between these
two groups were rather mild, and an in-depth Ty;; analysis would
be required.

Both the in silico prediction of potential MHC binders and the
alignment of mutations found in the S, M, and N proteins suggest
relative stability of the T-cell response also for novel virus strains
unless the protein structure of SARS-CoV-2 undergoes a major
reorganization. This hypothesis is based on (I) the high number
of potential MHC binding peptides predicted throughout the
entire sequence of the Spike protein [16, 17], (II) the evenly
distributed areas, which can mount T-cell responses in naturally
infected individuals, (IIT) the high number of 15-mer and core
peptides identified in the present study and other previously
published literature [18-23], and (IV) the absence of a correlation
of past SARS-CoV-2 mutations with areas mounting strong T-
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cell responses. This hypothesis is further supported by previously
described findings, which demonstrated stable T-cell responses to
the B.1.1.529-variant of SARS-CoV-2 in individuals vaccinated two
or three times with first-generation vaccines against all evaluated
proteins [24].

To determine whether an impaired capacity of MHC alleles to
present peptides to T cells was associated with more severe
and prolonged disease, we reevaluated the T cell-immunogenic
protein regions of cohorts A to C. This analysis revealed that
there is no difference between the T-cell recognition patterns
of individuals, expressing favorable or unfavorable HLA alleles.
Based on that we evaluated the T-cell response strength in an
additional cohort D, for which clinical parameters for disease

length and severity were available, which allowed us to perform
additional correlations. To exclude the possibility of an impaired
recognition of pMHC-complexes by T cells future subsequent
studies could comprise TCR avidity evaluations. Considering the
T-cell response of the naturally infected individuals categorized
based on their disease duration and severity we identified a clear
pattern for CD8" T-cell responses. Those individuals with a short
disease duration mounted the highest frequencies of CD8" T
cells while those with a prolonged disease course had rather
low frequencies of virus-specific CD8" T cells. Contrastingly, we
observed high numbers of reactive, virus-specific CD8* T cells
after re-stimulation with SARS-CoV-2 derived peptides although
the same cell numbers were applied for the assays, which points
toward a high bystander activation of CD8* T cells in severe
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COVID-19. Additionally, comparing those observations to the
T-cell responses assessed for vaccinated-only patients, the virus-
specific T cells generated under infection were directed against all
proteins of the SARS-CoV-2 strain (S, M, and N).

This data indicates a lack of a virus-specific MHC class I
response in those patients with more severe symptoms, which
is also supported by the literature [25-27]. Assessment of the
virus-specific CD4" T-cell response reveals an equal distribution
in all four different subgroups of convalescent subjects, with
elevated frequencies only in a combined cocktail of all proteins
pointing toward a rather CD4-mediated immune response in
those patients who suffered longer. These findings are in line

with the results found for neutralizing antibody titers, where
those patients with a higher CD4* T-cell response also aligned
with higher antibody titers, indicating a likely CD4* T-cell
linked B-cell response as described above. However, further
characterization of CD4* T-cell subsets is required in the future.

Several publications have shown that infection with SARS-CoV-2
is, indeed, linked to the expression levels of HLA molecules. The
group of Bahlmann et al. transfected two human cell lines, Caco-
2 (human colorectal adenocarcinoma cells) and Calu-3 (human
airway epithelial cells) with different SARS-Cov2 virus strains
and showed, that the virus-positive cells expressed a significantly
lower number of HLA-molecules than nontransfected cells, indi-
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cating that SARS-CoV-2 inhibits the induction of the HLA class
I pathway [28]. In a cohort of vaccinated patients, Mentzer et al.
analyzed the humoral response by determining the antibody titers
after vaccination and associated the response with the HLA class
I pathway as they found a clear association with genes regulated
on Chromosome 6, where the gene for HLA is located. Moreover,
they identified that patients with HLA-DQBI1:06 presented with
the highest antibody titers [29].

The correlation of the antibody titers with the severity of the
disease revealed that while IgG titers against the Spike protein or
the Nucleocapsid were clearly associated with the course of the
disease, as neutralizing antibodies were only highly produced by
those patients with a rather moderate/long infection (WHO grade
3)[30]. A more detailed study performed by Lehmann et al. inves-
tigated a so-called “house-cohort” in which some individuals of
the same household underwent COVID-19 infection, while others
did not. They identified that those patients that got infected were
homozygous for specific HLA molecules. Looking for those HLA-
molecules in convalescent study subjects of cohort D, carrying
HLA-DQB*05:01 was considered a “protective” HLA-molecule,
resulting in a shorter disease duration, while those lacking this
molecule suffered from a longer infection [31]. Moreover, indi-
viduals with HLA-DQB*05:01 expression had lower IgG antibody
titers compared with those without, but there was no difference
in the neutralizing antibody titers, indicating that carriers of
HLA-DQB*05:01 have a tendency to form antibodies [32].

Considering another parameter, that might play a role in the
differing immune responses in cohort D, the cohort was divided
into male and female donors to assess the effect of the sex on
the cellular and humoral immune response. It is known that
men generally develop slightly dominating Thl-driven immune
responses, while female responses are dominated by Th2-cells
[33]. Moreover, it has been reported that women mount much
higher antibody levels due to more proliferative B cells [33].
An effect that was mirrored in the results of convalescent study

subjects from cohort D. Through breaking down the HLA-
haplotypes to the most common alleles and looking at the
duration of the SARS-CoV-2 infection, in females HLA class I
haplotypes were associated with shorter, while HLA class II are
associated with longer disease duration. Contrastingly, in males,
HLA class II is associated with a shorter disease duration. Hence,
a shorter disease duration is associated with a more favorable
HLA-haplotype (Table S3) [32]. These results are in line with the
cellular response, in which unfavorable HLA-haplotypes show
a weaker CD8" T-cell response (Figure 3), while there was no
association with CD4* T cells (Figure 4). However, considering
the disease duration, CD4" T cells were elevated and were
associated with elevated neutralizing antibody titers (Figures 4
and 5).

The results presented in this study underline the requirement
of a proper cellular response, which is mandatory to clear the
infection, thereby also supporting previous publications [34]. A
strong T-helper cell link within more severe and longer infections,
which support the B cells in producing higher antibody titers is
likely, however, requires further corroboration by future studies,
in particular, the analysis of the Ty subset. In addition, despite a
relatively stable T-cell response toward novel SARS-CoV-2 strains
is expected, next-generation vaccines should in the future aim
for preserving a sufficient cellular T-cell response and therefore
should specifically include T-cell antigens in addition to the
formation of antibodies against SARS-CoV-2.

3.2 | Limitations of the Study

1. Cohorts A, B, and C include nonsimilar numbers of participants
as cohort C is considerably smaller than A and B (n, =27, ny =33,
n, = 12). Therefore, a direct comparison of obtained T-cell reac-
tivity patterns with cohort C was not done in this study, although
it has no effect on the information about epitope candidates and
core peptides obtained from the analysis of cohort C.
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2. Cohort A comprises 3.5 times more females compared with
males. Hence, a discrimination between T-cell responses in male
and female individuals for cohorts A, B, and C was not performed.

3. The mean interval between vaccination and/or natural infec-
tion and the time of blood collection is not the same between the
cohorts with a median of 50 + 9 days. Furthermore, the majority
(63%) of cohort A received BNT162b2 vaccines, while B was more
diverse. Correlation of T-cell responses with vaccine type and
time since vaccination and/or infection was not possible.

4. Differences between HLA allotypes expressed by each cohort
were observed for all HLA class I and II genes. Although these
differences are inevitable due to the natural diversity of the
human HLA gene locus, unequal T-cell reactivity against SARS-
CoV-2 structural proteins may be influenced by the different
peptide binding affinities of the expressed HLAs rather than only
by the immunization routes represented by the different cohorts.

The evaluation of intrinsic differences in T-cell response strengths
was done on convalescent individuals with mild to moderate
infections and no severe infections. Nevertheless, our results
are in line with studies including severe outcomes. A deeper
characterization of Tpy cells as a potential link between the
CD4* T cell immune response and antibody-producing B cells is
necessary. This could be the focus of future studies.

4 | Materials and Methods

4.1 | Study Participants and Whole Blood
Donations

Study participants were recruited at Miltenyi Biotec via an
internal blood donation program, and the Medical School

Hannover (MHH) (cohort A-C), as well as from volunteers of the
University Clinic Diisseldorf (cohort D). The individual SARS-
CoV-2 background of all study participants was assessed via
questionnaires and summarized in Table S1. Participants 1 to 73
were assigned to the study’s cohorts comprising (A) vaccinated,
(B) convalescent, and (C) vaccinated and convalescent
individuals (Figure 1C). Whole blood donations were drawn from
all volunteers after informed consent (Miltenyi Biotec: 20200151;
Medical School Hannover: 9255_BO_K2020; University Clinic
Diisseldorf) and following the WMA Declaration of Helsinki
regarding the ethical principles for medical research involving
human subjects. Therefore, 100 mL whole blood was drawn using
an EDTA-coated BD Vacutainer (BD, Franklin Lakes, USA, cat.
no. 367525). Donations from the MHH hospital were transported
overnight to Miltenyi Biotec. Donations from Miltenyi employees
as well as from volunteers of the University Clinic Diisseldorf
were directly processed after blood drawing. There was a mean of
57 days for cohort A, a mean of 59 days for cohort B, and a mean of
41 days for cohort C between the date of vaccination or infection
and the date of sample drawing. For cohort D, patients donated
their blood samples as convalescent donors within 2 months after
recovery.

It is important to note that study participants of cohort D
were recruited and analyzed independently from cohorts A to
C, for the evaluation of SARS-CoV-2-specific T-cell response
strengths of the 40 donors depicted in this study. The cate-
gorization of those study participants into subgroups of mild,
moderate, as well as short and long disease was done according
to information assessed by a self-questionnaire. Hereby, the
different disease durations/strengths were subdivided based on
disease duration and symptoms (mild: sore throat, running
nose, no fever/ short: 1-10 days/moderate: sore throat, running
nose, fever over 3 days/long: 20-120 days). We insert here
an extract from the questionnaire for recording the degree
of illness:

Do you have the results of a throat swab?

Tested positive on the (date):

Tested several times O (Please enter the date of the last test)

Yes O No O

O Not tested

Tested negative on the (date):

Diseased from (date)

till (date)

Symptoms (describe the type of symptoms)

Which were the worst symptoms

When was the first day without symptoms (date)
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4.2 | Sequential Walk

To identify SARS-CoV-2 specific T-cell epitopes an in vitro
stimulation approach was utilized to assess the immunogenicity
of SARS-CoV-2 derived peptides (for sequences for SARS-CoV-2
peptides see GenBank QHD43416.1, QHD43423.2, QHD43419.1).
By using an experimental design aiming for a stepwise down-
sizing/filtering of potential immunogenic regions, the number
of necessary experiments and blood material could be reduced.
Hence, in the first step, 15mer-peptide pools, followed by a
downstream assessment of single, 15mer peptides out of reactive
pools, and finally the evaluation of 9mer core peptides derived
from reactive single peptides have been evaluated for their
individual potential to initiate a peptide-specific T-cell response.

In more detail, first, a sequential walk over the virus’ spike, nucle-
ocapsid, and membrane protein was performed using mostly
15mer consecutive peptides having 11 amino acids overlapping
each other. Due to a limited number of available peripheral
blood mononuclear cells (PBMCs), this first peptide stimulation
approach was done using pools, comprising 10 to 12 peptides.
Together 36 peptide pools (362 single 15mer peptides) for the
Spike, 11 peptide pools (110 single 15mer peptides) for the
Nucleocapsid, and 6 peptide pools (60 single 15mer peptides)
representing the Membrane protein cover the complete sequence
of the respective protein. After evaluation of immunogenic
peptide regions covered by the tested pool, the respective single
peptides’ immunogenicity was determined following the similar
in vitro stimulation procedure, on expanded PBMCs of the same
study subject. From an additional in silico, NetMHC (II)pan-based
analysis of observations from these first two in vitro approaches,
the peptides’ HLA restrictions and core peptide sequences could
be extracted and used in a third, and final validation of core
peptides’ immunogenicity for certain HLA alleles.

For each of the described stimulation experiments, an unstim-
ulated control, as well as two positive controls stimulated with
CytoStim (Miltenyi Biotec, cat. no. 130-092-172) and SARS-CoV-
2 PepTivators (PepTivator SARS-CoV-2 Prot_S Complete, cat. no.
130-127-951; PepTivator SARS-CoV-2 Prot_M, cat. no 130-126-709;
PepTivator SARS-CoV-2 Prot_N, cat. no 130-126-698) covering the
complete sequence of the before mentioned structural proteins,
were prepared.

4.3 | Isolation of Peripheral Blood Mononuclear
Cells

To isolate the PBMCs from whole blood, density gradient cen-
trifugation using Pancoll (Pan Biotec, Aidenbach, Germany, cat.
no. P04-60500) was utilized according to the manufacturer’s
instructions using CliniMACS PBS/EDTA buffer (Miltenyi Biotec,
Bergisch Gladbach, Germany, cat. no. 200-070-025). To complete
the isolation procedure, cells collected in a 50 mL Falcon tube
were diluted with CliniMACS PBS/EDTA buffer and centrifuged
twice at 200g for 15 min to remove the remaining thrombocytes.
Afterward, cells were counted using the Sysmex XP-300 device
(Sysmex, Norderstedt, Germany) and diluted to a concentration
of 1 x 107 cells/mL using RPMI-1640 Medium (Biowest, Nuaillé,
France, cat. no. L0501-500) supplemented with 5% human AB
serum (Capricorn, Ebsdorfergrund, Germany, cat. no. HUM-3B,

Lot. CP20-3472) and 1x Gibco Anti-Anti (Thermo Fisher Scien-
tific, Waltham, USA, cat. no. 11580486) (from now on referred
to as “supplemented medium”). Using this cell suspension, an
appropriate number of wells of 96-well flat bottom plate (Falcon,
New York, USA, cat. no. 353072) were filled to a concentration of
1 x 10° PBMCs per well. The plate was then incubated overnight
at 37°C, 5% CO,.

4.4 | InVitro Stimulation Approach and
Subsequent Staining of Activity Markers and
Intracellular Cytokines

Each peptide (pool) was separately added at a final concentration
of 1 pg/mL/peptide/1IE6 PBMCs to the priorly prepared cell
samples. Stimulation was done for a total of 6 h at 37°C, 5% CO,,
After2h, 2 ug/mL Brefeldin A (Sigma-Aldrich, St. Louis, USA, cat.
no. B7651) was added to each well to prevent cells from cytokine
secretion.

After complete stimulation, staining was performed in a 96-
well V-bottom plate (Sigma-Aldrich, cat. no. Z667234) into which
cells were transferred after adding 100 pL. PBS/EDTA (2 mM)
buffer to each sample. Afterward, the plate was centrifuged at
300g for 5 min at room temperature (RT) and the supernatant
was discarded. Next, cells were stained with Viobility 450/452
Fixable Dyes (Miltenyi Biotec, cat. 130-109-816), according to the
manufacturer’s instructions. To enable subsequent intracellular
staining of cytokines and activation markers, cell fixation was
performed using Inside Fix (Inside Stain Kit, Miltenyi Biotec,
cat. no. 130-090-477), according to the manufacturer’s instruction,
followed by resuspension in 250 uL/well Inside Perm (Inside
Stain Kit, Miltenyi Biotec, cat. no. 130-090-477) and centrifugation
at 300g for 5 min at RT. Finally, cells were stained using the
following antibody-cocktail: anti-CD3—APC (Miltenyi Biotec,
cat. no. 130-113-135), anti-CD14—VioBlue (Miltenyi Biotec, cat.
no. 130-110-525), anti-CD20—VioBlue (Miltenyi Biotec, cat. no.
130-111-531), anti-CD4—VioBright515 (Miltenyi Biotec, cat. no.
130-114-535), anti-CD8—VioGreen (Miltenyi Biotec, cat. no. 130-
110-684), anti-IFN-y—PE (Miltenyi Biotec, cat. no. 130-113-496),
anti-TNF-a—PEVio770 (Miltenyi Biotec, cat. no. 130-120-492),
anti-CD154—APCVio770 (Miltenyi Biotec, Cat. No.130-114-130),
and anti-IL-2—PEVio615 (Miltenyi Biotec, cat. no.130-111-307).
All antibodies were used in a 1:50 dilution. Staining was done
according to the manufacturer’s instructions. After additional
washing with 100 pL Inside Perm and centrifugation at 300g for
10 min at RT, cells are resuspendedin250 pL. PBS/EDTA (2 mM)
buffer supplemented with 0.5% of MACS BSA Stock Solution
(Miltenyi Biotec, cat. no. 130-091-376). Flow cytometric analysis
was done using the MACSQuantl6—flow cytometer (Miltenyi
Biotec, cat. no. 130-109-803). We defined a positive T-cell response
by the appearance of a distinct population for the chosen activity-
associated markers and a frequency increase of at least 10% with
respect to the unstimulated control.

4.5 | Expansion of SARS-CoV-2 Spike,
Nucleocapsid, Membrane-Specific Reactive T Cells

Freshly isolated PBMCs (see previous section) were plated out
on a four-well plate (Falcon, Cat. N0.353046), at a concentration

310f 34

85U8017 SUOWILLIOD SAIERID 3|l jdde au) Aq peusenob ake 9. VO '8sn J0S9|NI o) ARIq1T8UIIUQ AB]1M UO (SUOTHIPUOD-PUE-SWLBIALIY™AB | 1M ARe.q1 Ul juo//SANY) SUONIPUOD pue SWw | 81 89S *[6202/90/50] U0 Akeiqi8uliuo AS|1M *HOPESSNA YeU101|qIgsspue-] pun SIISPAIN Ad L6VTSKZ0Z 1B/200T 0T/I0p/W0d A8 1M Areiqijpul|uoy/scily wouy pspeojumod 't ‘G202 ‘TrTYTZST



of 5E6 PBMCs/5 mL supplemented medium. To support directed
cell proliferation, 100 U/mL IL-2 (Miltenyi Biotec, cat. no. 130-
097-745) as well as 1 pg/mL of either PepTivator SARS-CoV-2
Prot_S Complete, PepTivator SARS-CoV-2 Prot_M, or PepTivator
SARS-CoV-2 Prot_N were added to the cell suspension. After-
ward, the cells were incubated for 14 days at 37°C, 5% CO,.
Meanwhile, the medium was refreshed every 2 to 3 days by gentle
removal of half the medium volume and subsequent addition of
the same volume-supplemented medium together with 100 U/mL
IL-2.

4.6 | In Silico Peptide Binding Prediction

Using an in silico approach, HLA restrictions, corresponding
binding affinities, and core sequences of single 15mer
peptides, derived from previously immunogenic peptide
pools, were specified. For that, the open-source NetMHCpan
(https://services.healthtech.dtu.dk/service.php?NetMHCpan-
4.1) and NetMHCIIpan (https://services.healthtech.dtu.dk/
service.php?NetMHCIIpan-4.0) prediction-algorithms were
utilized, for interactions with MHC class I and MHC class
IT molecules, respectively. The eluted ligand percentile ranks
(EL-Rank) are used as a measure of the peptide binding affinity.
Therein, EL-Ranks <2 and >0.5 are considered weak binding
peptides, and EL-Ranks <0.5 are considered strong binding
peptides to the respective MHC class I molecule. For MHC class
IT molecules, instead, EL-Rank thresholds of <5 and >2 and <2
are applied for the categorization into weak and strong binding
peptides, respectively.

4.7 | Sequencing of HLA-Alleles

To genotype the HLA alleles for all cohort participants from
the University Clinic Diisseldorf (cohort D), an amplicon-based
NGS-based approach was used. Six multiplex polymerase chain
reactions (PCRs) were used to amplify exons 2, 3, and 4 of the
HLA-Class I and HLA-DPBI genes and exons 2 and 3 of HLA-
DRBI, HLA-DQAI1, and HLA-DQBI. The resulting fragments
were supplemented with sample-specific barcodes and Illumina-
compatible adapters. Sequencing was performed on an Illumina
MiSeq device (Illumina Inc., San Diego, USA). A customized
software (NGSSequence Analyser, Institute for Transplantation
Diagnostics and Cell Therapy, University Hospital Dusseldorf,
Dusseldorf, Germany) served for the analysis of the sequence
reads using quality control values and high coverage to automate
the data analysis. For haplotype phasing of the obtained HLA
data, we used the Arlequin software (version 3.5.2.2, available
cmpg.unibe.ch/software/arlequin35/), for binding affinities to
viral peptides [35].

For all remaining study subjects from other cohorts, HLA
sequencing was performed externally by DKMS Life Science Lab
GmbH.

4.8 | Determination of Antibody Levels

Determination of antibody levels was performed using two
serological assays as described before [36]. Spike S1 protein

domain-specific IgA and IgG antibodies were detected by ELISA
(Euroimmun, Germany), and Ig antibodies against the Nucleo-
capsid were verified by Roche Diagnostic Test (Elecsys). Neutral-
izing antibodies were tested additionally in biological duplicates.
Heat-inactivated donor plasma was diluted. Serum neutralization
titer was determined by microscopic inspection as the highest
serum dilution without virus-induced cytopathic effect (CPE).
Two previously tested sera from SARS-CoV-2 infected individuals
served as positive controls for each round. A high-titer control
(NT 1:640) and a medium-titer control (NT 1:160) were defined
to validate each assay. Interassay and intra-assay variations
were determined, and these control sera exhibited maximum
variation within only one dilution level. Serum from noninfected
individuals and cells without serum served as negative controls
to confirm virus-induced CPE. A neutralization titer of 1:160 was
defined as the threshold titer for the binary representation of virus
neutralization capacity, allowing the potential plasmapheresis
product to serve as a therapeutic agent.

4.9 | InVitro Assays for Antigen-Specific T Cells

PBMCs of convalescent subjects from four different sub-groups
of disease severity or duration (short, mild, moderate, long) were
isolated as described above. The cell suspension was adjusted
to a cell titer of 1 x 107 cells/mL X-Vivo 15 medium (Lonza;
cat. no. 11695120) and 100 pL/well was distributed into a 96-well
plate. For each study subject, several approaches were set up:
SARS-CoV-2 PepTivator Prot_S Complete, Prot_M, and Prot_N
as well as a well for all three PepTivators, a negative control (no
PepTivators) and the stimulation with PMA/Iono as a positive
control. Cells were incubated with the according stimulating
agents for 6 h in total. After 30 min of stimulation, 5 ng/mL
Brefeldin A (BioLegend; ca. no. 420601) were added to each
well. Subsequently, cells were harvested and stained for anti-
CD3-PE-Dazzle (BioLegend, cat. no. 300446), anti-CD4 BV650
(BioLegend, cat. no. 317436), anti-CD8 VioGreen (Miltenyi Biotec,
cat. no. 130-113-164), anti-CD45RO_BV570 (BioLegend, cat. no.
304226), anti-CD154_PE-Cy7 (BioLegend, cat. no. 310832) and
anti-IFN-y-BV421 (BioLegend, cat. no. 502532). All antibodies
were used in a 1:100 dilution. Staining was done according to
the manufacturer’s instructions. After washing with PBS and
centrifugation at 300g, cells are resuspended in 250 uL PBS/EDTA
(2 mM) buffer supplemented with 0.5% of MACS BSA Stock
Solution (Miltenyi Biotec, cat. no. 130-091-376). Flow cytometric
analysis was done using the CytoFlex S-flow cytometer (Beck-
mann Coulter). Each sample was then normalized to the negative
control to exclude unspecific responses or backgrounds.
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