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ABSTRACT

Background: Antibody-based tests are available for measuring SARS-CoV-2-specific
immune responses but fast T cell assays remain scarce. Robust T cell-based tests are
needed to differentiate specific cellular immune responses after infection from those
after vaccination.

Materials and Methods: One hundred seventeen individuals (COVID-19 convalescent
patients: n=40; SARS-CoV-2 vaccinees: n=41; healthy controls: n=36) were evaluated
for SARS-CoV-2-specific cellular immune responses (proliferation, Th1, Th2, Th17, and
inflammatory cytokines, activation-induced marker (AIM) expression) by incubating
purified peripheral blood mononuclear cells (PBMC) or whole blood (WB) with SARS-
CoV-2 peptides (S, N, or M), vaccine antigens (tetanus toxoid, tick borne encephalitis
virus) or polyclonal stimuli (Staphylococcal superantigen, phytohemagglutinin).

Results: N-peptide mix stimulation of WB identified the combination of IL-2 and IL-13

secretion as superior to IFN-y secretion to discriminate between COVID-19-

convalescent patients and healthy controls (p<0.0001). Comparable results were

obtained with M- or S-peptides, the latter almost comparably recalled IL-2, IFN-y and

IL-13 responses in WB of vaccinees. Analysis 10 months as opposed to 10 weeks after
COVID-19, but not allergic disease status, positively correlated with IL-13 recall
responses. WB cytokine responses correlated with cytokine and proliferation responses
of PBMC. Antigen-induced neo-expression of the C-type lectin CD69 on CD4*
(p<0.0001) and CD8* (p=0.0002) T cells informed best about the SARS-CoV-2

exposure status with additional benefit coming from CD25 upregulation.



Kratzer et al. Short-term assay for COVID-19 T cell memory

Conclusion: Along with N- and S-peptide-induced IL-2 and CD69 neo-expression we
suggest to include the type 2 cytokine IL-13 as T cellular recall marker for SARS-CoV-2

specific T cellular immune responses after infection and vaccination.
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HIGHLIGHTS

s S- versus N- and M-derived SARS-CoV-2 peptides allow discrimination between
SARS-CoV-2 post-vaccination and post-infection cellular immune responses.

e T cell responses to SARS-CoV-2 peptides are accurately determined by a short-
term WB assay by analysis of secreted IL-2 and IL-13 along with CD69 and
CD25 expression on T cells.

e The fast WB assay has a better performance than proliferation and cytokine

secretion assays performed with gradient-isolated PBMC.
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ABBREVIATIONS

ACEZ2: angiotensin converting enzyme 2
AIM: activation-induced marker

AUC: Area under the curve

CD: cluster of differentiation

CoV-2: coronavirus 2

COVID-19: coronavirus disease 2019
ELISA: enzyme-linked immunosorbent assay
HC: healthy control

HLA: human leukocyte antigen

HRP: horseradish peroxidase

Ig: immunoglobulin

M: matrix protein

N: nucleocapsid protein

NPV: negative predictive value

OD: optical density

PB: peripheral blood

PBMC: peripheral blood mononuclear cells

PHA: phytohemagglutinin
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PPV: positive predictive value

RBD: receptor-binding domain

S: spike protein

SARS: severe acute respiratory syndrome
SEB: Staphylococcal superantigen B
TBE: tick-borne encephalitis antigens

TT: tetanus toxoid

WB: whole blood
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INTRODUCTION

An outbreak of an epidemic respiratory infection causing severe pneumonia in a subset
of patients was reported in Wuhan City, Hubei province, China, in December 20193,
Shortly thereafter, the disease was shown to be caused by a novel beta-coronavirus
(CoV) termed SARS-CoV-2 and the respiratory disease associated with it was named
COVID-19%%. Since December 2019 and as of today (May 20, 2022), SARS-CoV-2 has
infected 526 million individuals and caused 6.2 million fatalities world-wide®,

corresponding to an average fatality rate of 1.2%.

Typically, COVID-19 induces both humoral and cellular immune responses by inducing
antiviral antibodies that may block or even enhance the binding of the virus to its
cellular receptor ACE2 to a varying degree’ and activation of specific CD4* and CD8* T
cells®10, SARS-CoV-2 vaccines, which elicit various degrees of immunity, have been
rapidly developed and licensed''-13 resulting in the vaccination of 11.44 billion doses to
date. The vaccines currently authorized for use in Europe by the European Medical
Association (EMA) are primarily mRNA- or vector-based (Comirnaty, Spikevax,
Vaxzevria, COVID-19 Vaccine Janssen) and enable in vivo transfected or infected body
cells, respectively, to exclusively express the SARS-CoV-2 S protein, but no other viral
proteins. While in most cases infection and vaccination induce humoral and cellular
memory'*-17, certain groups of individuals may have a considerable failure rate in doing
so'®, e.g., those who suffer from i) solid or hematologic malignancies and/or are in
complete remission from such diseases’™20, or ii) primary?! and secondary?223

immunodeficiency, have undergone iii) solid®* or bone marrow?® transplantation, or are
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iv) vaccine non-responders. Apart from that we have observed a considerable number
(40%) of RBD non-responders among COVID-19 convalescent patients’. Accordingly,
the mere fact that a particular patient had survived COVID-19 or had been vaccinated
with an mRNA- or vector-based SARS-CoV-2 vaccine does not guarantee with
certainty that the respective individual has also developed a protective humoral and
cellular immunity. Moreover, recent data have shown that post-vaccination side-effects
may not be differentiable with high accuracy from COVID-19 by solely applying
symptom profiles or machine-derived algorithms?26. This may be especially a problem if
PCR tests were not performed in the time period directly after vaccination, since
vaccination itself (especially during the first three days after vaccination) may cause
fever and fatigue, symptoms also associated with mild COVID-19 infection®. Therefore,
in vitro assays are needed that can distinguish specific T cellular immune responses
following infection from those following vaccination, especially in situations where
humoral immune responses are absent (e.g., vaccine non-responders) or have already
diminished because the infection occurred some time ago (¥’ and manuscript in
preparation), or are masked due to immunoglobulin (lg) substitution or Ig-based
immunomodulation therapy.

In fact, after cognate interaction with foreign peptide presented by self-MHC
molecules?82? within the immunological synapse?®°, T lymphocytes react in at least three
typical ways. Firstly, they neo-express activation-induced molecules (AIM) on their
surface3!, secondly, they start to produce and secrete soluble effector molecules, such
as cytokines®? and thirdly, they initiate proliferation if the interaction between them and

the antigen-presenting cell exceeds a critical period of time33. All three parameters
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should be helpful when it comes to the determination of T cellular immune responses of

a patient either after COVID-19 or upon SARS-CoV-2 specific vaccination34-36

Here, we established the basis for distinguishing T cellular SARS-CoV-2-specific
immune responses following infection from those following vaccination by identifying
robust biomarkers. For that purpose we tested a panel of S-, N- and M-protein specific
peptides in a newly established 2-day whole blood (WB) assay, which was bench-
marked to a standard antigen-specific proliferation and cytokine secretion assay based
on gradient-isolated PBMC which takes approximately 8-9 days for completion34. In the
WB assay we determined the SARS-CoV-2-specific cellular immune response37:38 and
compared it to the one induced by classic vaccine antigens (tetanus toxoid, tick borne
encephalitis virus) and polyclonal T cell stimuli. The assay allows to measure the
cumulative secretion of Th1, Th2, Th17 and inflammatory cytokines into the
supernatant and to monitor the antigen-specific T cell activation status by virtue of the
expression of AlMs by CD4* and CD8* T cells alike. The WB assay is easy to perform,
provides robust results in a short period of time (within 2 days), allows to differentiate
COVID-19 convalescent patients from vaccinated individuals and healthy controls and
identifies the type 2 cytokine IL-13 along with the type 1 cytokines IL-2 and IFN-y as
well as the activation induced C-type lectin CD69 and CD25 as biomarkers of high
significance for determination of T cellular immune responses against SARS-CoV-2

after both COVID-19 infection or SARS-CoV-2 vaccination.
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MATERIALS AND METHODS (278)

Patients, vaccinees and control subjects

All subjects gave their written informed consent in accordance with the Declaration of
Helsinki. This retrospective, observational, monocentric investigator-driven study which
was performed at the Center of Pathophysiology, Infectiology and Immunology at the
Medical University of Vienna was approved by the Ethics Committee of the Medical
University of Vienna registration number EK No.: 1302/2020. This study was supported
by grants from the Austrian Science Fund, grant number: DK-W1248; the Medizinisch-
Wissenschaftlicher Fonds des Burgermeisters der Bundeshauptstadt Wien
(Stiftungsfonds zur Férderung der Bekampfung der Tuberkulose und anderer
Lungenkrankheiten), grant numbers: COVID001 and COVID006 and a grant from the
Federal State of Lower Austria, Grant: Danube Allergy Research Cluster (Danube
ARC). The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript. Convalescent patients had tPCR- and/or
SARS-CoV-2 antibody-confirmed” COVID-19 disease ten weeks (n=28) or ten months
(n=12) previously. In parallel, healthy control subjects, who were reportedly
asymptomatic for the last 10 weeks and who were SARS-CoV-2 negative by SARS-
CoV-2 antibody test’” and had a negative SARS-CoV-2 test (antigen or tPCR) at the
time of venipuncture (n=36) or were vaccinated once (n=8), twice ( n=11) or three times
(n=22) were enrolled into the study between November 1512020 and March 23t 2022.
Table 1 shows the baseline demographic and clinical characteristics for each group. Of
the eight vaccinees, who were vaccinated once, five received only one of two required

doses of Vaxzevria, one received only one of two required doses of Comirnaty and two
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received the licensed single dose of COVID-19 Vaccine Janssen. Of the eleven
vaccinees, who were vaccinated twice, seven received Comirnaty, three Vaxzevria,
and one the combination of the latter (Table 1 and S1). From the three times
vaccinated indviduals, eleven received Comirnaty, nine two times Vaxzevria and once
Comirnaty and two individuals two times Vaxzevria and once Spikevax.

Venous blood was drawn from all subjects and was Li-heparin-anticoagulated (whole
blood assays and preparation of PBMC), or silicon dioxide coagulated (to obtain serum

for determining specific antibodies).

T cell proliferation assays

Plate assays with isolated peripheral blood mononuclear cells

Peripheral blood mononuclear cells of heparinized blood were isolated from COVID-19
convalescent individuals, healthy control subjects, or SARS-CoV-2 vaccinees
according to standard protocols'"12.14, Briefly, heparinized blood was diluted 1:2 with
IMDM medium containing 20 U/ml heparin, 10 % FCS and antibiotics (15 pg/ml
Gentamicin; 0.5 pg/ml Amphotericin) and was overlaid onto Ficoll-Hypaque gradients in
50 ml tubes followed by centrifugation at 500 g for 15 minutes. The PBMC rich
interphase was collected, washed with fresh medium and adjusted to 1 x 108 cells/ml
with RPMI1640 medium (Hyclone, Cytiva, Pasching, Austria) containing 2% human
serum (Sigma-Aldrich, St. Louis, MO, USA). One-hundred microliters of freshly isolated
PBMC (1 x 105well) were incubated in 96-well round bottom plates (Sarstedt,
NUmbrecht, Germany) with the indicated stimuli (Table S2) in a total volume of 200 pl.

After 144 hours (6 days), 100 pl of supernatants were collected from each well for
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subsequent cytokine determinations and stored frozen at -80°C until further use (see
below). The cells were replenished with 100 pl of fresh medium and pulsed with methyl-
[3H]-thymidine (1 uCi/well) for 18 hours and T cell proliferation was quantified on a

Betaplate Counter (Perkin Elmer, Waltham, MA).

Whole blood assays in tubes

Three hundred microliters of whole blood anticoagulated with Li-heparin were
incubated with the indicated stimuli (Table S2) or medium alone in 300 pl culture
medium (RPMI-1640, Hyclone) in sterile 5 ml polystyrene round-bottom tubes (12 mm x
75 mm tubes with caps, BD Biosciences, San Diego, CA) in a final volume of 600 pl. In

order to maximally increase IFN-y release from activated memory cells, tubes were

spiked with 25 pl of IL-18 (2.25 pg/ml), so that a final concentration of IL-18 of 90 ng/ml
was reached3?40. After addition of 300 pl of whole blood, the cell/medium suspension
was mixed by vortexing 3-times for one second. Tubes with semi-closed lids were then
incubated at 37°C, in a 5% CO2 and 95% humidity atmosphere for 44 hours.
Subsequently, cultures were mixed by vortexing 3-times for one second, then cells
were spun down at 600 g for 10 minutes and 300 pl of the supernatant was collected in
1.5 ml microfuge tubes and stored frozen at -80°C until further use. The cellular part of
stimulations was used to determine activation induced markers (AIM) on CD3*CD4*
and CD3*CD8" and T cells. Cells from 31 out of the 40 COVID-19 convalescent
patients, 32 out of the 36 healthy control individuals and 40 out of the 41 vaccinees

could be tested with the WB- and PBMC-based assays in parallel.
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Statistical analyses

Distribution analysis was performed for each dependent variable. Best fit was obtained
in any case for a log-normal distribution. Therefore, variables were analyzed by a
General Linear Model (GLM) with a log link. All stimuli and the different groups were
analyzed simultaneously for each cytokine, and groups (within stimuli) were compared
by Tukey's honestly significant difference (HSD) test holding the family-wise error rate
constant at the chosen level of significance of 5% to account for multiple testing. For
illustrative purposes, p-values below 0.05 were indicated as: * p < 0.05, ** p <0.01, ***
p <0.001, respectively. However, since seven cytokines were measured, in addition to
the univariate approach, a discriminant analysis was performed with stimulation indices
for all cytokines and the S-peptide, N-peptide, and M-peptide mixtures as stimulants of
WB. Exploratory analyses were done comparing stimulation indices in vaccinees by
number of vaccinations received and in COVID-19 patients according to the severity of
the disease (hospitalized vs. not hospitalized) and the time since recovery (10 weeks
versus 10 months). In these latter analyses, healthy controls were included as contrast
group. In all these exploratory analyses orthogonal Helmert contrast were computed
allowing independent interpretation of the differences obtained. For these exploratory
analyses, power was still sufficient (80%) to detect a relevant effect corresponding to a
Cohen’s d=1. While within endpoint analyses were corrected for multiple testing and
family-wise error rate was held constant, no correction for multiple endpoints was
applied. Therefore, results have to be interpreted with caution. Receiver operating
characteristics (ROC) curves were calculated based on 95% confidence intervals by

the method of Wilson/Brown. Stata 17.0 (StataCorp, College Station, TX, USA),
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Statistica 10.0 (Statsoft, Tulsa, OK, USA) and GraphPad 9.2.0 (GraphPad Software, La

Jolla, CA, USA) were used for analyses and graphs.

Further Materials and methods can be found in the online repository.
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RESULTS

Description of the study population

We enrolled a total of 117 individuals into this study consisting of 40 COVID-19
convalescent patients, 36 healthy control and 41 vaccinated individuals (Table 1).
COVID-19-specific T cell responses towards S-, N-, and M-protein-derived peptides
(Table S3) were compared in a newly developed 2-day WB test evaluating COVID-19
specific effector cytokine release and CD4* and CD8* T cellular activation with that of
classical lymphocyte proliferation and cytokine secretion assays using gradient-isolated
PBMC. The WB- and PBMC-based tests were performed in 25 independent
experiments (Table S4) and in addition contained the recall antigens tetanus toxoid
(TT) and tick born encephalitis virus antigen (TBE) as well as the polyclonal stimuli
Staphylococcal enterotoxin B (SEB) and PHA as positive and medium alone as
negative controls. Sera from COVID-19 convalescent patients and healthy control
individuals were screened for the presence of SARS-CoV-2 specific antibodies against
SARS-CoV-2 S- and RBD-protein, to confirm or exclude their SARS-CoV-2 exposure
status independent of the self-reported medical history. Each out of the enrolled 40
COVID-19 convalescent patients had a SARS-CoV-2 S-protein specific antibody
response (Table 1), with only 20 out of the 40 patients also revealing RBD-specific
ELISA reactivity above OD 0.3 (Table 1), confirming their SARS-CoV-2 specific
seroconversion as established previously”#'. In contrast, none of the 36 healthy control
individuals presented with SARS-CoV-2 S- or RBD-protein specific antibody reactivity

(Table 1).
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SARS-CoV-2 peptide-specific proliferation of gradient-isolated PBMC
discriminates post-infection from post-vaccination subjects

We here aimed to establish the basis for a robust, easy-to-perform bioassay able to
distinguish SARS-CoV-2 specific T cell immune responses of COVID-19 convalescent
patients, vaccinated individuals and SARS-CoV-2 non-exposed healthy controls. Such
distinction may not be ftrivial if solely based on antibody testing since antibody non-
responders to important constituents of the SARS-CoV-2 virus (e.g., S- or RBD protein,
etc.) have been described’. For instance, only 50% of the COVID-19 convalescent
individuals enrolled into this study presented with RBD antibodies (Table 1) and also S-
antibodies are known to drop below background in a fraction of COVID-19
convalescent patients 10 months after infection (manuscript in preparation). By
simultaneous monitoring of the elaboration of Th1, Th2 and Th17 and inflammatory
cytokines we also wanted to understand which cytokines are primarily associated with
the T cellular immune response against major SARS-CoV-2 antigens, such as surface
(S), nucleocapsid (N) and matrix (M) antigen.

Accordingly, and to benchmark the test system we first evaluated whether stimulation
of gradient-isolated peripheral blood mononuclear cells (PBMC) with peptide-pools of
SARS-CoV-2 S-, N- or M-proteins would allow for such differentiation. Therefore, we
selected a well-defined study population consisting of individuals without SARS-CoV-2
exposure (healthy controls) and individuals with a clear history of either SARS-CoV-2
infection or vaccination (Table 1). Notably, we found that PBMC of COVID-19
convalescent patients strongly proliferated upon incubation with the S-, N- and M-

peptide mixes, which was in significant contrast to PBMC of healthy control subjects.
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The proliferative response of PBMC of COVID-19 convalescent patients upon
stimulation with S-peptide was 1.7-fold and 2.6-fold higher when compared to N- or M-
peptide mix, respectively (Figures 1, S1, S2 and Tables S5 and S6), which identified
S-protein peptides as major targets for the human T cell response. Apart from
incubation with SARS-CoV-2 peptide mixes, virus-like particles*® pseudotyped with S-,
RBD- or N-proteins led to robust and specific T cell stimulation (not shown). S- but not
N- or M-peptide mixes also well stimulated PBMC of vaccinees (Figures 1, S1 and
S$2). In contrast to the differential SARS-CoV-2 peptide-induced proliferation in the
three study populations, proliferation of PBMC of COVID-19 convalescent patients or
vaccinees was not superior to those of healthy control subjects when incubated with
the vaccine recall antigens from TT or TBE or upon incubation with the polyclonal

stimuli Staphylococcal enterotoxin B or PHA (Tables S5 and S6).

Prominent cellular IL-13 recall responses in gradient-isolated PBMC post-
infection and post-vaccination

To better understand the role and differential contribution of cytokines during SARS-
CoV-2-specific T cell recall responses, we studied in an unbiased approach the
secretion of signature Th1, Th2, Th17 and inflammatory cytokines upon incubation of
gradient-isolated PBMC with the three peptide mixes, classic vaccine antigens,
polyclonal T cell stimuli and medium alone. Notably the highest discriminative accuracy
between COVID-19 convalescent patients and HC subjects was obtained upon
determination of IL-2 in supernatants of PBMC stimulated with N- (AUC: 0.8710 (ClI

0.7711-0.9708) p<0.0001) (Figures 2 and S3) or M- (AUC: 0.8356 (CI 0.7250-0.9461)
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p<0.0001) (Figure S3) peptide mixes immediately followed by IFN-y (AUC: 0.8439 (ClI

0.7470-0.9408) p<0.0001 and AUC: 0.7924 (Cl 0.678-0.9080) p<0.0001, respectively)
and IL-13 (AUC: 0.8033 (Cl 0.6884-0.9183) p<0.0001 and AUC: 0.7388 (Cl 0.6147-
0.8629) p=0.0012, respectively). A similarly high discriminatory power was obtained
with IFN-y (AUC: 0.8944, (Cl 0.8022-0.9866) p<0.0001) and IL-13 (AUC: 0.8927 (CI
0.8211-0.9643) p<0.0001) upon S-, but not N- or M-peptide mix-specific stimulation of
PBMC of vaccinees compared to healthy control subjects while IL-2 was somewhat
less discriminatory (AUC: 0.7383, (Cl: 0.6138-0.8628) p=0.0006) (Figures 2 and S4).
Absolute levels of secreted cytokines upon incubation with the different stimuli are
shown in Figure S5, and corroborated the SI results, although they revealed a

modestly inferior diagnostic accuracy (Tables S7-S9). IL-4, IL-12 and IL-17a secretion

levels were not informative in assays performed with gradient-isolated PBMC.

SARS-CoV-2 specific IL-13 recall responses are significantly elevated
independent of allergy status

The prominent IL-13 recall responses upon incubation of gradient-isolated PBMC of
COVID-19 convalescent patients and vaccinees with SARS-CoV-2 peptide mixes were
intriguing and could have been due to different representation of allergic/asthmatic
patients in the respective groups, representing a putative recruiting bias. To investigate
this possibility, each study group was divided into nonallergic and allergic subjects
(Figure 3 and Table 1). Of note, SARS-CoV-2 peptide-induced IL-13 secretion levels
did neither positively correlate with the allergy status of COVID-19 convalescent

patients, nor with those of vaccinees or healthy control subjects (Figure 3). The
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present study was not powered to detect differences in IL-13 levels between the
approximately 30% of allergic/asthmatic individuals in the COVID-19 convalescent and
vaccinated groups versus the 20% allergic/asthmatic individuals in the healthy control
group. Irrespective of this limitation, we assume that a relevant effect size could have
been detected in this unplanned comparison but the actually observed one is so small
that we conclude that the allergy/asthmatic status most likely does not account for the

differences in release of IL-13.

Antigen-specific, cellular Th1 and Th2 recall responses characterize COVID-19
convalescent patients and vaccinees in a two-day WB assay

Virus-specific recall responses determined with gradient-isolated PBMC well-
discriminated the three study groups and have the power to discriminate between the
post-infection and post-vaccination status of subjects. Next we investigated if such
results can be obtained with a rapid whole blood (WB) assay using cytokine secretion
and AIM expression as read-outs. Short term assays for T cellular recall responses

typically rely on the early release of IFN-y (interferon gamma release assay, IGRA,

https://www.quantiferon.com/products/quantiferon-tb-gold-plus-gft-plus/) from  antigen-
activated memory T cells 4445,

To show how individuals with similar history of SARS-CoV-2 exposure (infection versus
vaccination) and healthy control individuals group, discriminant analyses were
performed with all data obtained upon WB stimulation with the three SARS-CoV-2
peptide mixes and using the seven cytokines as read-out. These analyses showed that

both roots highly significantly (p<0.001) contributed to the separation of our three study
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populations. The first root discriminated between vaccinated individuals on one side
and controls and COVID-19 patients on the other (Figure 4). Large values of IL-13,
TNF-a, IL-2 and IFN-y upon S-mix stimulation speak in favor of vaccination induced
responses. The second root discriminates between healthy controls and COVID-19
patients with high stimulation of IL-2 by the S- or M-peptide, of IL-17A and IFN-y by the
N-peptide, and IFN-y and IL-13 by the S-peptide being in favor of previous infection
(Figure 4). Accordingly, COVID-19 convalescent patients are primarily positioned in the
upper right quadrant, healthy controls are found in the lower right quadrant, while
vaccinated individuals distribute to the two left quadrants. Detailed factor and stimulus
dependent disentanglement of data showed that incubation with all three individual
peptide mixes induced significant elaboration of IL-2 and IL-13 by WB of COVID-19
convalescent patients compared to that of healthy control subjects (Figure 5). In fact,
the best discrimination between COVID-19 convalescent patients and healthy control
subjects based on a single cytokine was obtained upon stimulation of their WB with the
SARS-CoV-2 M-peptide mix and subsequent determination of secreted levels
compared to medium levels (stimulation indices, Sl) of IL-2 (AUC: 0.9418) followed by
IL-13 (AUC: 0.8129) and IFN-y (AUC: 0.6944) (Figure S6C, Tables S10-S12). Similar,
albeit somewhat weaker results were obtained when WB was stimulated with S-
(Figure S6A) or N- (Figure S6B) peptide mixes. Notably, IL-4, TNF-a, IL-12 and IL-17
(except IL-17 upon stimulation of WB with S-peptide mix) were not discriminatory in
single factor analyses. While upon stimulation of WB with all three peptide mixes, IL-2
and IL-13 secretion levels were highly discriminatory according to ROC analyses, with

significance levels exceeding p<0.001, the discriminatory power of IFN-y after similar
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stimulation was less pronounced, with corresponding p-values in ROC analyses
ranging from p=0.0024 (S-peptide mix) to only p=0.0493 (N-peptide mix) (Figures
S6A-C). When comparing WB of vaccinees with that of healthy control individuals it
turned out that S- but not N- or M-peptide stimulation highly significantly (p<0.0001)
discriminated between groups (Figure S7). Discrimination followed the order IL-2 > IL-
13 > IFN-y with, however, only subtle differences in the respective highly significant
AUC (0.9310, 0.8994, 0.8316) values (all p<0.0001) (Figure S7A), which was similar to
the results obtained with gradient-purified PBMC with regards to IL-13 and IFN-g while
IL-2 levels were clearly lower and less discriminatory after 6 days (Figure S4A) In
contrast to the discriminant analyses, TNF-a had no weight in single factor analysis.
For both SARS-CoV-2 antigen-experienced study groups, convalescents and
vaccinees alike, the Sl results were corroborated by absolute cytokine levels (Figure
S8).

No significant differences in IL-2, IL-13 and IFN-y cytokine secretion levels from WB
cells of convalescent COVID-19 subjects or vaccinees compared with those of healthy
control subjects were detected after incubation with the vaccine-recall antigens TT and

TBE or the polyclonal stimuli PHA and SEB (Figure 5).

New biomarkers for the discrimination of COVID-19 convalescent patients and
vaccinees from healthy control subjects by a WB assay.

Next, we studied whether the discriminatory accuracy of the SARS-CoV-2 peptide-
induced IL-2 secretion of WB could be further improved by creating biomarkers

representing the products of the S-, N-, or M-peptide mix-induced Sl of IL-2 and IL-13
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or IFN-y, respectively. The product of the Sl for IL-2 and IL-13 proved to be superior
(Figure S9A) to the individual Sl of IL-2 or IL-13 alone when the N-peptide mix was
used to stimulate WB of COVID-19 convalescent patients (AUC of IL-2 x IL13: 0.9444
(C1 0.8944-0.9945) p<0.0001 versus AUC of IL-2: 0.9314 (CI 0.8714-0.9914) p<0.0001
and AUC of IL-13: 0.8008 (Cl 0.6981-0.9035) p<0.0001; respectively) (Figures S6B
and S6D). A cut-off value of 10.6 for the product of the IL-2 Sl with the IL-13 Sl resulted
in a sensitivity of 83.3% and a specificity of 90.6%, resulting in a PPV of 90.9% and a
NPV of 82.9% for accurately discriminating COVID-19 convalescent patients from
healthy control subjects. A comparably albeit somewhat weaker discriminative power
was obtained with the Sl products of IL-2 and IL-13 upon stimulation of WB of COVID-
19 convalescent individuals with S- (AUC: 0.9210 (Cl 0.853-0.989) p<0.0001) or M-
(AUC: 0.9271 (CI 0.8575-0.9967) p<0.0001) peptide mix (Figure S6D). With regards to
the discrimination of vaccinated individuals from HC, a cut-off value of 20.0 for the
product of the IL-2 Sl with the IL-13 SI upon stimulation of WB with S-peptide mix
resulted in a sensitivity of 92.7% and a specificity of 84.4%, with a corresponding PPV
of 88.4% and a NPV of 90.0%. The novel cytokine-based WB biomarker generated by
combining the Sl of IL-2 and IL-13 upon S-peptide mix stimulation of WB from COVID-
19 convalescent and vaccinated individuals significantly correlated with the same
biomarker and the proliferation results of gradient-purified PBMC (Figures S9B and

S9C).

Subgroup analyses by severity of disease and time period of WB analyses after

disease onset
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Stratification of COVID-19 patients according to severity of disease (hospitalization
versus no hospitalization) showed, that hospitalized patients mounted somewhat
stronger WB IL-2 memory responses upon stimulation with S- (SI 211.0 (Cl -474.9-
24 .88) versus Sl 18.0 (Cl -46.2-283.8, p=0.0027) as compared to N- (Sl 28.4 (Cl -
122.5-398.3) versus Sl 8.6 (Cl -6.4-67.7), p=0.0339) or M- (Sl 65.6 (Cl -47.7-494.0)
versus Sl 8.0 (Cl -67.9-306.5) p=0.0164) peptide mix when compared to non-
hospitalized individuals (Figure S10). Moreover, stratification of patients according to
venipuncture 10 weeks versus 10 months after COVID-19 revealed that WB IL-2 recall
responses for all three peptide mixes were significantly stronger when blood was
collected 10 months after disease onset (S-peptide mix S| 55.2 (Cl -184.6-1798.0)
versus Sl 15.5 (Cl -1.578-143.4) p=0.0033; N-peptide mix S| 25.0 (Cl -41.7-314.7)
versus S| 6.5 (Cl 4.7-314.7) p=0.0006; M-peptide mix Sl 27.0 (Cl -90.7-847.6) versus
SI 7.3 (Cl -2.6-51.5) p<0.0001 (Figure S11), and significantly correlated with the
amounts of CD3*CD4*CD45RO*CCR7* central memory T cells (R=0.71. p=0.0118)
(Figure S12). This was compatible with our recent finding that central memory T cells
in COVID-19 convalescent patients are significantly increased at the 10 month as
compared to the 10 week time point (manuscript in preparation). Interestingly, this

was not observed for IFN-y or IL-13 production (Figure S11), which may indicate that

different cell types contribute to the different responses.

Subgroup analyses of vaccination groups
Of note, stratification of vaccinees according to the number of vaccines received did not

reveal significant differences between the groups of 1x-, 2x-, and 3x-vaccinated
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individuals, which could be due to the limited number of analyzed subjects and/or the
varying time points of analyses and, for example, the increasing intervals between the
last vaccine and the number of vaccines received (Table S1). However, subdivision of
the 3x-vaccinated subjects into those who were vaccinated with 3x Comirnaty versus
those vaccinated with 2x Vaxzevria followed by 1x Comirnaty versus those vaccinated
with 2x Vaxzevria followed by 1x Spikevax and who, on average, had all received the
last vaccination a comparable amount of time before blood sampling (96.5+20.6 versus
107.7£15.7 versus 113.5+3.5 days) indicated that the cellular reactivity of the 3x
Comirnaty-vaccinated subjects was better with respect to both S-peptide stimulated IL-
2 and IL-13 production (Table S1). Moreover, correlating the days after the 3
vaccination to venipuncture with the secreted cytokine levels indicated that IL-13
constantly increased beyond months four, which seems to be at opposite to IL-2 and

IFN-y secretion levels, which tended to stay constantly high (not shown).

AIM expression of CD4* and CD8* T lymphocytes upon incubation with SARS-
CoV-2 peptides in WB of COVID-19 convalescent patients, vaccinees and healthy
control individuals are associated with T cell cytokine memory responses

Finally, we analyzed the expression of a number of activation-induced cell surface
markers (AIM) on CD3*CD4* and CD3*CD8* T cells in response to 2-day SARS-CoV-2
peptide stimulation of WB. Figure 6 shows that the C-type lectin CD69 expressed on
CD3*CD4* T cells upon S-peptide mix stimulation best separated COVID-19
convalescent patients from healthy control individuals (Sl 5.0 (Cl -2.5-60.2) versus Sl

1.3 (Cl 0.7-4.9) p<0.001). The discriminative power was high, with an AUC of 0.8720
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((C1 0.872-0.988), p<0.001), which was immediately followed by CD69 neo-expression
on CD3*CD8* T cells (SI 154 (Cl 12.6-38.7) versus Sl 3.5 (Cl 2.9-10.8) p<0.001),
resulting in an AUC of 0.8251 ((Cl 0.700-0.950) p=0.0002) (Figure $S13).
Representative flow cytometry diagrams depicting S-peptide mix induced CD69 neo-
expression on CD4* and CD8* T cells are shown in Figure 6A. Other AIMs, such as
CD25 (Figure 6B) and CD38 (Figure 6C) also pointed towards significant differences
between COVID-19 convalescent patients and healthy control subjects, however,
compared to CD69 (Figure 6D) their discriminatory power was less pronounced, while
HLA-DR, CD137 and CD154 appeared to be less powerful or even futile (Figures 6E
and G). Overall similar, albeit less significant results were obtained when changes of
percent values of AIM positive cells instead of S| were analyzed between groups
(Figure S14), indicating the importance to take differences in the pre-activation status
of WB samples of different individuals into account. N- and M-peptide mix stimulation
(Figures S13B and S13C) revealed generally similar albeit weaker results with regards
to CD69 expression, however, only on CD4* but not on CD8* T cells, which did,
however, not reach significance upon correction for multiple comparisons.

Similar encouraging results were obtained upon AIM determination using WB of
vaccinated subjects stimulated with S-peptide mix, however, in this case the best
discriminatory power followed the order > CD4*CD69* > CD4*CD25"> CD8*CD25* >
CD8*CD69* with AUC of 0.9048, 0.8669, 0.7789 and 0.7268, respectively (Figure S15)
when compared to healthy control subjects. Of note, 6 instead of 44 hours of
stimulation did not lead to antigen-specific CD69 and/or CD25 up-regulation, neither

upon incubation with the SARS-CoV-2 peptide mixes nor with the classical vaccine
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antigens TT and TBE, while polyclonal stimuli such as PHA were able to do so. Both
findings are perfectly in line with previous reports.

Together, these results suggested that staining for AIM after short-term activation with
SARS-CoV-2 peptides in WB is practicable and reliable and almost reaches the

discriminative power of secreted IL-2 and IL-13.
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DISCUSSION

We describe a novel, simple and robust biomarker approach to discriminate between
post—infection and post-vaccination T cellular SARS-CoV-2-specific immune responses
by combined assessment of S- and N-specific T cellular IL-2 and IL-13 secretion and
CD69 neo-expression. The WB assay developed here monitors cytokine secretion and
the expression of AIM after a 2-day cultivation period in the presence of SARS-CoV-2
peptide mixes and had a superior discriminative power over classical proliferation and
cytokine secretion experiments performed with gradient-isolated PBMC requiring 8-9
days for completion. In principle, virus-specific T cellular proliferation could also be
achieved with recombinant proteins (e.g., receptor binding domain (RBD) of S-protein)
or virus-like nanoparticles*® pseudotyped with SARS-CoV-2 S-, RBD- or N-proteins (not
shown). Notably, we found that both type 1 and intriguingly also type 2 immune
responses*’ significantly contributed to the T cellular recall response to SARS-CoV-2
peptide antigens in COVID-19 convalescent patients and subjects vaccinated with
currently registered genetic vaccines based on S antigen. In fact, IL-2 and IL-13
cytokine secretion and the stimulation with the N-peptide mix had the most significant
discriminatory power to distinguish COVID-19 convalescent patients from healthy
control subjects, with an AUC of 0.9444 (Cl 0.8944-0.9945), p<0.0001, a sensitivity of
83.3% and a specificity of 90.6% (cut-off of 10.6 for the product of the two Sls),
resulting in a PPV of 90.9% and a NPV of 82.9% for accurately discriminating COVID-

19 convalescent patients from healthy control subjects.
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Similarly strong discriminatory power was found upon stimulation of WB with S- or M-
peptide mixes. Moreover, the combined assessment of IL-2 and IL-13 production in the
WB test is able to discriminate with high accuracy between COVID-19 convalescent
patients, reacting with S-, N- and M-peptide mixes alike and vaccinees, who lack
cytokine production upon incubation with N- and M-peptide mixes (Figures S7A-C).
Such discrimination on the T cellular level is of interest because it informs on the nature
of antigenic exposure of patients (S antigen-based vaccination only or SARS-CoV-2
infection £ vaccination) and will help guide clinicians when patients present with (long-)
COVID-19-like or post-vaccination symptoms. Moreover, the determination of SARS-
CoV-2-specific T cell immune responses will contribute to the monitoring of SARS-CoV-
2 vaccination in individuals with impaired humoral immunity, e.g., due to primary or
secondary antibody-production deficiencies*®. Furthermore, our assay will contribute to
the better understanding of the overall T cellular immune response to SARS-CoV-2, as
differences within groups of convalescent patients upon stratification according to
disease severity and time post-infection have been observed herein. Of note, the
secretion of IL-2 in response to the S-peptide was stronger in the subgroup of patients
with severe COVID-19, which may suggest that patients direct their T cell immune
response with prolongation of disease duration increasingly towards the S-protein,
which possibly also explains the higher levels of anti-S-protein antibodies in this
subgroup of individuals’. Moreover, longer-term presence of virus-specific peptide-
antigen(s) in the body may drive T cells more accurately than B cells and contribute to
this phenomenon. Routine application of the test with higher sample sizes will help to

understand, how T cell immunity against SARS-CoV-2 is building up and persists.
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Since our test relies on the measurement of IL-2, IL-13 and IFN-g directly from whole
blood after 44 hours, it can easily be performed in outpatient clinics and hospitals
without the need for specialized equipment other than those required for performing

cytokine ELISA.

Fast and accurate diagnosis of the SARS-CoV-2 memory status of peripheral blood
lymphocytes (COVID-19 convalescent, SARS-CoV-2 vaccinated, non-exposed)
represents an important parameter for the global control of the COVID-19 pandemic
since it informs, apart from the determination of specific antibody levels, about the
population at risk for severe COVID-19 infection. At the same time, it helps to identify
individuals with already existing T cell immunity, who may have a lower risk for severe
disease®. The T cell-based test may also provide important information about the
individual status of immunity of single individuals. The gold standard for the detection of
acute SARS-CoV-2 infection is polymerase chain reaction-based virus detection in
oropharyngeal specimen sampled by different means (oro-pharyngeal swabs, saline
gargles)®'. While determination of acquired humoral memory by evaluation of serum for
reactivity against the SARS-CoV-2 S- or N-proteins or subdomains thereof, reliably
informs about the exposure status of otherwise healthy individuals, these tests become
futile, e.g., in case of primary or secondary B cell deficiency?22362, The distinction
between SARS-CoV-2 infection or vaccination by testing N- versus S- and RBD-
specific T cellular responses could help in the diagnosis of clinical symptoms that can
occur both after vaccination and in the context of COVID-19, as the symptoms may be

quite similar. This testing modality would allow patients suffering from the symptoms of
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"long-COVID-19" to detect or exclude their viral exposure even after vaccination and

independent of serological tests (https://www.cdc.gov/coronavirus/2019-ncov/long-

term-

effects/index.html?CDC AA refVal=https%3A%2F %2Fwww.cdc.gov%2F coronavirus%

2F2019-ncov%2Flong-term-effects.html)®3. We know today that so-called "vaccine
breakthroughs" are quite frequent and are often asymptomatic. Still, even clinically
silent COVID-19 may eventually cause the sequelae of long-COVID-19, which gives an
additional high relevance to the question whether somebody is only vaccinated or
vaccinated and previously infected or only previously infected. Therefore, T cellular
assays could prove particularly useful for patients currently undergoing immunoglobulin
substitution therapy (e.g., for primary and/or secondary antibody formation disorders or
as immunomodulators in the setting of autoimmune diseases), in whom the presence of
SARS-CoV-2 IgG transferred along with the hyperimmunoglobulin preparations then
prevents unequivocal serologic diagnosis of SARS-CoV-2 exposure. Since our test
allows to detect distinct cellular immune responses even 10 months after SARS-CoV-2
infection, with an even stronger IL-2 release compared with the steadily decreasing
anti-S and anti-N antibody levels, the WB test will be useful for the long-term follow-up
of the COVID-19 status. Moreover, this test may also be used for various farm animals
like ferrets or also ordinary hamsters, which were in the focus of recent attention®4.65, as
reservoir for infections and mutations and some countries even ordered the culling of

those animals (https:/www.bbc.com/news/world-europe-54818615,

https://www.nature.com/articles/d41586-021-00531-z)
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Currently, the distinction between vaccinated and vaccinated and exposed individuals
could be very useful also in SARS-CoV-2 research to i) make predictions about further
measures to determine the role of vaccinated individuals in virus spread, ii) accurately
determine the efficacy of vaccination, iii) determine, whether T cell immunity alone is
sufficient to prevent severe forms of COVID-19, iv) examine how mild COVID-19
infections affect cellular immune responses in those already vaccinated, v) observe
whether vaccine non-responders more likely fail to respond in terms of antibody

production alone or also fail to mount T cellular immune responses in parallel.

That the WB assay and its elaborated cytokines provides reliable information is
evidenced by the high-degree of correlation with results from experiments performed in
parallel with gradient-isolated PBMC stimulated with the same sets of SARS-CoV-2
peptides and reading out classical parameters such as proliferation and cytokine
secretion in 6-7-day cell culture-based plate assays (Figure S9B and C). The
observation that stimulation with M-Peptide leads to higher production of IL-2 in the WB
compared to the plate assay performed with gradient-isolated PBMC may, in fact, be
the result of differences in the production and consumption of cytokines at 2 versus 6
days. The highly significant M-peptide mix-induced proliferation is also indicative for

this (Figure 1).

Whole blood stimulation with SARS-CoV-2-specific peptides has also shown that apart
from determination of secreted T cell effector cytokines, the measurement of distinct T

cell activation molecules (CD69 and CD25) is practical and has high diagnostic power.
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The flow cytometry-based determination of CD69 and CD25 puts another dimension to
the whole blood test, because it allows for the discrimination between CD4* and CD8*
T cell memory responses. In fact, expression levels of the C-type lectin CD69 reliably
informed about the SARS-CoV-2 exposure status with an AUC of 0.8720 (CI 0.7564-
0.9877) and when taken a cut-off Sl of 2.9 with a sensitivity of 79.2% and a specificity
of 81.0% with a respective PPV of 82.7% and a NPV of 77.2% for CD4* T cells and an
AUC of 0.8251 (CI 0.7004-0.9497) and at a respective cut-off Sl of 9.3 with a sensitivity
of 73.9 % and a specificity of 76.2 % and a resulting PPV of 77.2 % and a NPV of 69.6
% for CD8" T cells. Of note, SARS-CoV-2-induced neo-expression of CD69 was
equally high in samples obtained from patients 10 weeks or else 10 months after
COVID-19 infection, suggesting that CD69 neo-expression can be used for both short-
and long-term monitoring of the COVID-19-specific T helper memory status (data not
shown). Interestingly, T cells of vaccinated individuals showed a somewhat higher
induction of distinct AIM also in response to superantigen SEB which might be related
to their elevated basic levels of HLA-DR expressing T cells (Figure S14F). This
elevated expression, together with putatively elevated HLA-DR expression on antigen
presenting cells may explain the increased responsiveness to SEB. Alternatively, the
increased SEB-stimulation may be the result of a TCRp bias possibly induced by
vaccine-induced expansion of clonotypic T cells expressing SEB reactive T cell

receptors, e.g., VB3,Vp8.1,VB8.2, and VB 8.3 or others 6.

The fact that IL-13 is so prominently produced during the SARS-CoV-2 specific T cell

recall response was highly intriguing. IL-13 is widely known as a cytokine involved in
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allergic immune responses, promoting i) B-cell immunoglobulin class switch
recombination towards IgE“°, ii) mucus hyperproduction in the lung epithelium®°, and iii)
bronchial smooth muscle hyperplasia®’, the latter two phenomena in particular further
aggravating allergic asthma due to sustained remodeling of the organ®'.

But what could be the role of IL-13 in antiviral T cell immunity? In this regard, research
on HIV infection has recently shown that apart from IFN-y, higher IL-13 secretion levels
as part of T cell adaptive responses were associated with lower virus load along with a
lack of disease progression®2. Moreover, previous reports have revealed that in addition
to the Th1 response, the Th2 response, i.e., among others, the release of IL-13, which
is decreased in HIV T helper cells with increasing duration of infection, can be
efficiently restored by inhibiting the PD-1 checkpoint®3. In addition, the importance of IL-
13 for anti-viral immune responses was also shown in hepatitis B virus (HBV)
vaccination trials indicating that in study subjects the serum IL-13 levels, apart from the
serum IFN-y levels, significantly correlated with anti-HBs antigen-induced antibody
responses after HBV vaccination®®. The mechanisms, how IL-13 may contribute to
improved anti-viral immune responses are several-fold, by augmenting expression of
integrins and HLA class I molecules on monocytes/macrophages® or by directly
enhancing the antigen-presenting function of CD14* monocytic cells, as has been
shown by supplementing PBMC of chronically infected HIV patients with IL-13 which
increased subsequent HIV p24-specific T cell responses®. Furthermore, IL-13 is a well-
known B cell stimulating factor®®, inducing proliferation and upregulation of HLA Class
Il, and apart of IgE production, contributing to the production of neutralizing IgGa

antibodies*®. While COVID-19 convalescent individuals generally showed negligible
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levels of IgG4 antibodies against SARS-CoV-2 S- or RBD-proteins*!, low levels of IgGa4
anti S- and anti RBD-antibodies could be detected in a subset of individuals vaccinated
with mRNA SARS-CoV-2 vaccines®’. The slow but sustained build-up of IgGs levels is
typical for this immunoglobulin isotype®, as also observed in allergen-specific
immunotherapy trials® in which IgG4 increased only after a series of 5-7 injections with
antigen over a prolonged period of time (1-2 years). This may explain why IgGas build-up
is rather slow, even if T cells elaborate its switch factor, IL-13. Interestingly, IL-4,
although produced in extenso upon polyclonal stimulation, was not found to be
produced in significant amounts by SARS-CoV-2 specific T cells. These results were
also confirmed by our data, which showed that RBD-specific IgG4 were detectable only
in a fraction of triple-vaccinated individuals but not in the serum of COVID-19
convalescent patients. (Table 1). Moreover, the levels of SARS-CoV-2-specific IgGs4 in
those vaccinated individuals did not correlate with S-protein mix induced IL-13 levels

(Figure S16).

This study also has a number of potential limitations. For instance, the SARS-CoV-2
peptides used herein were optimized for HLA class Il presentation and thus, may have
preferentially visualized CD4* T cell responses. This could be improved in future
studies by adjusting and optimizing the collection of stimulatory peptides for HLA class |
presentation and subsequent CD8* T cell stimulation. However, highly-significant co-
expression of AIM on CD8* T cells from COVID-19 convalescent patients (CD69,
p<0.001, Figure S13A), or vaccinees (CD25, p<0.001, Figure S15A) show that this

does not seem to be the case. Another potential limitation of the study might be the
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selection of a restricted set of seven prototypic signature cytokines, while a much larger
panel could have been studied. Moreover, the time-point at which cytokines and AlMs
were analyzed in the WB assay may bias results. However, in pilot experiments we
compared cytokine analysis after 1 and 2 days of culture and learned that the 2-day
culture supernatants of the WB assay gave more robust results along with comparable
levels of CD69 expression, except for CD154, which was expressed better after the 1-
day incubation period. Would it not suffice to incubate WB with specific
antigens/peptides for 6 hours to detect specific CD69 upregulation? We also checked
this possibility and analyzed antigen-specific surface expression of CD69 after 6 hours
of incubation. However, as has been shown previously*®, antigen-specific CD69 neo-
expression was very weak to non-existent after 6 as compared to 44 hours of
incubation, irrespective whether SARS-CoV-2 peptide mixes or bona fide vaccine
antigens such as TT or TBE were applied, which was in clear contrast to the stimulation
with polyclonal stimulation such as PHA.

Another potential limitation was the fact that our novel test, which reads out the
combination of IL-2 and IL13 after SARS-CoV-2 peptide-specific stimulation, does not
achieve 100% discriminatory power in separating COVID-19 patients, vaccinees and
healthy controls. However, compared with other commonly used diagnostic tests, we
found it to be in a similar range in terms of its predictive power as, for example, the
commonly used troponin 1 0/1h test for predicting myocardial infarction, which has a

PPV of 76.8%°".
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In summary, the herein developed test provides a simple and accurate solution for the
differentiation between post-vaccination and post-infection T cellular SARS-CoV-2-
specific immune responses from those of naive (non-exposed), healthy control
individuals. Such differentiation will complement results obtained by evaluation of
humoral responses and thus help to correctly assign the different forms of antigen
contact in different populations. Determination of the presence and degree of T cellular
memory in patients with impaired or masked humoral immunity, e.g., due to antibody
substitution therapy, will help identifying patients at risk of becoming reservoirs for the
development of variants of concern (VOC) due to their inability to efficiently clear virus,
as has been shown previously®®. The here developed test is practicable, needs little
hands-on-time, can be performed within 2 days with only two cytokines required for
analysis. This makes the test also attractive to physicians in outpatient clinics while
promoting a better understanding of the development of T cell-mediated SARS-CoV-2

immunity.
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FIGURE LEGENDS

FIG 1. Results of cellular proliferation assays performed with gradient-isolated PBMC
stimulated with the indicated antigen-specific and polyclonal stimuli in classical plate
assays for 7 days. Shown is the summary of stimulation indices (S|, y-axes) of PBMC
which were incubated with the indicated stimuli (x-axes). The bars represent the
median, whiskers the Hodges-Lehmann 95% confidence intervals, dark blue circles
show proliferation of PBMC of COVID-19 convalescent patients, red circles those of
non-exposed healthy controls and light blue squares those of vaccinees. TT, tetanus
toxoid; TBE, tick borne encephalitis antigen; PHA, phytohemagglutinin, SEB,
Staphylococcal enterotoxin A; S-mix, SARS-CoV-2 spike protein peptide mix, N-mix,
SARS-CoV-2 nucleocapsid protein peptide mix; M-mix, SARS-CoV-2 matrix protein
peptide mix. Data show the summary of 35 COVID-19 convalescent patients, except 31
for SEB, 36 healthy controls, except 32 for SEB, and 40 vaccinees. P values were
calculated by Tuckey's test. Only significant differences are shown. *, p<0.05; **

p<0.01; ***, p<0.001

FIG 2. Results of cytokine secretion obtained with gradient-isolated PBMC stimulated
with the indicated antigen-specific and polyclonal stimuli in classical plate assays.
Shown are the stimulation indices (y-axes) for (A) TNF-alpha, (B) IL-2, (C) IL-12p70,

(D) IFN-y, (E) IL-4, (F) IL-13 and (G) IL-17A produced after incubation of 1x10° PBMC

per well co-incubated with the indicated stimuli (x-axes) for 144 hours. Bars represent

the median, whiskers the Hodges-Lehmann 95% confidence intervals, dark blue circles
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show COVID-19 convalescent patients, red circles those of non-exposed healthy
controls and light blue squares vaccinees. TT, tetanus toxoid; TBE, tick borne
encephalitis antigen; PHA, phytohemagglutinin, SEB, Staphylococcal enterotoxin A; S-
mix, SARS-CoV-2 spike protein peptide mix, N-mix, SARS-CoV-2 nucleocapsid protein
peptide mix; M-mix, SARS-CoV-2 matrix protein peptide mix. Data show the summary
of 31 COVID-19 convalescent patients, 32 healthy controls and 40 vaccinees. P values
were calculated by Tuckey’s test. Only significant differences are shown. *, p<0.05; **;

p<0.01; *** p<0.001

FIG 3. Comparison of IL-13 production by gradient-isolated PBMC cells of non-allergic
versus allergic COVID-19 convalescent patients, healthy control subjects and
vaccinated subjects. Shown are the summaries of the stimulation indices (Sl, y-axes)
for cytokine production of WB incubated with the indicated stimuli (x-axes). The bars
represent the median, whiskers the Hodges-Lehmann 95% confidence interval, blue
circles show non-allergic, red circles allergic COVID-19 convalescent patients (upper
panel), healthy controls (middle panel) and vaccines (lower panel). TT, tetanus toxoid;
TBE, tick borne encephalitis antigen; PHA, phytohemagglutinin, SEB, Staphylococcal
enterotoxin A; S-mix, SARS-CoV-2 spike protein peptide mix, N-mix, SARS-CoV-2
nucleocapsid protein peptide mix; M-mix, SARS-CoV-2 matrix protein peptide mix. Data
show the summary of 31 COVID-19 convalescent patients, 31healthy controls and 40
vaccinees. P values were calculated by Helmert contrasts test. Only significant

differences are shown. *, p<0.05; **; p<0.01; ***, p<0.001
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FIG 4. Discriminant analysis of WB cytokine responses after stimulation with SARS-
CoV-2 peptide mixes and using Th1, Th2, Th17 and inflammatory cytokines as readout.
Shown is the impact on discrimination of the release of the 7 cytokines upon stimulation
of the WB of the three study groups with the S-, N- or M-peptide mixes. High positive
weights are indicated by black and large negative ones by dark green color. Both roots

are highly significant (p<0.001)

FIG 5. Cytokine responses of WB cultures clearly separate COVID-19 convalescent
patients and SARS-CoV-2 vaccinated subjects from non-exposed healthy control
individuals. Shown are the stimulation indices (S, y-axes) for (A) TNF-alpha, (B) IL-2,

(C) IL-12p70, (D) IFN-y, (E) IL-4, (F) IL-13 and (G) IL-17A produced after incubation of

whole blood samples with the indicated stimuli (x-axes) for 44 hours. Bars represent
the median, whiskers the Hodges-Lehmann 95% confidence intervals dark blue circles
show COVID-19 convalescent patients, red circles those of non-exposed healthy
controls and light blue squares vaccinees. TT, tetanus toxoid; TBE, tick borne
encephalitis antigen; PHA, phytohemagglutinin, SEB, Staphylococcal enterotoxin A; S-
mix, SARS-CoV-2 spike protein peptide mix, N-mix, SARS-CoV-2 nucleocapsid protein
peptide mix; M-mix, SARS-CoV-2 matrix protein peptide mix. Data show the summary
of 36 COVID-19 convalescent patients, 32 healthy controls and 41 vaccinees. P values
were calculated by Tuckey's test Only significant differences are shown. *, p<0.05; **;

p<0.01; *** p<0.001
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FIG 6. Activation-induced marker (AIM) expression on CD4* and CD8" T lymphocytes
help to distinguish COVID-19 convalescent patients and SARS-CoV-2 vaccinated
subjects from non-exposed healthy control individuals. Shown are representative flow
cytometry dot plots depicting side scatter (y-axes) and CD69 expression (x-axes) (A)
and summary graphs (B to G) quantifying the changes (S, y-axes) in (B) CD25, (C)
CD38, (D) CD69, (E) CD137, (F) CD154 and (G) HLA-DR cell surface expression on
CD4* (left panels) and CD8* (right panels) T cells of COVID-19 convalescent
individuals (dark blue circles), unexposed healthy control individuals (red circles) , and
vaccines (dark blue squares). Data show the summary of 24 COVID-19 convalescent
patients, 23 non-exposed healthy controls and 39 vaccinees. P values were calculated

by Tuckey's test. Only significant differences are shown. *, p<0.05; **; p<0.01; ***,

p<0.001
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TABLE 1. Demographic and clinical characteristics of study participants

COVID-19
Healthy control | COVID-19
Characteristics (%) convalescent
subjects vaccinees
patients
N 40 36 41
Age Median (Range) 42 (24-82) 37 (20-71) 32 (21-69)
(Mean + SD) 43.4+14.6 41.1£16.0 36.8+13.3
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Female (%) 28 (70) 21 (58.3) 23 (56.1)

PCR positive (%)* 39 (97.5) 0 (0.0) 0 (0.0)

Antibody positive (%) 40 (100) 0(0.0) 41 (100)

Anti-S Ab positive (%) 40 (100) 0 (0) 41 (100)

Anti-S IgG4 positive (%) 0(0) 0(0) 15 (36.6)

Anti-RBD Ab positive (%) | 20 (50.0) 0 (0) 35 (85.4)

Anti-RBD IgG4 positive (%) | 0 (0) 0 (0) 10 (24 .4)

Clinical symptoms (y/n) 39 (97.5) 0 (0.0) 0 (0.0)

Fever (days) 3.3+4.6 0 (0.0) 0(0.0)

Fever 24 (60.0) 0 (0.0) 0(0.0)

<37.5°C 2 (5.0)

37.5-38.0°C 9 (22.5)

38.1-39.0°C 4 (10.0)

>39.0°C 9 (22.5)

Hospitalization 9 (22.5)

Time after 1° infection 133488 0(0.0) 0 (0.0)

10 weeks, n 28 (70.0) 0 (0.0) 0 (0.0)

10 months, n 12 (30.0) 0 (0.0) 0 (0.0)

Post-vaccination (days 80.2446.65

after last injection)

Median (Range) 87 (12-209)

Vaccinated subjects 41
Vaccinated once 8 (19.5)




Kratzer et al. Short-term assay for COVID-19 T cell memory

Vaccinated twice 11 (26.8)
Vaccinated three times 22 (53.7)
Preexisting medical

25 (62.5) 12 (33.3) 15 (36.6)
conditions*
Allergy/asthma$ 12 (30.0) 8 (22.2) 12 (29.3)

T One patient was PCR negative but S-antibody positive and was thus included into the
group of COVID-19 convalescent individuals.

T The following preexisting medical conditions were inquired for: Cardiovascular
diseases, chronic lung diseases, allergy/asthma, diabetes mellitus, hematopoietic
diseases, immunosuppressive conditions, liver diseases, metabolic diseases,
neurological disorders, or renal diseases.

§ Allergy/asthma patients have been singled out to control for/exclude a putative

recruitment bias.
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SUPPLEMENTAL MATERIALS AND METHODS

Immunofluorescence analyses by flow cytometry for AIM expression.

Immunophenotyping was performed by using optimal concentrations of directly
conjugated monoclonal antibodies to lymphocyte (sub) populations according to
standard quality-controlled (inter-laboratory test validated) procedures’. In short, 100 pl
aliquots of whole blood/ culture mixture was first washed twice (500 g, 5 minutes) with
4.5 ml of PBS and subsequently incubated with optimal concentrations of Aqua Zombie
viability dye (Biolegend, San Diego, CA) at room temperature for 10 minutes.
Afterwards, cells were washed once with 4.5 ml of PBS containing 0.5% BSA and
0.05% NaNs. For staining against the different activation markers, the cells were
incubated with optimal concentrations of the antibodies listed in Table S$S13. Samples
were incubated with the respective antibody mix at room temperature for 15 minutes,
followed by the addition of 100 pl Nordic lyse (Nordic MUbio, Susteren, The
Netherlands) and incubated at room temperature in the dark for 10 minutes.
Subsequently, 4.5 ml of double distilled H,0 was added to each sample, incubated for
another 5 minutes and centrifuged at 500 g for 5 minutes. Then, erythrocyte-free
samples were acquired on a Navios Ex flow cytometer (Beckman Coulter, Brea, CA)
equipped with three laser lines and analyzed with the FlowJo software package

(FlowdJo LLC, Ashland, OR).

Determination of cytokines in cell culture supernatants
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Cytokines secreted upon stimulation of PBMC cultured for 44 (whole blood assays) or
144 (plate assays) hours, respectively, were determined by a bead-based Multiplex
assay (Merck Millipore, Billerica, MA, USA) according to the manufacturer. Briefly, 25 yl
aliquots of the respective cell culture supernatants were incubated with beads coated
with the respective capture antibodies, (anti-human TNF-a, IL-2, IL-12p70, IFN-y, IL-4,
IL-13 and IL-17A), at 4°C overnight. After washing beads were incubated with
biotinylated secondary antibodies recognizing the respective cytokines at room
temperature for one hour followed by further staining with streptavidin-PE.
Fluorescence intensities of individual bead populations were determined with a
Luminex 100/200 apparatus (Luminex corporation, Austin, TX) related to standard
curves obtained using known cytokine concentrations and absolute concentrations

were calculated accordingly.

SARS-CoV-2-specific serology

SARS-CoV-2 antibody titers were analyzed as described previously ? with the following
modifications. 1gG responses to SARS-CoV-2 S protein and the receptor binding
domain (RBD) were determined by ELISA. SARS-CoV-2 S protein (Genscript,
Piscataway, NJ, USA) and RBD (GenScript) were coated at a concentration of 2 ug/ml
in bicarbonate buffer onto NUNC Maxisorb 96 well plates (Thermofisher, Thermo-
Fisher Scientific, Waltham, MA, USA) at room temperature for 5 hours. Then, plates
were washed 3-times with washing buffer (PBS, 0.05% Tween 20) and subsequently
blocked with blocking buffer (PBS, 0.05% Tween 20, 2% BSA) over night. Diluted

serum samples (1:50) were applied and incubated at 4°C overnight. To determine
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human IgG reactivity, plates were washed 3-times and incubated with HRP-conjugated
anti-human IgG (1:1000 diluted, BD, San Jose, CA, USA) for 1 hour. After washing 3-
times, the plates were developed with ABTS (Sigma-Aldrich, St. Louis, MO, USA) for
colorimetric detection of bound antibodies and optical density was determined at
405/492 nm with an Infinite F50 ELISA reader (Tecan, Mannedorf, Switzerland).

Bound human IgG4 was measured by incubation with 1:1000 diluted anti-human 1gG4

(BD) and HRP-labelled anti-mouse IgG (1:1000 diluted) as previously described®*.
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SUPPLEMENTAL FIGURE LEGENDS

FIG S1. Results of cellular proliferation assay obtained with gradient-isolated PBMC
stimulated with the indicated antigen-specific and polyclonal stimuli in classical plate
assays for 7 days. Shown is the summary of counts per minute (cpm, y-axes) of PBMC
which were incubated with the indicated stimuli (x-axes) and labelled with [methyl]->H-
thymidine. The bars represent the median, whiskers the Hodges-Lehmann 95%
confidence interval, dark blue circles show proliferation of PBMC of COVID-19
convalescent patients, red circles those of non-exposed healthy controls and light blue
squares those of vaccinees. TT, tetanus toxoid; TBE, tick borne encephalitis antigen;
PHA, phytohemagglutinin, SEB, Staphylococcal enterotoxin A; S-mix, SARS-CoV-2
spike protein peptide mix, N-mix, SARS-CoV-2 nucleocapsid protein peptide mix; M-
mix, SARS-CoV-2 matrix protein peptide mix. Data show the summary of 35 COVID-19
convalescent patients, except 31 for SEB, 36 healthy controls, except 32 for SEB, and
40 vaccinees. No statistical testing was performed, since significant changes are

already shown in the main figures.

FIG S2. ROC curves illustrating the diagnostic potency of standard proliferation assays
with gradient isolated PBMCs for predicting SARS-CoV-2 T cell memory. ROC curves
obtained upon stimulation of WB with S- (left column), NC- (middle column) or N-
peptide (right column) are shown. Top panels show the summary of 36 healthy
controls and 34 COVID-19 convalescent patients, and bottom panels show 36 healthy

controls and 40 vaccinees. X-axes show the specificity, y-axes the sensitivity.
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FIG S3. Receiver operator characteristics curves (ROC) illustrating the diagnostic
potency of cytokine production after 6 days of culture by gradient-isolated PBMC of
COVID-19 convalescent patients with those of healthy control individuals. Shown are
ROC curves for the obtained S| of the indicated cytokines secreted into the
supernatants by gradient-isolated PBMC stimulated with (A) S-, (B) N-, (C) M-peptide
mix. Data show the summary of 31 COVID-19 convalescent individuals and 31 healthy.
X-axes shows the specificity, y-axes the sensitivity of the individual parameter. AUC,

area under the curve. P values show the significance.

FIG S4. Receiver operator characteristics curves (ROC) illustrating the diagnostic
potency of cytokine production after 6 days of culture by gradient-isolated PBMC of
COVID-19 vaccinees with those of healthy control individuals. Shown are ROC curves
for the obtained S| of the indicated cytokines secreted into the supernatants by
gradient-isolated PBMC stimulated with (A) S-, (B) N-, (C) M-peptide mix. Data show
the summary of 40 COVID-19 vaccinees and 31 healthy. X-axes show the specificity, y-
axes the sensitivity of the individual parameter. AUC, area under the curve. P values

shows the significance.

FIG S5. Results of cytokine secretion pattern obtained with gradient-isolated PBMC
stimulated with the indicated antigen-specific and polyclonal stimuli in classical plate
assays. Shown are the absolute cytokine secretion levels in pg/ml (y-axes) for (A) TNF-

alpha, (B) IL-2, (C) IL-12p70, (D) IFN-y, (E) IL-4, (F) IL-13 and (G) IL-17A produced
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after incubation of 1x10° PBMC/well with the indicated stimuli (x-axes) for 144 hours.
The bars represent the median, whiskers the Hodges-Lehmann 95% confidence
interval dark blue circles show COVID-19 convalescent patients, red circles those of
non-exposed healthy controls and light blue squares vaccinees. TT, tetanus toxoid;
TBE, tick borne encephalitis antigen; PHA, phytohemagglutinin, SEB, Staphylococcal
enterotoxin A; S-mix, SARS-CoV-2 spike protein peptide mix, N-mix, SARS-CoV-2
nucleocapsid protein peptide mix; M-mix, SARS-CoV-2 matrix protein peptide mix. Data
show the summary of 31 COVID-19 convalescent patients, 31 healthy controls and 40
vaccinees. No statistical testing was performed, since significant changes are already

shown in the main figures.

FIG S6. Receiver operator characteristics curves (ROC) illustrating the diagnostic
potency of WB cytokine determination for predicting the SARS-CoV-2 T cell memory
status by comparing COVID-19 convalescent patients with healthy control subjects.
Shown are ROC curves for the obtained Sl of the indicated cytokines secreted into the
supernatants by whole blood cells stimulated with S- (A), NC- (B), or M- (C) peptide
mix. D, shows ROC curves of biomarkers created by multiplying the Sl of the selected
cytokines upon stimulation with S- (left column) NC- (middle column) or M- (right
columns) peptide mix stimulated WB. ROC curves were calculated based on the data
of 36 COVID-19 convalescent individuals and 32 healthy controls. X-axes shows the
specificity, y-axes the sensitivity of the individual parameter. AUC, area under the

curve. P values show the significance.
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FIG S7. Receiver operator characteristics curves (ROC) illustrating the diagnostic
potency of WB cytokine determination for predicting the SARS-CoV-2 T cell memory
status by comparing COVID-19 vaccinees with healthy control subjects. Shown are
ROC curves for the obtained S| of the indicated cytokines secreted into the
supernatants by whole blood cells stimulated with S- (A), NC- (B), or M- (C) peptide
mix. D, shows ROC curves of biomarkers created by multiplying the Sl of the selected
cytokines upon stimulation with S- (left column) NC- (middle column) or M- (right
columns) peptide mix stimulated WB. ROC curves were calculated based on the data
of 41 COVID-19 vaccinees and 32 healthy controls. X-axes show the specificity, y-axes
the sensitivity of the individual parameter. AUC, area under the curve. P values show

the significance.

FIG S8. Increased cytokine responses in WB clearly separate COVID-19 convalescent
and SARS-CoV-2 vaccinated subjects from non-exposed healthy control subjects.
Shown are the absolute values in pg/ml (y-axes) for (A) TNF-alpha, (B) IL-2, (C) IL-
12p70, (D) IFN-y, (E) IL-4, (F) IL-13 and (G) IL-17A secreted into the cell culture
supernatant after incubation of whole blood samples with the indicated stimuli (x-Axis)
for 44 hours. The bars represent the median, whiskers the Hodges-Lehmann 95%
confidence interval, dark blue circles show COVID-19 convalescent patients, red circles
those of non-exposed healthy controls and light blue squares vaccinees. TT, tetanus
toxoid; TBE, tick borne encephalitis antigen; PHA, phytohemagglutinin, SEB,
Staphylococcal enterotoxin A; S-mix, SARS-CoV-2 spike protein peptide mix, N-mix,

SARS-CoV-2 nucleocapsid protein peptide mix; M-mix, SARS-CoV-2 matrix protein

10
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peptide mix. Data show the summary of 36 COVID-19 convalescent patients, 36
healthy controls and 41 vaccinees. No statistical testing was performed, since

significant changes are already shown in the main figures.

FIG S9. The product of IL-2 x IL-13 is a strong biomarker for SARS-CoV-2 contact and
correlates between stimulation of WB with those of gradient-isolated PBMC or
proliferation after incubation with the indicated stimuli. (A) Shows the products of the SI
of IL-2 x IL-13 (y-axis) obtained upon stimulation of WB with the indicated stimuli (x-
axis). Bars represent the median, whiskers the Hodges-Lehmann 95% confidence
intervals, dark blue circles show COVID-19 convalescent patients, red circles those of
non-exposed healthy controls and light blue squares vaccinees. TT, tetanus toxoid;
TBE, tick borne encephalitis antigen; PHA, phytohemagglutinin, SEB, Staphylococcal
enterotoxin A; S-mix, SARS-CoV-2 spike protein peptide mix, N-mix, SARS-CoV-2
nucleocapsid protein peptide mix; M-mix, SARS-CoV-2 matrix protein peptide mix. B,
compares the strongest cytokine biomarker (IL-2 x IL-13) determined in WB (x-axes)
with that in gradient-isolated PBMC (y-axes) upon incubation with the indicated stimuli.
C, compares the strongest cytokine biomarker (IL-2 x IL-13) determined in WB (x-axes)
with that of proliferation of gradient-isolated PBMC upon incubation with the indicated
stimuli (y-axes). Diagonal lines indicate data trend. TT, tetanus toxoid; TBE, tick borne
encephalitis antigens; r, correlation coefficient; p, significance. Data show the summary
of 36 COVID-19 convalescent patients, 32 healthy controls and 41 vaccinees. P values
were calculated by Tuckey’s test and Pearsons correlation coefficient. Only significant

differences are shown. *, p<0.05; **; p<0.01; ***, p<0.001.
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FIG S$S10. Comparison of cytokine production by WB cells of hospitalized versus non-
hospitalized COVID-19 convalescent patients and healthy control subjects. Shown are
the summaries of the stimulation indices (Sl) for cytokine production of WB (y-axes)
incubated with the indicated stimuli (x-axes). The bars represent the median, whiskers
the Hodges-Lehmann 95% confidence interval, dark blue circles show hospitalized, red
circles non-hospitalized COVID-19 convalescent patients and light blue squares
healthy controls. TT, tetanus toxoid; TBE, tick borne encephalitis antigen; PHA,
phytohemagglutinin, SEB, Staphylococcal enterotoxin A; S-mix, SARS-CoV-2 spike
protein peptide mix, N-mix, SARS-CoV-2 nucleocapsid protein peptide mix; M-mix,
SARS-CoV-2 matrix protein peptide mix. Data show the summary of 8 hospitalized
COVID-19 convalescent patients 28 non-hospitalized COVID-19 convalescent patients
and 32 healthy controls, Since the principle differences between cytokine production of
COVID-19 convalescent and healthy WB has been shown already in Figure 1, here
statistical differences were exclusively calculated between COVID-19 hospitalized and
non-hospitalized patients by Helmert contrasts. Only significant differences are shown.

*, p<0.05; **; p<0.01; ***, p<0.001

FIG S11. Comparison of cytokine production by WB of COVID-19 convalescent
patients 10 months or 10 weeks after SARS-CoV-2 infection and healthy control
subjects. Shown are the summaries of the stimulation indices (S, y-axes) for cytokine
production of WB incubated with the indicated stimuli (x-axes). The bars represent the

median, whiskers the Hodges-Lehmann 95% confidence interval, dark blue circles
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show COVID-19 convalescent patients at 6 months, red circles COVID-19
convalescent patients at 10 weeks and light blue squares healthy controls. TT, tetanus
toxoid; TBE, tick borne encephalitis antigen; PHA, phytohemagglutinin, SEB,
Staphylococcal enterotoxin A; S-mix, SARS-CoV-2 spike protein peptide mix, N-mix,
SARS-CoV-2 nucleocapsid protein peptide mix; M-mix, SARS-CoV-2 matrix protein
peptide mix. Data show the summary of cytokine production by WB of 12 COVID-19
convalescent patients 10 months after COVID-19 infection compared to WB of 24
COVID-19 convalescent patients obtained 10 weeks after COVID-19 infection
compared to WB of 32 healthy control subjects. Since the principle differences between
cytokine production of COVID-19 convalescent and healthy WB has been shown
already in Figure 1, here statistical differences were exclusively calculated between
COVID-19 convalescent WB 10 month and 10 weeks after disease onset by Helmert

contrasts. Only significant differences are shown. *, p<0.05; **; p<0.01; ***, p<0.001

Figure S12. Correlation of percentages of peripheral blood CD4+CD45R0O+CCR7+
central memory T cells with IL-2 levels produced upon stimulation of whole blood of
COVID-19 convalescent patients with S-peptide mix. X-axes show the IL-2 induction
(SI, stimulation indices) upon stimulation with S-peptide mix; y-axes show the
percentages of CD4+CD45R0O+CCR7+ T cells (as percentages of total CD3+CD4+ T
cells) at 10 months (10m) or 10 weeks (10w) after SARS-CoV-2 infection as indicated.

P-values and correlation coefficients were determined by Spearman’s correlation.
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FIG $13. ROC curves illustrating the diagnostic potency of AIMs determined from WB
cultures for predicting SARS-CoV-2 T cell memory. ROC curves of activation marker
expression obtained upon stimulation of WB with (A) S-, (B) NC- and (C) N-peptide mix
of CD4" (left column) and CD8" T cells (right column) are shown. Data show the
summary of WB of 24 COVID-19 convalescent patients, 23 non-exposed healthy
control subjects. X-axes show the specificity, y-axes the sensitivity of the individual

parameter. AUC, area under the curve. P values show the significance.

FIG S14. Activation-induced markers (AIM) neo-expressed on T cells clearly separate
COVID-19 convalescent patients and vaccinees from non-exposed healthy control
individuals. Shown are summary graphs quantifying the percent changes (y-axes) in
(A) CD25, (B) CD38, (C) CD69, (D) CD137, (E) CD154 and (F) HLA-DR expression in
the three groups of individuals on CD4" (left panel) and CD8" (right panel) T cells. TT,
tetanus toxoid; TBE, tick borne encephalitis antigen; PHA, phytohemagglutinin, SEB,
Staphylococcal enterotoxin A; S-mix, SARS-CoV-2 spike protein peptide mix, N-mix,
SARS-CoV-2 nucleocapsid protein peptide mix; M-mix, SARS-CoV-2 matrix protein
peptide mix were used for stimulation (x-axes). Data show the summary of 24 COVID-

19 convalescent patients, 19 non-exposed healthy controls and 40 vaccinees.

FIG $15. ROC curves illustrating the diagnostic potency of AlIMs determined from WB
cultures for predicting SARS-CoV-2 T cell memory. ROC curves of activation marker
expression obtained upon stimulation of WB with (A) S-, (B) NC- and (C) N-peptide mix

of CD4" (left column) and CD8" T cells (right column) are shown. Data show the
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summary of WB of 41 vaccinees and 23 non-exposed healthy control subjects and. X-

axes show the specificity, y-axes the sensitivity.

Figure S16. Correlation between IL-13 and S-protein specific IlgG4 levels. Shown are
correlations of IL-13 levels elaborated by WB stimulated with S-peptide mix (y-axes)
versus S-specific (upper panel) or RBD-specific (lower panel) IgG4 serum levels (x-
Axes) for COVID-19 convalescent patients (left panel) versus vaccinees (right panel).
On the right panel, dark blue circles represent 1x vaccinated individuals, orange circles
2x vaccinated individuals and light blue 3x vaccinated individuals. r and p values were

calculated by Spearman's rank correlation coefficient test.
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ﬂg TABLE S1. Detailed information on vaccinated individuals and their respective vaccines

Response to S peptide mix

Response towards S

Response towards S peptide

Vaccine § (SI, mean*SD) and time after § p.eptnde (S, meani?D) .and § (Sl, mean*SD) and time after
> last vaccination (mean*SD) > | time after last vaccination > last vaccination (mean*SD)
&= & | (meanxSD) S
IL-2: 86.1+108.4 IL-2: 6.415.8
IL-13: 64.5+87.3 IL-13: 21.5+30.0
Vaxzevria 5 IFN-g: 958.8+1,492.8 3 IFN-g: 331.1£396.8 n.a.
IL-2xIL-13: 9,033.1+ 11,978.1 IL-2xIL-13: 242.5+397.7
Days a/last shot: 48.6+13.1 Days a/last shot: 85.7£101.6
IL-2: 565.1 IL-2: 129.1+£139.2 IL-2: 159.0+£170.1
IL-13: 1271 IL-13: 52.2+51.5 IL-13: 126.0+£165.0
Comirnaty 1 IFN-g: 7,969.9 7 IFN-g: 1,121.6+1,736.6 11 | IFN-g: 242.6+512.9
IL-2xIL-13: 7,1824.5 IL-2xIL-13: 7,248.2+9,899.3 IL-2xIL-13: 41,798.8+104,923.6
Days a/last shot: 12 Days a/last shot: 63.0£66.8 Days a/last shot: 96.5+20.6
IL-2: 53.3+70.1
IL-13: 17.547.1
Janssen 2 IFN-g: 176.7+9.2 n.a. n.a.
IL-2xIL-13: 185.6+£1610.0
Days allast shot: 27.0+0.0
IL-2: 39.9
1x Vaxzevria IL-13: 2.9
plus n.a. 1 IFN-g: 340.8 n.a.
1x Comirnaty IL-2xIL-13: 116.8
Days a/last shot: 25
IL-2: 103.8+101.4
2x Vaxzevria IL-13: 40.8+41.1
plus n.a. n.a. 9 IFN-g: 292.9+530.2
1x Comirnaty IL-2xIL-13: 5,321.9+6,438.1
Days allast shot: 107.7£15.7
IL-2: 55.2+8.6
2x Vaxzevria IL-13: 31.0+2.3
plus n.a. n.a. 2 IFN-g: 118.0£64.5
1x Spikevax IL-2xIL-13: 1,718.3+£393.2

Days allast shot: 113.5£3.5
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TABLE S2. Stimuli used for whole blood tube and standard plate assays

Stimulus E:)nnac:entration Producer

Tetanus toxoid 12.5 mU/ml Glaxo Smith Kline
FSME (TBE) 150 ngimi | o e
Phytohemagglutinin (PHA) 6.25 pg/ml Oxoid/Thermo Fisher
Staphylococcal enterotoxin B 200 ng/ml Sigma

Pool S-, S1- and S+- peptide mix 120 pmol/ml Miltenyi Biotech
N-peptide-mix (nucleocapsid) 120 pmol/mi Miltenyi Biotech
M-peptide-mix (matrix) 120 pmol/ml Miltenyi Biotech
Medium nil

IL-187 90 ng/ml | Biolegend

T) Whole blood tube assays were spiked IL-18

17
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TABLE S3. Peptide mixes' used in the study

Sequence domains covered

Sequence ID

SRl by peptides (amino acids)
1 P GenBank MN908947.3,
Prot_S1% | 1-692 ProteinQHD43416.1
. GenBank MN908947.3,
Smix | Prot S+ | 689-895 Protein QHD43416.1
304-338, 421-475, 492-519, | GenBank MN908947.3,
Prot_S 683-707, 741-770, 785-802, | Protein QHD43416.1
885-1273
. GenBank MN908947.3,
MOl PIE N e Protein QHD43423.2
. GenBank MN908947.3,
M mix | Prot_ M 1-222 Protein QHD43419.1

1) Peptides were supplied by Miltenyi Biotec, Bergisch Gladbach, Germany.

) Nomenclature according to Miltenyi Biotec

§) Individual peptides have length of 15 amino acids with 11 amino acids overlap and

were present in equimolar quantities

18
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331

332 TABLE $4. List of experiments and indicated formats

Exp. 3 4.2.2021 0 0 4 4 0 1

Exp. 5 22.2.2021 |6 6 0 0 0 0

Exp. 7 2422021 |5 5 0 0 0 0

Exp. 9 1.3.2021 3 3 1 1 0 0

Exp. 11 24.3.2021 |1 1 6 6 0 0

Exp. 13 14.4.2021 |0 0 5 5 0 0

Exp. 15 28.4.2021 |0 0 0 0 6 6

Exp. 18 02.08.2021 | O 0 0 0 4 4

Exp. 20 16.08.2021 | 0 0 0 0 2 2
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Exp. 22 18.01.2022 | 0 0 0 0 2 2
Exp. 23 01.03.2022 | O 0 0 0 4 4
Exp. 24 08.03.2022 | 0 0 0 0 8 8
Exp. 25 09.03.2022 | 0 0 0 0 4 4
Exp. 26 15.03.2022 | 0 0 0 0 6 6
Sum 35 36 36 32 40 41

1) only proliferation
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TABLE S5: Proliferation measured as methyl-H thymidine incorporation [cpm]

21

Stimulus

COVID-19 convalescent
patients

Healthy control subjects

COVID-19 vaccinees

Tetanus toxoid Mean+SEM 29062+4897 23625+4539 336063807
Median (Cl) 15232 (19112-39013) 10093 (14410-32841) 31828 (25905-41307)
TBE Mean+SEM 564939022 35072+4324 491365089
Median (CI) 46765 (38158-74829) 31865 (26294-43850) . T
Phytohemagglutinin (PHA) 136210+£9272 137401+10813 94609+7150

Mean+SEM
Median (Cl)

141192 (117368-155053)

126292 (115449-159352)

97484 (80146-109071)

Staphylococcal enterotoxin B
Mean+SEM
Median (Cl)

11755245538
117323 (106242-128861)

107624+7395
106847 (92542-122706)

88699+4374
88712 (79851-97547)

Pool S-, S1- and S+- peptide mix
Mean+SEM
Median (CI)

364056102
21250 (24005-48806)

38414535
3022 (2754-4928)

29121+£2899
23134 (23258-34984)

N-peptide-mix (nucleocapsid)
Mean+SEM

2720816794
11072 (13402-41014)

28541447
2159 (1947-3762)

3436736
1923 (1947-4925)

Median (Cl)

M-peptide-mix (matrix) mean+SEM 2580216686 25594371 4548+1051
Median (Cl) 5723 (12213-39390) 1903 (1804-3314) 2285 (2422-6673)
Medium Mean+SEM 1219+197 1667+366 1700+269

Median (Cl)

740 (819-1620)

879 (925-2409)

1143 (1156-2244)
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TABLE S6: Proliferation measured as methyl-3H thymidine incorporation [Sl]

P values were calculated Tuckey’s HSD test.

22

Stimulus COVID-19 Healthy control | COVID-19 P Value P Value P Value
cor!valescent sl vaccinees (convalescent | (vaccinated (vaccinated
PR vs. healthy) VS. vs. healthy)
convalescent)
:Aeta”“; |t50|\)/|(0id 33.116.8 21.945.4 32.845.0
eant p>0.9999 p=0.9703 p=0.9658
9.5(10.9-32.8 20.3 (22.7-43.0
Median (Cl) 14.1 (19.3-46.9) ( ) ( )
TBE MeantSEM 71.3+14.6 34.61£5.5 50.0£7.5
: >0.9999 >0.9999 >0.9999
Median (CI) 39.5(41.6-101.) | 30.4 (23.3-45.8) | 33.7 (33.7-64.2) P P P
Phytohemagglutinin 183.1£22.3 172.9+26.7
(PHA) Mean+SEM 1553 (137.7- | 1557 (1186- | __ ??{éﬂﬂg ) p>0.9999 p=0.8041 p=0.9490
Median (CI) 228.5) 227.2) : - :
Staphylococcal 146.5+15.8 132.7+19.2 93.7412.3
enterotoxin B Mean+SEM |  143.9 (114.3- 114.3 (93.5- a4 p>0.9999 p=0.9500 p>0.9999
. : : 66.4 (68.8-118.6)
Median (ClI) 178.7) 171.9)
Pool S-, S1- and S+-
T 46.6£10.8 3.5+0.6 28.5£3.7
pept!de mix Mean+SEM 18.7 (24.6-68.6) 2.6 (2.4-4.6) 24.1 (20.9-36.0) p<0.0001 p>0.9999 p<0.0001
Median (ClI)
N-peptide-mix
(nucleocapsid) 28.5+7.3 2.4£0.3 2.80.7
Mean+SEM 10.0 (13.7-43.2) | 2.2 (1.8-2.9) 16 (1.4-4.2) p<0.0001 p<0.0001 p>0.9999
Median (CI)
M-peptide-mix (matrix) 29.918.3 2.0£0.2 4.8+1.6 p<0.0001 p=0.0006 p>0.9999
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mean+SEM 6.6 (13.-46.7) 2.0 (1.6-2.5) 1.8 (1.4-8.1)
Median (ClI)
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TABLE S7: IL-2 secretion after 144h of incubation [pg/ml]

24

Stimulus COVID-19 Healthy control COVID-19
convalescent subjects vaccinees
patients

Tetanus toxoid Mean+SEM 27.3+4.1 62.2+38.8 36.1+£18.5

Median (CI) 23.5(19.0-35.7) 13.4 (17.1-141.4) 1.9 (-1.2-73.4)

TBE Mean+SEM 88.9+26.1 101.2+21.7 40.7£10.3

Median (Cl)

36.8 (35.6-142.1)

58.7 (56.9-145.5)

15.9 (20.0-61.6)

Phytohemagglutinin (PHA)
Mean+SEM

7160+£1917
2151 (3245-11075)

3377+833.4

3398+744.6

Median (Cl) 1542 (1675-5079) 1460 (1894-4903)
I\Sﬂt:;):ZISOEIC\)AccaI enterotoxin B 54.6+£15.3 36.9+16.5 46.7+24.0
Median (CI) 18.9 (23.3-85.9) 11.7 (3.2-70.6) 2.8 (-1.9-95.3)
Pool S-, S1- and S+- peptide 53.748.6 88.74472.1 26.542.9

mix Mean+SEM

45.9 (36.1-71.4)

Median (CI) 6.4 (-58.5-236) 25.7 (20.6-32.4)
N-peptide-mix (nucl id

My (nucleacapsid) 29.4+4.2 7.9+2.4 14.416.7
Median (C) 21.2 (20.9-38.0) 1(3.0-12.7) 27 (0.9-28.0)
M-peptide-mix (matri

mer;iTS:Mmlx (mat) 22.543.0 7.2+1.9 50.0+43.4
Median (C) 21.2 (16.5-28.6) 1(3.4-11.0) 1.0 (-37.6-137.7)
Medium Mean+SEM 6.9+2.2 5.2+1.3 3.0£0.7
Azl (1) 2.4 (2.4-11.4) 1(2.6-7.7) 1(1.545)
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TABLE S8: IL-13 secretion after 144h of incubation [pg/ml]

25

Stimulus COVID-19 Healthy control COVID-19 vaccinees
convalescent subjects
patients

Tetanus toxoid Mean+SEM 302+103.3 646.5+172.8 796.3+163.5

Median (Cl)

67.2 (91.3-512.7)

139.9 (293.6-999.3)

286.9 (466-1127)

Viegian Q) Sseutie
: i 292.6 (313.4-702.6) 278.7 (283.3-609.8)
794.1)

Phytohemagglutinin (PHA) 7790+819.2 8422+688.4 10213+1262

Mean+SEM
Median (Cl)

6581 (6117-9463)

8803 (7016-9828)

7008 (7662-12763)

Staphylococcal enterotoxin B
Mean+SEM

2574+496.8
1361 (1560-3589)

3059+572.3
1885 (1890-4227)

2813+327.7

Median (Cl) 2293 (2151-3476)
Pool S-, S1- and S+- peptide 391.4+108.7 85.93+48.4 478.9+76.2
mix Mean+SEM 132.3 (169.4-

Median (Cl) 613.4) 8.2 (-13-184.8) 287.6 (325.1-632.7)
N-peptide-mi | id

M:aenp+lcs,|§|\r/|rllx (nueleocapsid) 133.8453.21 13.6346.1 55.5+27.1
Median (CI) 9.8 (25.1-242.5) 1.5 (1.2-26.1) 3.9 (0.7-110.4)
m;ZiTSEMmiX (matri) 77.9+26.7 12.145.1 48.0+22.2
Median (CI) 7.9 (23.4-132.5) 2.2 (1.7-22.5) 1.1 (3.1-92.8)
Medium Mean+SEM 3.8+1.5 7.312.2 11.6+4.9
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TABLE S9: IFN-y secretion after 144h of incubation [pg/mi]

27

Stimulus

COVID-19 Healthy control subjects COVID-19
convalescent vaccinees
patients
Tetanus toxoid Mean+SEM 1404+748.9 1109+342.8 1635+443.8
Median (Cl) 328 (-125.9-
2933) 212.6 (408.7-1809) 689 (737.7-2532)
edian -
10490) 3230 (3085-9958) 5102 (4306-9959)
Phytohemagglutinin (PHA) 5116916204 74595423333 30553+4500
Mean+SEM 35456 (38499-
Median (CI) 63839) 35771 (26942-122247) 20495 (21458-39648)
Staphylococcal enterotoxin 4757016014 4384246384 34687+5110
B Mean+SEM 34433 (35287- 35416 (30805-56880)
Median (CI) 59853) 24758 (24360-45015)
Pool S-, S1- and S+- 2383+556.3 359+290.4 895+219.9
peptide mix Mean+SEM 521.4 (1247-
Median (CI) 3519) 1 (-234.1-952) 459.6 (450.5-1339)
N-peptide-mix 821.6+341 23 9+15.3 83.8+58.1
(nucleocapsid) Mean+SEM 78.4 (125.1- 1(-7 5_55 1)
Median (CI) 1518) : ‘ 6.1 (-33.6-201.2)
m'\;pnipsﬁg;'mix (matrix) 586+264.1 41.5432.7 198.8+129.4
Media_n ) 65.6 (46.7-1125) 1(-25.1-108.2) 11.3 (-62.7-460.3)

Medium Mean+SEM

78.3£24.1

34.2£11.6

90.5+43.3
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TABLE S10: IL-2 secreted in the whole blood assay after 44 hours of incubation with the indicated stimuli [SI]

Stimulus COVID-19 Healthy COVID-19 P Value P Value P Value
cor!valescent confrol vaceinees (convalescent | (vaccinated (vaccinated
patients subjects vs. healthy) VS. vs. healthy)

convalescent)

Tetanus toxoid 485.4+104.6

Mean+SEM 167.6+74.2 230.£106.9 - -

Median (Cl) 23.9 (17.-318.2) 59.7 (12.1-448.) 2235956(28;4.0- p>0.9999 p=0.0551 p=0.5116

TBE_MeanJ_rSEM 03.4420.9 113.6+26. 281.5+77.4

Median (Cl) o 61.9 (60.7- 69.6 (125.1- p=0.9998 p=0.5790 p>0.9999

28.7 (32.6-154.1) 166.5
5) 438.0)

Phytohemagglutinin 1669 £396.6 21834419 1 3100+672.9

(PHA) Mean+SEM 942.4 (11&1 0_2'774 0) 1449.0 (13280.- 1014 (1740- p>0.9999 p>0.9999 p>0.9999

Median (Cl) ' ' ' 3037.0) 4459)

Staphylococcal 59754679

enterotoxin B 3263.0+£596.9 3261.0+452.0 =

1768.0 (2052.0- 3074.0 (2339.0- 5166 (4603- p>0.9999 p=0.7558 p=0.9315

Mean+SEM

: 4475.0) 4182.0) 7347)

Median (Cl)

Pool S-, S1- and S+-

peptide mix 316.2+158.8 45415 118.5+22.4

.0001 >0. <0.0001

Mean+SEM 23.6 (-6.3-638.6) 10(157.6) | 7157324639 | © p>0.9999 | p<0.000

Median (Cl)

N-peptide-mix 2.9+1.1

. 54.5+28.1 1.6+0.3 o=
(R, 9.2 (-2.6-111.6) 1.0 (1.0-2.3) 1.0 (0.65.1) p<0.0001 p<0.0001 1 p>0.9999

Mean+SEM
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M-peptide-mix (matrix) 6.3+2.4
142.4+75.0 1.7+0.3 e
mean+SEM 8.9 (-9.9-294.7) 10(11-2.2) 10 (1.511.1) p<0.0001 p<0.0001 p>0.9999

Median (Cl)
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TABLE S11: IL-13 secreted in the whole blood assay after 44 hours of incubation with the indicated stimuli [SI]

Stimulus COVID-19 Healthy COVID-19 P Value P Value P Value
con.valescent confrol vaccinees (convalescent | (vaccinated (vaccinated
patige sbleffei vs. healthy) VS. vs. healthy)

convalescent)

Tetanus toxoid Mean+SEM 69.9+21.5

Median (Cl 38.4+19.1 24.2+9.5 — —

(0 47(04772) | 82(48435 | 214(266- | P>0.999 p=0.3817 | p=0.9351
113.3)

TBE Mean+SEM 36.8+14.6

Median (ClI 32.6+14.6 18.2+5.7 -

e 28(31-622) | 8.1(65-208) | 62(7.2 p>0.9999 p=0.9962 | p>0.9999
66.3)

Phytohemagglutinin (PHA) 510.04111.2 510.24111.2 618.8+136.6

Mean+SEM 9304 28:1 3 7-35 . 228.8 (283.4- 306.6 p>0.9999 p>0.9999 p>0.9999

Median (CI) 4 (284.3-735.7) 737.0)

(342.6-894.9)

Staphylococcal enterotoxin B o4 34541 278.8472.5 462.5+£93.1

Mean+SEM 1951 (136 5.356.2) | 110:9/(130.9- 192.7 p>0.9999 p=0.9924 p=0.9995

Median (Cl) - ((SeesEe) 426.8)

(274.3-650.7)
Pool S-, S1- and S+- peptide 66.7+15.7
Median (CI) 12.2 (14.4-62.) 20(2-52) | 294(350- | P=00024 p=0.7072 | p<0.0001
98.3)

N-peptide-mix (nucleocapsid) 4.140.8

Mean+SEM 3 71?(-58;—’_32-17 p 1 f-(f—'g_-g . p=0.1151 p=0.5070 p>0.9999

M-peptide-mix (matrix 24.4+10.7 2.40.3 = = =

pep ( ) 56 (2.6-46.2) 13(13.2.7) 9.3+2.3 p=0.0279 p=0.8974 p=0.9683
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mean+SEM 2.5 (4.6-
Median (ClI) 14.1)
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TABLE S12: IFN-y secreted in the whole blood assay after 44 hours of incubation with the indicated stimuli [SI]

Stimulus COVID-19 Healthy COVID-19 P Value P Value P Value
co:valtescent cozfrolt vaccinees (convalescent | (vaccinated (vaccinated
patients subjects vs. healthy) VS. vs. healthy)

convalescent)

Tetanus toxoid Mean+SEM 357 3+259.6 353.3+136.8 236.2+57.0

Median (Cl) 30.0 (-169.7- 95.3 (74.3- 125.5 (121.1- p=0.6831 p=0.2669 p>0.9999

884.3) 632.4) 351.4)

TBE Mean+SEM 353 4210.5 191.5+64.60

Median (CI) 86.81£20.9 36 1'_ ) _

A (-76.4- 36.9 (61.0- p=0.9991 p>0.9999 p>0.9999
31.5 (44.3-129.4) 782 3 : :
3) 322.1)

Phytohemagglutinin (PHA) 1834 +556.3 4667 +1166. 2919+822.7

Mean+SEM 627.2 (704.9- 1611.0 438.1 (1256- p=0.8923 p>0.9999 p=0.9979

Median (CI) 2964.) (2289.-7046.) 4582)

Staphylococcal enterotoxin B 2382 0+714.9 3723.0+939 2 | 3013+748.6

Mean+SEM 697.0 (930.3- 1502.0 (1807- | 1001 (1500- p=0.9968 p>0.9999 p>0.9999

Median (ClI) 3833.) 5638) 4526)

Pool S-, S1- and S+- peptide 321.7+109 2 49 5+14.6 679.1+237 1

mix Mean+SEM 69.2 (100.1- 10.7 (12.8- | 1443 (199.9- | P=0.1239 p=0.9558 p=0.0001

Median (Cl) 543.3) 72.3) 1158)

N-peptide-mix (nucleocapsid) 54 84259 91.1+25.3

Mean+SEM 5 123%421& . 6.3 (1.9- 7.6 (40.0- p=0.8751 p=0.9996 p>0.9999

Median (CI) albadbAile ) 107.7)

142.3)
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M-peptide-mix (matrix) 230.1£113.3
meantSEM 165.9+64.7 20.119. _ _
. 22.6 (34.5-297.2) | 5.5(1.8-38.4) 12.5(1.2- p=0.1951 p>0.9999 p=0.7805
Median (CI)
459)
Medium Mean+SEM 1.0£0.0 1.0£0.0 1.0£0.0
Median (CI) 1.0 (1.0-1.0) 1.0 (1.0-1.0) | 1.0(1.0-1.0) p>0.9999 p>0.9999 p>0.9999
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TABLE S13. List of monoclonal antibodies and dyes used for flow cytometry analyses of whole blood

Specificity Clone Species Fluorophore Source
Name
cD3 UCHTA Mouse IgGH1 PE-Cy7 e o DA
CD4 RPA-T4 Mouse IgG1 PE-eFluor610 Thermo Fisher Scientific
CD8 RPA-T8 Mouse 1gG1 AF700 Thermo Fisher Scientific
CD19 HIB19 Mouse IgG1 eFluor506 Thermo Fisher Scientific
CD25 CD25-4E3 Mouse 1gG2b PerCP-eFluor710 Thermo Fisher Scientific
CD38 HIT2 Mouse IgG1 APC-eFluor780 Thermo Fisher Scientific
CD69 FM50 Mouse 1gG1 APC Thermo Fisher Scientific
CD137 4B4-1 Mouse IgG1 PE Biolegend
CD154 24-31 Mouse 1gG1 FITC Thermo Fisher Scientific
HLA-DR LN3 Mouse IgG2b eFluord50 Thermo Fisher Scientific
ﬁ?g/%igéng;z Aqua Zombie Biolegend
CD27 0323 Mouse IgG1 FITC Biolegend, San Diego, CA, USA
CD62L SK11 Mouse IgG2a PE Eﬁf:tggpl?ickinson, Franklin Lakes,
CD45RO UCHLA1 Mouse IgG2a PerCP-eFluor710 Thermo Fisher Scientific
CD197 (CCR7) 3D12 Rat 1gG2a APC Thermo Fisher Scientific
CD45RA HI100 Mouse IgG2b AF700 Biolegend
CD28 CD28.2 Mouse 1gG1 APC-eFluor780 Thermo Fisher Scientific
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CD8 RPA-T8 Mouse IgG1 eFluor450 Thermo Fisher Scientific

CD31 WM-59 Mouse IgG1 BV510 Becton Dickinson

360

361 Table shows the specificity, clone names, species and supplier (source) of the respective monoclonal antibodies and

362  their conjugation with the respective fluorophores used in this study.
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Figure S7D
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Figure S13A
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Figure S13B
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Figure S13C
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Figure S15A
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Figure S15B
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Figure S15C
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Figure S16
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