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(WB) with SARS-CoV-2 peptides (S, N, or M), vaccine antigens (tetanus toxoid,
tick borne encephalitis virus) or polyclonal stimuli (Staphylococcal enterotoxin,
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 <.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 re-
call 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 <.0001) and CD8™ (p =.0002) T cells informed best about the SARS-CoV-2
exposure status with additional benefit coming from CD25 upregulation.
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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GRAPHICAL ABSTRACT

S- versus N- and M-derived SARS-CoV-2 peptides allow discrimination between SARS-CoV-2 post-vaccination and post-infection cellular
immune responses. T-cell responses to SARS-CoV-2 peptides are accurately determined by a short-term whole blood assay by analysis

of secreted IL-2 and IL-13 along with CD69 and CD25 expression on T cells. The fast whole blood assay has a better performance than
proliferation and cytokine secretion assays performed with gradient-isolated peripheral blood mononuclear cells.

1 | 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 2019.12 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 May 20, 2022, SARS-
CoV-2 has infected 526 million individuals and caused 6.2 million fa-
talities world-wide,® corresponding to an average fatality rate of 1.2%.
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Typically, COVID-19 induces both humoral and cellular im-
mune 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.81% SARS-CoV-2 vaccines, which elicit various degrees of
immunity, have been rapidly developed and licensed**® resulting
in the vaccination of 11.44 billion doses till May 2022. 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 ex-
press the SARS-CoV-2 S protein, but no other viral proteins. While
in most cases, infection and vaccination induce humoral and cellu-
lar memory,**""7 certain groups of individuals may have a consider-
able failure rate in doing so,18 for example, those who suffer from (i)
solid or hematologic malignancies and/or are in complete remission

19,20 22,23

from such diseases, or from (ii) primary?* and secondary

immunodeficiency, have undergone (iii) solid?* or bone marrow?®
transplantation, or are (iv) vaccine non-responders. Apart from
that, we have observed a considerable number (40%) of RBD non-
responders among COVID-19 convalescent patients.26 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 in-
dividual has also developed a protective humoral and cellular im-
munity. 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.27 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 3days 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 hu-
moral immune responses are absent (e.g., vaccine non-responders)
or have already diminished because the infection occurred some
time ago?®, or are masked due to immunoglobulin (Ig) substitution or
lg-based immunomodulation therapy.

In fact, after cognate interaction with foreign peptide presented by

29,30

self-MHC molecules?”3° within the immunological synapse,®* T lym-

phocytes react in at least three typical ways. Firstly, they neo-express

activation-induced molecules (AIM) on their surface,*?

secondly, they
start to produce and secrete soluble effector molecules, such as cy-
tokines,*® and thirdly, they initiate proliferation if the interaction be-
tween them and the antigen-presenting cell exceeds a critical period
of time.3* All three parameters 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 vaccination.3>"%7

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 pur-
pose, we tested a panel of S-, N-, and M-protein specific peptidesin 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 peripheral blood mono-
nuclear cells (PBMC) which takes approximately 8-9 days for com-
pletion.®> In the WB assay, we determined the SARS-CoV-2-specific
cellular immune response and compared it with 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 acti-
vation status by virtue of the expression of AIMs by CD4" and CD8"
T cells alike. The WB assay is easy to perform, provides robust re-
sults in a short period of time (within 2days), 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.

2 | MATERIALS AND METHODS

2.1 | 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 Blirgermeisters der Bundeshauptstadt
Wien (Stiftungsfonds zur Férderung der Bekampfungder Tuberkulose
und anderer Lungenkrankheiten), grant numbers: COVID0OO1 and
COVIDO0O06, in part by a research grant from Viravaxx AG, Vienna,
Austria 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 pub-
lish, or preparation of the manuscript. Convalescent patients had
rtPCR- and/or SARS-CoV-2 antibody-confirmed’” COVID-19 disease
10weeks (n = 28) or 10months (n = 12) previously. In parallel, healthy
control subjects, who were reportedly asymptomatic for the last
10weeks and who were SARS-CoV-2 negative by SARS-CoV-2 an-
tibody test” and had a negative SARS-CoV-2 test (antigen or rtPCR)
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 1, 2020, and March 23, 2022. Table 1 shows
the baseline demographic, serological 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 received the
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COVID-19 convalescent Healthy control COVID-19

TABLE 1 Demographic, serological
and clinical characteristics of study

Characteristics (%) patients subjects vaccinees participants
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
Female (%) 28 (70) 21 (58.3) 23 (56.1)
PCR positive (%)? 39(97.5) 0(0.0) 0(0.0)
Anti-S IgG Ab positive (%) 40 (100) 0 (0) 41 (100)
Anti-S 1gG, Ab positive (%) 0(0) 0(0) 15 (36.6)
Anti-RBD IgG Ab positive (%) 20 (50.0) 0(0) 35 (85.4)
Anti-RBD IgG, Ab positive (%) 0(0) 0(0) 10 (24.4)
Clinical symptoms (%)¢ 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)
10weeks after 1° infection, n (%) 28 (70.0)
Days after 1° infection (Mean + SD) 101 +30
10 months after 1° infection, n (%) 12 (30.0)
Days after 1° infection (Mean + SD) 296 +62
Post-vaccination (days after last 80.2+46.6
injection, Mean +SD)
Median (Range) 87 (12-209)
Vaccinated subjects 41
Vaccinated once (%) 8(19.5)
Vaccinated twice (%) 11 (26.8)
Vaccinated three times (%) 22 (53.7)
Preexisting medical conditions® (%) 25 (62.5) 12 (33.3) 15 (36.6)
Allergy/asthma® (%) 12 (30.0) 8(22.2) 12(29.3)

20One patient was PCR negative but S-antibody positive and was thus included into the group of

COVID-19 convalescent individuals.

bThe 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 from patients with preexisting medical conditions

to control for/exclude a putative recruitment bias.

dShort term symptoms (1-3 days) directly after vaccination were considered vaccine-induced and
thus were not taken into consideration as COVID-19-related clinical symptoms.

licensed single dose of COVID-19 Vaccine Janssen. Of the 11 vac-
cinees, who were vaccinated twice, seven received Comirnaty, three
Vaxzevria, and one the combination of the latter (Tables 1 and S1).
From the three times vaccinated individuals, 11 received Comirnaty,
9 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).

2.2 | T-cell proliferation assays
2.21 | Plate assays with isolated peripheral blood
mononuclear cells

Peripheral blood mononuclear cells of heparinized blood were iso-
lated from COVID-19 convalescent individuals, healthy control
subjects, or SARS-CoV-2 vaccinees according to standard proto-
cols.**121% Briefly, heparinized blood was diluted 1:2 with IMDM
medium containing 20 U/ml heparin, 10% FCS and antibiotics (15ug/
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ml Gentamicin; 0.5 pg/ml Amphotericin) and was overlaid onto
Ficoll-Hypaque gradients in 50ml tubes followed by centrifugation
at 500 g for 15min. The PBMC rich interphase was collected, washed
with fresh medium and adjusted to 1 x10° cells/ml with RPMI 1640
medium (Hyclone, Cytiva, Pasching, Austria) containing 2% human
serum (Sigma-Aldrich, St. Louis, MO, USA). One-hundred microlit-
ers of freshly isolated PBMC (1 x10°/well) were incubated in 96-
well round bottom plates (Sarstedt, Nimbrecht, Germany) with the
indicated stimuli (Table S2) in a total volume of 200pl. After 144h
(6days), 100yl of supernatants were collected from each well for
subsequent cytokine determinations and stored frozen at -80°C
until further use (see online repository Appendix S1). The cells were
replenished with 100 pul of fresh medium and pulsed with methyl-[*H]-
thymidine (1 pCi/well) for 18 h and T-cell proliferation was quantified
on a Betaplate Counter (Perkin Elmer, Waltham, MA, USA).

2.2.2 | Whole blood assays in tubes

Three hundred microliters of whole blood anticoagulated with Li-
heparin were incubated with the indicated stimuli (Table S2) or me-
dium alone in 300pl culture medium (RPMI 1640, Hyclone, Cytiva,
Pasching, Austria) in sterile 5 ml polystyrene round-bottom tubes
(12x75mm tubes with caps, BD Biosciences, San Diego, CA, USA) in
a final volume of 600pl. In order to maximally increase IFN-y release
from activated memory cells, tubes were spiked with 25pl of 1L-18
(2.25pg/ml), so that a final concentration of IL-18 of 90ng/ml was
reached.®®% After addition of 300l of whole blood, the cell/me-
dium suspension was mixed by vortexing 3-times for 1s. Tubes with
semi-closed lids were then incubated at 37°C, in a 5% CO,, and 95%
humidity atmosphere for 44 h. Subsequently, cultures were mixed
by vortexing 3-times for 1s, then cells were spun down at 600 g for
10 min, and 300yl of the supernatant was collected in 1.5 ml mi-
crofuge tubes and stored frozen at ~80°C until further use. The cel-
lular 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.

2.3 | 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 hold-
ing the family-wise error rate constant at the chosen level of signifi-
cance of 5% to account for multiple testing. For illustrative purposes,

p-values below .05 were indicated as: * p <.05, ** p <.01, ***p <.001,

respectively. However, since seven cytokines were measured, in ad-
dition to the univariate approach, a discriminant analysis was per-
formed 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 (10weeks vs. 10 months). In these latter anal-
yses, healthy controls were included as contrast group. In all these
exploratory analyses, orthogonal Helmert contrast was computed al-
lowing independent interpretation of the differences obtained. For
these exploratory analyses, power was still sufficient (80%) to detect
arelevant effect corresponding to a Cohen's d = 1. While within end-
point, 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), Statistica 10.0 (Statsoft), and GraphPad 9.2.0
(GraphPad Software) were used for analyses and graphs.

Further Materials and methods can be found in the online repos-

itory (Appendix S1).

3 | RESULTS

3.1 | 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 re-
sponses toward 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 ex-
periments (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 individu-
als were screened for the presence of SARS-CoV-2 specific antibod-
ies 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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3.2 | 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 re-
sponses of COVID-19 convalescent patients, vaccinated individuals,
and SARS-CoV-2 non-exposed healthy controls. Such distinction
may not be trivial 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) 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 con-
valescent patients 10 months after infection (manuscript in prepara-
tion). By simultaneous monitoring of the elaboration of Thi, Th2,
and Th17 and inflammatory cytokines, we also wanted to under-
stand which cytokines are primarily associated with the T-cellular
immune response against major SARS-CoV-2 antigens, such as sur-
face (S), nucleocapsid (N), and matrix (M) antigen.

Accordingly, and to benchmark the test system, we first evalu-
ated whether stimulation of gradient-isolated 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 pop-
ulation 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. The prolif-
erative response of PBMC of COVID-19 convalescent patients upon

stimulation with S-peptide was 1.7-fold and 2.6-fold higher when

e COVID-19
o Healthy controls
m Vaccinated

compared with N- or M-peptide mix, respectively (Figures 1, S1 and
S2; Tables S5 and Sé), 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 S2). In contrast to the differ-
ential SARS-CoV-2 peptide-induced proliferation in the three study
populations, proliferation of PBMC of COVID-19 convalescent pa-
tients or vaccinees was not superior to those of healthy control sub-
jects 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 Sé).

3.3 | 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
Thi1, Th2, Th17, and inflammatory cytokines upon incubation
of gradient-isolated PBMC with the three peptide mixes, clas-
sic 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 de-
termination of IL-2 in supernatants of PBMC stimulated with N-
(AUC: 0.8710 [CI: 0.7711-0.9708]; p <.0001; Figures 2 and S3)
or M- (AUC: 0.8356 [Cl: 0.7250-0.9461] p <.0001; Figure S3)
peptide mixes immediately followed by IFN-y (AUC: 0.8439 (ClI:
0.7470-0.9408) p <.0001 and AUC: 0.7924 (CI: 0.678-0.9080)

10003
@ 1004
p E
2 E
=
2107E
2 E
&.91§
] ®
)
0-1I7IIIIIIIIIII?II?IIII
F FF FF W w w << < < m m m X X X X X X X X X
F FF F o0 0@ I T I WWWS SsSs s s 5 5 s s =S
F F Faaaononns=s==35 35 35 5 5 3
w O »w Z Z Z = = =
Stimulus

FIGURE 1 Results of cellular proliferation assays performed with gradient-isolated peripheral blood mononuclear cells (PBMC) stimulated
with the indicated antigen-specific and polyclonal stimuli in classical plate assays for 7 days. Shown is the summary of stimulation indices (Sl,
y-axis) of PBMC which were incubated with the indicated stimuli (x-axis). 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. M-mix, SARS-CoV-2 matrix protein peptide mix; N-mix, SARS-CoV-2 nucleocapsid
protein peptide mix; PHA, phytohemagglutinin; S-mix, SARS-CoV-2 spike protein peptide mix; SEB, Staphylococcal enterotoxin B; TBE,

tick borne encephalitis antigen; TT, tetanus toxoid. 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 <.001
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FIGURE 2 Results of cytokine
secretion obtained with gradient-isolated
peripheral blood mononuclear cells
(PBMC) stimulated with the indicated
antigen-specific and polyclonal stimuli

in classical plate assays. Shown are the
stimulation indices (y-axes) for (A) TNF-a,
(B) IL-2, (C) IL-12p70, (D) IFN-v, (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 h. 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. M-mix, SARS-CoV-2 matrix
protein peptide mix; N-mix, SARS-CoV-2
nucleocapsid protein peptide mix; PHA,
phytohemagglutinin; S-mix, SARS-
CoV-2 spike protein peptide mix; SEB,
Staphylococcal enterotoxin B; TBE, tick
borne encephalitis antigen; TT, tetanus
toxoid. 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 <.05; ***p <.001
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p <.0001, respectively), and IL-13 (AUC: 0.8033 (Cl: 0.6884-
0.9183) p <.0001 and AUC: 0.7388 (Cl: 0.6147-0.8629) p =.0012,
respectively). A similarly high discriminatory power was obtained
with IFN-y (AUC: 0.8944, [CI: 0.8022-0.9866] p <.0001) and IL-
13 (AUC: 0.8927 [CI: 0.8211-0.9643] p <.0001) upon S-, but not
N- or M-peptide mix-specific stimulation of PBMC of vaccinees
compared with healthy control subjects while IL-2 was somewhat
less discriminatory (AUC: 0.7383, [Cl: 0.6138-0.8628] p =.0006;
Figures 2 and S4). Absolute levels of secreted cytokines upon
incubation with the different stimuli are shown in Figure S5 and
corroborated the Sl results, although they revealed a modestly in-
ferior diagnostic accuracy (Tables S7-S9). IL-4, 1L-12, and IL-17A
secretion levels were not informative in assays performed with
gradient-isolated PBMC.

3.4 | 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 non-
allergic 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 present study was not powered to detect differences in IL-13
levels between the approximately 30% of allergic/asthmatic indi-
viduals 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 ac-
tually observed one is so small that we conclude that the allergy/
asthmatic status most likely does not account for the differences in

release of I1L-13.

3.5 | Antigen-specific, cellular Thl 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 sta-
tus 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/produ
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FIGURE 3 Comparison of IL-13 production by gradient-isolated
peripheral blood mononuclear cells (PBMC) of non-allergic versus
allergic patients in groups of 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 PBMC 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). M-mix, SARS-
CoV-2 matrix protein peptide mix; N-mix, SARS-CoV-2 nucleocapsid
protein peptide mix; PHA, phytohemagglutinin, S-mix, SARS-CoV-2
spike protein peptide mix; SEB, Staphylococcal enterotoxin B; TBE,
tick borne encephalitis antigen; TT, tetanus toxoid. Data show

the summary of 31 COVID-19 convalescent patients, 31 healthy
controls and 40 vaccinees. p values were calculated by Helmert
contrasts test. Only significant differences are shown
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group, discriminant analyses were performed with all data ob-
tained 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 <.001) contributed
to the separation of our three study populations. The first root dis-
criminated between vaccinated individuals on one side and con-
trols 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 discrim-
inates between healthy controls and COVID-19 patients with high
stimulation of IL-2 by the S- or M-peptide mix, of IL-17A and IFN-y
by the N-peptide mix, 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

2l wiLey-

showed that incubation with all three individual peptide mixes in-
duced significant elaboration of IL-2 and IL-13 by WB of COVID-19
convalescent patients compared with that of healthy control sub-
jects (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 S10-512). Similar, albeit some-
what 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-17A (except IL-17A upon stimulation of WB
with S-peptide mix) were not discriminatory in single factor anal-
yses. 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 <.001, the
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FIGURE 4 Discriminant analysis of whole blood (WB) cytokine responses after stimulation with SARS-CoV-2 peptide mixes and using
Thi, 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 <.001)
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FIGURE 5 Cytokine responses of
whole blood (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 (Sl, y-axes) for (A) TNF-a, (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 h.
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. M-mix,
SARS-CoV-2 matrix protein peptide mix;
N-mix, SARS-CoV-2 nucleocapsid protein
peptide mix; PHA, phytohemagglutinin;
S-mix, SARS-CoV-2 spike protein peptide
mix; SEB, Staphylococcal enterotoxin B;
TBE, tick borne encephalitis antigen; TT,
tetanus toxoid. 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 <.05; ***p <.001
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discriminatory power of IFN-y after similar stimulation was less
pronounced, with corresponding p-values in ROC analyses rang-
ing from p =.0024 (S-peptide mix) to only p =.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 <.0001) discrimi-
nated 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 <.0001; Figure S7A), which was similar to the results
obtained with gradient-purified PBMC with regard to IL-13 and
IFN-y 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 vac-
cinees alike, the Sl results were corroborated by absolute cytokine
levels (Figure S8).

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

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

3.6 | New cellular biomarkers for the
discrimination of COVID-19 convalescent patients and
vaccinees from healthy control subjects

Next, we studied whether the discriminatory accuracy of the SARS-
CoV-2 peptide-induced IL-2 secretion of WB could be further im-
proved by creating biomarkers representing the products of the
S-, N-, or M-peptide mix-induced S| of IL-2 and IL-13 or IFN-y, re-
spectively. The product of the Sl for IL-2 and IL-13 proved to be su-
perior (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 conva-
lescent patients (AUC of IL-2 xI1L13: 0.9444 (Cl: 0.8944-0.9945)
p <.0001 vs. AUC of IL-2: 0.9314 (Cl: 0.8714-0.9914) p <.0001 and
AUC of IL-13: 0.8008 (Cl: 0.6981-0.9035) p <.0001; respectively;
Figures S6C,D). 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 accu-
rately discriminating COVID-19 convalescent patients from healthy
control subjects. A comparably albeit somewhat weaker discrimi-
native power was obtained with the S| products of IL-2 and IL-13
upon stimulation of WB of COVID-19 convalescent individuals with
S- (AUC:0.9210[CI: 0.853-0.989] p <.0001) or M- (AUC: 0.9271 [CI:
0.8575-0.9967] p <.0001) peptide mix (Figure S6D). With regard to
the discrimination of vaccinated individuals from HC, a cut-off value
of 20.0 for the product of the IL-2 SI with the IL-13 SI upon stimu-
lation 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 sig-
nificantly correlated with the same biomarker and the proliferation
results of gradient-purified PBMC (Figure S9B,C).

3.7 | Subgroup analyses by severity of disease and
time period of WB analyses after disease onset

Stratification of COVID-19 patients according to the severity of dis-
ease (hospitalization vs. 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) vs. Sl: 18.0 (Cl:
-46.2-283.8, p =.0027) as compared with N- (SI: 28.4 (Cl: -122.5-
398.3) vs. SI: 8.6 (Cl: -6.4-67.7), p =.0339), or M- (Sl: 65.6 (Cl: -47.7-
494.0) vs. Sl: 8.0 (Cl: -67.9-306.5) p =.0164) peptide mix when
compared with 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 Sl
55.2 (Cl: -184.6-1798.0) vs. Sl: 15.5 (Cl: -1.578-143.4) p =.0033;
N-peptide mix Sl: 25.0 (Cl: -41.7-314.7) vs. Sl: 6.5 (Cl: 4.7-314.7)
p =.0006; M-peptide mix Sl: 27.0 (Cl: -90.7-847.6) vs. Sl: 7.3 (Cl:
-2.6-51.5) p <.0001 (Figure S11), and significantly correlated with
the amounts of CD3*CD4"CD45RO*CCR7" central memory T cells
(R =.71; p =.0118; Figure S12). This was compatible with our recent
finding that central memory T cells in COVID-19 convalescent pa-
tients are significantly increased at the 10 months as compared with
the 10weeks 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 differ-

ent responses.

3.8 | Subgroup analyses of vaccination groups

Of note, stratification of vaccinees according to the number of vac-
cines received did not reveal significant differences between the
groups of 1x-, 2x-, and 3x-vaccinated 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 at a comparable amount of time before
blood sampling (96.5 +20.6 vs. 107.7 +15.7 vs. 113.5 +£3.5days) in-
dicated 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 3rd vaccination to venipuncture with the secreted cytokine lev-
els indicated that IL-13 constantly increased beyond months four,
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which seems to be at opposite to IL-2 and IFN-y secretion levels,

which tended to stay constantly high (not shown).

3.9 | 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 anumber of activation-induced
cell surface markers (AIM) on CD37CD4" 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 CD37CD4" T cells
upon S-peptide mix stimulation best separated COVID-19 convales-
cent patients from healthy control individuals (SI: 5.0 (Cl; -2.5-60.2)
vs. Sl: 1.3 (Cl: 0.7-4.9) p <.001). The discriminative power was high,
with an AUC of 0.8720 ([Cl: 0.872-0.988], p <.001), which was im-
mediately followed by CDé9 neo-expression on CD37CD8" T cells
(SI: 15.4 (Cl: 12.6-38.7) vs. SlI: 3.5 (Cl: 2.9-10.8) p <.001), result-
ing in an AUC of 0.8251 ([Cl: 0.700-0.950] p =.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 AlMs, such as CD25 (Figure 6B) and CD38
(Figure 6C) also pointed toward significant differences between
COVID-19 convalescent patients and healthy control subjects, how-
ever, compared with 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,G). Overall similar, al-
beit less significant results were obtained when changes of percent
values of AIM positive cells instead of SI 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,C) re-
vealed generally similar albeit weaker results with regard 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 determi-
nation using WB of vaccinated subjects stimulated with S-peptide
mix, however, in this case, the best discriminatory power followed
the order CD4*CD69" >CD47CD25" >CD8*CD25* >CD8*CD6
9* with AUC of 0.9048, 0.8669, 0.7789, and 0.7268, respectively
(Figure S15) when compared with healthy control subjects. Of note,
6 instead of 44 h 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 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 practi-
cable and reliable and almost reaches the discriminative power of
secreted IL-2 and IL-13.

4 | DISCUSSION

We describe a novel, simple and robust biomarker approach to dis-
criminate 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 secre-
tion experiments performed with gradient-isolated PBMC requiring
8-9days for completion. In principle, virus-specific T-cellular pro-
liferation could also be achieved with recombinant proteins (e.g.,
receptor binding domain [RBD] of S-protein) or virus-like nanopar-
ticles*® 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 responses44 significantly contributed to the T-cellular re-
call response to SARS-CoV-2 peptide antigens in COVID-19 conva-
lescent 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 convales-
cent patients from healthy control subjects, with an AUC of 0.9444
(Cl: 0.8944-0.9945), p <.0001, a sensitivity of 83.3% and a specific-
ity 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.
Similarly strong discriminatory power was found upon stimulation
of WB with S- or M-peptide mixes. Moreover, the combined assess-
ment of IL-2 and IL-13 production in the WB test is able to discrimi-
nate 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

FIGURE 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) CDé69, (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 vaccinated subjects
(light 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 <.05; **p <.01; ***p <.001
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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 indi-
viduals with impaired humoral immunity, for example, due to primary
or secondary antibody-production deficiencies.** Furthermore,
our assay will contribute to the better understanding of the over-
all T-cellular immune response to SARS-CoV-2, as differences within
groups of convalescent patients upon stratification according to dis-
ease severity and time post-infection have been observed herein.
Of note, the secretion of IL-2 in response to the S-peptide mix 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 toward the S-protein,
which possibly also explains the higher levels of anti-S-protein an-
tibodies in this subgroup of individuals.?® Moreover, longer-term
presence of virus-specific peptide-antigen(s) in the body may drive T
cells more effieciently than B cells and contribute to this phenome-
non. 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. Since our test relies on the measurement of IL-2,
IL-13 and IFN-y directly from whole blood after 44h, it can easily
be performed in outpatient clinics and hospitals without the need
for specialized equipment other than those required for performing
cytokine ELISAs.

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 (oropharyngeal swabs, saline gargles)‘47 While the deter-
mination 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, for example, in case
of primary or secondary B-cell deficiency.?2234>48 The distinction
between SARS-CoV-2 infection or vaccination by testing N- versus
S- and RBD-specific T-cellular responses could help in the diagno-
sis 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 symp-
toms of “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.ht-
mI?CDC_AA_refVal=https%3A%2F%2Fwww.cdc.gov%2Fcoronavi

rus%2F2019-ncov%2Flong-term-effects.html).*” We know today
that so-called “vaccine breakthroughs” are quite frequent and are
often asymptomatic. Still, even clinically silent COVID-19 may even-
tually cause the sequelae of “long-COVID-19", which gives an ad-
ditional 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 ther-
apy (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
such as ferrets or also ordinary hamsters, which were in the focus of

50.51 55 reservoir for infections and mutations and

recent attention,
some countries even ordered the culling of those animals (https://
www.bbc.com/news/world-europe-54818615,
ture.com/articles/d41586-021-00531-z).

Currently, the distinction between vaccinated and vaccinated and

https://www.na-

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 re-
sults 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,C).
The observation that stimulation with M-peptide mix leads to higher
production of IL-2 in the WB compared with the plate assay per-
formed with gradient-isolated PBMC may, in fact, be the result of
differences in the production and consumption of cytokines at 2
versus 6days. The highly significant M-peptide mix-induced prolif-
eration 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. The
flow cytometry-based determination of CD69 and CD25 puts an-
other dimension to the whole blood test, because it allows for the
discrimination between CD4% and CD8" T-cell memory responses.
In fact, the expression levels of the C-type lectin CD69 reliably
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informed about the SARS-CoV-2 exposure status with an AUC of
0.8720 (Cl: 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 (Cl: 0.7004-0.9497) and at a respective cut-off S| of 9.3
with a sensitivity of 73.9% and a specificity of 76.2% and a result-
ing 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 10weeks 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 el-
evated 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 TCR bias possibly induced by
vaccine-induced expansion of clonotypic T cells expressing SEB re-
active T-cell receptors, e.g., VB3, Vp8.1,Vp8.2,and V8.3 or others.*?

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 allergic immune responses,
promoting (i) B-cell immunoglobulin class switch recombination to-

4and

ward IgE,>® (i) mucus hyperproduction in the lung epithelium,’
(iii) bronchial smooth muscle hyperplasia,54 the latter two phenom-
enain 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 adap-
tive responses were associated with lower virus load along with a
lack of disease progression.’® Moreover, previous reports have re-
vealed that in addition to the Thl response, the Th2 response, that
is, 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.®” In addition, the im-
portance 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 re-
sponses 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 Il 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,®® in-
ducing proliferation and upregulation of HLA Class Il, and apart of
IgE production, contributing to the production of neutralizing IgG,
antibodies.>® While COVID-19 convalescent individuals generally

showed negligible levels of IgG, antibodies against SARS-CoV-2 S-
or RBD-proteins,? low levels of IgG, 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 IgG,
levels is typical for this immunoglobulin isotype,®® as also observed
in allergen-specific immunotherapy trials®* in which IgG, increased
only after a series of 5-7 injections with antigen over a prolonged pe-
riod of time (1-2years). This may explain why IgG, 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 IgG, were detectable only in a fraction of triple-
vaccinated individuals but not in the serum of COVID-19 convales-
cent patients. (Table 1). Moreover, the levels of SARS-CoV-2-specific
IgG, 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 con-
valescent patients (CD69, p <.001, Figure S13A), or vaccinees (CD25,
p <.001, Figure S1A) shows that this does not seem to be the case.
Another potential limitation of the study might be the 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 2days 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 h to detect specific CD69 upreg-
ulation? We also checked this possibility and analyzed antigen-specific
surface expression of CDé9 after 6 h of incubation. However, as has
been shown previously,43 antigen-specific CD69 neo-expression was
very weak to non-existent after 6 as compared with 44 h 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 con-
trols. 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 0/1 h test for
predicting myocardial infarction, which has a PPV of 76.8%.%°

In summary, the herein developed test provides a simple and ac-
curate solution for the differentiation between post-vaccination and
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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 im-
paired or masked humoral immunity, for example, due to antibody
substitution therapy, will help identifying patients at risk of becom-
ing reservoirs for the development of variants of concern (VOC) due
to their inability to efficiently clear virus, as has been shown previ-
ously.*® The here developed test is practicable, needs little hands-
on-time, can be performed within 2days with only two cytokines
required for analysis. This makes the test also attractive to physi-
cians in outpatient clinics while promoting a better understanding of

the development of T cell-mediated SARS-CoV-2 immunity.
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