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Decreased Frequency of Activated
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Preventing the progression to acute respiratory distress syn-
drome (ARDS) in COVID-19 is an unsolved challenge. The
involvement of T cell immunity in this exacerbation remains
unclear. To identify predictive markers of COVID-19 progress
and outcome, we analyzed peripheral blood of 10 COVID-19-
associated ARDS patients and 35 mild/moderate COVID-19
patients, not requiring intensive care. Using multi-parametric
flow cytometry, we compared quantitative, phenotypic, and
functional characteristics of circulating bulk immune cells, as
well as SARS-CoV-2 S-protein-reactive T cells between the
two groups. ARDS patients demonstrated significantly higher
S-protein-reactive CD4" and CD8" T cells compared to non-
ARDS patients. Of interest, comparison of circulating bulk
T cells in ARDS patients to non-ARDS patients demonstrated
decreased frequencies of CD4" and CD8" T cell subsets, with
activated memory/effector T cells expressing tissue migration
molecule CD11a™". Importantly, survival from ARDS (4/10)
was accompanied by a recovery of the CD11a™" T cell subsets
in peripheral blood. Conclusively, data on S-protein-reactive
polyfunctional T cells indicate the ability of ARDS patients to
generate antiviral protection. Furthermore, decreased fre-
quencies of activated memory/effector T cells expressing tissue
migratory molecule CD11a*" observed in circulation of ARDS
patients might suggest their involvement in ARDS develop-
ment and propose the CD11a-based immune signature as a
possible prognostic marker.
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Updates

INTRODUCTION

The SARS-CoV-2 pandemic has confronted the global population
with tremendous health, social, and economic challenges. SARS-
CoV-2 infections have a broad spectrum of manifestations, ranging
from mild to severe symptoms, encompassing pneumonia, acute
respiratory distress syndrome (ARDS), and multi-organ failure."”
Usually, a protective role of cellular immunity able to control viral
infections is assumed.”” However, an overwhelming immune
response after viral infections leading to cell damage and organ fail-
ure was also reported.” Given that the host immune response to
SARS-CoV-2 remains poorly understood, efforts are ongoing to
characterize further both cellular and humoral host defense mech-
anisms. The current lack of knowledge surrounding the SARS-
CoV-2 immune response also makes it difficult to interpret
COVID-19 disease pathogenesis and potentially impedes vaccine
development.
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Table 1. Characteristics of COVID-19 Patients

Disease Severity

Non-COVID-19 Non-COVID-19 Pneumonia COVID-19 Control ARDS p Value
Number of patients 10 3 35 (77.8%) 10 (22.2%) -
Available follow-up data n.a. n.a. 22 (62.9%) 4 (40%) 0.281
Time after PCR diagnosis of initial visit (days) n.a. na. 2 [1-3] 7 [3-10] 0.015
Time after PCR diagnosis of follow-up visit (days) n.a. na. 8 [6-15] 31 [29-32] 0.003
Age (years) 55 [51-57] 51 [32-70] 65 [57-81] 58 [48-74] 0.199

Sex (male/female) 5/5 (50.0%/50.0%)

2/1 (66.7%/33.3%)

17/18 (48.6%/51.4%) 10/0 (100.0%/0.0%) 0.003

Comorbidities

Cancer 0.0 (0.0%) n.a. 10 (28.6%) 1 (10.0%) 0.409
Chronic renal disease 0.0 (0.0%) na. 6 (17.1%) 0 (0.0%) 0.312
Obstructive lung disease n.a. n.a. 3 (8.6%) 0 (0.0%) 1.000
Diabetes 0.0 (0.0%) n.a. 9 (25.7%) 1 (10.0%) 0.415
Cardiovascular disease 0.0 (0.0%) n.a. 21 (60.0%) 5 (50.0%) 0.720

The p value refers to the comparison between the ARDS and the COVID-19 control sub-cohorts. Quantitative variables are expressed as median (interquartile range [IQR]) and
compared by the Mann-Whitney test. Categorical variables were compared using Fisher’s exact test. n.a., not applicable.

Despite the many similarities of the immune response to SARS-CoV-
2 and SARS-CoV-1, it is currently not clear whether the disease
severity is caused by uncontrolled virus replication, a hyperreactive
immune response, or both.®'° There is mounting evidence that a
cytokine storm with a high level of interleukin (IL)-6 production is
associated with severe disease,”'"'* suggesting a pathological im-
mune dysregulation. Furthermore, immune paralysis has also been
suggested'” based on single-cell RNA sequencing, demonstrating an
increase in CD4" T cells and a decrease in CD8" T cells in bronchial
lavage samples from clinically well-characterized patients.'* '® In
contrast, markedly lower immune cell numbers and decreased activa-
tion levels of specific subsets of T cells have been associated with crit-
ical COVID-19 manifestations.'” " It has further been observed that
a deficiency of Toll-like receptor 7 (TLR7), which is important for
pathogen recognition and activation of innate immunity, results in
a lack of interferon (IFN)-v, which may lead to uncontrolled virus
replication and ARDS development.za There are, however, conflicting
data on the association of IFN-y and COVID-19 severity.'”*'

Several recent studies have shown that hyperreactive immunity con-
tributes to critical COVID-19 manifestations.'®'®***> One of these
studies demonstrated detectable Spike protein-reactive T cell levels
in COVID-19 patients with ARDS.?® However, their role in the devel-
opment of COVID-19-related ARDS remains unclear. In this study,
we performed a comparative analysis of S-protein-reactive T cells
collected from ARDS patients and non-ARDS patients to study the
contribution of cellular immunity to disease progression. Moreover,
we profiled circulating T cells displaying an activated memory pheno-
type and migratory capacity using multiparametric flow cytometry to
explore the T cell migration patterns associated with ARDS develop-
ment. A detailed characterization of non-specific and SARS-CoV-2-
reactive cellular and humoral immunity in a cohort of patients with
different disease severity, as well as a healthy cohort, is presented
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herein. This study may contribute to understanding the immune sys-
tem’s role in COVID-19 progression.

RESULTS

Participant Characteristics and Disease Progression

Forty-five hospitalized patients with mild or moderate COVID-19 dis-
ease manifestations (COVID-19 control;n = 35) and COVID-19-asso-
ciated ARDS (ARDS; n = 10) were enrolled in this study. The patients
were analyzed at two time points, that is, shortly after disease onset
(initial visit) and after clinical improvement (follow-up visit). For
the COVID-19 control group, the initial visit corresponded to hospi-
talization. For the ARDS group, the initial visit corresponded to the
first available visit after ARDS symptoms were observed. The
follow-up visit corresponded to the time point of discharge. There
were significant differences between the two groups in the times
from diagnosis of COVID-19 by PCR to the visits. For ARDS patients,
the initial visit and the follow-up visit occurred at a median of 5 days
and 23 days later than in the COVID-19 control group. These differ-
ences were expected, since the visits correlated to the clinical status of
the patients (initial visit, disease onset; follow-up visit, disease resolu-
tion). Nevertheless, the effects of the time differences on the results
were analyzed in detail and are shown below.

Six of 10 (60.0%) of the ARDS patients succumbed to the infection,
while 4 of 10 (40.0%) of the ARDS patients survived and could be
transferred from the intensive care unit to regular care about a month
after enrollment in the study. All COVID-19 control patients recov-
ered within approximately 2 weeks and were discharged. The detailed
characteristics of study patients, study design, blood sampling, and
therapy are presented in Tables 1 and S1 and Figure 1. There were
no statistically significant differences in age between the analyzed
groups. A similar analysis could not be conducted for sex since all
ARDS patients were male. Nevertheless, to exclude a potential bias
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45 patients consecutively admitted to Marienhospital Herne—Universitatsklinikum der Ruhr-Universitat Bochum (North Rhine-Westphalia, Germany) and Universitatsklinikum
Essen (North Rhine-Westphalia, Germany) were enrolled in this study. The patients were classified based on their symptoms as non-critical COVID-19 course (COVID-19
control) or COVID-19-associated ARDS (ARDS). The patients were analyzed at two time points: shortly after hospitalization (initial visit) and after clinical improvement (follow-
up visit). For the ARDS group, the initial visit corresponds to the first available visit after ARDS symptoms were observed, and the follow-up visit corresponds to discharge from
the intensive care unit (ICU). The profiling included evaluation of SARS-CoV-2 S-protein-specific IgG serum antibodies, as well as phenotyping of all major immune cell
populations by flow cytometry, and characterization of B and T cell subsets. T cells reactive to the SARS-CoV-2 S-protein were also analyzed by application of overlapping

peptide pools.

of the results caused by the sex mismatch between the groups, we per-
formed a bivariate regression analysis for all relevant factors (Table S2,
and described in more detail in the corresponding parts of Results).

The Degree of Lymphopenia Is Associated with COVID-19
Severity

The absolute counts of circulating leukocytes, including lymphocytes,
granulocytes, and monocytes, were below the reference level at the
first visit and at the follow-up visit for most patients (Figure S1). At
the initial visit, ARDS patients showed significantly lower lympho-
cyte, CD3" T cell, and natural killer (NK) cell counts than did the con-
trol group. Furthermore, we observed a significantly higher eosino-
phil count in ARDS patients at the initial visit.

To exclude patient-specific variations caused by lymphopenia, the
analysis of the T cell compartments was based on relative values.
For the initial visit, the relative frequency of lymphocytes within
the leukocyte population was significantly lower in the ARDS group
(Figure SIH). At the same time, no significant differences were
observed in subtypes of T cells in this group (Figures S1I-S1K). Inter-
estingly, after the improvement of COVID-19 symptoms, the differ-
ences in the distribution of the lymphocyte frequency for the COVID-
19 control group and ARDS survivors decreased. However, no general
conclusion should be made from this observation due to the low num-
ber of ARDS survivors. The bivariate regression analysis found no ev-
idence of a confounding effect of sex for the differences in circulating
leukocytes between the two groups (p > 0.05, Table S2).

Increased Magnitude and Functionality of SARS-CoV-2-
Reactive T Cells in ARDS Patients

Next, we analyzed whether ARDS patients were able to generate a
SARS-CoV-2-reactive T cell response and how this response differed

between the ARDS and COVID-19 control group. At the initial visit,
we found more ARDS patients with detectable SARS-CoV-2-reactive
CD4"CD154" T cells as compared to the control group (10/17
[58.8%] versus 8/10 [80.0%], respectively); however, this difference
was not statistically significant (Table S3). The number of patients
with detectable S-protein-reactive CD4" T cells increased to
100.0% at follow-up in both groups (12/12 versus 4/4, respectively)
(Table S3). Interestingly, during the whole observation period, a
lower percentage of patients in the COVID-19 control group had
detectable CD8'CD137" T cells (initial visit, 7/17 [41.2%]; follow-
up, 5/12 [41.7%]), whereas in the ARDS group, the frequency was
comparable to that of CD4"CD154" T cells (initial visit, 8/10
[80.0%]; follow-up, 4/4 [100.0%]). However, none of these differ-
ences was statistically significant, and caution is advised in the inter-
pretation of these results, due to the low number of ARDS survivors
in our study cohort.

Furthermore, we compared the magnitude of T cell responses be-
tween the groups. At the initial visit, we found a significantly higher
frequency of S-protein-reactive CD4"CD154" and CD8'CD137*
T cells in ARDS patients as compared to controls (Figure 2). The ab-
solute counts of S-protein-reactive T cells showed statistically signif-
icant differences only for CD8'CD137". CD4'CD154" T cells
demonstrated a tendency toward a higher number in ARDS patients
but did not reach statistical significance, presumably due to general
lymphopenia (Figure S2). Looking at CD4" T cells, we further de-
tected a significant difference in the frequency of CD4"CD154"
T cells producing IL-2 (Figure 2A). Similar to CD4"CD154  cells,
the data on absolute counts of IL-2-producing CD4"CD154"
T cells did not reach statistical significance due to lymphopenia
(Figure S2A). Although we found significantly higher frequencies
and counts for CD8*CD137" cells in ARDS patients, the number of
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S-protein-reactive CD8'CD137" T cells was generally very low,
and no interpretation of the differences in cytokine-producing
CD8"CD137" T cells could be achieved. Interestingly, despite the
low number of ARDS survivors (4/10), these patients still showed
significantly higher CD8"CD137" cell counts at the follow-up visit.
We found no evidence of a confounding effect of sex for the encoun-
tered differences between ARDS patients and COVID-19 controls
and in SARS-CoV-2-reactive T cells (p > 0.05, Table S2).

Polyfunctional T cells, defined by the expression of more than one
cytokine, have been described as a hallmark of protective immunity
in viral infections.?® Thus, we evaluated the combined expression of
IL-2, tumor necrosis factor (TNF)-a, IFN-v, and granzyme B. At
both visits the CD4" T cell response was dominated by double cyto-
kine-producing T cells in ARDS patients and the COVID-19 con-
trols (Table S4). While all ARDS patients demonstrated bi-func-
tional CD4'T cells, only 70%-80% of patients in the COVID-19
control showed double cytokine-producing CD4" T cells. CD4"
T cells simultaneously producing three or four cytokines were de-
tected in fewer patients for both groups at the initial visit. However,
at follow-up, 100% of ARDS patients demonstrated detectable tri-
functional CD4" T cells as compared to only 53% in the control
group. A similar prevalence of bi-functional cells was found for
CD8" T cells, with the number of patients with detectable three-
and four-functional CD8" T cells being lower in both groups. How-
ever, comparing both groups at the initial and follow-up visits, we
observed a significantly higher prevalence of patients with tri-func-
tional CD8" T cells in ARDS patients, as compared to the COVID-
19 controls.

To better evaluate the specificity of the findings on S-protein-reactive
T cells in COVID-19 patients, we analyzed S-protein-reactive T cells
in blood samples of a small cohort of SARS-CoV-2 unexposed healthy
donors (n = 10) and compared them to the COVID-19 control group
(Figure S3). While a general tendency for more S-protein-reactive
T cells with significant differences for CD4"CD154", CD4"CD154"
IL-2%, and CD4"CD154"TNFa"* was observed in COVID-19 patients,
a CD4" and CD8" T cell response against the S-protein was also
detectable in several SARS-CoV-2 unexposed, healthy donors. As
already demonstrated in previous studies,””*® these findings might
indicate reactivity against common cold corona viruses™ '
COVID-19 subjects.

in non-

Correlation between SARS-CoV-2-Specific Humoral and

Cellular Immunity

The activation of B cells by CD4" T cells is crucial for the induction of
a robust antibody response. As expected, we found a correlation be-
tween humoral and cellular immunity. Samples with detectable
SARS-CoV-2-reactive CD4"CD154" T cells had significantly higher
antibody titers, independent of the visit time points (Figure 2C).
Moreover, among the samples with a detectable anti-SARS-CoV-2
CD4" response, both frequency and counts of CD4"CD154" T cells
correlated significantly with the magnitude of the humoral response
(Figure S2C). Importantly, we also observed a strong correlation be-
tween antibody titers and the 50% neutralization dose (Figure 2C),
indicating neutralizing capacity of most of the anti-SARS-CoV-2
antibodies.

ARDS Is Associated with Decreased Frequencies of
Lymphocytes with a Differentiated and Activated Cytotoxic
Phenotype

Given the observed increased magnitude of antiviral T cell responses
in ARDS patients, we further explored the activation/differentiation
status of T cells in the peripheral circulation. We evaluated and
compared the alteration of various T and B cell subsets between
ARDS patients and COVID-19 controls at the initial visit and at
follow-up visits (Figure 3). ARDS patients displayed a significantly
lower number of central memory CD4" cells, but not CD8" cells (Fig-
ures 3A and 3B). No significant difference was observed for TEMRA
cells. However, a strong trend toward a reduced CD8" cell count in
the ARDS population at the initial visit was observed (p = 0.08) (Fig-
ures 3C and 3D). We then analyzed the expression of major histo-
compatibility complex (MHC) class II human leukocyte antigen
(HLA)-DR, which is expressed on activated and proliferating
T cells, CD57, which is mainly expressed on highly cytotoxic but se-
nescent T cells, and CD28, which is a co-stimulatory molecule and
essential for T cell activation, survival, and proliferation.’zz’34 We
found significantly lower frequencies of T cells with an activated
effector phenotype expressing HLA-DR (Figures 3E and 3F) in
ARDS patients compared to COVID-19 controls. While no clear ef-
fect on CD57" was observed (Figures 3G and 3H), a significant reduc-
tion of CD28"CD4™ T cells but not CD28"CD8" T cells was also
observed in ARDS patients (Figures 3I and 3]). Interestingly, we
found significantly lower frequencies of CD1la-expressing CD4"
and CD8" T cells in all ARDS patients (Figures 3K and 3L). In the

Figure 2. Increased Magnitude of Cytokine Producing S-Protein-Reactive T Cells in ARDS Patients in the Initial Visit and at Follow-up

The presence and functional status of SARS-CoV-2-reactive T cells was evaluated using PBMCs, isolated from the peripheral blood of 27 patients (17 COVID-19 control, in
white, and 10 ARDS, in gray). Defrosted PBMCs rested for 24 h before treatment with overlapping peptide pools covering immune-dominant regions of the SARS-CoV-2 S-
protein. The cells were stimulated for a total of 16 h and in the presence of brefeldin Afor the last 14 h. The complete gating strategy is presented in Figure S6. No measurements
of IgG antibodies were available for ARDS patients. (A) CD4"CD154™ frequency (first row) for ARDS and COVID-19 control patients at the initial visit (left boxplots) and follow-up
(right boxplots), and frequencies of CD4*CD154* cells expressing granzyme B (GrB), INF-v, IL-2, and TNF-a. (rows two to four). (B) CD8+*CD137* frequency (first row) for ARDS
and COVID-19 control patients at the initial visit (left boxplots) and follow-up (right boxplots), and frequencies of CD8*CD137* cells expressing GrB, INF-vy, IL-2, and TNF-a.
(rows two to four). Boxplots depict the median and the first and third quartiles. The whiskers correspond to 1.5 times the interquartile range. (C) Left side: comparison of the
relative titers of SARS-CoV-2 S-protein-specific IgG antibodies, measured by ELISA and evaluated as the ratio to an internal control for samples with SARS-CoV-2-specific
CD4* T cells; the comparison of the relative titers classified depending on whether they had detectable virus-specific CD4* T cells and the correlation of the relative titers with
the frequency of virus-specific CD4* T cells are shown. Right side: comparison of the relative titers of SARS-CoV-2 S-protein-specific IgG antibodies with the 50%
neutralization dose. For the analysis of the antibody neutralization dose, the data were log transformed, assigning a value of zero for those with a value below the detection limit.

Molecular Therapy Vol. 28 No 12 December 2020 2695
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Figure 3. Decrease of Lymphocyte Frequencies with Differentiated and Activated Cytotoxic Phenotype in ARDS Patients at the Initial Visit

Peripheral blood from 37 patients from the COVID-19 control group (n = 27, in white) or ARDS group (n = 10, in gray) was subjected to evaluation for differentiation (A-D) and
activation state of T cell (E-L) and B cell (M-O) subsets using multiparametric flow cytometry. The subsets of the CD3* T cells and the CD19" B lymphocyte were identified
according to the gating strategy depicted in Figures S8-510. In all cases, the left boxplots show the data for the initial visit, while the right boxplots depict the data at follow-up.
The shaded area indicates the reference range as detected in healthy individuals. Boxplots depict the median and the first and third quartiles. The whiskers correspond to 1.5

times the interquartile range.

B cell compartment, we found a significant reduction in the fre-
quencies of transitional CD19" cells in all ARDS patients (Figure 3M).
At the same time, no effect of disease severity was observed on mar-
ginal zone B cells or plasmablasts (Figures 3N and 30). With the
improvement of the clinical manifestations at the follow-up visit,
the differences between the two groups became less marked, except
for the frequencies of transitional CD19" cells, which remained low
for all ARDS patients (Figure 3M).

Overall, we observed a decrease in the frequency of activated and differ-
entiated effector T cells in the peripheral circulation of ARDS patients.
We further analyzed the changes in the T cell subsets for the four ARDS
survivors (Figure 4). Interestingly, despite the low patient numbers, a
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significant recovery of the reduced frequencies of CD11a™ T cells
among CD4" and CD8" T cells (Figures 4A and 4B) was observed.
We could find a significant increase in CD8"CD11a*" cells expressing
HLA-DR, CD28, and CD57 (Figures 4D and 4F). CD4*CD11a*" cells
expressing HLA-DR, CD28, and CD57 also increased; however, without
reaching statistical significance (Figures 4C, 4E, and 4H). Importantly, a
comparison with a small cohort of patients on mechanical ventilation
due to non-COVID-19 pneumonia and sepsis seemed to support the
hypothesis that the observed alterations were specific for SARS-CoV-
2 infection (Figure S4).

In addition, bivariate regression was performed to exclude a possible
confounding effect of sex for the identified cellular alterations
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Figure 4. Recovery from ARDS Is Accompanied by the Recovery of Depleted T Cell Subsets with an Activated Differentiated Effector Phenotype

The kinetics of T cell subsets with an activated terminally differentiated effector phenotype were evaluated in the four ARDS survivors. The subsets of the CD3* T cells were
identified according to the gating strategy in Figure S8, and showing cells expressing CD11a (A and B), CD11a**HLA-DR* (C and D), CD11a**CD28*CD57*HLA-DR* (E and
F), HLA-DR (G) and CD28 (H). Boxplots depict the median and the first and third quartiles. The whiskers correspond to 1.5 times the interquartile range.

(Table S2). In the present study, a potential confounding sex effect for
CD4"CD11a"" was observed. However, this effect can be neglected,
since the same ARDS patients showed a very strong recovery for
the described subsets at follow-up (Figure S4A). For the other
markers significantly associated with COVID-19 ARDS, no signifi-
cant sex effect was found (Table S2).

Demonstrated Immune Alterations Are Not Due to the Sampling
Time Bias

To confirm that the observed results were not due to the differences in
follow-up duration, we performed additional analyses using samples
of both groups obtained at similar time points in days after initial
diagnosis (7 [3-10] days for the COVID-19 controls versus 8 [6-
15] days for the ARDS cohort; p = 0.766). The comparison was per-
formed for all markers that showed significant differences at the
initial visit (Figure S5). With all of these precautions in place, the dif-
ferences in leukocyte subsets were still found to be significant, except
for the eosinophil counts (Figures S5A-S5E), where the difference de-

tected at the initial visit disappeared with time. While no differences
were observed for CD4"CD154" cells, an apparent difference re-
mained for CD8"CD137" cells (Figures S5F-S5H). Importantly,
none of the differentiation and activation markers associated
with ARDS showed evidence for a bias of time: for CD4"CM,
CD4'HLA-DR', CD8"HLA-DR', CD4'CDl11a"*, CD8'CD11a"",
CD4"CD28", and transitional B cells a significant difference was
found between the COVID-19 control and the ARDS group at the
the matched time points (Figures S5I-S50).

DISCUSSION

Herein, we present a comprehensive immune profiling study in a
cohort of 45 COVID-19 patients, where 35 patients had mild to mod-
erate symptoms, and 10 patients suffered from severe COVID-19-
associated ARDS. Our data suggest an intriguing association with
the quantitative composition and functionality of several immune
cell subsets and the clinical manifestation of COVID-19, pointing
to a potential pathogenic immune response in ARDS patients. The
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most potent SARS-CoV-2-specific T cell immunity was detected in
patients with the worst lung tissue damage, similar to findings
described in previous studies.”” Furthermore, this is a hitherto unre-
ported significant and temporary reduction of circulating CD11a™"
T cells, suggesting that migration of these cells from the vasculature
into the adjacent tissue followed by a specific immune reaction may
constitute a pathophysiological mechanism for tissue injury in
COVID-19.

Impaired immune regulation and increased inflammation have been
reported for patients with SARS-CoV-2-related ARDS.'®** Patients
with ARDS showed IL-6-driven hyperinflammation and T and B
cell lymphopenia.'® In line with these findings, we found lower
numbers of circulating T and B cell subsets in COVID-19-associated
ARDS patients compared to mild/moderate COVID-19 control pa-
tients. The ARDS group had significantly lower frequencies of
T cell subsets with advanced differentiation, activation, and func-
tional properties, which are known to be involved in immune activa-
tion and the cytotoxic response against foreign antigens.’® > The
reason for the reduction in these effector T cells in the circulation
of this group of patients is not yet fully understood. It could poten-
tially be caused by activation-induced apoptosis or by inflamma-
tion-triggered cell migration.’® The latter is more plausible given
that CD11a is a key T cell integrin, essential for T cell activation
and migration.*” This hypothesis is further supported by the clinical
improvement in the four ARDS survivors being accompanied by a
normalization of the frequency of CD11a*" T cells in the peripheral
blood.

Although the information is sparse, several groups have reported on
lung-infiltrating T cells in COVID-19 patients to a more consider-
able degree than observed for influenza infection.””** An increase
in CD4" T cells and a decrease in CD8" T cells in patients with se-
vere manifestations have been identified using single-cell RNA
sequencing of bronchoalveolar lavage from COVID-19 patients.'***
Furthermore, a negative association between IL-6 serum levels, a
cytokine known to upregulate the expression of the migratory che-
mokine receptors CXCR6 and CCR5 on memory T cells,** and the
number of T cells in the circulation has been observed.**® There
are also reports showing increased expression of CXCR6 on lung
T cells, as compared to peripheral blood T cells.*”*® As such, we
deem it a likely hypothesis that lymphocyte migration into tissues,
triggered by inflammation, may be responsible for the reduction
of activated terminally differentiated T cell subsets in the peripheral
blood. This hyposthesis should be tested in future studies, keeping
in mind that lungs might not be the only target for the migrating
T cells, as extrapulmonary manifestations of COVID-19 have

49-53
been reported.”

Our findings support the proposed hypothesis of immunopathogen-
esis as a leading cause of COVID-19 severe morbidity and mortal-
ity.'>>*°° In the studied patients, we observed an increased frequency
of SARS-CoV-2 S-protein-reactive CD4" and CD8" T cells in the
ARDS group. The antiviral activity of the detected T cells could be
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confirmed by their polyfunctionality as defined by the simultaneous
release/expression of several cytokines.”® The magnitude of the S-pro-
tein-reactive T cell response is also comparable with earlier data
reported on S-protein-reactive T cells in patients with COVID-19-
associated ARDS.”” The reason for the observed higher number of
SARS-CoV-2-reactive T cells in ARDS patients might potentially be
explained by a disturbed migration of antigen-specific cells into the
infected tissue, leading to impaired viral clearance. Another explana-
tion is the unspecific migration of effector T cells into this area
through bystander activation, leading to increased inflammation
within infected tissue and the relative abundance of S-protein-reac-
tive T cells in the circulation. Therefore, the evaluation of S-pro-
tein-reactive T cells expressing the tissue homing marker CD1la
may be an important prognostic tool to understand the migratory
behavior of antiviral T cells and should be performed in future
studies. However, it is also possible that the composition of the pe-
ripheral immune cells mirrors the situation in the infected tissue,
where severe virus infection with high antigen load led to generation
of the large number of antigen-reactive effector T cells, causing injury
of the affected organ.

Although the protective capacity of SARS-CoV-2-reactive T cells still
needs to be evaluated, COVID-19 disease progression was accompa-
nied by a higher magnitude of IL-2-, IFN-vy- and TNF-a-producing
cells. This finding has important clinical implications in terms of
the potential therapeutic effects of immunosuppressive approaches
at this stage of the disease. Indeed, recent studies described a positive
effect of anti-IL-6 or anti-IL-1 therapy, with similar observations
reported in the Randomized Evaluation of COVID-19 Therapy
(RECOVERY) study (ClinicalTrials.gov: NCT04381936) for dexa-
methasone in ARDS patients.'***>>°7>%

In conclusion, the data presented herein are supportive of immune
pathogenesis as an underlying cause of COVID-19-associated
ARDS. Additionally, the identified CD11a-based immune signature
could be used as a novel prognostic marker for disease progression.
Since most immunodiagnostic laboratories already offer the proposed
marker analysis, multi-center evaluation of this marker should be
contemplated, so it can readily be utilized for patient monitoring in
the current pandemic.

MATERIALS AND METHODS

Study Population and Design

Forty-five patients with a mild and moderate COVID-19 course
(COVID-19 control, n = 35) or COVID-19-associated ARDS
(ARDS; n = 10) consecutively admitted to University Hospitals Essen
and Bochum, Germany, were recruited into the study. The classifica-
tion of COVID-19 manifestation was performed following Siddigi
and Mehra." Subjects were eligible for enrollment when they met
the following inclusion criteria: (1) a positive SARS-CoV2 PCR test
and (2) signed written informed consent. The patients of the
COVID-19 control group were recruited after COVID-19 diagnosis
(initial visit). For ARDS patients, recruitment took place at the first
available time point after ARDS diagnosis. The second sample was
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available after clinical improvement at patient discharge (follow-up
visit). A small cohort of patients with non-COVID-19 pneumonia
requiring mechanical ventilation (n = 3) and SARS-CoV-2 unexposed
healthy donors (n = 10) recruited before COVID-19 pandemics were
also included as controls.

Demographics and clinical characteristics of patients are shown in
Tables 1 and SI.

Preparation of PBMCs

Peripheral blood was collected in S-Monovette K3 EDTA blood
collection tubes (Sarstedt). Collected blood was pre-diluted in PBS/
BSA (Gibco) at a 1:1 ratio and underlaid with 15 mL of Ficoll-Paque
Plus (GE Healthcare). Tubes were centrifuged at 800 x g for 20 min at
room temperature. Isolated peripheral blood mononuclear cells
(PBMCs) were washed twice with PBS/BSA and stored at —80°C until
use as previously described.”

Stimulation with SARS-CoV-2 Overlapping Peptide Pools

Isolated PBMCs were stimulated with SARS-CoV-2 PepTivator (Mil-
tenyi Biotec) overlapping peptide pools (OPPs) containing overlap-
ping peptides spanning the immune dominant regions of surface
glycoprotein as predicted by in silico analysis.”” The peptide pools
(GenBank: MN908947.3, QHD43416.1) include the sequence do-
mains amino acids 304-338, 421-475, 492-519, 683-707, 741-770,
785-802, and 885-1273. Peptide pools were dissolved per the manu-
facturer’s directions and used at a concentration of 1 pg/mL. 2.5 x 10°
PBMCs were thawed and plated for each condition in 96-U-Well
plates in RPMI 1640 media (Life Technologies), supplemented with
1% penicillin-streptomycin-glutamine (Sigma-Aldrich), and 10%
fetal calf serum (FCS) (PAN-Biotech) and were stimulated or left un-
treated as a control for 16 h. As a positive control, cells were stimu-
lated with staphylococcal enterotoxin B (SEB) (1 ug/mL, Sigma-Al-
drich), and negative control was with vehicle (a medium to dissolve
peptide pools). After 2 h, brefeldin A (1 pg/mL, Sigma-Aldrich)
was added. As previously applied by our groups and others, anti-
gen-specific responses were considered positive after the non-specific
background was subtracted, and more than 0.001% or at least 15 pos-

5,6

itive cells were detectable.”®' Negative values were set to zero.
Antibodies

Antibodies for general phenotyping were as follows (all antibodies were
from BioLegend unless otherwise noted): CD45-Alexa Fluor 488
(A488), clone 2D1; CD56-peridinin chlorophyll protein (PerCP)-
Cy5.5, clone NCAM; CD14-phycoerythrin (PE)-Vio 770, clone TUK4
(Miltenyi Biotec); CD4-Alexa Fluor 700 (A700), clone OKT4; CD16-al-
lophycocyanin (APC)-Vio 770, clone REA423 (Miltenyi Biotec); CD8-
V500, clone RPA-T8 (Becton Dickinson); CD19-Brilliant Violet 605
(BV605), clone HIB19; HLA-DR-Brilliant Violet 650 (BV650), clone
L.243; CD3-Brilliant Violet 785 (BV785), clone OKT3.

Antibodies for T cell subsets were as follows (all antibodies were from
Beckman Coulter unless otherwise noted): CCR7-PE, clone G043H7;
CD127-PC7, clone R34.34; CD25-fluorescein isothiocyanate (FITC),

clone B1.49.9; CD3-APC-750, clone UCHT1; CD45RA-Pacific
Blue, clone 2H4; CD4-ECD, clone SCF4112T4D11; CDS8-APC,
clone B9.11; T cell receptor (TCR)a/B-PerCP-Cy5.5, clone IP26
(BioLegend); TCRY/d-Brilliant Violet 510 (BV510), clone Bl
(BioLegend).

Antibodies for the T cell activation state ex vivo were as follows (all
antibodies were from Beckman Coulter): CD11a-FITC, clone 25.3;
CD28- PerCP-Cy5.5, clone CD28.2; CD57-Pacific Blue, clone NC1;
CD3-APC-750, clone UCHT1; HLA-DR-PE, clone Immu-357;
CD4-ECD, clone SCF4112T4D11; CD8-APC, clone B9.11.

Antibodies for B cell subsets were as follows (all antibodies were from
Beckman Coulter unless otherwise noted): CD19-ECD, clone J3-119;
CD21-APC, clone B-ly4 (BD Biosciences); CD24-PerCP-Cy5.5, clone
ALB9; CD27-PC7, clone 1A4CD27; CD38-APC-750, clone LS198-4-
3; CD45-KrOrange, clone J33; HLA-DR-PE, clone Immu357; immu-
noglobulin (Ig)D-FITC, clone IA6-2; IgM-Pacific Blue, clone.
SA-DAA4.

Antibodies for SARS-Cov-2-specific T cells were as follows (all anti-
bodies were from BioLegend unless otherwise noted): surface stain-
ing: CCR7 (CD197)-PerCP-Cy5.5, clone G043H7; CD4-A700, clone
OKT4; LD eFluor 780 (eBioscience), CD8-V500, clone RPA-T8
(BD Biosciences); CD45RA-BV605, clone HI100. Intracellular stain-
ing: granzyme B-FITC, clone GB11; IL-2-PE, clone MQ1-17H12; IL-
4-PE-Dazzle 594, clone MP4-25D2; CD137 (4-1BB)-PE-Cy7, clone
4B4-1; CD154 (CD40L)-Alexa Fluor 647 (A647), clone 24-31; TNF-
a-eFluor 450, clone MAb11 (eBioscience); IFN-y-BV650, clone
4S.B3; CD3-Brilliant Violet 785 (BV785), clone OKT3. Fixable
viability dye eFluor 780 (eBioscience) was used for live/dead
discrimination.

Flow Cytometry

EDTA-treated whole blood was stained with optimal concentrations
of each antibody for 10 min at room temperature in the dark. Eryth-
rocytes were lysed using VersaLyse (Beckman Coulter) with 2.5%
IOTest 3 fixative solution (Beckman Coulter) for 30 min at room tem-
perature in the dark. Samples for general phenotyping were immedi-
ately acquired, while samples for T and B cell subsets were washed
twice with PBS/BSA. Samples for the B cell subset were washed twice
with PBS prior to staining with antibodies.

T cells stimulated with SARS-Cov-2 OPPs were stained with optimal
concentrations of antibodies for 10 min at room temperature in the
dark. Stained cells were washed twice with PBS/BSA before prepara-
tion for intracellular staining using the Intracellular Fixation & Per-
meabilization Buffer Set (Thermo Fisher Scientific) as per the manu-
facturer’s instructions. Fixed and permeabilized cells were stained for
30 min at room temperature in the dark with an optimal dilution of
antibodies against the intracellular antigen.

All samples were immediately acquired on a CytoFLEX flow cytom-
eter (Beckman Coulter). Quality control was performed daily using
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the recommended CytoFLEX daily QC fluorospheres (Beckman
Coulter). No modification to the compensation matrices was required
throughout the study.

SARS-CoV-2 IgG Antibody Titers

Peripheral blood was collected in S-Monovette Z-Gel (Sarstedt).
SARS-CoV-2 IgG titers were analyzed in purified serum using a
SARS-CoV-2 IgG kit (Euroimmun, Liibeck, Germany). The test
was performed according to the manufacturer’s instructions. Briefly,
serum samples were diluted 1:100 and added to plates coated with re-
combinant SARS-CoV-2 antigen. Bound SARS-Cov-2 S1 protein-
specific IgG was detected by a horseradish peroxidase (HRP)-conju-
gated anti-human IgG. The absorbance was read on a microplate
reader at 450 nm with reference at 620 nm and evaluated as the ratio
the absorbance of the sample to the absorbance of the internal
standard.

SARS-CoV-2 Neutralizing Antibodies

To determine the capacity of serum antibodies to neutralize the virus,
a propagation-incompetent vesicular stomatitis virus (VSV)*DG
(firefly luciferase) pseudovirus system bearing the SARS-CoV-2 spike
protein in the envelope was used. The pseudovirus system was incu-
bated with serial dilutions of sera prior to the infection of Vero E6
cells using pseudovirus. Vero E6 cells were maintained in Dulbecco’s
minimal essential medium (Life Technologies, Zug, Switzerland) sup-
plemented with 10% fetal bovine serum and non-essential amino
acids (Life Technologies). 18 h after infection, firefly luciferase re-
porter activity was determined. The 50% neutralization dose was
determined as the reciprocal antibody dilution causing 50% inhibi-
tion of the calculated luciferase reporter.

Statistical Analysis

Flow cytometry data were analyzed using Flow]Jo version 10.6.2 (BD
Biosciences); gating strategies are presented in Figures S6-S10. For
the analysis of anti-SARS-CoV-2 T cells, a threshold of 0.001% was
employed to define a detectable response. For the analysis of the anti-
body neutralization dose, the data were log-transformed, assigning a
value of zero for those with a value below the detection limit. In this
study, extremely high values were excluded from analysis; these were
determined based on Tukey’s fences (k = 3), estimated for all values
with a detectable response.

Statistical analysis was performed using R,” version 3.6.2. Categorical
variables are summarized as numbers and frequencies; quantitative
variables are reported as median and interquartile range. Boxplots de-
pict the median and the first and third quartiles. The whiskers corre-
spond to 1.5 times the interquartile range. All applied statistical tests
are two-sided. Unless otherwise stated, differences between groups for
categorical variables were calculated using Fisher’s exact test. Differ-
ences in quantitative variables between groups were analyzed using
the Mann-Whitney U test. The dynamics of quantitative variables
were analyzed using the paired t test, assuming a normal distribution
for the differences between the initial and follow-up visit. Correlation
size and significance were calculated using Spearman’s correlation co-
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efficient. Bivariate regression analysis was performed to exclude po-
tential bias in the analysis due to the unbalanced distribution of the
biological sex within the groups. Thus, for factors significantly asso-
ciated with illness severity, regression analysis was performed with
sex and COVID-19 severity as independent variables, without inter-
actions. p values below 0.050 were considered significant; only signif-
icant p values are reported in the figures. p values were not corrected
for multiple testing, as this study was of an exploratory nature.®’

Study Approval

The study was approved by the Ethics Committee of the Ruhr Univer-
sity Bochum (20-6886) and University Hospital Essen (20-9214-BO).
Written informed consent was obtained from all participants.
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