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Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) infection can lead to
life-threatening clinical manifestations. Patients with cardiovascular disease (CVD) are at
higher risk for severe courses of COVID-19. So far, however, there are hardly any strategies
for predicting the course of SARS-CoV-2 infection in CVD patients at hospital admission.
Thus, we investigated whether this prediction is achievable by prospectively analysing
the blood immunophenotype of 94 nonvaccinated participants, including uninfected and
acutely SARS-CoV-2-infected CVD patients and healthy donors, using a 36-colour spec-
tral flow cytometry panel. Unsupervised data analysis revealed little differences between
healthy donors and CVD patients, whereas the distribution of the cell populations changed
dramatically in SARS-CoV-2-infected CVD patients. The latter had more mature NK cells,
activated monocyte subsets, central memory CD4" T cells, and plasmablasts but fewer
dendritic cells, CD16* monocytes, innate lymphoid cells, and CD8* T-cell subsets. More-
over, we identified an immune signature characterised by CD161* T cells, intermediate
effector CD8* T cells, and natural killer T (NKT) cells that is predictive for CVD patients
with a severe course of COVID-19. Thus, intensified immunophenotype analyses can help
identify patients at risk of severe COVID-19 at hospital admission, improving clinical out-
comes through specific treatment.
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Introduction

Coronavirus disease 2019 (COVID-19) is a broad spectrum of clin-
ical manifestations caused by severe acute respiratory syndrome
coronavirus type 2 (SARS-CoV-2). Disease severity is related to
age, sex, and pre-exiing comorbidities, which impact the immune
response during infection [1, 2]. While some individuals experi-
ence no symptoms, others face fatal outcomes. Non-severe cases
typically prompt a robust, transient immune response, while
severe cases entail hyperactive immune cells, excessive cytokine
production, and elevated SARS-CoV-2 antibodies [3-6]. Common
complications among hospitalised patients include pneumonia,
sepsis, acute respiratory distress syndrome, and respiratory failure
[7]. Early in SARS-CoV-2 infection, pro-inflammatory cytokines
surge, potentially leading to hyperinflammation and subsequent
vascular issues, multi-organ failure, and death [8].

Cardiovascular disease (CVD) involves alterations in inflam-
matory mediators like C-reactive protein (CRP), platelet and
monocyte activation, and endothelial and immune cell changes,
crucial for atherogenesis and its progression [9, 10]. Ele-
vated cytokine levels recruit inflammatory cells like monocytes,
macrophages, and dendritic cells, contributing to atheroscle-
rotic lesions [9]. Additionally, pro-inflammatory adaptive immune
cells like Th1l and Th17 play roles in CVD [11-13], increasing
the risk of severe SARS-CoV-2 infection [14]. The heightened
pro-inflammatory and pro-thrombotic immune response in CVD
patients with COVID-19 can lead to myocarditis, acute coronary
syndrome, and respiratory complications, resulting in increased
mortality [15-18].

Identifying high-risk CVD patients prone to severe COVID-
19 remains a challenge, highlighting the need to understand
immune system dysfunctions underlying severe cases. We aimed
to identify immune system components predicting a severe course
of COVID-19 in CVD patients. We comprehensively analysed
innate and adaptive immune cells and cytokines in the periph-
eral blood of SARS-CoV-2-infected or uninfected CVD patients
using a 36-color spectral flow cytometry panel and a bead-
based immune assay, respectively. Our findings revealed a spe-
cific immune signature associated with COVID-19 severity in
CVD patients, offering potential predictive value upon hospital
admission.

Results

Clinical characteristics of patients with cardiovascular
disease and symptomatic acute SARS-CoV-2 infection

We prospectively studied a cohort of 94 nonvaccinated partici-
pants from February to April 2020 consisting of 20 CVD patients
and 37 CVD patients with symptomatic acute SARS-CoV-2 infec-
tion. Thirty-seven healthy donors (HD) served as controls. The
baseline characteristics and demographics of the overall cohort
are given in Table S1. The population’s median age was 58 (IQR
42-74) years, and 45 (47.9%) patients were men. No differ-
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ences regarding cardiovascular risk factors and co-morbidities
were found between CVD patients with and without SARS-CoV2
infection (Table S2). The CVD patients with SARS-CoV2 infection
had typical signs of infection, such as fever, cough, dyspnea, and
acute respiratory distress syndrome. Out of 37 CVD'TSARS-CoV-
2 patients, 20 showed respiratory failure with Horovitz index <
200 mmHg, while 11 (29.7%) were admitted to the ICU due to
progressive respiratory, circulatory, or multi-organ failure. Four-
teen CVDTSARS-CoV-2 patients developed a bacterial co-infection
during their hospital stay. Laboratory parameters like CRB
high-sensitive Troponin I, lactate dehydrogenase, and aspartate-
aminotransferase were significantly elevated in CVD+SARS-CoV-
2 compared with CVD patients (Table S2). Their ISARIC-WHO-4C-
mortality-score further stratified CVDTSARS-CoV-2 patients into
a group of expected mild, moderate, or severe course of COVID-
19 (Table S3 (https://isaric4c.net/risk/)). Patients with expected
mild COVID-19 were significantly younger (p = 0.016) than those
with moderate or severe disease course. Cardiovascular risk fac-
tors were equally distributed among the three groups, whereas
laboratory parameters like lymphocyte count, CRE and IL-6 levels
showed significant alterations (Table S3).

Characterisation of immune cell subsets in peripheral
blood using a 36-colour spectral flow cytometry panel

Frozen peripheral blood mononuclear cells (PBMCs) from the
described patient cohort were stained with a 36-colour antibody
panel (Fig. S1) related to a previously published panel [19] and
measured with a spectral flow cytometer to characterise all com-
mon immune cell subsets (Fig. 1A). Data analysis was performed
classically by manual gating (Fig. S2) as well as by unsuper-
vised analysis using a Uniform Manifold Approximation and Pro-
jection (UMAP) [20] for dimensionality reduction followed by
clustering using a self-organised map (FlowSOM) [21] (Fig. 1C).
UMAP plots show differences between the concatenated files of
the different cohort groups (Fig. 1B). Unsupervised data analy-
sis revealed the discrimination of 40 manually annotated specific
cell populations reflecting the manual gating strategy (Fig. S2).
These cell populations include B cells (lilac), CD4* (orange) and
CD8™ T cells (blue), NK cells (green), monocytes (pink), dendritic
cell subsets (violet), innate lymphoid cells (ILCs, light green) and
CD161" T cells (turquoise), as well as basophils (yellow) and neu-
trophils (purple).

Differences in the abundance and phenotype of
immune cell populations in SARS-CoV2-infected
compared with uninfected CVD patients

Next, we assessed the differences in the abundance of the 87
MCs obtained by FlowSOM (annotated to 40 different cell popula-
tions as described in Fig. 1) in PBMCs from HD and CVD patients
with and without SARS-CoV2 infection (Fig. S4). Comparison of
HD and uninfected CVD patients revealed a reduced frequency
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Figure 1. UMAP dimensional data analysis of PBMCs using a 36-colour antibody panel. (A) Clinical and experimental design of the study (B) UMAP
projection of PBMCs from healthy donors (HD, 37), CVD patients (CVD, 20), and CVD patients with SARS-CoV-2 infection (CVD + SARS-CoV2 patients,
37). The density plots show concatenated events from all of the indicated samples. (C) 40 FlowSOM clusters projected onto two UMAP dimensions
of concatenated events from all samples. FlowSOM clusters were assigned to depicted cell populations based on their marker expression.

of cells in clusters assigned to y3 T cells [22], Mucosal-associated
invariant T cells [23], naive CD8* T cells, early-like effector mem-
ory CD4" T cells (CD4" early-like Tep,), CD4~CD8™ T cells, and
naive B cells in CVD patients. In contrast, clusters corresponding
to innate inflammatory cells like CD14" monocytes, neutrophils
[24], mature NK cells, and CD8" central memory T cells (CD8"
Tem) showed increased cell frequencies in CVD patients compared
with HD (Fig. S5).

SARS-CoV-2-infected CVD patients revealed significantly
more mature NK cells, CD14TCD16% monocytes, plasmablasts,
and activated populations of CD14TCD45RA'T monocytes,
CD38%7CD4" Tepy, cells, and HLA-DR*CD38*PD-1"CD8 early Tem
cells compared with uninfected CVD patients (Fig. 2B). In con-
trast, a reduced proportion of innate lymphoid cells (ILCs), con-
ventional dendritic cell (¢DC) subsets ¢DC1 and ¢DC2, CD16%
monocytes, and less activated or mature populations of CD14*
monocytes, CD4*CD8* T cells, naive, central memory, early
effector-memory CD8" T cells and CD4" Trg were observed
in SARS-CoV2-infected compared with uninfected CVD patients
(Fig. 2). To complement our unsupervised analysis, we performed
a manual gating strategy (Fig. S2), which yielded comparable
results at the cell number level (Fig. S6). Additionally, fewer T

© 2024 The Author(s). European Journal of Immunology published by
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helper 17 (Th17), follicular T helper cells, and y§ T cells were
detected after SARS-CoV-2 infection.

In addition to changes in the proportion of immune cells,
SARS-CoV-2-infected CVD patients showed phenotypical changes
compared with uninfected CVD patients (Fig. S7). Innate immune
cells were more activated, as NK cell subsets expressed CD38,
CD95, and CCR5 more. Plasmacytoid DCs, important in viral
infections due to their type I interferon response [25], displayed
increased CCR7, CD38, and CD95 expression, and ILCs expressed
more CXCR3 or CD45RA, CD28, and CD25.

In contrast, the cDC subsets from SARS-CoV-2-infected CVD
patients showed less expression of HLA-DR and CD38 but
increased expression of CCR5, CCR7, CD11b, CD45RA, and IgG
(cDC2s) (Fig. S7), indicating cellular activation and migration,
but also reduced antigen presentation capacity. Similarly, all
monocyte subsets showed increased CCR7 expression, whereas
HLA-DR, CD38, and CD45RA expression was reduced. Most strik-
ingly, we found an enhanced expression of the thrombin receptor
CD141 on monocyte clusters from SARS-CoV-2-infected patients,
possibly alluding to impaired blood coagulation [26].

Adaptive immune cell populations displayed a more inhibitory
phenotype in SARS-CoV2-infected CVD patients compared with
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Figure 2. Differences between immune cell populations of CVD patients compared with SARS-CoV2-infected CVD patients. (A) Volcano plot com-
paring the frequency of cells in 87 FlowSOM clusters using edgeR. Significant clusters are depicted in green used in (B)~(D); FC = fold change. (B)
UMAP overlay plot shows concatenated events from the two groups of a. (C) Clustered heatmap displaying the frequency of cells in the FlowSOM
clusters. (D) Box plots show the abundance of the depicted MC with assigned cell populations of the individual samples. Data were analysed using
multiple Mann-Whitney non-parametric tests with a false discovery rate. Significant differences between the two patient cohorts are marked with
stars (* <0.05; ™ <0.01; ** <0.001; *** <0.0001).
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uninfected (Fig. S7). The only exception was the plasmablasts
showing reduced expression of the apoptotic marker CD95 com-
bined with increased CD38 expression, indicating a more func-
tional and long-living phenotype. B-cell subsets were charac-
terised by lower CD38, HLA-DR, CCR6, CD45RA, and IgD expres-
sion. CD8*" and most CD4" T-cell subsets showed increased
expression of the activation marker CD38, increased expres-
sion of inhibitory molecule PD-1, and less expression of the co-
stimulatory molecule CD28 and CXCR3. This hints towards an
impaired migratory and T-cell activation capacity of CD4" and
CD8™* T-cell subsets [27]. In summary, our data show an infection-
induced activation of innate immune cells in combination with
reduced numbers and inhibitory phenotypes of DCs and adaptive
immune cells.

Significant differences in chemokine and cytokine
profiles between SARS-CoV-2-infected and uninfected
CVD patients

Plasma levels of 25 common cytokines and chemokines were
analysed in HD and SARS-CoV-2-infected and uninfected CVD
patients. As shown previously, pro-inflammatory cytokines IL-6
and IL-18 were significantly increased in SARS-CoV-2-infected
compared with uninfected CVD patients and HD (Fig. S8A) [28,
29]. TNE IL-1f, IL-12p70, IL-23, and IL-33 levels were lower
in SARS-CoV-2-infected compared with uninfected CVD patients
and HD, whereas CCL2 and the CXCR3 ligands CXCL9, CXCL10,
and CXCL11 were elevated during SARS-CoV-2 infection. These
data indicate increased recruitment of monocytes (CCL2), NK,
CD4* Thl, and CD8" T cells (CXCR3 ligands), in combination
with impaired cell proliferation (IL-1b, TNF) and T-helper cell
differentiation (IL-12, IL-33, IL-23) in SARS-CoV-2-infected CVD
patients. Furthermore, IL-6 and IL-8 were significantly increased
in severe compared with mild SARS-CoV2-infected CVD patients,
whereas CCL17, responsible for the recruitment of T cells link
[27], was significantly less abundant in severely infected CVD
patients (Fig. S8B). Correlation analysis revealed significant asso-
ciations within the subgroups of SARS-CoV-2-infected, mainly
CXCL9 with CXCL10 and IL-10 with IFN-y, and uninfected CVD
patients with high correlations of IFN-a, IL-10, IL-12p40, IL-17A,
and TNF-a (Fig. S8C).

An immune signature of SARS-CoV-2-infected CVD
patients is associated with the severity of COVID-19

To determine an association between immune signatures and
COVID-19 severity, the abundance and alterations of immune cell
populations of CVD patients with expected mild, moderate, or
severe course of COVID-19, classified by their ISARIC WHO 4C-
Mortality-Score, were analysed.

Comparing the frequencies in the above-defined 87 MC from
patients with mild and severe or moderate and severe courses
of COVID-19 revealed 19 significantly different MCs among

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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the groups (Fig. 3A, Fig. S9). These comprised reduced fre-
quencies and numbers (Fig. S10) of neutrophils, CD161* T
cells, HLA-DRMCD14" monocytes, and IgGTCD95% B cells in
severe compared with mild SARS-CoV-2-infected CVD patients.
In contrast, a more significant proportion of mature NK cells,
CD45RA*CD14" monocytes, CD8"NKT cells, and several CD4"
and CD8" T-cell subsets, including CD4~CD8 HLA-DR* T cells,
naive CCR6TCXCX37CD4™ T cells, central memory, and effector
subsets was detected (Fig. 3).

Phenotypical changes included, for example, less CD19 expres-
sion on MC representing naive and memory B cells in severe
compared with mild and/or moderate SARS-CoV2-infected CVD
patients, indicating less B-cell receptor signalling [30] (Fig. S11).
Similarly, CD16 expression was lower on neutrophils, mono-
cyte subsets, mature NK cells, NKT cells, CD8" Tey and Temra
cells, and CD4" Ty cells from severe COVID-19, indicating
less antibody-dependent cellular toxicity and thereby less killing
of virus-infected cells (antibody-dependent cellular cytotoxicity
[31]). Accordingly, in CVD patients with a severe course of
COVID-19, CD14"CD16™ monocytes expressed less HLA-DR and
neutrophils, mature NK cells, CD161" T cells, and several clus-
ters representing CD4" naive, T., and Ten cells less CXCR3
(Fig. S11).

Thus, severe SARS-CoV-2 infection resulted in fewer innate
immune cells. Although an increased proportion of NK cells,
CD4*, and CD8" T-cell subsets were observed in CVD patients
with severe COVID-19, their expression of functional markers like
CD16 and CXCR3 was impaired, indicating an altered immune
response in this subgroup.

Immune signature is predictive of severity of
SARS-CoV-2 infection in CVD patients

We then sought to identify an immune signature that could predict
the course of SARS-CoV2 infection when hospitalised. We used a
combination of immune cell populations (unsupervised data anal-
ysis), which showed differences when comparing CVD patients
with mild and severe SARS-CoV-2 infection or with moderate
and severe SARS-CoV-2 infection (Fig. 4A). In mildly infected
SARS-CoV-2 CVD patients, more neutrophils, CD161* T cells and
IgGTCD95™ B cells were found, whereas severely infected patients
had more NKT cells, plasmablasts, CD4~CD8 HLA-DR* T cells
and CD4" Temra cells (Fig. 4A). When comparing the moderately
infected patients with the severely infected patients, the inter-
mediate effector CD8' T cells, CD8* NKT cells, and ¢cDC2 were
higher in moderately SARS-CoV-2-infected CVD patients (Fig. 4A
and B).

Next, to identify subjects with pre-existing CVD who devel-
oped severe COVID-19, we searched for combinations of immune
cell populations (immune signature). For this purpose, we used
the recently published CombiROC package [32]. This analysis tool
uses combinatorial analysis and ROC curves to accurately deter-
mine the optimal combination of markers from different omics
methods to predict differences between two groups. For this anal-
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Figure 3. Differences between immune cell populations in mild, moderate, and severe SARS-CoV2-infected CVD patients. (A) Volcano plots com-
paring the frequency of cells in the 87 FlowSOM clusters from mild [10], moderate [20], and severe [7] SARS-CoV2-infected CVD patients using edgeR.
Significant different clusters are depicted in green and used in (B)—(D). (B) The UMAP overlay plot shows concatenated events from the three groups
of (A). (C) The clustered heatmap displays the frequency of cells in the FlowSOM clusters. (D) Box plots show the abundance of the depicted MC
with assigned cell populations of the individual samples. Data were analysed using the Kruskal-Wallis nonparametric test with Dunn’s post-test.
Significant differences between the patient cohorts are marked with stars (* <0.05; * <0.01; *** <0.001).
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Figure 4. Correlation of immune cell abundance with disease severity. (A) Volcano plot comparing the cell frequencies of 40 assigned cell popula-
tions (from Fig. 1) from mild [10], moderate [20], and severe [7] SARS-CoV2-infected CVD patients using edgeR. Significantly different cell populations
are depicted in green and used in (B) and (C). (B) UMAP overlay plot shows concatenated events from the three groups of (A). (C) CombiROC analysis
comparing significantly different cell populations (from (A)) from patients with mild and severe (left) or mild and the combination of moderate and
severe course of infection (right). (D) OPLS-DA comprising immune cell populations and cytokine/chemokine plasma levels of patients with SARS-
CoV2 infection. Dots represent single study subjects and are coloured by disease severity (mild = blue, moderate = yellow, severe = red points). X-

and Y-axis shows the T score and percentage of explained variance.

ysis, we have selected these immune cell populations that differ in
abundance in the different cohorts of patients as described above.
The combination of CD161" T cells, intermediate effector CD8"
T cells, and NKT cells predicted a severe compared with a mild
course of disease in SARS-CoV-2 infected CVD patients at hospi-
tal admission with a sensitivity and specificity of 1 (pink line)
(Fig. 4C; Table S5). A combination of CD4% Temr, CD8THLA-
DR™CD38™" T cells, IgGTCD95" B cells, neutrophils, plasmablasts,
cDC1, and NKT cells is required to predict a mild versus moderate
or severe course of infection (Fig. 4C; Table S6).

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

To illustrate the importance of different immune parameters

in patients with different severity of infection, an orthogo-

nal partial least squares discriminant analysis (OPLS-DA) was

performed [33], including all immune cell populations and
cytokine/chemokine plasma levels of SARS-CoV-2 infected CVD
patients. The enormous impact of altered immune signatures

on clinical disease progression is indicated by the large variance

between patients with mild (blue) and severe (red) infections
(Fig. 4D). In contrast, PLS-DA analyses, including the immunolog-
ical parameters of the entire cohort, showed no clear separation
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of patients by baseline characteristics (i.e. age, sex, BMI, dia-
betes mellitus, or smoking, Fig. S12-S13), suggesting that the
impact of the immune signature on clinical disease progression is
substantial.

In conclusion, using high-resolution flow cytometry, we iden-
tified an immune cell combination consisting of CD161% T cells,
intermediate effector CD8*' T cells, and NKT cells that stratified
CVD patients at high risk of severe SARS-CoV2 infection on the
day of hospital admission.

Discussion

Our study identified a characteristic immune signature in patients
with CVD and acute, symptomatic SARS-CoV-2 infection that pre-
dicts a severe course of COVID-19. In contrast to previous studies,
we focused on patients with pre-existing CVD who are at high
risk of developing progressive cardiopulmonary failure as a result
of the infection [14, 15, 34]. Most other studies that examined
immune cell populations in the blood of SARS-CoV-2 infections
did not stratify their analyses by comorbidities [4, 5, 35-41]. Fur-
thermore, these studies did not consider the expected severity of
COVID-19 by association with established risk scores.

Compared with HD, a chronic pro-inflammatory response in
CVD patients might lead to a more pronounced immune response
to viral infections such as SARS-CoV-2. Consistent with and in
addition to previous studies, we observed changes in the frequen-
cies of innate immune cells like CD14" monocytes, neutrophils,
mature NK cells, and CD1617" T cells, and the adaptive immune
cells CD4TCD8*, CD8* naive and central memory T cells, y3 T
cells, early-like effector memory CD4™ T cells, and naive B-cell
subsets in CVD patients compared with HD [9, 13, 42]. Moreover,
IL-6 levels were increased in CVD patients compared with HD.

SARS-CoV-2 infection activates innate immune cells, reduces
their number, and induces inhibitory phenotypes of DCs and
adaptive immune cells in CVD patients. For example, in agree-
ment with other studies, we show fewer non-classical mono-
cytes in peripheral blood. These cells migrate to the site of organ
injury, where they maintain the inflammatory processes [36, 41,
42]. In addition, in SARS-CoV-2 infection, a higher proportion
of mature NK cells, CD14*CD16% monocytes, activated popu-
lations of CD14TCD45RA™ monocytes, plasmablasts, CD4THLA-
DR™CD38" and CD8"HLA-DRTCD38"PD-17" cells [4, 5, 35, 37,
40, 41], while ILCs, dendritic cell subsets ¢cDC1 and c¢DC2, less
activated/mature CD14% monocytes and CD8* T-cell subsets
were reduced [4, 5, 35, 40, 41, 43].

SARS-CoV-2-infected CVD patients also showed some pheno-
typic changes, the most important of which are briefly discussed
here, such as higher expression of CD38 on plasmablasts, mono-
cytes, NK cells, and T-cell subsets [37, 39, 41, 44] less HLA-DR
on antigen-presenting cells [4, 39, 41, 42, 45]. The thrombin
receptor CD141 was increased in monocytes [41]. CD141 impairs
blood coagulation, which, among other mechanisms, could be an
additional explanation for thromboembolic complications, espe-
cially in CVD patients and COVID-19 [26, 40, 41]. However, this

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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is rather observational, and one can only speculate that differ-
ent CD141 expressions in both patient groups might be one rel-
evant influencing factor during thromboembolic complications or
coagulopathy in SARS-CoV2 infection. The differences in CD141
expression were detected in the early stages of the infection,
which might also help identify patients at risk for coagulopa-
thy during the course of viral disease. In addition, the reduced
CD19 expression of plasmablasts and B-cell subsets could indi-
cate a lower B-cell receptor signalling [30, 35]. pDCs and c¢DC
subsets showed a more migratory phenotype, as evidenced by
their increased expression of CCR7. In contrast, CXCR3 was lowly
expressed on neutrophils, mature NK cells, CD161% T cells, and
several CD4% T-cell subsets, suggesting an impaired migratory
capacity. Ligands for CXCR3, CXCL10, and CXCL11 increased and
correlated with disease severity [46]. One possible explanation for
the reduced CXCR3 expression on many immune cells is downreg-
ulation upon ligand binding [47].

Interestingly, naive CD4"t and CD8" T cells from severely
infected CVD patients expressed more CD95 than those from
mildly infected patients, indicating impaired activation due to
CD95-mediated inhibition of the T-cell receptor signalling [48].
As with the NK cells [4], predominantly innate immune cells from
severely infected CVD patients expressed less CD16 than patients
with mild infection. This indicates reduced antibody-dependent
cellular cytotoxicity, which impairs the killing of virus-infected
cells [31]. In contrast to Georg et al. [49], we could not detect
CD16" activated T cells in severely infected SARS-CoV-2 CVD
patients. This discrepancy could be due to differences in the
cohorts (all-comers versus CVD patients) and medication before
blood sampling (partial medication such as antibiotics or steroids
compared with no medication in our study).

CVD patients with pre-existing cardiac and vascular dysfunc-
tion may benefit from intensified heart failure and anti-thrombotic
therapy before progression to respiratory failure [4]. Since there
is currently limited causal therapy for SARS-CoV-2 infection, early
identification and treatment of prognostically relevant comorbidi-
ties are critical to prevent a fatal course triggered by the disease.
Our study has shown that a combination of the abundance of
only three immune cells detected in the blood at hospital admis-
sion (NKT cells, CD1617" T cells, and intermediate CD8" effector
T cells) is sufficient to distinguish CVD patients with mild from
those with severe course of infection. This specific immune signa-
ture was independently associated with the assigned severity of
COVID-19.

A study from Messing et al. [50] showed that serum IL-10 lev-
els and specific monocyte subsets could serve as effective prognos-
tic biomarkers to predict the clinical outcomes of ICU COVID-19
patients at the time of admission. This study also demonstrated
the need for two biomarkers, measured by CYTOF and bead-based
immunoassay, to predict disease progression in COVID-19. In con-
trast to our approach, the sensitivity and specificity of these two
biomarkers were lower than those of our three biomarkers, and
two methods were required for prediction.

High-risk CVD patients could benefit from intensified moni-
toring and early anti-inflammatory treatment strategies, thereby
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preventing long-term ICU treatment or fatal outcomes. In addi-
tion, there were no confounding factors in the OPLS-DA analysis,
such as comorbidities, suggesting that the immune signature may
serve as an additional and objective tool for more intensive risk
assessment of CVD patients with COVID-19 and increased risk of
severe disease progression or infection-related disadvantages or
complications, respectively.

Data limitations and perspectives

Although we have studied a relatively large cohort of CVD patients
with and without SARS-CoV-2 infection and HD, the number of
patients with severe courses is limited. Moreover, we are unable
to provide data on healthy people without comorbidities, such as
diabetes, obesity, etc., who were infected with SARS-CoV-2 as they
were not treated in our hospital. Nevertheless, we have empha-
sised the similarities and differences between our cohort to sev-
eral studies focusing on SARS-CoV-2 infection in all individuals
(regardless of comorbidities) treated at the hospital in the discus-
sion.

We analysed PBMCs after density gradient centrifugation.
Therefore, a large part of the neutrophils is lost, which were
shown to be crucial for distinguishing between the fatal and non-
fatal outcomes of COVID-19 [39]. Moreover, our analyses did not
cover the immune response at the infection site.

Our study found that a specific immune signature is related
to the severity of COVID-19 in patients with CVD and can pre-
dict disease progression on first admission to the hospital. The
early determination of the immune signature could enable treat-
ing physicians to provide the best possible pharmacological and
device-based treatment at an early stage and thus improve clini-
cal outcomes.

In addition, the study demonstrates the relevance of high-
dimensional flow cytometry and bioinformatics analysis as a
proof-of-principle for detecting an immune signature at the pro-
tein level to predict disease progression. Further analyses of a
large cohort of nowadays vaccinated patients would be needed
for confirmation.

Materials and methods

Study design, participants, and assessment of clinical
parameters

From February to April 2020, we prospectively studied a con-
secutive cohort of 94 non-vaccinated participants at the Depart-
ment of Cardiology and Angiology of the University Hospi-
tal Tiibingen, Germany. Of these, 37 consecutive patients with
pre-existing CVD and symptomatic, acute SARS-CoV-2 infection
(CVD*SARS-CoV-2) were admitted to our emergency depart-
ment. Twenty patients with pre-existing stable CVD without infec-
tions were matched (Tables S1-S3). Thirty-seven healthy donors

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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(HD) served as controls (Table S1). All patients underwent clini-
cal and cardiac assessment, including echocardiography, electro-
cardiography, concomitant medication, comorbidities, and blood
sampling for routine laboratory parameters within 12 h of admis-
sion. SARS-CoV-2 infection was diagnosed by RNA detection from
nasopharyngeal secretions with real-time reverse transcriptase
polymerase chain reaction. Pre-existing CVD was defined as sta-
ble coronary artery disease, which had been determined by coro-
nary angiography and diagnosed when there was luminal steno-
sis of one or more coronary vessels >25-50% diameter before
hospital admission. Respiratory failure was defined by a Horovitz
index < 200mmHg [51]. The inclusion criteria were confirmed
CVD with or without SARS-CoV-2 infection and an age >18.
Exclusion criteria were other viral or bacterial infections and
malignancies.

Isolation of peripheral blood mononuclear cells

Blood samples of patients with CVD (including SARS-CoV-2 infec-
tion) and HD were collected in CPDA monovettes and were pro-
cessed within 4 h after blood collection. Peripheral blood mononu-
clear cells (PBMCs) were isolated using SepMate tubes (Stem
Cell Technologies) according to the manufacturer’s instructions.
The blood was diluted 1:1 with PBS, stacked on 15 mL Biocoll
separation solution ((1077 g/mL), Biochrom) in a 50 ml tube,
and centrifuged at 1200 x g for 10 min without brake at RT.
The clear supernatant containing the PBMCs was decanted and
washed three times with PBS+2% FCS. PBMCs were frozen as
aliquots of 1-2 x 107 cells/mL in RPMI1640 containing 20% FBS
and 10% DMSO at —150°C until further use. Using this purifica-
tion method, the PBMC fraction still contains 0.5-1% low-density
granulocyte contamination [19, 52].

Flow cytometry staining

PBMCs were thawed in a water bath at 37°C, and 10 mL RPMI
(Sigma) containing 50 KU DNasel (Merck) were added. Cells were
centrifuged at 400 x g for 5 min at RT. The supernatant was
discarded, and the cells were resuspended in 5 mL RPMI con-
taining 200 KU DNasel and incubated for 20 min at 37°C. The
cell numbers were determined by trypan blue exclusion using a
Neubauer counting chamber. Cells were washed once with PBS,
and 3 x 10° cells were stained with LIVE/DEAD fixable blue
dead cell stain kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions (final dilution 1:1000). All following
washing and incubation steps were performed with Cell Stain-
ing Buffer (BioLegend). Cells were incubated with Human True
StainFcX (BioLegend) at RT for 10 min, followed by extracellu-
lar staining for 1 h at 4°C using the antibodies listed in Table S4,
in a final volume of 100 pL containing 5 wL True-Stain Mono-
cyte Blocker (BioLegend). Cells were washed twice with stain-
ing buffer, and at least 1.5 x 10° cells were acquired using
an Aurora (Cytek Bioscience) with the SpectroFlow software.
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Unmixing was performed in SpectroFlow using cell- or bead-based
single-stain controls and unstained cells for autofluorescence
subtraction.

We performed a classical gating strategy (Fig. 1) for quality
control of the 36-colour panel and unsupervised data analysis
described in supplementary material using OMIQ software (Dot-
matics). The supporting information provides a detailed descrip-
tion of the data analysis.

Determination of plasma levels of
cytokines/chemokines

Two LEGENDPlex (Inflammation Panel 1 and Pro-inflammatory
Chemokine Panel; BioLegend) were performed to quantify the
chemokine and cytokine concentrations in human plasma. Sixty-
nine frozen plasma samples were analysed, consisting of 27 HD,
15 CVD, and 27 SARS-CoV-2-infected CVD patients. The assays
were performed according to the manufacturer’s manual. A FACS
Lyric (BD Biosciences) was used for the measurement. Data anal-
ysis was performed with the LEGENDPlex Data Analysis Software
(BioLegend).

Statistical analysis

Statistical analyses were performed with GraphPad Prism version
8.0.2 and R software version 4.0. We determined clinical and
laboratory baseline characteristics concerning measured immune
cell phenotypes, marker expression, and clinical outcome. Con-
tinuous variables are expressed as median + interquartile range
(clinical data) or median + standard deviation (flow cytometry
and cytokine data). All datasets were tested for normal distribu-
tion using the Shapiro-Wilk normality test. Since all normality
tests returned negative, data sets were compared using multiple
unpaired two-tailed Mann-Whitney U tests for two-group compar-
isons corrected for multiple comparisons using a false discovery
rate. Three-group comparisons were analysed using the Kruskal
Wallis non-parametric test with Dunn’s (Figures) or Bonferroni
(Tables) post-tests. Categorical data are presented as total num-
bers and proportions and were analysed using a chi-squared test.
Correlation calculations between two parameters were performed
by Spearman rank correlation coefficient r.

To summarise, correlations of essential parameters in CVD
patients with and without SARS-CoV-2 infection matrices were
generated using Rstudio “Corrplot” displaying correlations of
cytokines. Spearman’s p is coloured, and colour intensity and size
are plotted proportionally to correlation coefficients. The “Com-
biROC” package [32] (http://combiroc.eu/) was used in Rstudio
to determine the optimal combination of cell populations to dif-
ferentiate mild from severe or moderately SARS-CoV-2-infected
CVD patients. OPLS-DA [33] was performed using the “Metabo-
Analyst” package in RStudio. Comparisons were considered sta-
tistically significant if the two-sided p-value was <0.05 (* <0.05;
** <0.01; *** <0.001; **** <0.0001).

© 2024 The Author(s). European Journal of Immunology published by

Wiley-VCH GmbH.
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