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Abstract

Pediatric SARS-CoV-2 infection is often mild or asymptomatic and the immune

responses of children are understudied compared to adults. Here, we present and

evaluate the performance of a two-panel (16- and 17 parameter) flow cytometry-

based approach for immune phenotypic analysis of cryopreserved PBMC samples

from children after SARS-CoV-2 infection. The panels were optimized based on pre-

vious SARS-CoV-2 related studies for the pediatric immune system. PBMC samples

from seven SARS-CoV-2 seropositive children from early 2020 and five age-matched

healthy controls were stained for analysis of T-cells (panel T), B and innate immune

cells (panel B). Performance of the panels was evaluated in two parallel approaches,

namely classical manual gating of known subpopulations and unbiased clustering

using the R-based algorithm PhenoGraph. Using manual gating we clearly identified

14 predefined subpopulations of interest for panel T and 19 populations in panel B in

low-volume pediatric samples. PhenoGraph found 18 clusters within the T-cell panel

and 21 clusters within the innate and B-cell panel that could be unmistakably anno-

tated. Combining the data of the two panels and analysis approaches, we found

expected differentially abundant clusters in SARS-CoV-2 seropositive children com-

pared to healthy controls, underscoring the value of these two panels for the analysis

of immune response to SARS-CoV-2. We established a two-panel flow cytometry

approach that can be used with limited amounts of cryopreserved pediatric samples.

Our workflow allowed for a rapid, comprehensive, and robust pediatric immune

phenotyping with comparable performance in manual gating and unbiased clustering.

These panels may be adapted for large multi-center cohort studies to investigate the

pediatric immune response to emerging virus variants in the ongoing and future

pandemics.
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1 | INTRODUCTION

The current SARS-CoV-2 pandemic has been responsible for over five

million deaths by the time of this submission. A total of 10%–20% of

adult patients develop a severe or life threatening disease [1]. The major-

ity of children, however, develop mild symptoms, and their contribution

to spreading SARS-CoV-2 remains unclear [2, 3]. Immune responses of

children to SARS-CoV-2 after illness or asymptomatic infection remain

understudied compared to adults, and the understanding of how their

immune system clears the virus without resulting in excess inflammation

could provide clues for treatment of adult patients [4]. However, children

rarely do develop the Multisystem Inflammatory Syndrome in Children

(MIS-C) as a secondary consequence of a SARS-CoV-2 infection [5, 6].

Furthermore, the study of long-term immunological changes several

months after infection could provide important insights for the rational

planning of vaccination efforts for children of different age.

Here, we present an approach to rapidly analyze the frequencies of

lymphoid and myeloid cell populations, and the differentiation stages of

lymphocytes in pediatric samples of peripheral blood mononuclear cells

(PBMC) using two multicolor flow cytometry panels. Our aim was to

establish and evaluate panels with a robust performance in classical gat-

ing as well as state-of-the art flow bioinformatic approaches such as

unbiased clustering and visualization by Uniform Manifold Approxima-

tion and Projection analysis (UMAP). Since most broadly available

cytometers and commercial fluorochromes limit flow cytometry panels

to less than 20 markers, two different panels were designed. The goal of

panel T was to identify key functional subsets and differentiation stages

of T-cells. Panel B included markers for B-cell subpopulations and for

innate cell subsets. The panels have been tailored to target subpopula-

tions with higher relevance in children, such as recent thymic emigrants

(RTE) and innate lymphoid subsets, while also considering alterations

described for SARS-CoV-2 and other respiratory infections [5–10]. Fur-

thermore, the panels have been developed and optimized for

cryopreserved samples, making transport and remote analysis of speci-

mens possible for larger pediatric cohorts in multi-center settings.

2 | PATIENTS AND METHODS

2.1 | Patients

Preliminary titration of antibodies and test stainings were carried out

using anonymous buffy coats of adult blood donors from the Depart-

ment of Transfusion Medicine at the University Medical Center

Hamburg-Eppendorf, after their written informed consent . Pediatric

blood samples were obtained between May and July of 2020 through

the COVID-19 Child Health Investigation of Latent Disease (C19.

CHILD) Hamburg Study, registered at clinicaltrials.gov

(NCT04534608). Seroconverted children were identified by two inde-

pendent serum antibody tests in a screening blood sample. The tests

targeted the viral nucleocapsid and the S1 and S2 subunits of the viral

spike protein using the Elecsys® Anti-SARS-CoV-2 (Roche) and the

LIAISON® SARS-CoV-2 serological test (DiaSorin) respectively.

Healthy controls were selected based on a negative SARS-CoV-2 PCR

test and negative results in both antibody screening tests. Parents

provided written informed consent. Seropositive children were recal-

led at their convenience for a follow-up visit where PBMC samples

were obtained. Since presentation times after recall were variable,

serologic testing including quantitative serologies were repeated at

the time of PBMC sampling to confirm persistent seropositivity and

limit inconsistencies based on time since infection. This data as well as

age and gender distribution in the seropositive and control groups are

shown in Supplementary Table 3. The study was approved by the

local ethical committee of Hamburg (reference number: PV7336).

2.2 | Cryopreservation and thawing of PBMC
samples

Blood samples were drawn into EDTA tubes by skilled pediatric phle-

botomists and processed within 24 hours. PBMC were isolated using

SepMate tubes (StemCell) by gradient centrifugation according to the

manufacturer's instructions. PBMCs were cryopreserved in freezing

medium containing 50% FBS, 30% RPMI and 20% DMSO and stored

in liquid nitrogen until further analysis.

For analysis, frozen aliquots of PBMC were incubated for 1 min

in a 37�C water bath, then rapidly thawed in 37�C RPMI by gentle

pipetting. Viability was above 80% in all samples.

2.3 | Flow cytometry

Cells were washed twice, and the final staining volumes were adjusted

to 100 μl . Each aliquot was stained with a 1:2000 dilution of the Fix-

able Near-IR Dead Cell Stain Kit (Invitrogen) and incubated for 15 min

in the dark. Subsequently, cells were stained with a cocktail of anti-

bodies for Panel T (“T-cells”) or Panel B (“B and innate cells”); see
Supplementary Tables 1 and 2 for complete composition of antibody

cocktails. Optimal staining concentrations per 100 μl staining volume

had been determined for each antibody in preliminary experiments by

titration (see Supplementary Material “Titration of fluorescent-

conjugated antibodies” and Supplementary Figure 1). Cells were incu-

bated with the antibodies for 20 min at room temperature and

washed with PBS. Samples were subsequently fixed in 0.75% parafor-

maldehyde (PFA). PFA was washed off after 1 hour, cells were

resuspended in 100 μl PBS and kept at 4�C until analysis.

Sample acquisition was carried out on a BD FACSymphony A3

flow cytometer, using FACS Diva Version 9.1. The instrument config-

uration is indicated in the Supplementary Material “MIFlowCyt”. Sin-
gle stained compensation beads were used for automatic

compensation of the panels in the FACS Diva software: Anti-Mouse

or Anti-Rat Ig, κ/Negative Control Compensation Particles Set, BD

Biosciences for antibodies, ArC™ Amine Reactive Compensation Bead

from Invitrogen for the Dead Cell Stain Kit. Consistency of fluores-

cence signals between experiments was ensured using Rainbow Cali-

bration Particles (BD Sphero).
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2.4 | Data analysis

Data were exported from FACS Diva in the form of .fcs files and fur-

ther postprocessing and manual gating was carried out using FlowJo

Version 10.7.1. The FlowJo Plugin FlowAI was used with default set-

tings for initial cleanup of data. The gating strategy for different cellu-

lar subsets is discussed in Results and Discussion. Visualization of the

multidimensional data was performed using the dimensionality reduc-

tion algorithm Uniform Manifold Approximation and Projection

(UMAP), provided in the R-package “umap”. For each panel a dataset

containing the same number of events from each of the two groups

(in total 300,000 CD3+ cells for panel T and 300,000 CD45+CD3-

cells for panel B from seroconverted and healthy control children) was

randomly chosen. Before analysis, the files from both groups were

concatenated panelwise to obtain comparable visualizations and sets

of clusters. T-cells were excluded from panel B for better assessment

of low abundant cell subsets. In order to reduce sample-to-sample

acquisition variability, we applied the “gaussNorm” normalization

algorithm from the R-package “flowStats” prior to UMAP and cluster-

ing. For unbiased determination of clusters, the algorithm

PhenoGraph was run on CD45+CD3- cells and CD3+ cells for panel

B and panel T, respectively, using the R-package “cytofkit” [11] with

default parameters except for parameter k-nearest neighbors which

was set to 150 to yield clusters containing 1%–25% of the analyzed

events in each panel. The parameters CD45-BUV396, CD3-BV786

and LiveDead NIR (APC-Cy7) were excluded from the cluster analysis.

This setting generated 18 clusters for panel T and 23 clusters for

panel B. The resulting clusters were projected onto the UMAP repre-

sentation and annotated for the different cell types or cell states

according to lineage marker expression (Supplementary Figures 2

and 3).

2.5 | Statistical analysis

Data analysis was performed with Microsoft Excel (Microsoft

Office 365) and GraphPad Prism 8 (GraphPad Software Inc., San

Diego, California) and RStudio (Version 1.4.1717). Statistical analy-

sis was performed on manually gated subpopulations and compu-

tationally detected cell clusters of CD3+ (Panel T) and

CD45+CD3- (Panel B) populations using unpaired t-test (2-tailed).

Bonferroni correction for multiple testing was applied to all statis-

tical analysis.

3 | RESULTS AND DISCUSSION

3.1 | Gating and interpretation of panel T for T-
cells

After gating of single lymphocytes and exclusion of dead cells, CD3

positive cells were identified (Figure 1A). This was followed by separa-

tion of γδ T cells (TGD). During the first SARS epidemic γδ T effector

memory cells were expanded approximately 3 months post symptom

onset in seroconverted adult patients, and had a protective role by

killing SARS-CoV–infected target cells [12].

Within classical T-cells, CD4 and CD8 lineages were gated within

the TCR-γδ negative CD3 positive population. Regulatory T-cells

(Treg) were defined as CD25+CD127low in the CD4 T-cell compart-

ment, as this phenotype correlates well with intracellular staining for

FOXP3 [13]. After the exclusion of Treg, CD45RA and CD27 were

sufficient in conventional (non-Treg) CD4+ T-cells to distinguish

between central memory (Tcm), effector memory (Tem) and naive

(Tn). We used CD27 instead of CCR7, because of the similar expres-

sion patterns of the two molecules [14] and instability of CCR7 in

cryopreserved samples [15]. The coexpression of CD31 and CD45RA

on CD4+ conventional T-cells was used to mark recent thymic emi-

grants (RTE), a large subpopulation in young children [16].

Functional subsets of CD4+ T helper cells were identified on

non-naive cells according to the expression of the chemokine recep-

tors CXCR3, CXCR5, and CCR6, the fractalkine receptor CX3CR1, as

well as Programmed cell death protein 1 (PD-1). We first defined Th1

(CXCR3+CCR6-), Th17 (CXCR3-CCR6+) and Th1-17

(CXCR3+CCR6+) cells. Cytotoxic CD4+ T-cells were identified as

CD28 negative and CX3CR1 positive [17]. T follicular helper cells

(Tfh) were identified as CXCR5 positive [18] in CD4+ T-cells.

Apart from the classical paradigm of CD8 naive-effector mem-

ory gating [19] (Figure 1A), Panel T allowed for identification of T

memory cells expressing the fractalkine receptor CX3CR1 [20].

CD8+ naive and memory subsets (naive Tn, central memory Tcm,

transitional memory Ttm, effector memory Tem, terminally differ-

entiated effector Tte) were identified based on expression of

CD27, CD45RA, and CD28 [19] as shown in Figure 1A. Further-

more, we identified three populations of cells within the CD8+ sub-

set using CX3CR1 and CD27, namely CX3CR1-CD27+,

CX3CR1+CD27dim, CX3CR1+CD27-. By combining the two gat-

ing strategies we demonstrated that in pediatric PBMC CX3CR1

expression is mostly restricted to CD28- cells (effector memory and

terminally differentiated effector cells) and is lacking in Tcm and

naive subsets (Figure 1A).

In a recent study, CX3CR1+CD8+ T-cells (termed “vascular
patrolling T-cells”) correlated with the need for circulatory support

through vasoactive medication in pediatric patients affected by

MIS-C associated with SARS-CoV-2 infection, thereby underlining

the role of these cells in vascular pathology and the current pan-

demic [5].

Panel T allows for the analysis of the coinhibitory receptor PD-1

and the chronic activation marker HLA-DR (Figure 1A). Children with

SARS-CoV-2 infection show similar viral loads as adults in nasopha-

ryngeal samples [21], but their symptoms are much less pronounced

[2], suggesting lower immune activation. PD-1 is associated with more

efficient viral clearance and is known to regulate the development of

immunologic memory in CD8+ T-cells after respiratory infections [9].

Counter regulation by co-inhibitory receptors, for example, PD-1

among others has been associated with clonal T-cell responses in

SARS-CoV-2 infection of adults [8].
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F IGURE 1 Manual gating strategy, and visualization of the unbiased clustering of single-cell multidimensional data for panel T. (A) Manual
gating strategy for T-cell subpopulations on a representative sample. Names of subpopulations are shown along with frequency within the parent
population. The parent population is indicated above the plots or by arrows showing backgating. Legend: Gray: CD8+ cells; Blue: CX3CR1
negative, CD27 positive cells; Orange: CX3CR1 positive, CD27dim cells; Green: CX3CR1 positive, CD27 negative cells. (B) UMAP analysis of
150,000 live CD3+ lymphocytes per group from SARS-CoV-2 seroconverted children compared to age-matched controls. Density plots showing
the UMAP analysis for each group. Populations were manually annotated after unbiased clustering; the annotation is shown below the figure.
Healthy controls: n = 5; SARS-CoV-2 seropositive n = 7

SIBBERTSEN ET AL. 223



3.2 | Gating and interpretation of panel B for B-
cells and innate immune cells

Panel B has been designed based on OMIP-062 [22]. A clean popula-

tion of PBMCs was obtained by sequential gating of CD45+ events,

elimination of doublets and selection of live cells (Figure 2A). To facili-

tate the visualization of rare cell subpopulations, CD3+ T-cells were

excluded from the analysis in this panel.

Basophils and plasmacytoid dendritic cells (pDC) were identified

by a high expression of CD123 and their differential expression of

HLA-DR.

B-cells were gated based on CD19 expression. The CD19+ B-cell

population was further subdivided by their unique expression of sur-

face IgD molecules into mantel zone-like B-cells (CD27+IgD+), naive

B-cells (CD27-IgD+) and plasmablasts (IgD-CD27±CD38+).

CD19 negative cells were separated as HLA-DR positive, con-

taining the rest of the myeloid cells, and HLA-DR negative (lymphoid).

In the HLA-DR+ subpopulation, classical (CD14+CD16-) and non-

classical monocytes (CD14-CD16+) were identified based on the

expression of CD14 or CD16. After exclusion of monocytes, a high

expression of HLA-DR and intermediate expression of CD123 allowed

for identification of a subset of myeloid dendritic cells (mDC).

In the lymphoid subpopulation, CD127 low and positive cells

were gated. CD127 low NK cells, and their subsets (CD56 bright,

CD56 dim, CD56 negative) were identified by plotting CD16 against

CD56. From the CD127+ cluster, the CD127 high and CD161 posi-

tive cells were identified as innate lymphoid cells (ILCs), which were

further subdivided into functional subsets. CD294, also known as

CRTH2, is exclusively expressed by ILC2s, while CD117/c-kit expres-

sion identifies ILC3s. Finally, ILC1s are identified by the lack of

expression of both markers (CD117-CD294-) [23].

3.3 | UMAP projection and clustering of peripheral
blood mononuclear cells

The PhenoGraph analysis generated 18 clusters for panel T

(Figure 1B) and 23 clusters for panel B (Figure 2B). In panel T

(Figure 1B), we identified several clusters of CD4+ and CD8+ T-cells,

as well as three clusters of CD4 and CD8 double negative (DN) cells

of which two (clusters 15 and 8) were highly positive for the γδ T-cell

receptor. CD8+ T-cells could be divided into naive (clusters 3, 6 and

14) and effector/memory cells (clusters 11 and 13). In the CD4 com-

partment, we could annotate naive T-cells and recent thymic emi-

grants (clusters 1, 4, 5, and 9), central memory (clusters 7 and 12),

effector/effector memory cells (clusters 17 and 18), and Treg (clusters

2 and 16). T-cell effector subpopulations such as Th1, Th17, Th1-17,

and Tfh were not present as a distinct cluster, probably due to small

cell numbers in these pediatric samples, even though they were dis-

tinctly identified by manual gating (Figure 1A). Importantly, CX3CR1

positive cells presented as a distinct cluster among both CD4 and

CD8 effector cells and could thus be annotated as cytotoxic CD4+

(cluster 18) and CX3CR1 positive CD8+ cells (cluster 13) (see also

Supplementary Table 4). Interestingly, PhenoGraph found four naive

CD4 T-cell clusters (clusters 1, 4, 5, and 9) differing in their CD31,

CD45RA and CD28 expression intensity and two Treg clusters (clus-

ters 2 and 16) differing in their HLA-DR expression intensity. We

identified two clusters representing central memory phenotype (clus-

ters 7 and 12), with cluster 12 having a more intense expression of

CXCR3, suggesting Th1 cells as part of this cluster. In the CD8 T-cell

population we identified three naive T-cell clusters (clusters 3, 6, and

14) differing in their expression intensity of CD127.

In panel T, comparison of seropositive and healthy children rev-

ealed no statistical differences in either the unbiased PhenoGraph

analysis or the manual gating (Supplementary Figures 4 and 6, Supple-

mentary Table 4). Within CD4 cells, cluster 9 in the PhenoGraph anal-

ysis, a part of the naive cell clusters (clusters 1, 4, 5, and

9, Supplementary Figure 6), was slightly increased in seropositive chil-

dren (Supplementary Figure 6, Supplementary Table 4). This trend

was not observed in the overall CD4 naive cell population via manual

gating (Supplementary Figure 4, Supplementary Table 4).

In panel B (Figure 2B), we identified basophils (cluster 18), plas-

macytoid dendritic cells (pDC, cluster 12), non-classical CD16+ (clus-

ter 10) and classical monocytes (clusters 2 and 11). Both clusters

representing the classical monocytes only differ minimally in their

expression intensity of HLA-DR, and CD38. Based on high expression

of HLA-DR and the lack of CD16 and other linage markers, cluster

9 was annotated as conventional dendritic cells [24]. We identified

7 clusters of different NK cell subpopulations, a heterogeneity that

could not be resolved in the manual analysis. The five

CD56dimCD16+ NK cell clusters (clusters 5, 13, 16, 20, and 23) differ

in their CD161 and CD38 expression intensity (Supplementary

Table 5). Two clusters were annotated as innate lymphoid cells (ILC):

Cluster 17, including ILC type 1 (ILC1) and ILC type 2 and cluster

22, marking ILC3 (c-kit+). The small size of these populations did not

allow for the discrimination of ILC1, for which no positive marker is

known, and ILC2, identified clearly in the manual analysis by the

expression of CRTH2 (CD294). Among B-cells, we found separate

clusters for naive (cluster 3), transitional-(cluster 8), and mantle-zone-

like B-cells (cluster 1). Plasmablasts are represented in cluster 7, while

cluster 21 represents memory B-cells. Clusters 6 and 14, containing

less than 1% of the CD45 + CD3- events, could not be annotated

with the markers used. Importantly, 99.03% of the events could be

resolved and confidently annotated. Manual gating resolved on aver-

age more than 97% of the live population.

In panel B, the frequencies of the different subpopulations were

similar when analyzed using manual gating or unbiased clustering by

PhenoGraph. pDCs, basophils and IgD-negative B-cells were reduced

in seroconverted children compared to healthy controls in the

PhenoGraph analysis (cluster 12; Supplementary Figure 7, Supplemen-

tary Table 5) as well as in the manual gating analysis (pDC; Supple-

mentary Figure 5, Supplementary Table 5) [25]. In contrast, the

frequency of total NK cells was slightly increased (Supplementary Fig-

ures 5 and 7, Supplementary Table 5). Interestingly, the frequency of

pDC and basophils in the blood of acutely SARS-CoV-2 infected chil-

dren were also reduced [6], so that in light of our preliminary findings,
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F IGURE 2 Manual gating strategy, and visualization of the unbiased clustering of single-cell multidimensional data for panel B. (A) Sequential
gating strategy for B cells and innate immune cells on a representative sample. Names of subpopulations are shown along with frequency within
the parent population. The parent population is indicated above the plots or by arrows showing backgating. (B) UMAP analysis of 150,000 live
CD45+CD3- cells per group from SARS-CoV-2 seroconverted children compared to age-matched controls. Density plots showing the UMAP
analysis for each group. Populations were manually annotated after unbiased clustering; the annotation is shown below the figure. Healthy
controls: n = 5; SARS-CoV-2 seropositive n = 7
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these changes could persist long term after COVID-19. In respiratory

syncytial virus infection, a reduction in pDC in blood persisted in chil-

dren for up to 3 months after infection [25].

4 | CONCLUSIONS

Here, we present two flow cytometry panels for an efficient and rapid

phenotypic and functional characterization of the pediatric immune

response to COVID-19. Both panels perform well in either manual

gating or unbiased clustering approaches. Importantly, these panels

allow for a broad assessment of the innate and adaptive immune sys-

tems, while also identifying small subpopulations with possible rele-

vance in children and SARS-CoV-2 infection, such as ILCs,

plasmablasts, recent thymic emigrants, cytotoxic effector CD4+ and

CX3CR1+ CD8+ T-cells.

Due to the small number of samples and the relatively long time

after infection of this sub-cohort, the differences between healthy

and seroconverted children seen in this study should be interpreted

with caution and verified in large multi-center studies. The reproduc-

ibility of the statistical comparisons obtained using manual and unbi-

ased gating in this work underlines the ability of these panels for

robust and quick immune phenotyping in cryopreserved pediatric

samples.

We show here that approaches like ours make it possible to gen-

erate detailed immunologic data on a broad set of immune cells using

relatively small amounts of PBMCs. Furthermore, the selection of

markers and optimization of staining protocols for use of

cryopreserved pediatric samples presented here could facilitate stan-

dardization for multi-center studies. This approach is necessary based

on the rarity of severe pediatric COVID-19 and the infrequent Multi-

system Inflammatory Syndrome in Children (MIS-C). Conversely, these

panels or their adapted variants could be used in the ongoing pan-

demic as new genetic variants continue to emerge, as well as in future

pandemics affecting children.
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