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Abstract
B cells play a central role in antiviral and antiparasitic immunity, not only as producers of antibod-

ies, but also as APCs and mediators of inflammation. In this study, we used 16-color flow cytom-

etry analysis to investigate the frequency, differentiation, and activation status of peripheral B

cells of patientswithSARS-CoV-2 infectionor acutePlasmodium falciparummalaria comparedwith

the healthy individuals. As a main result, we observed an increase of the frequency of (CD27–,

CD21–) atypicalmemoryBcells and (CD19+, CD27+, CD38+) plasmablasts inmalaria andCOVID-

19 patients. Additionally, CD86, PD-1, CXCR3, and CD39 expression was up-regulated, whereas

CD73 was down-regulated on plasmablasts of COVID-19 and malaria patients compared with

the bulk B cell population. In particular, there was a more pronounced loss of CD73+ B cells in

malaria. The frequency of plasmablasts positively correlated with serum levels of CRP, IL-6, and

LDH of COVID-19 patients. In the longitudinal course of COVID-19, a rapid normalization of the

frequency of atypical memory B cells was observed. The role and function of plasmablasts and

atypicalmemoryB cells inCOVID-19 andother acute infections remain to be further investigated.

The role of B cells as either “driver or passenger” of hyperinflammation during COVID-19 needs

to be clarified.
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1 INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

was first observed in the region Wuhan, Hubei Province, China in

December 2019. Since then, this disease caused by the SARS-CoV-2

virus is now called coronavirus disease 2019 (COVID-19) and has

emerged as a global health problem.1,2 COVID-19 is accompanied by

fatigue, fever, and cough. In some cases, patients develop severe pneu-

monia and acute respiratory distress syndrome with high morbidity

andmortality.3

Abbreviations: CRP, C-reactive protein; CVID, common variable immunodeficiency; FCRL5, Fc receptor-like protein 5; HD, healthy donor; LDH, lactate dehydrogenase; qRT-PCR, quantitative

RT-PCR; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; tSNE, t-distributed stochastic neighbor embedding.
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SARS-CoV-2 has a tropism for angiotensin converting enzyme-2,

which is expressedonmultiple cell types including epithelial cells of the

respiratory tract.4 Patients with severe COVID-19 have symptoms of

systemic hyperinflammation andhigh serum levels of cytokines such as

granulocyte-macrophage colony stimulating factor , TNF, IFN-𝛾 , and IL-

6, indicative of cytokine release syndrome.5 Additionally, this cytokine

storm is associated with an increase in serum levels of C-reactive

protein (CRP), lactate dehydrogenase (LDH), D-dimer, and ferritin.6–8

The central role of T cells and monocytes in the immune response

to COVID-19 has been recognized.7,9,10 In contrast, knowledge about
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B cell immunology in COVID-19 is still very limited, although some

alterations of the B cell compartment have been reported.11–13

However, it has already been shown that B cells are involved in

the immune pathophysiology of various infectious diseases such as

HIV and malaria.14–16 In these diseases, a change in B cell subset

distribution toward elevated frequencies of atypical memory B cells

and plasmablasts has been observed (see Methods section for a

description of the B cell subset terminology used in this paper).17

Atypical memory B cells make up a heterogeneous population that is

defined by an atypical memory/CD38– phenotype and that to a large

extent overlaps with the population of CD27–, CD21– atypical mem-

ory cells.17 They contain B cells that express surface receptors with

inhibitory potential like PD-1 and trafficking receptors like CD11c

and CXCR3.18,19 Both populations are believed to be involved in the

pathophysiology of malaria and HIV infection, and are also expanded

in autoimmune diseases and immune deficiencies.16 Their composition

and roles in different disease entities are currently subject of extensive

investigation.20,21 First studies have shown that patients with primary

antibody deficiency who are lacking B cells have a milder COVID-19

disease course than patients with dysfunctional B cells in common (but

longer) variable immunodeficiency (CVID),22 indicating a potential

role for B cells in the pathogenesis of COVID-19 infection.23

Furthermore, a particularly high proportion of B cells express the

ectonucleotidases CD39 and CD73.24 In CVID and infectious diseases

likeHIV, a loss of CD73 is associatedwith a disturbance of the IgG class

switch, the homing potential in lymph nodes and a disturbed conver-

sion of adenosinemonophosphate to adenosine.25–28

To date, there are few studies that have investigated the role and

function of B cells in COVID-19.11–13,22

In the current study, samples of malaria-infected patients serve as

an established immunologic comparator since a strong B cell immune

response is a hallmark of malaria14,18,19 and both infections have a

similar clinical presentation with severe systemic immune activation

accompanied by lymphopenia and sometimes progressing to a sepsis-

like status.29–31 In particular, the formation of high numbers of atypical

memory B cells has been described for malaria,16,19 and high numbers

of B cells with a plasmablast phenotype seem to be responsible for

immune hyperactivation and nutrient deprivation.32 Recently, we

have observed similarities between malaria and COVID-19 patients

in the phenotypic patterns of T cells, in particular with regard to a

transient increase of inhibitory receptors in the context of generalized

acute immune activation and little is known whether these pattern

also hold true for the B cell compartment.9 So far, the B cell response

in COVID-19 has only been compared with the B cell phenotype of

other noninfectious diseases like systemic lupus erythematodus.12

At the moment, it is not clear whether sterile immunity against

SARS-CoV-2 canbe achieved,whether the control of the virus ismainly

T cell or B cell mediated,33 or whether previous infection with a com-

mon coronavirus strain leads to cross-immunity or to a misguided

immune response as has been described in other infectious diseases

such as dengue fever or hepatitis C infection.34,35 For this reason,

further detailed studies about the B cell function in COVID-19 are

needed.36

In this current study, we provide phenotypic data about the acti-

vation and differentiation status of peripheral B cells during acute

COVID-19 infection compared with B cells in malaria and healthy

individuals. The results of this explorative study suggest that the

frequencies of atypical memory B cells and circulating plasmablasts

correlate with disease severity, possibly contributing to the immune

hyperactivation and dysregulation in COVID-19 pathophysiology.

2 METHODS

2.1 Subjects

Cryopreserved PBMCs of SARS-CoV-2-infected patients (n = 20), P.

falciparum-infected malaria patients (n = 12) as well as uninfected

healthy controls (n = 15), all collected at the University Medical Cen-

ter Hamburg–Eppendorf, were used for immunophenotypic staining.

SARS-CoV-2 infection was confirmed by quantitative RT-PCR (qRT-

PCR) of throat swab samples. Plasmodium falciparum infection was

confirmed microscopically at the Bernhard-Nocht-Institute for Trop-

ical Medicine. Thick blood film and thin blood smears were stained

with 4% Giemsa and analyzed under oil immersion (original magni-

fication ×100). Clinical characteristics and laboratory parameters of

malaria patients and healthy donors (HDs) are shown in Table 2. All

patientswere hospitalized at theUniversityMedical CenterHamburg-

Eppendorf. Written consent was obtained from all study participants

and the studywas approved by the local ethics board of the Ärztekam-

mer Hamburg (PV4238, PV4780, and PV7289).

2.2 Intracellular staining andmultiparametric flow

cytometry

Intracellular as well as surface staining was performed as previously

described.9 In total, we used 3 panels in this study. Panels 1 and

2 were exclusively surface panels. Panel 3 was the panel for the

intracellular staining and included the staining of T-bet (Supple-

mental Fig. 1). In the FACS staining, the immunogolbulins IgM, IgD,

and IgG were stained only on the surface. Cells were analyzed on

a BD LSRFortessa (BD Bioscience). The following antibodies were

used: BUV395 antiCD21 (Clone: B-Ig4, Catalog-number: 740228),

BUV737 anti-CD39 (Clone: TU66, Catalog-number: 564726), BV421

anti-PD-1 (Clone: EH12.2H7, Catalog-number: 329920), BV510

anti-CD20 (Clone: 2H7, Catalog-number: 302340), BV605 anti-CD73

(Clone: AD2, Catalog-number: 344024), BV650 anti-CD24 (Clone:

ML5, Catalog-number: 563710), BV711 anti-CD38 (Clone: HIT2,

Catalog-number: 303528), BV785 anti-CD27 (Clone: O323, Catalog-

number: 302831), FITC anti-IgM (Clone: MHM-88, Catalog-number:

314506), PerCp/Cy5.5 anti-IgD (Clone: IA6-2, Catalog-number:

348207), PerCp/Cy5.5. anti-IgG (Clone M1310G05, Catalog-number:

410710), PE anti-CD86 (Clone: IT2.2, Catalog-number: 305406), PE

anti-CD138 (Clone MI15, Catalog-number 356504), PE/DazzleTM

anti-CD11c (Clone: 3.9., Catalog-number: 301641), PE/Cy7 CD39

(Clone: A1, Catalog-number: 328212), PE/Cy7 anti-CD19 (Clone:

HIB19, Catalog-number: 302216), APC anti-CXCR3 (Clone:
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G025H7, Catalog-number: 353707), APC anti-T-bet (Clone: 4B10,

Catalog-number 644814), Alexa Fluor R© anti-CD19 (Clone: H1B19,

Catalog-number: 302225), and Alexa Fluor R© 700 anti-CD3 (Clone:

OKT3, Catalog-number: 317340). BUV395 anti-CD21, BUV737 anti-

CD39, and BV650 anti-CD24 were purchased from BD Bioscience

(Heidelberg, Germany) and all other antibodies were purchased from

BioLegend (Koblenz, Germany).

2.3 Classification of B cell subsets

Recognizing that there is no generally accepted scheme for the clas-

sification of B cell subsets, we have chosen to use the following

terminology in this paper in accord with the gating strategy used.

After exclusion of transitional B cells (defined as CD24+, CD38+),

mature B cells were classified according to their expression of CD21

and CD27 into naïve (CD21+, CD27–), CD21+ memory (CD21+,

CD27+), CD21–, CD27+ memory (CD21–, CD27+), and atypical mem-

ory (CD21–, CD27–) populations.16 In parallel to this classification, cir-

culating plasmablasts were defined on the basis of their high coexpres-

sion of CD27 and CD38, and atypical memory B cells were defined by

low expression of CD21 and absent expression of CD38.

2.4 Detection of SARS-CoV-2 antibodies

We used the WANTAI SARS-CoV-2 Ab Elisa Kit CE IVD from Szabo

Scandic (Vienna, Austria) for the qualitative determination of the total

amount of SARS-CoV-2-specific antibodies in the blood of patients,

according to themanufacturer’s instructions.37–41 For the quantitative

determination of SARS-CoV-2 antibodies, we used the LIAISON R©

SARS-CoV-2 IgM and LIAISON R© SARS-CoV-2 S1/S2 IgG according to

themanufacturer’s instruction.41

2.5 Statistical analysis

Cytometric data were analyzed using FlowJo version 10.6.2 software

(Treestar, Ashland, OR). Statistical analysis was carried out using Prism

7.2 software (GraphPad Software, San Diego, CA). All results were

checked fornormal distributionusing theD’Agostino-Pearsonomnibus

normality test or Shapiro–Wilk normality test. For the comparison of

individual nonpaired samples, we used a parametric t-test or Mann–

Whitney test. For paired analyses, we used a paired t-test orWilcoxon

matched-pairs signed rank test. Formore than2groups, anANOVAfol-

lowed by Tukey’s multiple comparison test was used. For correlation

analyses, a Pearson correlation for parametric and Spearman correla-

tion for nonparametric data were performed. All data are expressed as

mean values with SD, unless otherwise described in the text. P values

of less than 0.05 were considered significant, where *, **, ***, and ****

indicate P values < 0.05, < 0.01, < 0.001, and < 0.0001, respectively.

Graphical abstract: The Illustration was created with the online soft-

ware BioRender (San Francisco, CA). t-Distributed stochastic neighbor

embedding (tSNE) analyses were performed on HDs, COVID-19, and

malaria patients, using the tSNE plugin in FlowJo 10.6.2.42

3 RESULTS

3.1 Clinical parameters of the study cohort

The clinical cohort consisted of 20 SARS-CoV-2 and 12 P. falciparum-

infected patients and 15 HDs. All patients were hospitalized at the

University Medical Center Hamburg Eppendorf. The patients infected

with SARS-CoV-2 were classified into patients with mild (n = 6),

moderate (n = 6), and severe (n = 8) disease course on the basis of

clinical and laboratory parameters according to criteria of the World

Health Organization43 (Supplemental Table 1). At the time of initial

blood collection, none of the patients had been transferred to the

intensive care unit. However, 3 COVID-19 patients were transferred

to the intensive care unit during the course of their disease, and

of these, 1 patient died from pulmonary artery embolism. Speci-

mens were collected 10.5 ± 4.2 days on average after the onset of

symptoms. The mean age of the COVID-19 patients was 56 years

compared to 55.1 years of patients with malaria and 33.5 of HDs.

Table 1 shows clinical laboratory parameters at the time of sample col-

lection. As expected, the highest levels of IL-6, ferritin, and LDH were

observed in patients with a severe COVID-19 course (Supplemental

Fig. 2). In 5 patients, we were able to analyze longitudinal PBMC

samples after resolution of the infection (defined as 2 consecutive

nasopharyngeal swabs tested negative for SARS-CoV-2). Longitudi-

nal samples were taken between days 24 and 27 after the primary

infection, and 2 samples were taken on day 107 and 112 after the

primary infection.

3.2 The frequencies of CD27–, CD21– B cells and

plasmablasts are elevated during acute COVID-19 and

correlate with disease severity and laboratory

parameters of inflammation

To characterize disease-associated changes in the B cell compartment,

we collected peripheral blood samples from patients with COVID-19

(n = 20), patients with acute P. falciparum infection (n = 12), and

uninfected controls (n = 15). The clinical and laboratory data are

summarized in Tables 1 and 2. First, we analyzed the differentiation

status of B cells (not including plasmablasts, see gating strategy

in Supplemental Fig. 3), and compared the distribution of B cell

subsets between the groups. Immature, transitional B cells were

identified on the basis of high coexpression of CD24 and CD38, and

the remaining mature B cells were classified into subpopulations

on the basis of their expression of CD21 and CD27: naïve (CD27–,

CD21+), CD21+ memory (CD27+, CD21+), CD27+, CD21– memory

(CD27+, CD21–) and atypical memory B cells (CD27–, CD21–).16 Rep-

resentative FACS plots for HDs, COVID-19, and malaria patients are

shown in Figure 1A. We observed a dramatic relative increase of the

frequency of atypical memory B cells in both COVID-19 and malaria

patients compared with healthy (Fig. 1B). Because of their low

expression of the B cell-defining markers CD19 and CD20, a separate

gating strategy was used to identify circulating plasmablasts (Sup-

plemental Fig. 4). Representative FACS plots for the plasmablasts
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TABLE 2 Clinical and immunologic parameters of malaria patients and healthy donors

Patient
ID Sex/Age

Days since
start of
symptoms

Initial par-
asitemia
(%)

CRP
(mg/l)

Hemoglobin
(g/dl)

Thrombocytes
(1000/𝝁l)

Number of
malaria
episodes Therapy

M1 m62 10 <1 173 12.6 53 Euratesim R©
M2 m49 6 <1 110 14 115 >1 Euratesim R©

M3 m62 2 2.4 118 12 123 Atovaquon/Proguanil

M4 m37 5 <1 256 13.6 50 Euratesim R©
M5 m72 10 18 169 10.8 106 >1 Arthemeter/Lumefantrin

M6 w 47 14 10 170 10 91 Atovaquon/Proguanil

M7 m51 11 2.5 54 12.9 123 Euartesim R©

M8 m68 21 >1 51 10.9 155 >1 Atovaquon/Proguanil

M9 m71 3 >1 60 11 114 Atovaquon/Proguanil

M10 m 36 > 14 2 58 10.5 155 >1 Artesunate/Lumefantrin

M11 m54 3 <1 223 14.2 88 Euratesim R©

M12 w52 5 3-4 56 12.1 50 Euratesim R©

Mean 55,1 8.7 3.7 124.8 12.05 101.9

Median 53 8 1.5 114 12.05 110

HD1 w25

HD2 w30

HD3 m46

HD4 w30

HD5 m28

HD6 m35

HD7 w37

HD8 w29

HD9 w31

HD10 m51

HD11 w 46

HD12 w 25

HD13 w 26

HD14 w 30

HD15 n.a.

Mean 33.5

Median 30

n.a., not acquired; m, man; w, woman.

of HDs, COVID-19, and malaria patients are shown in Figure 1C.

We observed a significant increase of the frequency of plasmablasts

in COVID-19 and malaria patients compared with the healthy con-

trols (Fig. 1D). In contrast to malaria patients and healthy controls,

COVID-19 patients showed a high variability of the frequency of their

plasmablasts. We therefore investigated whether these changes of

the B cell differentiation and phenotype were associated with disease

severity and laboratory markers of inflammation. Indeed, atypical

memory B cells were significantly enriched in severely ill patients

in comparison with the moderately ill patients or healthy controls

(Fig. 1E). A similar trend was observed for plasmablasts, but the

values did not reach statistical significance most likely due to the low

sample size (Fig. 1F). Infection with SARS-CoV-2 leads to systemic

inflammation as evidenced by an increase in inflammation markers

(e.g., CRP, IL-6, ferritin, LDH)6–8 (Supplemental Fig. 1). We observed

positive correlations between the frequency of plasmablasts and the

serum concentrations of IL-6, CRP, and LDH, and, similarly, between

the frequency of atypicalmemoryB cells and ferritin levels (Fig. 2A and

B). Again, the patients with most severe courses of COVID-19 showed

the highest values in terms of inflammation parameters (IL-6, LDH, and

ferritin) and frequencies of plasmablasts and atypical memory B cells

(Fig. 2A and B). However, there were no other significant correlations

between B cell frequencies and other clinical laboratory parameters

(Supplemental Fig. 5).
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F IGURE 1 Frequencies of CD27–, CD21– B cells and plasmablasts are elevated in acute COVID-19 and malaria compared with the healthy
donors (HDs). (A) Representative FACS plots showing the frequency of transitional B cells (left panel) and the distribution of mature B cell subsets
defined by CD21/CD27 (right panel) in HDs, COVID-19, and malaria patients. The panels are gated on CD19+, CD20+ cells, in the right panel
transitional cells have been excluded (see Supplemental Fig. S3 for the detailed gating strategy). (B) Comparison of B cell subset distribution in
HDs, COVID-19, and malaria patients. The pie charts show the mean frequency of transitional B cells (defined as CD24+, CD38+), naïve (CD21+,
CD27–), CD21+ memory (CD21+, CD27+), CD21–, CD27+ memory(CD21–, CD27+) and atypical memory (CD21–, CD27–) populations in HDs,
COVID-19, and malaria patients. (C) Representative FACS plots showing the frequency of plasmablasts (CD19+, CD27+, CD38+) in HDs, COVID-
19, and malaria patients (see Supplemental Fig. S4 for the detailed gating strategy). (D) Frequency of plasmablasts in HDs and COVID-19 and
malaria patients. (E and F) Comparison of the frequencies of atypical memory B cells (E) and plasmablasts (F) between mild, moderate, and severe
COVID-19 patients. Data are shown asmean± SD, where *, **, ***, and **** indicate P values<0.05,<0.01,<0.001, and<0.0001
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F IGURE 2 Frequency of plasmablasts and atypical memory B cells correlates with inflammation parameters. (A–D) Correlations between
the frequency of plasmablasts and serum levels of IL-6 (A), CRP (B), and LDH (C), as well as the frequency of atypical memory B cells and serum
levels of ferritin (D) in COVID-19 patients. Pearson correlation coefficients were applied for parametric data, respectively, and P values < 0.05
were considered significant

3.3 B cells during acute COVID-19 andmalaria

infection show a similar phenotype

In order to analyze the multidimensional phenotypic data of B cell

populations, we performed a tSNE analysis. We identified specific

clusters for healthy blood donors (green), COVID-19 (blue), and

malaria patients (red) (Fig. 3A). Similarly, clusters representing CD19+,

CD27+, CD38+ plasmablasts (Fig. 3B) and transitional, naïve, CD21+

memory, memory, and atypical memory B cells (Fig. 3C) were identi-

fied. Analysis of the expression levels of differentmarkers of individual

clusters (Fig. 3D) showed that plasmablasts expressed high levels of

CD39, moderate levels of CD86, CXCR3, and low levels of CD73 in

comparison with the other B cell populations. Not unexpectedly, the

population of atypical memory cells (defined by lack of expression of

CD21 andCD27)was fairly heterogeneous (Fig. 3B, red clusters). Clus-

ters belonging to this population exhibited heterogeneous expression

of functionally relevant markers such as CD39, CD73, CXCR3, CD86,

or PD-1 (Fig. 3D), suggesting that this phenotypic population consists

of several functionally different subsets. Separating atypical memory

clusters into their groups of origin (HDs, COVID-19, and malaria

patients) showed that in comparisonwith theHDs both disease groups

were enriched for atypical memory populations of different func-

tionality (Supplemental Fig. 6). For example, samples from COVID-19

patients contained expanded clusters with high expression of effector

molecules such as CD39, CD86, and CXCR3 (red arrow), as well as

clusters with higher expression of PD-1 and lower expression of CD86

and CXCR3 (green arrow) (Supplemental Fig. 6). We also evaluated

the degree to which cells expressing the markers PD1, CD86, CXCR3,

CD11c, CD39, and CD73 were enriched in atypical memory B cells

(Fig. 3E) and plasmablasts (Fig. 3F) in comparison with the total B cells.

Reflecting their heterogeneous nature, cells expressing the markers

PD-1, CD86, CXCR3, and CD11c were significantly enriched in atyp-

ical memory B cells of malaria patients compared with the healthy

controls. However, COVID-19 patients were more heterogeneous

with regard to the expression of these markers, and enrichment of

these populations could only be observed in individual patients and did

not reach significance for the disease group as a whole. Since proin-

flammatory effector functions of CD21–, CD27– B cells have been

linked to expression of the transcription factor T-bet,44 we analyzed

expression of this transcription factor in atypical B cells from a cohort

of 3 COVID-19 patients and 4 healthy controls (Supplemental Fig. 7).

Intriguingly, expression of T-bet was reduced in atypical memory cells

fromCOVID-19 patients as comparedwith the healthy controls.

Amongplasmablasts, the frequenciesof cells expressingCD86+ and

CXCR3+ were increased in both COVID-19 and malaria patients com-

paredwith thehealthy controls,whereas the frequencyofCD73+ plas-

mablasts was significantly decreased in malaria patients (Fig. 3F). Rep-

resentative FACS plots for the analysis of PD-1, CD86, CXCR3, CD11c,

CD39, and CD73 are shown in Supplemental Figure 8.

The frequency of CD73+ cells was reduced in all B cell subpopula-

tions of malaria patients in comparison with the healthy controls with

the exception of CD27+, CD21+ B cells (Supplemental Fig. 9).
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F IGURE 3 Phenotypic analysis of B cells in COVID-19 and malaria compared with the healthy donors. (A) A 2-dimensional map of CD19+ B
cells concatenated from all samples (gray) was generated by t-SNE analysis. Samples from healthy donors (green), COVID-19 (blue), and malaria
(red) patients were projected onto the total sample map. (B) Plasmablasts were identified by Boolean gating of concatenated CD19+ B cells from
all samples and projected onto the t-SNE map (black). (C) Projection of subpopulations associated with B cell differentiation onto the t-SNE map:
transitional (CD24+, CD38+; black), naïve (CD21+, CD27–; green), CD21+ memory (CD21+, CD27+; purple), classical memory (CD21–, CD27+,
blue), and atypical memory (CD21–, CD27–, red) B cells were identified by Boolean gating of concatenated CD19+ B cells from all samples and
projected onto the t-SNE map. (D) The expression levels (measured as mean fluorescence intensities) of the indicated surface molecules were
projected onto the t-SNE map. (E) Frequency of cells expressing PD-1, CD86, CXCR3, CD11c, CD39, or CD73 among total CD19+, CD20+ B cells
and atypical memory B cells (CD21–, CD27–) in healthy donors, COVID-19, and malaria patients. (F) Frequency of cells expressing PD-1, CD86,
CXCR3, CD11c, CD39, or CD73 among total CD19+ B cells and plasmablasts in healthy donors, COVID-19, and malaria patients. Data are shown
asmean± SD, where *, **, ***, and **** indicate P values<0.05,<0.01,<0.001, and<0.0001
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In summary, we observed an increase of the frequencies of plas-

mablasts and atypical memory B cells in both COVID-19 and malaria

patients compared with the healthy controls. Although this pat-

tern was similar for both diseases, COVID-19 samples showed a

greater heterogeneity together with stronger changes in individual

patients.

3.4 Frequencies of atypical memory B cells decrease

and frequencies of plasmablasts increase at

longitudinal follow-up of COVID-19 patients

Longitudinal progression studies of COVID-19 patients have shown

that T cells show high markers of coinhibitory molecules that quickly

normalize after the resolution of infection.9 To investigate possible

longer-lasting changes of the B cell compartment after COVID-19,

we performed a longitudinal analysis of 5 patients. In 3 of them,

follow-up samples were taken between days 24 and 27 after the

primary infection, and 2 samples were taken on day 107 and 112

after the primary infection. The frequencies of atypical memory B

cells and plasmablasts at time points T0 (acute infection) and T1

(follow-up) were compared. Representative FACS plots of acute

and follow-up time points are shown in Figure 4A. We observed

that atypical memory B cells that were expanded during the acute

infection rapidly decreased in frequency after the viral infection was

resolved (Fig. 4B). In contrast, the frequency of plasmablasts even

increased over time (Fig. 4B). In fact, we detected a significant negative

correlation between the time after manifestation of symptoms and

the frequency of atypical memory B cells (Fig. 4C). When comparing

the distribution of all subsets during acute infection with that after

recovery, it was notable that the decrease in atypical memory B cells

was mainly compensated by an increase in CD21+ memory B cells

(Fig. 4D).

However, no significant changes were observed over time when

comparing the frequencies of PD-1+, CD86+, CD11c+, CXCR3+,

CD39+, and CD73+ cells among atypical memory B cells or plas-

mablasts (Supplemental Fig. 10).

Since one of the central B cell functions is the production of anti-

bodies, we investigated the production of SARS-CoV-2-specific IgM

and IgG antibodies. We compared the frequencies of plasmablasts

and atypical memory B cells between patients who had already

developed a positive antibody response and those who had not yet

produced antibodies. We observed that patients with low levels of

plasmablasts or atypical memory B cells already produced specific IgG

antibodies (P value [plasmablasts] = 0.0626, P value [CD27–, CD21–

B cells] = 0.1630) (Fig. 4E and F). At the second longitudinal follow-up

time point, in 4 of the 5 samples a positive SARS-CoV-2 IgG response

was detectable (Supplemental Table 2).

These observations will need to be confirmed and extended in

future studies with a larger cohort to understand whether the fre-

quencies of plasmablasts and atypical memory B cells are associated

with the amount or breadth of the antibody production against

SARS-CoV-2.

4 DISCUSSION

Considerable advances in the understanding of B cell differentiation

pathways in general, and the B cell response to viral infections in par-

ticular, have recently beenmade that altogether highlight the complex

functionality of B cells and their various interactions with other arms

of the immune system.15,16,28 In addition to production of neutralizing

antibodies, B cells are important APCs,modulate inflammation and the

activation of different lymphocyte populations by cytokine secretion

or the expression of ectoenzymes like CD39 and CD73.24,26–28

The main objective of our study was to characterize the phenotype

of circulating B cell populations in COVID-19 patients in comparison

with the patients with acute P. falciparummalaria, an infection in which

theB cell response is traditionally considered to be an important factor

in disease outcome.19,45,46

One of themain findingswas a significant increase of atypical mem-

ory B cells and plasmablasts in the peripheral B cell compartment of

both COVID-19 and malaria patients (Fig. 1B and D) that correlated

with immune activation and disease severity in COVID-19 patients

(Figs. 1E, F and 2A, B), in accordance with recent studies that describe

a possible role of these cell populations in the immune pathophysiol-

ogy of malaria infection.18,32,47,48 In our study, the frequency of plas-

mablasts correlated with the amount of circulating proinflammatory

cytokines (IL-6, CRP, LDH; Fig. 2A, B, and C).

Interestingly, using a systems immunology approach, De Biasi

et al.49 also describe an association between the increase of

plasmablasts and the cytokine storm in patients with a severe

COVID-19 course.

Our results are also consistent with a recent description of

increased frequencies of plasmablasts and atypical memory B cells

during COVID-19 by Kuri-Cervantes et al.50 and Mathew et al.13 The

current study now adds data of detailed phenotypic analysis of these

subpopulationsdemonstrating changes inhomingpotential, activation,

and the extracellular adenosinemetabolismof theseB cell populations.

Kaneko et al.51 already noted potential similarities of B cells in malaria

and COVID-19 based on results of studies in a murine malaria model.

Kanekoet al.51 could showthatCOVID-19 leads toadisturbanceof the

germinal center response, which has also been described in a different

malaria mousemodel by Ryg-Cornejo et al.52

Another unique aspect of this current study was the analysis of the

expression pattern of the ectoenzymes CD39 and CD73 of B cells and

describing in COVID-19 and malaria patients. These have been impli-

cated as regulators of B cell differentiation, activation, and interaction

with other lymphocyte subsets by converting proinflammatory ATP

to adenosine.25–28,53

The majority of B cells coexpress CD39 and CD73.24 In HIV, it

has been shown that a loss of CD73 expression on B cells is asso-

ciated with a potential disturbance of class switching to IgG and

increased immune activation.27,28 A disrupted adenosine pathway

leads to immune hyperactivation and stimulation of monocytes and T

cells.27 Among plasmablasts, cells with a low or negative CD73 expres-

sionwere enriched. The combination of a high frequency ofCD86+ and

a low frequency of CD73+ cells among plasmablasts from COVID-19
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F IGURE 4 Longitudinal analysis of B cells in COVID-19. (A) Representative FACS plots showing the frequencies of B cell subsets and plas-
mablasts during acute infection (T0) or at follow-up (T1). The plots were gated on CD19+, CD20+ B cells excluding transitional B cells and plas-
mablasts (left panel) or on CD19+ B cells (right panel, see gating strategy in Supplemental Figs. 3 and 4). (B) Frequency of atypical memory B cells
(CD27–, CD21–) and plasmablasts of 5 individual COVID-19 patients during acute infection (T0) or at follow-up (T1). (C) Correlation between the
frequency of atypical memory B cells and the number of days since the begin of symptoms. (D) Distribution of B cell subsets in COVID-19 patients
during acute infection (T0) or at follow-up (T1). The pie charts show themean frequencies of the indicated subsets in 5 patients. (E and F) Compar-
ison of frequencies of plasmablasts and atypical memory B cells between COVID-19 patients who produced SARS-CoV-2 IgM or IgG antibodies at
the time of sampling during acute infection. Data are shown asmean± SD, ** indicates P< 0.01
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andmalaria patients is suggestive of a strong activating and proinflam-

matory role of these cells.

Indeed, the phenotype of B cells in general, and the changes of the

frequency and phenotype of plasmablasts observed in the current

study can be seen in the context of the general hyperinflammation

observed in COVID-19 patients. Zhou et al.7 showed evidence that the

cytokine storm in COVID-19 is linked to a disturbed TH1 and mono-

cyte response where TH1 cells produce IFN-y and IL-6 to activate

monocytes that are significantly involved in the tissue damage in the

lung. The increased plasmablast population with low expression of

CD73 in COVID-19 patients may also lead to an increased activation

of monocytes.27

Inmalaria patients, we observed a significantly lower CD73 expres-

sion of B cells, whereas we did not see this to the same degree in

COVID-19 patients (Fig. 3F and Supplemental Fig. 9). The reason for

this finding is not clear. In addition to low levels of CD73 expression,

we observed a significantly lower CD39 expression resulting in high

frequencies of CD39/CD73 double negative B cells in malaria (Supple-

mental Fig. 9). It has been shown that CD73, in addition to its already

described functions, is involved in thehomingprocess ofB cells into the

lymph nodes.26 It is tempting to speculate that the particular decrease

of CD73 on B cells in malaria may contribute to an altered central

homing potential and support the hypothesis of infiltration of these B

cells into inflammatory tissue via the receptors CXCR3 and CD11c.26

We have previously described a similar effect for B cells in HIV, where

the loss of CD73 on B cells is associated with reduced adenosine

production and an impaired class-switch.28 Understanding the role of

CD73 on B cells during acute malaria infection may provide clues as to

whyBcells are not able to build up a sufficient immunememory against

P. falciparum.

Several case reports in COVID-19 have indicated a potentially

harmful role for B cells in the acute immune response to SARS-CoV-2

infection: Quinti et al.22 showed that children with primary antibody

deficiencies who completely lack B cells showed a milder course of

SARS-CoV-2 infection than CVID patients who have only slightly

dysfunctional B cells.

Plasmablasts were enriched for cells expressing PD-1, CD86, or

CXCR3 compared with the bulk population of B cells in both patient

groups as well as in HDs (Fig. 3F). CD86 and CXCR3 exert positively

activating effects by facilitating T cell activation and the migration of

cells into inflamed tissues, respectively, whereas PD-1 has inhibitory

effects. We observed an additional enrichment of cells expressing

CD86 or CXCR3 in plasmablasts from COVID-19 and malaria patients

in comparison with the healthy controls (Fig. 3F), suggesting that plas-

mablasts likely play an activating role in the immune response of these

diseases. However, this does not exclude that the expansion of plas-

mablasts may have negative consequences for the establishment of

long-term immunologicmemory, as it has been shown that early expan-

sion of plasmablasts in malaria inhibits germinal center formation and

memory B cell formation.32

In addition to the accumulation of plasmablasts, there was also

a strong increase of the frequency of atypical memory B cells in the

blood of COVID-19 and malaria patients. Atypical memory B cells,

defined as mature CD19+, CD20+ B cells neither expressing CD21

nor CD27, constitute a heterogeneous population with yet ill-defined

roles in disease. Cells with this phenotype have been called by various

names, including tissue-like memory cells15 and age-associated B

cells.44 The population overlaps—to a large extent—with the (also

heterogeneous) population termed CD21low B cells, defined as

CD21low/CD38– cells, that is enriched in patients with autoimmune

diseases and some primary immune deficiencies.54 Due to its hetero-

geneity, this phenotypic population has been associated with widely

contrasting functional states, including anergy/exhaustion,55 or effec-

tor cells in protective or pathogenic immune responses.44 In malaria,

atypical memory B cells have been described as functionally impaired

B cells with inhibitory potential,19 but have also been associated

with a strong TH1 response.47,56 In HIV infection, a subpopulation

of these cells lacking the Fc receptor-like protein 5 (FCRL5) had a

dysfunctional phenotype linked to up-regulation of PD-1,57 while

atypical CD21–, CD27– andCD21–, CD27+ memory B cells inHIV also

could produce IL-6.58 We observed that atypical memory B cells from

malaria patientswere enriched for cells expressingmarkers associated

with effector functions, such as CXCR3, CD86, and CD11c, but also

cells expressing the inhibitory receptor PD-1 (Fig. 3E), suggesting that

subpopulations of cells with this phenotype may play different roles

in this disease. By contrast, we did not find significant enrichment of

effector or inhibitory markers in atypical memory cells from COVID-

19 patients. Proinflammatory effector functions of CD21–, CD27–

B cells have been linked to expression of the transcription factor

T-bet. Our preliminary finding that expression of T-bet was reduced in

atypical memory B cells fromCOVID-19 patients (Supplemental Fig. 7)

suggests that this cell population is not a major driver of inflammation

in this disease but is more likely to be inhibitory or dysfunctional in

the regulation of T cell responses, as has been observed in malaria

infection.16 This view is supported by our finding of a reduction of

atypical memory B cells upon recovery from COVID-19, together with

a negative correlation between their frequency and the time since the

onset of symptoms. As it has been shown in HIV infection that atypical

memory B cells can produce IL-6, functional studies should investigate

whether this population contributes to the hyperinflammation and

disease severity of COVID-19 through secretion of IL-6.58

Major limitations of this descriptive study include the small cohort

size. In future studies, it will be important to further understand the

functional role of the B cell populations, assess whether the expansion

of the 2 B cell populations described in this study is antigen driven

or merely a byproduct of immune hyperactivation, as well as to

directly test the importance of adenosine signaling for their function.

In addition, the breadth, avidity, and neutralizing efficacy of the

SARS-CoV-2 antibody B cell response should be assessed. However,

future studies need to compare the B-cell phenotype and functional

immune response with other acute viral respiratory infections such

as influenza.

In this pilot study, we performed a phenotypic characterization of

circulatingBcells inpatients infectedwithSARS-CoV-2orP. falciparum.

The main findings regarding B cell differentiation and phenotype in

COVID-19 and malaria are summarized in Figure 5. In particular,
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F IGURE 5 B cell differentiation and phenotype in COVID-19 and malaria patients. Plasmablasts and atypical memory B cells are more fre-
quent in patients with COVID-19 andmalaria than in healthy subjects, and severe courses of COVID-19 are associated with a higher frequency of
atypical memory B cells. Illustration created with the online software BioRender (San Francisco, CA)

we found significant increases in the frequency of plasmablasts

(COVID-19 patients showed a high variability of the frequency of their

plasmablasts) and atypical memory B cells in COVID-19 patients that

correlated with serum levels of CRP, IL-6 and ferritin as markers of

disease severity, suggesting that monitoring these B cell populations

may be additional useful prognostic markers of COVID-19 outcome.

Here, we present the first study, to our knowledge, that showed

reduced frequencies of CD73+ plasmablasts and atypical memory B

cells inmalaria andCOVID-19 patients. It is tempting to speculate that

low expression of the ectonucleotidaseCD73of B cellsmay contribute

to the hyperinflammatory pathophysiology of COVID-19.5,7,28
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