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Abstract 1 

B cells play a critical role in the pathogenesis of systemic lupus erythematosus 2 

(SLE). We analysed two independent cohorts of healthy donors and SLE patients 3 

using a combined approach of flow and mass cytometry. We have found that IgD-4 

CD27+ switched and atypical IgD-CD27- memory B cells, which are increased in SLE, 5 

represent heterogeneous populations composed each of three different subsets, 6 

such as CXCR5+CD19int, CXCR5-CD19high and CXCR5-CD19low. Here, we 7 

characterize a hitherto unknown antigen-experienced CXCR5-CD19low B cell subsets 8 

enhanced in SLE and carrying a plasmablast (PB) phenotype enriched for switched 9 

immunoglobulins, and expressing CD38, CD95, CD71, PRDM1, XBP-1, and IRF4. 10 

CXCR5-CD19low resemble activated B cells with a characteristically diminished B cell 11 

receptor responsiveness. CXCR5-CD19low B cells increased with PB frequencies in 12 

SLE and upon BNT162b2 vaccination suggesting their interrelationship. Our data 13 

suggest that CXCR5-CD19low B cells are precursors of plasmablasts, thus co-14 

targeting this subset may have therapeutic value in SLE.  15 
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Introduction 16 

Various abnormalities of the B cell lineage have been identified in systemic lupus 17 

erythematosus (SLE), a chronic autoimmune disease characterized by autoantibody 18 

production and pathogenic autoimmune complex formation. Abnormalities include 19 

increased peripheral plasmablasts (PB)1, including expanded IgG and IgA producers2 20 

as well as altered composition of the B cell compartment with increased frequencies 21 

of IgD-CD27+switched and atypical IgD-CD27- memory B cells. How these 22 

observation are related remains unclear. Increased switched memory or IgD-CD27- B 23 

cells were found in rheumatic diseases such as SLE3 and RA4, 5, 6 as well as in 24 

peripheral blood or tissue in various inflammatory diseases, such as chronic 25 

inflammatory bowel7 or Alzheimer´s disease8. 26 

In SLE, expansion of switched memory and IgD-CD27-, (also called double negative, 27 

DN) B cells, are features of patients with chronic inflammatory diseases. This shift in 28 

the B cell distribution is not seen in new onset patients even though their B cell 29 

distribution also differs from healthy donors (HD)9. These observations emphasize 30 

that enlargement of switched memory and DN B cells are an important characteristic 31 

of chronic inflammation9. In lupus nephritis (LN), a severe complication of SLE, DN B 32 

cells correlated with 24-h urine protein excretion and inversely with glomerular 33 

filtration rate10. Interestingly, this population was found diminished in LN patients 34 

during remission suggesting their potential pathogenic involvement and raising the 35 

possibility that DN B cells can serve as a prognostic biomarker in lupus nephritis10.  36 

More recently, it became evident that DN B cells represent a heterogeneous subset, 37 

including age-/autoimmune-associated B cells (ABCs)11, 12, 13, Syk++ B cells14 and 38 

double negative 2 (DN2: IgD-CD27-CXCR5-CD11c+) populations15. All these subsets 39 

share partially overlapping characteristics and are linked to disease activity and 40 

autoantibody formation. Besides these alterations of B cell subsets residing among 41 

DN B cells, impaired chemokine receptor expression16 and reduced responsiveness 42 

upon BCR stimulation17, 18, 19 have been reported for these B cells in patients with 43 

SLE suggesting their distinct involvement in chronic autoimmunity. 44 

This study further delineates the heterogeneity of switched memory (mem) and DN 45 

memory B cells in healthy donors and SLE patients. Using a combined flow and 46 

mass cytometry approach, we identified an enhanced CXCR5-CD19low B cell subset 47 

in the switched memory and DN compartments (memlow and DNlow) in SLE carrying 48 
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distinct functional characteristics of antigen-experienced B cells distinct from 49 

previously known CXCR5+CD19int (memint and DNint) and CXCR5-CD19high (memhigh 50 

and DNhigh) B cells which showed a close relationship with peripheral PB. Our data 51 

provide multiple new insights, including B cell differentiation abnormalities in SLE 52 

relevant for therapeutic considerations targeting B cells in SLE.  53 

Material and methods 54 

Patients. Peripheral blood was obtained from 79 SLE patients meeting the SLICC 55 

criteria and from 70 healthy individuals. All study participants gave written consent to 56 

participate in this cross-sectional study which was approved by the ethics’ committee 57 

of the Charité Berlin. 58 

Antibodies. See Supplementary table 2 for antibodies used for flow cytometry 59 

analysis and Supplementary table 3 for antibodies used for mass cytometry analysis. 60 

Whole blood stainings. Erythrolysis of EDTA anticoagulated blood was performed 61 

according to manufacturer’s protocol using Pharm Lyse (BD). FcR blocking reagent 62 

(Miltenyi Biotec) was added to cell suspension before cells were stained for CD3, 63 

CD14, CD20, CD19, CD27, IgD, CD38, CD95 and CXCR5. Frequencies of cells were 64 

determined using a BD Canto II cytometer. 65 

Peripheral blood mononuclear cells (PBMCs) isolation and cryopreservation. 66 

PBMCs were isolated from EDTA anticoagulated whole blood for flow cytometry 67 

stainings and stimulation experiments. Li-Hep-anticoagulated blood was used for 68 

CyTOF analysis. Therefore, whole blood was diluted in PBS (Biochrom), layered over 69 

Ficoll-Paque PLUS (GE Healthcare Bio-Sciences) and centrifuged. PBMCs were 70 

harvested and washed twice with PBS before cell counting. PBMCs were processed 71 

immediately or cryopreserved for CyTOF analysis. For this, up to 10x106 PBMCs 72 

were diluted in 1:10 DMSO in FBS and cooled down to -80°C using CoolCell Cell 73 

Freezing Container (Biocision) before storing at -80°C until further analysis. 74 

Viability assay for discrimination of live and dead cells. PBMCs were labelled 75 

with Blue fluorescent reactive dye (Molecular Probes Invitrogen) 1:1000 in PBS 76 

according to the manufacturer’s recommendation and washed with PBE. Live/dead 77 

stained PBMCs were directly suspended in cold MACS rinsing buffer (with BSA; 78 

Miltenyi Biotec) for phenotyping or in pre-warmed RPMI 1640 (with GlutaMAX, Life 79 

Technologies) for BCR stimulation assays. 80 
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Backbone surface staining of PBMCS for subset identification and 81 

phenotyping. Viability labelled cells were pre-treated with FcR blocking reagent 82 

(Miltenyi Biotec) for 5 min before being stained with anti-CD19, CD27, CD38, IgD, 83 

CD14, CD13, CD10, CD24, CD11c and CD95 as backbone staining and for 84 

phenotyping in addition with anti-CD71, -PD1 and -PD-L1. Median fluorescence 85 

intensities (MFIs) or frequencies of positive cells were determined using BD LSR 86 

Fortessa x-20 (Beckton Dickinson). 87 

Heat map of foldchange. To evaluate expression of surface marker of subsets in 88 

comparison to expression levels on the main B cell populations, log2(fold changes) of 89 

median FI or frequencies from the flow cytometry data were plotted as heat map.  90 

Staining for immunoglobulin isotypes. Viability labelled cells were stained with 91 

anti-CD19, CD20, CD27, CD38, CD14, CD13, CD95, CXCR5, IgD, IgM, IgG and IgA. 92 

Data was optained using BD LSR Fortessa x-20 (Beckton Dickinson). Frequencies of 93 

cells positive for the different isotypes were collected.  94 

High-dimensional single-cell proteomics analysis using CyTOF.  Frozen PBMCs 95 

were thawed and resuspended at 37°C in 1:10 FCS in IMDM. Further sample 96 

processing was done as previously described20. Samples where measured using a 97 

Helios mass cytometry instrument (Fluidigm).  98 

Vaccination of healthy individuals with BNT162b2. B cell subsets of healthy 99 

individuals were analyzed before administration, 7, 14, 21 days after first vaccination 100 

and 7 days after boost with BNT162b2 (Comirnaty®).  101 

Data analysis and UMAP plotting.  Flow and mass cytometry data were analyzed 102 

using FlowJo (version 10.6.1, TreeStar). Flow cytometry data was pre-gated on IgD- 103 

B cells, down sampled to 59.000 events each per cohort of HD or SLE, respectively 104 

and clustered by CXCR5, CD19, CD38, CD27, CD10, CD71, CD95 and IgD using 105 

dimension reduction algorithm UMAP21 plugin in FlowJo. Mass cytometry data was 106 

pre-gated on IgD- B cells excluding plasmablasts, down sampled to 8841 cells and 107 

clustered by CXCR5, CD19, CD38, CD27, CD11c and IgM using UMAP plugin. As 108 

settings for both UMAPs we selected the Euclidean distance function, nearest 109 

neighbour value of 15 and a minimum distance of 0.5.  110 

BCR stimulation for analysis of intracellular phosphorylation. Cells (3x 106) 111 

stained for viability, blocked and stained with modified backbone surface staining 112 
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(excluding CD24, CXCR5 but including CD22) and equilibrated for 1h at 37°C in 113 

RPMI before stimulation with IgG/IgA/IgM (H+L) F(ab’)2 (15 µg/ml) for 5, 8 or 15 min. 114 

For baseline, control cells were incubated for 5 min with RPMI. Adding pre-warmed 115 

Lyse/Fix buffer (BD) at the respective time-points stopped the stimulation. After 116 

washing Phosflow Perm II Buffer (BD) was added to permeabilize cells overnight at -117 

20°C. Cells were then stained for CD24, CXCR5 and the intracellular targets Syk and 118 

pSyk (Y352). To investigate BCR response and phosphorylation kinetics, median FIs 119 

of Syk, pSyk (Y352) and CD22 were determined. 120 

Gene expression analysis of B cell subsets. Isolated PBMCs were enriched for B 121 

cells by depleting CD3, CD14 and CD235a via MACS microbeads (Miltenyi Biotec) 122 

according to the manufacturer’s instruction. Cells were stained with CD19, CD20, 123 

CD27, CD38, CD3, CD14, CXCR5 and IgD for sorting. Naïve, pre-switched, total 124 

memory and PBs as well as DNint, DNlow and DNhigh subsets were sorted and purity 125 

check was performed using Sony Sorter MA900. Cells were counted using 126 

MACSquant (Miltenyi Biotec). Cell suspension were spin down, resuspended in HTG 127 

lysis buffer at a concentration of 200 cells/µl and stored at -80 °C until further 128 

processing by HTG (Tucson, AZ). Samples with less than 28% of counts allocated to 129 

positive controls probes, read depth above 750,000 and expression variability above 130 

0,094 were analyzed.  131 

Statistical evaluation Data analysis was performed using GraphPad Prism® 132 

(Version 9). Statistical significance was considered for p values less than 0.05 and 133 

depicted as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Statistical 134 

significance between HD and SLE was determined using two-tailed Mann-Whitney-U 135 

(MWU) test. To determine statistical significance between the three populations 136 

Kruskal-Wallis-Test (KWT) followed by the Dunn’s multiple comparison test was 137 

performed. Unless stated otherwise, scatter and bar plots represent means ± SD and 138 

Box-Whisker plots show median and range.  139 

  140 
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Results 141 

CD19low memory and double negative B cells are increased in SLE patients 142 

We and others have reported several abnormalities within the B cell compartment in 143 

SLE patients suggesting their pathogenic relevance. In this regard, IgD-CD27- double 144 

negative (DN) B cells especially those co-expressing CD9522 and IgD-CD27+ 145 

switched memory B cells are increased in SLE1, 3. Therefore, we analyzed these B 146 

cell subsets in further detail (Supplementary Fig. S1) and found that switched 147 

memory B cells and DN B cells show a similar pattern regarding expression of 148 

CXCR5 and CD19, thus, independent of their CD27 expression. Notably, the 149 

expression of these molecules subdivided both compartments into three populations 150 

(Fig. 1A, Supplementary Fig. S1A). CXCR5+CD19int (mem/DNint) and CXCR5-151 

CD19high (mem/DNhigh) B cells have been previously identified and described in HD 152 

and SLE with increased frequencies of the CXCR5-CD19high fraction in SLE15. Here, 153 

we identified a novel B cell subset within both switched memory B cells and DN B 154 

cells that is CXCR5-CD19low (mem/DNlow). 155 

We found that DNlow B cells are significantly increased among CD19+ B cells in SLE 156 

compared to HD (Fig. 1A). While only memhigh B cells were increased in the switched 157 

memory compartment, all of the three subsets within the DN fraction were 158 

significantly increased in SLE patients (Fig. 1B). DN B cells were enriched for 159 

CXCR5 negative CD19low and CD19high B cell subsets compared to the CD27+ (mem) 160 

compartment and in general remarkably expanded in SLE (Fig. 1 C). Next, we 161 

applied the dimension reduction algorithm UMAP 21 to cluster IgD- B cells. Using this 162 

approach, we identified mem/DN CD19int, mem/DNhigh and mem/DNlow as distinct 163 

populations (Fig. 1D). In this UMAP, both CD19low populations clustered together with 164 

CD27++CD38++ PB (Fig. 1D). Comparison of the clusters obtained from HD with SLE 165 

patients revealed an increased density of the corresponding subsets in SLE (Fig. 166 

1E), consistent with their significant expansion in this condition. 167 

CD19low B cell subsets display a plasmablast-like phenotype 168 

Next, we characterized DNint, DNhigh and DNow B cell subsets for the expression of 169 

several surface molecules including lineage, differentiation and activation markers. 170 

The resulting expression patterns of CD27, CD19, CXCR5, CD24, CD71, CD95, 171 

CD38 and CD11c is visualized by colour code in the dimension reduced UMAP (Fig. 172 

2A). With this analysis, we found that the subsets defined by their distinct CD19 and 173 
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CXCR5 expression allowed further differentiation by different expression profiles of 174 

CD24, CD71, CD95, CD38 and CD11c among the IgD-CD27- subsets (Fig. 2A). 175 

We found that CD24, a marker with a dynamic expression pattern throughout B cell 176 

maturation and absent in antibody producing cells23, was not present in both subsets 177 

with low CD19 and lacking CXCR5 expression (mem/DNlow) in contrast to the DNint 178 

population.  179 

Besides CD19 expression the main discriminators between the DNlow and DNhigh 180 

populations were CD38 and CD11c (Fig. 2A, B). As previously described, DNhigh are 181 

CD11chigh but lack CD38 expression15, 20. In contrast, the majority of DNlow B cells 182 

express CD38 (Fig. 2B, C and Supplementary Fig. 1B). Expression of CD71, a 183 

marker for early B cell activation24, was upregulated on the surface of CXCR5-184 

CD19low B cells, comparable to levels found on plasmablasts (Fig. 2C). CD95 was 185 

expressed by the majority of DNlow and DNhigh cells but not on DNint.  186 

Subsequently, we evaluated the expression of inhibitory receptor PD-1 that is 187 

upregulated on B cells upon activation19, 25 and its ligand PD-L1. Surface expression 188 

of PD-L1 and PD-1 was only found enhanced in DNhigh (Fig. 2D, Supplementary Fig. 189 

1C).  190 

Most noteworthy, each of the subsets of DN differed from the corresponding subsets 191 

in the switched memory compartment mainly by the expression of CD27 while the 192 

other makers were expressed in a similar pattern (Fig. 2E, Supplementary Fig. 1). 193 

This, suggesting that memory and DN population consist of complementary subsets. 194 

Comparison of the newly identified subsets with conventional transitional 195 

(CD10+CD24+CD38+), naïve (IgD+CD27-) or pre-switched memory (IgD+CD27+) B 196 

cells and PB (CD27++CD38++) demonstrated that mem/DN subsets are similar to PB, 197 

expressing comparable levels of CD19, CD24, CD10, CD11c, CD71, PD1, PD-L1 198 

and CD95. Main differences between PB and mem/DNlow cells were a 199 

diminished/absent expression of CD27 and a slightly lower CD38 expression among 200 

both memlow and DNlow B cell subsets (Fig. 2E). It needs emphasis that the 201 

frequencies of mem/DNlow B cell strongly correlated with those of PB (Fig. 2F) in SLE 202 

patients as well as healthy controls further supporting their potential relationship. 203 

Since we saw differences in the frequencies we also checked for qualitative 204 

differences between HD and SLE. When comparing expression profiles of the three 205 
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DN B cell subsets between HD and SLE patients, we found that expression levels of 206 

proliferation marker CD71 and frequencies of activation markers CD95+ and CD38+ 207 

cells were increased within the DNint (Fig. 2G) but not the memint (Supplementary 208 

Fig.1D) population of SLE patients. The expression of CD71 was enhanced in both 209 

DNlow and memlow in SLE (Fig. 2G, Supplementary Fig. 1D). Regarding Ig isotype 210 

expression, we found that mem/DNint and mem/DNhigh mainly express IgG while 211 

mem/DNlow express IgG and IgA to a similar extend. (Fig. 2H).  212 

CD19low B cells are characterized by a distinct activation and differentiation 213 

profile 214 

Next, we validated our findings in an independent cohort of 27 SLE patients and 18 215 

healthy donors using CyTOF including expression of activation markers and 216 

checkpoint molecules (Fig. 3, Supplementary Fig. 2). Initially, we confirmed the 217 

increased frequency of all three subsets within the DN compartment in SLE patients 218 

as shown by the UMAP plot by increased DNint, DNhigh and DNlow clusters (Fig. 3A). 219 

Besides the significantly increased DN subsets in patients, memlow B cells were also 220 

substantially increased in SLE (Fig. 3B), corroborating the flow cytometry findings 221 

noted above. 222 

Expression of early activation markers such as CD86, CD69 and CD25, both 223 

mem/DNlow and mem/DNhigh were indicative of an activated phenotype with increased 224 

CD86 and in case of mem/DNhigh also increased CD69 expression compared to 225 

mem/DNint. In contrast, mem/DNhigh and mem/DNlow populations expressed less 226 

CD25 compared to mem/DNint (Fig. 3C).  227 

SLE patients expressed more CD86, CD69, and CD25 on the surface of memhigh B 228 

cells and were characterized by elevated CD86 and CD25 expression on DNhigh 229 

compared to HD. In general, mem/DNint cells of patients with SLE expressed more 230 

CD86 and diminished CD25 surface expression (Fig. 3D) indicating their increased 231 

activation status. 232 

Additionally, we determined CD45RA and CD45RO expression, known to be 233 

differentially expressed throughout B cell differentiation26, 27. CD45RA was increased 234 

on switched memory B cells compared to DN, but its expression was comparable 235 

among the three subsets analyzed (Supplementary Fig. 2 C). When comparing the 236 

expression in SLE, we found that CD45RA expression was reduced on DNhigh cells 237 

from patients in comparison with HD (Supplementary Fig. 2 D).  238 
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Co-stimulatory and co-inhibitory immune checkpoints (CPMs) regulate and modulate 239 

immune cells and play an important role in fine tuning the immune response20, 28, 29, 30, 240 
31. Therefore, we analyzed the expression profiles of various CPMs among the 241 

subsets of interest. Of particular note, mem/DNhigh upregulated immune checkpoint 242 

molecules, such as BTLA, VISTA and CTLA-4 (Fig. 3E, Supplementary Fig. 2 E, F) 243 

suggesting a shared functionality. While VISTA and CTLA-4 expression by 244 

mem/DNlow cells was comparable to the levels found on the mem/DNint, BTLA was 245 

downregulated (Fig.3E). 246 

SLE patients expressed higher levels of VISTA on memlow B cells (Fig. 3F) but 247 

otherwise did not differ from findings in HD. Overall, CD19low B cells showed a 248 

strikingly reduced expression of checkpoint molecules independent of their CD27 249 

expression. 250 

CD19low subsets correlate with plasmablasts generated in HD upon vaccination 251 

with BNT162b2 252 

Since memlow and DNlow are increased in SLE and correlated with PB, we asked 253 

whether an acute immune response resulting in PB formation would be accompanied 254 

by alterations and expansion of those subsets in HD. Therefore, we monitored B cell 255 

subsets in HD on day 0, 7, 14 and 21 after single-dose administration of BNT162b2 256 

vaccine and 7 days after boost (Fig. 4A). Of particular note, this vaccine is able to 257 

elicit a striking T cell dependent immune activation32. As a result, the frequencies of B 258 

cell subsets did not change significantly except reduction of memint and DNint on day 259 

21 after vaccination compared to day0 and day 7, respectively. Although not 260 

significant, a trend of increased plasmablast formation was detected at day 7 after 261 

boost (Fig. 4A). Of particular note, frequencies of memlow B cells correlated strikingly 262 

with PB on day 21 and 7 days after boost. DNlow B cells also showed a correlation 263 

with PB 7 days after boost (Fig. 4B). These findings supported further that memlow 264 

and DNlow expansion follows kinetics of PB induction and depends on T cell 265 

instruction as evidenced by BNT162b2 vaccination. 266 

CD19low subsets present with reduced BCR responsiveness  267 

To evaluate B cell receptor responsiveness of newly identified subsets as a read-out 268 

for their functional competence, we studied phosphorylation kinetics of Syk (Y352) 269 

upon anti-BCR stimulation (Fig. 5A). We observed diminished Syk phosphorylation in 270 

the DN compartment compared to subsets of switched memory B cells. In both 271 
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switched memory and DN B cells, subsets with low CD19 expression showed lowest 272 

pSyk kinetics while CD19int and CD19high subsets respond similarly to BCR 273 

stimulation. The BCR responsiveness was significantly reduced among memint and 274 

memhigh from patients with SLE five to eight minutes after stimulation. While there 275 

was an overall lower phosphorylation in B cells from SLE patients, both mem/DNlow 276 

subsets from SLE patients showed a BCR response kinetics as found for 277 

CD27++CD38++ plasmablasts (Fig. 5A). 278 

Subsequently, we evaluated whether differences in Syk protein levels in steady state 279 

may account for this difference between subsets and SLE vs HD (Fig. 5B). We found 280 

that basal Syk levels were highest in mem/DNhigh. SLE patients showed significantly 281 

decreased Syk levels in memlow B cells. Interestingly, Syk expression was 282 

comparable in mem/DNlow subsets compared with mem/DNint cells (Fig. 5A,B).  283 

PRDM1, XBP1, IRF4 and EZH2 upregulation in CD19low B cells suggests a 284 

plasmablast-like transcriptional program 285 

To further understand the distinct nature of the analyzed B cell subsets, 286 

transcriptome analysis was performed on naive, pre-switched, total memory (IgD-287 

CD27+), DNint, DNhigh, DNlow and PBs of patients with SLE and HD (Fig. 6). 288 

Transcripts of IRF4 a transcription factor crucial for differentiation33 and survival34 of 289 

plasmablast and plasma cell was not only upregulated in plasmablast but also 290 

increased in DNlow cells. IRF4 is known to regulate Blimp-1 (encoded by PRDM1) 291 

expression a regulator of plasma cell differentiation35. The median transcription level 292 

of PRDM1 was found increased in DNlow cells. Consistently, mRNA levels of Pax5, a 293 

transcription factor downregulated by Blimp-1, was found intermediately decreased, 294 

while XBP1 and EZH2 showed a slightly higher expression level among DNlow B 295 

cells. No changes occurred for BCL2L1 expression as a marker for GC 296 

differentiation36. Thus, there was an overall trend of key transcription factors defining 297 

B cells and PB indicating that the DNlow population carries the transcriptional program 298 

closely related to PB. 299 

Discussion 300 

Herein, we identified two novel CXCR5-CD19low populations, memlow and DNlow, 301 

residing within conventional switched memory and IgD-CD27- atypical memory B 302 

cells, respectively. Additionally, we found a not yet described CXCR5-CD19high 303 

population in switched memory B cells (memhigh) which shared characteristics, such 304 
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as CD11c+ expression, with the previously reported DN215. The DN2 population 305 

corresponds to the DNhigh population which is further characterized here and has 306 

been described as precursor of antibody secreting plasmablasts generated by 307 

extrafollicular activation, and found to be increased increased in autoimmune 308 

conditions such as SLE15 but also acute viral infections such as SARS-CoV-237. The 309 

expression profile of CD19high, CD38-, CD95+ and Ki-67- together with the high BCR 310 

responsiveness and increased Syk expression also suggest that mem/DNhigh 311 

represent the previously described Sykhigh population14. 312 

Although various groups reported an overall reduction of CD19 expression on B cells 313 

in SLE, a specific CD19low population has not been characterized so far. In the study 314 

by Culton et al.38, the SLE cohort was subdivided into CD19lo and CD19hi patients 315 

based on global CD19 expression and the presence or lack of a CD19hi B cell 316 

population. Autoantibodies were detected in both patient groups. The majority of the 317 

CD19low B cells were described as IgD+, CD38+, and CD27−. Additionally, a decrease 318 

in CD19 expression on B cells was reported in anti-neutrophil cytoplasmic 319 

autoantibody associated small vessel vasculitis (ANCA-SVV) patients, suggesting 320 

that downregulation of CD19 might be a common feature of antibody driven 321 

disease38. Other studies reported lower CD19 expression in CD27- but also in CD27+ 322 

B cells39, 40. These studies did not discriminate populations based on their IgD 323 

expression. Overall decrease of CD19 expression was seen in both active39 and 324 

quiescent40 patients with SLE and also in patients with ANCA-SVV, suggesting 325 

variation in CD19 expression as an intrinsic abnormality linked to autoimmunity rather 326 

than driven by antigen specificity or disease severity.  327 

We found that CD19low B cell subsets, memlow and DNlow  expressed co-stimulatory 328 

molecule and activation marker CD86, proliferation marker CD7141 and the majority 329 

were CD38+ and CD95+ while early B cell stage marker CD2442 and CD1043 were 330 

absent. In combination with surface expression of class switched immunoglobulins 331 

IgG and IgA allows the conclusion that mem/DNlow B cells were antigen experienced. 332 

Although, Syk itself was not reduced, phosphorylation kinetics of Syk upon anti-BCR 333 

stimulation were lower in DNlow, similarly to PB. This could be caused either by an 334 

anergic post- activation phenotype similar to the one seen in general naïve and 335 

memory B cells of patients with autoimmune conditions like SLE, RA and pSS 18. An 336 

alternative explanation would be the downregulation of the BCR including BCR-337 

associated surface molecules like negative regulator BTLA which we found 338 
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downregulated in mem/DNlow cells. Increased frequencies of the BTLA low 339 

expressing DNlow population in SLE could explain the reduced BTLA expression as 340 

recently reported for the overall DN population in patients with SLE28. 341 

Interestingly and in alignment with our findings, Ruschil et al.44 recently found that 342 

transcripts from total DN cells did not cluster separately from the other cell 343 

populations but instead clustered donor dependent with naïve, memory or 344 

plasmablasts. They found the number of identified differentially expressed genes was 345 

low between plasmablasts and total DN B cells44. In this context, our study detected 346 

that mem/DNlow populations clearly correlated with PBs in SLE and immune 347 

challenged HD upon vaccination with BNT162b2. In addition, targeted RNAseq 348 

analysis demonstrated an upregulated plasmablast-like transcriptional programming 349 

in DNlow. Although further studies are needed to evaluate those findings for the 350 

memlow population, the current data support that mem/DNlow cells are a unique 351 

subset carrying characteristics of PB destiny.  352 

The fact that we found similar subsets in both the switched memory and DN B cell 353 

compartment was unexpected. While the double negative population is known for its 354 

heterogeneity and two of the three populations are part of the DN domain, we found 355 

shared characteristics with previously reported subsets14, 15. Of note, not so much is 356 

known about the diversity of the CD27+ memory compartment beyond Ig isotype 357 

distribution. 358 

The features of the three subsets were comparable between corresponding subset in 359 

IgD-CD27+ switched and IgD-CD27- atypical memory B cells supporting the idea that 360 

the increase of DN B cells in chronic immune conditions can also be largely related to 361 

loss of CD27 expression45 which is supported by their comparable increase in SLE 362 

and in particular by lack of CXCR5 expression. The latter can result from their a) 363 

post-GC b) extrafollicular or c) activation status also known to be related with CD27 364 

shedding including increased solubleCD27 in autoimmune diseases45, 46.  365 

It is widely known that B cell homeostasis is altered in patients with SLE and B cell 366 

targeted interventions are promising in this disease. However, the heterogeneity of 367 

the switched memory and DN populations is only partially understood, and it remains 368 

unclear how it is induced and/or maintained or how it contributes to the course of the 369 

disease. Using CD19 and CXCR5 clearly allows the differentiation of switched 370 

memory and DN B cells not only into three distinct subsets each but also suggest 371 
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that mem/DNlow are direct precursors of plasmablasts, while memint and DNint appear 372 

to belong to the B memory compartment. With new compounds targeting B cells in 373 

the pharmaceutical pipeline, it is important to understand the mechanisms of how B 374 

cells subsets are driving the disease and require consideration by innovative 375 

therapies. Our data suggest that the CXCR5- populations might not be targeted by 376 

anti-CXCR5 and anti-CD19 strategies but might benefit from anti-CD38 and anti-377 

BAFF therapies. For belimumab, which targets early, transitional B cells and partially 378 

PB/PC47, 48, recent studies could document that blocking BAFF/BLyS by belimumab 379 

had rapid effects on B cell subsets of earlier developmental stages such as naïve B 380 

cells. Late B cell stages, such as memory or plasma cells, decreased later in a 381 

gradual manner or did not change upon treatment. Only early immunological 382 

changes correlated with disease improvement49 These data together with our study 383 

provide a rationale for modalities that target naïve and early B cell stages and may 384 

thereby prevent not only their differentiation into memory B cells but also their direct 385 

path becoming plasmablasts/plasma cells.  386 

Collectively, the data presented here, including surface marker expression, 387 

correlation analysis, BCR kinetics and transcription analysis strongly indicate that 388 

mem/DNlow cells are precursors of PB and directly contribute to plasmacytosis upon 389 

immune activation. These mem/DNlow cells reflect a subset of pre-plasma cells that 390 

may not require to undergo full or incomplete memory B cell differentiation. 391 

Understanding of the involved selection mechanisms will be important not only in 392 

terms of their immunobiological features but also for potential treatment strategies. In 393 

this regard, the current data suggest that there could be selective treatment 394 

approaches not only for certain B cell subsets but also distinct PB/PC compartments, 395 

including the possibility to leave protective PB/PC untouched.  396 

397 
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Figure legends 617 

Figure 1: CD19lowCXCR5- B cells are increased in SLE patients. (A) 618 

Representative flow cytometry contour plots of one healthy donor and one SLE 619 

patient showing CD19 and CXCR5 expression in IgD-CD27+ or IgD-CD27- B cells. (B) 620 

Distribution of CD19+ B cell frequencies of the six populations CXCR5+CD19int 621 

(memint/DNint), CXCR5-CD19low (memlow/DNlow), CXCR5-CD19high (memhigh/DNhigh) of 622 

IgD-CD27+ memory or IgD-CD27- DN B cells respectively for HD (n=16, dots) and 623 

patients with SLE (n=28, triangles). (C) Distribution of subsets within switched 624 

memory (IgD-CD27+) and DN (IgD-CD27-) in HD (n=16) and SLE (n=28) (D) Overlay 625 

of UMAP clustering of pre-gated IgD- B cells (59000 events each per cohort of HD or 626 

SLE, respectively) and manual gated IgD-CD27- subsets. Gates of DNint, DNlow and 627 

DNhigh populations are indicated. (E) Comparison of UMAP density plots clustering 628 

corresponding B cell subsets of HD and SLE. (MWU between selected relevant 629 

comparisons:*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) 630 

Figure 2: Expression patterns of surface markers differ between DNlow, DNhigh 631 

and DNint subsets but are comparable to corresponding memory subsets. (A) 632 

Colour coded mean signal intensity of CD27, CD19, CXCR5, CD24, CD71, CD95, 633 

CD38 and CD11c presented as UMAP. Gates indicate the clustered areas of DNlow 634 

(left gate), DNhigh (middle gate) and DNint (right gate). (B) Representative histograms 635 

of flow cytometry data of DN subsets of one healthy donor showing surface marker 636 

expression in comparison to CD19- cells (grey) and CD27++CD38++ plasmablasts 637 

(black line). (C) Box and whisker plots of median FI of CD24, CD11c, CD71 and 638 

frequencies of CD38+ or CD95+ of HD (n=8) for each subset of DN (D) and median 639 

FIs of PD1 and PD-L1 in HD (n=8).(test: MWU) (E) Heat map showing log2(fold 640 

change) of median FI of surface marker expression by mem/DNint , mem/DNlow and 641 

mem/DNhigh subsets related to main B cell populations of transitional, naïve 642 

(IgD+CD27-), pre-switched (IgD+CD27+) and plasmablast (PB). Red indicating 643 
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markers that are higher expressed on the subsets of interest and blue indicating a 644 

lower expression of the marker on the subsets compared to the main B cell 645 

populations. (F) Heatmap of Spearman correlation coefficient (rs) and scatterplot of 646 

correlation between PBs and mem/DNint, mem/DNlow and mem/DNhigh subset 647 

frequencies of HD (n=8) and SLE (n=10). (G) Box and whisker plots of median FI of 648 

CD71, CD24, CD11c and frequencies of CD38+ or CD95+ of SLE (triangles, n=10) 649 

and HD (dots, n=8) for each DN subset.(test: KWT) (H) Frequencies of 650 

immunoglobulin isotypes per DN and mem subset, respectively of HD (n=6). 651 

(Significance levels: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) 652 

Figure 3: CXCR5-CD19low populations show an activated phenotype. (A) CyTOF 653 

derived UMAP plots (showing 8841 events per cohort of HD and SLE) of IgD- B cells. 654 

Top row shows density plots of HD and SLE. Bottom row shows distribution of gated 655 

for DNint, DNlow and DNhigh. (B) Frequencies among total CD19+ B cells of mem/DNint, 656 

mem/DNlow and mem/DNhigh of HD (dots, n=18) and patients with SLE (triangles, 657 

n=24). Expression of activation markers CD86, CD69 and CD25 by mem/DNint, 658 

mem/DNlow and mem/DNhigh for (C) comparison of subsets (test: MWU) or (D) HD vs 659 

SLE (test: KWT). Scatter plots show the expression of immune checkpoint molecules 660 

for comparison (E) in between subsets or (F) between HD and SLE. (Data is shown 661 

as median + 95%CI of [n(HD/SLE) = 18/24]. (Significance levels: *p ≤ 0.05, **p ≤ 662 

0.01, ***p ≤ 0.001, ****p ≤ 0.0001) 663 

Figure 4: CD19low (mem/DNlow) subsets correlate with plasmablasts upon 664 

vaccination of healthy individuals with BNT162b2. (A) Kinetics of B cell subset 665 

and PB frequencies of 17 HDs before and 7, 14 and 21 days after first vaccination 666 

and 7 days upon boost with BNT162b2 were analyzed using flow cytometry. (KWT:*p 667 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) (B) Scatter plots show correlations 668 

between certain B cell subsets and PBs frequencies upon BNT162b2 vaccination at 669 

certain time points of HDs (n=17). (Spearman correlation: r= Spearman coefficient, *p 670 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). 671 

Figure 5: Reduced BCR responsiveness in CD19 low subsets. (A) 672 

Phosphorylation kinetics of Syk (Y352) of mem/DNint, mem/DNlow and mem/DNhigh 673 

subsets and PB at time points 0, 5, 8 and 15 min in HD (n=8, solid line) and SLE 674 

(n=15, dashed line). Data is shown in means ± standard error of mean (SEM) (test: 675 

MWU between HD as SLE for each timepoint) (B) Scatter plot of Syk expression of 676 
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mem/DNint, mem/DNlow and mem/DNhigh subsets of HD (n=8, dots) and patients with 677 

SLE (n=15, triangle) (test: KWT). 678 

Figure 6: DNlow subsets show a transcriptional expression profile somewhat 679 

similar to plasmablasts. Boxplots of Log2(Counts per million(CPM)) of transcription 680 

factors IRF4, PRDM1, PAX5, XBP1, EZH2 and BCL2L1 depicted for naïve, pre-681 

switched, total memory, PBs and DN subsets (DNint, DNlow and DNhigh) of each 7 682 

donors of HD and SLE (test: KWT, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 683 

0.0001).  684 

Supplementary Figure 1: Surface expression patterns on memint, memlow and 685 

memhigh detected by flow cytometry. (A) Gating strategy of flow cytometry staining 686 

for identification of mem and DN subsets shown for a HD. (B) Box and whisker plots 687 

of median FI of CD71, CD24, CD11c and frequencies of CD38+ or CD95+ of HD 688 

(n=8) for each subset. (C) Box and whisker plots of median FI of PD1 and PD-L1 for 689 

each subset. (D) Box and whisker plots of median FI of CD71 and frequencies of 690 

CD95+ and CD38+ cells memory subsets for HD (dots, n=8) compared to SLE 691 

patients (triangles, n=9). (Significance levels: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p 692 

≤ 0.0001). 693 

Supplementary Figure 2: Activation marker and checkpoint molecule 694 

expression detected by mass cytometry (A) Gating strategy of CyTOF. (B) 695 

Distribution of subsets within IgD-CD27+ and IgD-CD27- (C) Scatter plots show 696 

expression of CD45RA and CD45RO for comparison in between subsets.(D) 697 

CD45RA and CD45RO differences between HD and patients with SLE. Scatter plots 698 

show expression of PD1 and PD-L1 for comparison in between (E) subsets or (F) 699 

between HD (dots) and SLE patients (triangles). (G) Scatter plots show expression of 700 

Ki-67 for comparison in between subsets or between HD (dots) and SLE patients 701 

(triangles). (Data is shown as median + 95%CI of [n(HD/SLE) = 18/24]. (Significance 702 

levels: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001) 703 
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Supplementary table1: Antibodies for flow cytometry analysis 705 

target fluorochrome Clone Manufacturer 

CD19 Brilliant Violet (BV) 711 SJ25C1 Becton Dickinson 

CD27 BV785  L128 Becton Dickinson 

CD20 BV510 2H7 Biolegend 

IgD Phycoerithrin(PE)/Dazzle IA6-2 Biolegend 

CD38 Allophycocyanin (APC)-Cyanin7 (Cy7) HIT Biolegend 

CD3 Brilliant Ultraviolet (BUV) 395 M5E2 Becton Dickinson 

CD14 BUV395 UCHT1 Becton Dickinson 

CD10 BV510 HI10A Becton Dickinson 

CD24 BV605 ML5 Becton Dickinson 

CD11c BUV737 B-ly6 Becton Dickinson 

CXCR5 BV421 RF8B2 Becton Dickinson 

CXCR5 PE 51505 R&D System 

CD95 PE-Cy7 APO-1/Fas Invitrogen 

CD71 Fluorescein (FITC) Okt3 eBioscience 

CD27 APC L128 Becton Dickinson 

CD19 APC-H7 SJ25C1 Becton Dickinson 

CD20 BV510 2H7 Biolegend 

CD38 PerCpCy5.5 HIT2 Becton Dickinson 

CD3 Pacific Blue (PacB) UCHT1 Becton Dickinson 

CD14 PacB M5E2 Becton Dickinson 

PD1 PE EH12.2H7 Becton Dickinson 

PD-L1 APC 29E2A3 Biolegend 

Syk FITC 4D10 Becton Dickinson 

pSyk(Y352) PE  Becton Dickinson 

CD22 APC S-HCL-1 Becton Dickinson 

IgM BV421 G20-127 Becton Dickinson 

IgA Briliant Blue (BB)515 IS11-8E10 Becton Dickinson 

IgG PeCy7 G18-145 Becton Dickinson 
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Supplementary table 2: Antibodies for mass cytometry analysis 707 

antibody Isotype tag 

CD45 Y89 

ICOS Pr141 

CD19 Nd142 

VISTA 908-Nd143 

CD69 Nd144 

CD4 Nd145 

IgD Nd146 

CD11c Sm147 

CD274/PD-L1 Nd148 

CD25 Sm149 

CD223/LAG-3 Nd150 

CD123 Eu151 

TCRgd Sm152 

TIGIT Eu153 

TIM3 Sm154 

CD27 Gd155 

CD86/B7.2 Gd156 

CD137/4-1BB Gd158 

Foxp3 Tb159 

CD14 Gd160 

CD152/CTLA-4 Dy161 

CD8 Dy162 

CD272/BTLA Dy163 

CXCR5 Dy164 

CD45R0 Ho165 

CD155 Er166 

CD38 Er167 

Ki-67 Er168 

CD45RA Tm169 

CD3 Er170 

CD226 Yb171 

IgM Yb172 

CD162/PSGL Yb173 

HLA-DR Yb174 

CD279/PD-1 Lu175 

CD56 Yb176 

CD16 Bi209 
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