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1. Abstract (Zusammenfassung) 
        1.1. Zusammenfassung  
Der Systemische Lupus erythematodes (SLE) ist eine systemische Autoimmunerkrankung mit 

bisher nur zum Teil geklärter Ätiopathogenese. Ein wichtiger Aspekt der Krankheitsentstehung 

ist die Entwicklung von antinukleären Autoantikörpern, die von kurz- und langlebigen 

Plasmazellen sezerniert werden. Langlebige Plasmazellen tragen zur Chronizität der 

Erkrankung bei und stellen eine therapeutische Herausforderung dar, da sie durch 

konventionelle immunsuppressive oder B-Zell-gerichtete Therapien nur unzureichend 

unterdrückt werden können.  

CD38 ist ein Oberflächenprotein, das auf unterschiedlichen Gruppen von Immunzellen 

entweder konstitutiv oder nach Stimulation exprimiert wird und insbesondere von 

Plasmazellen stark exprimiert wird. In dieser Arbeit wurde zunächst die Expression von CD38 

auf verschiedenen Immunzellen im Blut von 35 SLE Patienten und 20 gesunden Kontrollen 

(HC) analysiert. Dabei konnte eine signifikant erhöhte CD38 Expression auf verschiedenen 

Immunzellsubsets von SLE-Patienten nachgewiesen werden, insbesondere bei 

plasmazytoiden dendritischen Zellen (pDC), Gedächtnis- B- und T-Zellen und auch 

zirkulierenden Plasmazellen. Zusätzlich wurde der therapeutische Effekt des gegen CD38 

gerichteten monoklonalen Antikörpers Daratumumab bei zwei SLE-Patientinnen mit 

refraktärem, lebensbedrohlichen SLE untersucht. Dabei erhielten die Patientinnen 4 

wöchentliche Infusionen mit Daratumumab und wurden für ein Jahr klinisch und 

immunologisch nachbeobachtet. Die Daratumumab Behandlung resultierte bei beiden 

Patientinnen in einer klinisch relevanten Verbesserung der Krankheitsaktivität bei insgesamt 

guter Verträglichkeit. Insbesondere konnte ein günstiger Effekt auf Lupus-Nephritis und 

autoimmun-hämolytische Anämie beobachtet werden. Die therapeutischen Effekte waren 

assoziiert mit einem Abfall von Autoantikörpern und Impftitern, was auf eine relevante 

Depletion von langlebigen Plasmazellen hindeutet.  Zusätzlich war eine Reduktion der Typ-I 

Interferon-Aktivität und eine modulierte Genexpression von Gedächtnis T-Zellen nachweisbar. 

Die Depletion von autoreaktiven Plasmazellen ist nicht nur beim SLE ein wichtiges 

Therapiekonzept – so berichten wir zusätzlich über die Behandlung eines Patienten mit einer 

therapierefraktären Anti-CASPR2-Antikörper vermittelten Enzephalitis mit Daratumumab. 

Auch bei diesem Patienten kam es unter der Therapie zu klinischer Besserung der 

neurologischen Symptomatik und Reduktion der Autoantikörper. Allerdings entwickelte dieser 

Patient in der Rehabilitation eine Sepsis und verstarb wenig später an der Infektion. 

Insgesamt weisen diese Daten auf ein hohes Potenzial einer gegen CD38 gerichteten 

Therapie bei SLE, was möglicherweise auch auf andere Autoantikörper-vermittelte 
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Erkrankungen übertragbar ist. Allerdings muss die Effektivität und Sicherheit von 

Daratumumab in diesen Erkrankungen in klinischen, kontrollierten Studien untersucht werden. 

 
        1.2. Abstract 
Systemic Lupus erythematosus (SLE) is a rheumatologic autoimmune disease, the 

pathogenesis and aetiology of which are only partially understood. One important aspect of 

the mechanisms of disease is the generation and maintenance of short- and long-lived, 

autoreactive plasma cells, which produce autoantibodies. Long-lived plasma cells with their 

continuous secretion of autoantibodies contribute to the chronicity of the disease and are not 

sufficiently targeted by conventional immunosuppressants or B cell targeted therapies.  

CD38 is a surface protein that is expressed either constitutionally or upon stimulation on a 

host of different immune cell subsets and that is particularly highly expressed on plasma cells. 

In this work, we examined the expression of CD38 on different immune cell subsets in the 

peripheral blood of 35 SLE patients and 20 healthy controls. We were able to show that the 

expression of CD38 is increased on various subsets of peripheral blood leukocytes of SLE 

patients, such as plasmacytoid dendritic cells, memory B and T cells, as well as plasma blasts 

was increased.  

Additionally, we investigated the therapeutic effects of the anti-CD38 monoclonal antibody 

Daratumumab in two SLE patients with refractory, life-threatening disease with the anti-CD38 

monoclonal antibody Daratumumab. The patients received four weekly infusions of 

Daratumumab and were followed up clinically and immunologically for one year. The treatment 

of two SLE patients with Daratumumab was, apart from the expected 

hypogammaglobulinemia, safe and induced a clinical and immunological improvement of the 

disease that was sustained after one year of follow-up. Especially, amelioration of lupus 

nephritis and autoimmune haemolytic anaemia were observed. The therapeutic effects were 

associated with a decline in the titres of both autoantibodies and vaccine-induced protective 

antibodies declined, indicating a depletion of (long-lived) antibody-secreting cells. Additionally 

type 1 interferon activity and single-cell transcription analysis of memory T cells showed a 

downregulation of T cell transcripts associated with chronic T cell activation.  

The depletion of autoreactive plasma cells could also be an important framework work the 

treatment of other autoimmune diseases – here, we additionally report the treatment of a 

patient with refractory anti-CASPR2 antibody mediated encephalitis with daratumumab. 

Similar to the SLE patients, the treatment resulted in clinical improvement of the neurological 

manifestations as well as a reduction in autoantibody titres. However, this patient developed 

septicemia after discharge into a neurological rehabilitation centre and subsequently died.  

Our results indicate that a CD38-target therapy is a modality that has large potential for the 

treatment of SLE and likely also many other autoantibody-mediated diseases. The safety and 
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efficacy of Daratumumab for these diseases, however, will need to be investigated in clinical-

controlled trials 
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2. Introduction  
2.1. Classification and epidemiology of SLE 
Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune disease that is 

most prevalent in younger women.1 It is characterized by a multitude of clinical manifestations. 

From the eponymous butterfly rash and typical UV light sensitive dermatitis to fulminant organ 

failure, SLE can present with inflammation of almost any tissue and organ. Apart from 

inflammation of the skin, the most commonly affected organs include the joints, serous 

membranes, kidney and blood.2 Serologically, autoantibodies against nuclear antigens (ANAs) 

are found in almost all SLE patients and while autoantibodies against double-stranded DNA 

(dsDNA) are found only in approximately 70% of patients3, they aid the diagnosis due to their 

high specificity. The disease prevalence ranges from 20 to 150 per 100,0004, with wide 

geographical variability, mostly likely due to ethnic differences, methods of case identification 

and access to specialty care.5 While some progress has been made in the treatment of SLE, 

this population of mostly younger women still has a 2.4 fold increase in mortality compared to 

the general population6 and better treatment modalities are urgently needed.  

A joint European League Against Rheumatism (EULAR)/American College of Rheumatology 

(ACR) initiative recently updated the classification criteria of SLE, aiming to identify SLE as 

early as possible, while excluding lupus mimicker.7 The criteria include positivity for antinuclear 

antibodies as entry criterion and require a total score of 10 or more to classify SLE and 

provided a sensitivity of 96.1% and specificity of 93.4%.7 

 
        2.1. Systemic Lupus Erythematosus -– Current understanding of aetiology and 
pathogenesis 
The aetiology of SLE is complex and incompletely understood. As for most autoimmune 

diseases, both genetic and environmental influences contribute to SLE. Monozygotic twin 

studies showed approximately 25-50% concordance8,9 and genome-wide association studies 

(GWAS) identified many risk loci, although the attributable risk per locus is generally rather 

low. 10  Loci typically associated with SLE risk include genes involved in the clearance of dead 

cells and extracellular DNA such as the NADPH oxidase, genes of the complement system, 

major histocompatibility complex (especially HLA-DRB1) and genes that are in nucleic acid 

sensing and type 1 interferon signalling. 11 

As approximately 90% of SLE patients are female and most are diagnosed at “childbearing 

age”,1  hormones seem to play an important role in the pathogenesis of SLE. Estrogens as 

well as other steroid hormones have been shown to exert direct immunomodulatory effects; 

for example estradiol was shown to increase type I interferon production.12 Additionally, 
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environmental factors such as ultraviolet light, cigarette smoking and viral infections modify 

the risk of SLE. 2 

Genetic and environmental factors lead to a reduced capacity for the clearance of nuclear 

antigens in SLE patients;13 apoptotic bodies circulate for a longer time, undergo secondary 

necrosis and nuclear antigens are thus liberated.14 The production of neutrophil extracellular 

traps (NETs) is increased in SLE patients and NET clearance is reduced due to reduced 

DNAse activity in the serum. 15,16  In the process of NET generation, nuclear antigens are 

modified which increases their potential to break self-tolerance. 17 

The presence of free nucleic acids in circulation also mimics the presence of viruses and thus 

induces anti-viral immunity: nucleic acids engages toll-like receptors (TLR) 7 and 9, which 

activates immune cells like monocytes, B cells and plasmacytoid dendritic cells (pDCs).18 

Plasmacytoid dendritic cells are the main producers of type I interferons, the hallmark 

cytokines in the SLE pathogenesis, which likely directly cause constitutional symptoms such 

as fatigue and malaise and correlate  with disease activity.19 

Complexes of protein and nucleic acid are also taken up by antigen-presenting cells, which 

stimulate antigen-specific T cells. Within the lymph node, stimulated T follicular helper cells 

then provide help to B cells with an affinity against the autoantigens. In a process called affinity 

maturation, B cells introduce random mutations into their B cell receptors and are selected for 

higher binding strength to the antigen. Consequently, these antigen-experienced B cells can 

differentiate into memory B cells and long-lived plasma cells, leading to long-lived memory 

against the autoantigens. Autoreactive B cells are common, also in healthy people, 20 but 

usually do not receive T cell help and are thus not able to undergo affinity maturation or 

differentiate into long-lived memory cells. 

The germinal centre reaction has inbuilt control mechanisms against the generation of 

autoreactive B cells and it is not entirely clear how these mechanisms are evaded in SLE.21 

One observation that might explain this is the presence of so-called “tertiary lymphoid 

structures” (TLS), aggregates of lymphocytes that are found not within lymphoid organs like 

the spleen and lymph nodes, but within the inflamed organs themselves.22 TLS have been 

observed in many autoimmune diseases, for example in the meninges in multiple sclerosis 23 

or the synovium in rheumatoid arthritis 24 and they have also been found in different organs in 

SLE. 25,26 Affinity maturation has been shown to occur also in TLS, however they lack the 

organized structure of lymph nodes that is necessary for the mechanisms protecting against 

the generation of autoreactive B cells. TLS could thus be a location where tolerance break 

occurs in SLE. 22 

As a consequence of T cell help, antigen-specific memory B cells and plasma cells are 

generated and can then seed dedicated survival niches in the bone marrow as well as the 

inflamed organs themselves. They continuously produce antibodies against nuclear 
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autoantigens and thereby contribute to the chronicity of the disease. As SLE patients have 

deficient clearance of apoptotic cells, NETs and other nuclear detritus, autoantibodies have 

ample binding opportunities. Conglomerates of nuclear antigens and autoantibodies form 

circulating immune complexes that deposit in organs like the skin and the kidney and induce 

an innate immune response.2  Antibodies against nuclear antigens are often detected years 

before the onset of clinical disease 27 and it is not entirely clear, which mechanisms lead to the 

pathogenicity of autoantibodies. Glycosylations of the Fab and Fc fragments of the antibodies 

can modulate their inflammatory potential and have been shown to contribute to the switch 

from asymptomatic autoantibodies to clinical disease in rheumatoid arthritis. 28 Furthermore, 

additional epitopes are targeted by autoantibodies over time (“epitope spread”) – potentially 

spreading to more pathogenic epitopes with time. Mouse experiments clearly indicate a direct 

pathogenic role for plasma cells and their antibodies as the transfer of plasma cells from a 

lupus mouse model to an unaffected mouse induced lupus-like manifestations. 29 

 

        2.2. Targeting immunological memory in Systemic Lupus erythematosus 
As illustrated by the importance of autoantibodies in the pathogenesis, antibody-producing 

cells such as plasma cells are an attractive target for the treatment of SLE, however the 

depletion of these long-lived cells is a therapeutic challenge.29–31 As they do not proliferate, 

they are not targeted by chemotherapeutic agents such as cyclophosphamide and as they 

mostly do not express CD20, they evade the B cell depleting effect of rituximab and other anti-

CD20 monoclonal antibodies.32 The anti-BAFF (B Cell activating factor) antibody belimumab 

inhibits an important differentiation signal for B cells to become plasma cells, however it does 

not efficiently deplete long-lived plasma cells. 33 

Previous work investigating immunoablation followed by autologous stem cell transplantation 

(ASCT) as a treatment for SLE demonstrated that the ablation of the immunological memory 

with high dose chemotherapy and anti-thymocyte globulin (ATG) lead to a depletion of bone 

marrow plasma cells and induced treatment-free clinical and immunological remission in a 

subset of patients.34 However, this “immune reset” may be associated with considerable 

morbidity and mortality which limits its use to the most severe SLE cases.  

The proteasome inhibitor bortezomib has also been investigated in SLE and other 

autoantibody-mediated diseases. 35,36 Originally used in multiple myeloma, a malignant 

disease of plasma cells, it was able to deplete autoreactive plasma cells and decrease SLE 

disease activity. However, the plasma cells relatively quickly regenerated from autoreactive 

plasmablasts and Bortezomib, too, was associated with significant toxicities such as peripheral 

neuropathy and gastrointestinal symptoms, limiting its use. 

While the ideal method for the depletion of humoral immune memory has yet to be identified, 

a new treatment modality for an intervention that can deplete plasma cells without significant 
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side-effects could advance the treatment of many diseases. 30 The promise of an ablation of 

the established humoral immune memory is to achieve a long-lasting remission of disease 

activity without continued immunosuppressive therapy. The experiences with ASCT in SLE 

and other autoimmune diseases like multiple sclerosis and ANCA-associated vasculitis have 

shown that this is possible and novel mechanisms to target the pathogenic immunological 

memory can hopefully achieve this goal with a more favourable side effect profile.37 Potential 

targets for plasma cell include survival signals such as APRIL (A proliferation-inducing ligand) 

and integrin interactions (via VLA-4 and LFA-1), the chemokine receptor CXCR4 that is 

important for the homing and retention of plasma cells to their niches, or surface proteins that 

are highly expressed on plasma cells such as CD138, SLAMF7 (CD319) or CD38.30 

 

2.3. CD38 – A multifunctional surface glycoprotein 
CD38 is a surface glycoprotein that is expressed on a variety of cells of the immune system 

but also non-immune cells. Initially it was described as a marker of activation on 

lymphocytes.38 It functions both as a receptor and a multifunctional enzyme. As a receptor, it 

binds to CD31 (Platelet endothelial cell adhesion molecule, PECAM-1), which is expressed on 

endothelial cells and platelets. The CD38-CD31 interaction mediates the adhesion of CD38 

expressing leukocytes on endothelial cells, while at the same time, ligation of CD38 induces 

the production of pro-inflammatory cytokines, like IL-6 or IFNγ. 39,40  As an enzyme, it catalyses 

the degradation of NAD+ (Nicotinamide adenine dinucleotide) and synthesis and hydrolysis of 

cyclic ADP ribose in the extracellular environment. 39 CD38 mediated NAD+ degradation also 

seems to play a role in metabolic aging. CD38 knockout (KO) mice are unable to mount an 

adaptive immune response, primarily because CD38 deficient dendritic cells are unable to 

follow cytokine gradients into the inflamed tissue and into the lymph node to start the immune 

response. 41,42 

Some previous works have investigated the expression of CD38 on leukocytes in SLE. Pavón 

et al found an increase in CD38 on T cells in SLE patients as well as autoantibodies against 

CD38 that showed a negative correlation with disease activity. 43 Subsequent work found that 

CD38 positive CD8+ T cells have decreased cytotoxic function and their frequency correlated 

with infections in SLE patients. 44 Additionally, CD16+ non-classical monocytes had increased 

CD38 expression in a study investigating the CD38 expression of monocyte subsets in SLE. 
45 

CD38 is highly expressed on plasma cells and specifically also on malignant cells in multiple 

myeloma. 46 Thus, CD38-targeting therapeutics have been developed and specifically the anti-

CD38 monoclonal antibody daratumumab has been successfully investigated for its efficacy 

in the treatment of multiple myeloma. 47,48 The rationale for this study has thus been that, 

especially due to the availability of a licensed drug, CD38 is an attractive target to deplete 
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autoreactive plasma cells in patients with SLE and other autoantibody mediated diseases. As 

a first step, we investigated the differential expression of CD38 on leukocyte subsets in SLE 

in order to better understand potential pleiotropic effects of daratumumab in SLE. 49 

Consequently we evaluated the therapeutic effect of daratumumab in two SLE patients and 

one patient with anti-CASPR2 antibody-mediated encephalitis, including characterization of 

clinical, serologic and immunologic changes upon treatment.50,51 
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3. Methods 
3.1. Cohort Description  
We analysed the expression of CD38 on common lymphocyte subsets on peripheral blood 

mononuclear cells (PBMCs) from 35 SLE patients and 20 healthy controls. Additionally, paired 

blood and urine samples of 9 patients with lupus nephritis were analysed. The median age 

was 40.0 for the SLE patients (range 20-64), 27.5 for the healthy controls (range 22-48) and 

37.0 for the lupus nephritis patients (range 18-19). 92.3% of the SLE patients and 100% of the 

lupus nephritis patients were female, as well as 60.0% of the healthy controls. The SLE 

patients had a median disease history of 14 years (range 1-50 years) and a median SLEDAI-

2K disease activity score of 4 (range 0-14). All patients received some immunosuppressive 

therapy, with glucocorticoid treatment (32/35) and hydroxychloroquine (25/35) being the most 

commonly used agents. The median prednisolone dose was 5.0mg daily (range 0-25). All 

patients provided written informed consent and the study was approved by the ethics 

committee of the Charité Universitätsmedizin Berlin (EA1/104/17).  

 
3.2. Isolation of Peripheral blood mononuclear cell (PBMC)  
The peripheral blood mononuclear cells (PBMCs) are a subset of the leukocytes in the blood, 

they contain mostly T and B lymphocytes, NK cells, monocytes, and dendritic cells. In order 

to analyse these subpopulations, they have to be separated from the most prevalent 

corpuscular elements in the blood: neutrophilic granulocytes and erythrocytes. This is 

achieved by density-gradient separation, which uses the fact that neutrophils and erythrocytes 

both have slightly higher density than the PBMCs. To this end, 20ml of heparinized blood was 

mixed with 15ml phosphate buffered saline (PBS) with 0.3% bovine serum albumin (BSA) and 

carefully layered onto 15ml Ficoll®-Paque Premium (Sigma Aldrich) in a 50ml Falcon tube 

(Sigma Aldrich). It is centrifuged at 400g for 20 minutes at room temperature and without 

break. Consequently, the PBMCs are seen as a thin white layer in the middle of the tube, 

which can then be collected with a pipette. The PBMCs are washed twice by adding PBS + 

BSA to a volume of 50ml, centrifuging for 10 minutes at 300g and 4°C and discarding the 

supernatant. 

 

3.3. Flow Cytometry  
For flow cytometry analysis, the cells of interest are labelled with antibodies that are coupled 

to a range of fluorochromes with different excitation and emission characteristics. The cells 

are then acquired on a flow cytometer which uses a fluidics system to form the sample into a 

stream of individual cells that is moved through multiple laser beams.52 Scattered light from 

the laser impulses is used to estimate cell size and granularity, while fluorescence in response 

to laser excitation is used to evaluate the presence of certain antigens on the cells. 52 To 
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prepare PBMCs for cytometric analysis, approximately 10^6 cells and the antibodies of 

interest are to a total volume of 100µl in phosphate buffered saline (PBS). For surface 

antigens, the mix is incubated for 15 minutes in the dark at 4°C. Staining of chemokine 

receptors, especially CCR7 (CD197), is more efficient at 37°C. Afterwards, cells are washed 

in 1ml PBS and resuspended to a volume of approximately 300µl for acquisition.  

For the evaluation of intracellular antigens such as cytokines or transcription factors, the cells 

have to be fixated and permeabilized prior to staining. To this end, cells are placed in the 

eBioscience FoxP3 staining buffer (ThermoFisher) according to the manufacturer’s protocol. 

The incubation period for staining is increased to 30 minutes for the staining for intracellular 

antigens.  

 
3.4. Single-Cell transcriptome and T cell receptor sequencing 
Recent technological advances allow for the sequencing of transcriptomes of thousands of 

individual cells.53  For this, stained cells as indicated above and FACS sorted at least 10’000 

CD3+ living memory T cells (not CD45RA+CCR7+) from patient 1. At baseline, we additionally 

sorted the cells according to CD38 surface expression. Follow-up sequencing was performed 

on days 0, 41 and 74. The sorted T cells were counted and adjusted to a concentration of 

1’000 cells/µl in PBS with bovine serum albumin. The cells were then applied to the 10X 

Genomics platform with the Chromium Single Cell 5’ Library & Gel Bead Kit (10X Genomics) 

according to manufacturer’s instructions. After 16 cycles of PCR of amplified cDNA, the 

sample was used for library preparation for gene expression and T cell receptor sequencing 

(using the Chromium Single Cell V(D)J Enrichment Kit for Human T cells (10X Genomics). 

The samples were sequenced on a NextSeq500 machine (Illumina). This work and the 

subsequent bioinformatic analysis of the data was done in cooperation with Gitta Heinz, 

Frederik Heinrich, Pawel Durek and Mir-Farzin Mashreghi, Deutsches Rheuma-

Forschungszentrum Berlin.  

 

3.5. Bioinformatic analysis of Single-Cell transcriptome data 
After alignment of reads and deconvolution of the data using the cell-range software (10X 

Genomics), subsequent analysis was performed using the Seurat package Version 3 in R. 54,55  

Cells with a high percentage of mitochondrial reads were excluded and the cells from all time 

points plotted as a UMAP (Uniform Manifold Approximation and Projection). We manually 

separated the sequenced memory T cells into three clusters (conventional CD4+ T cells, 

regulatory CD4+ T cells and CD8+ T cells) according to expression of key marker genes (CD4, 

CD8, IKZF2 (which encodes for Helios) and FOXP3) and proximity in the UMAP. Consequent 

analyses were performed on each subset separately, mainly the analysis of differentially 

expressed genes between the different time points. Additionally, differential gene expression 
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analysis was performed focussing specifically on CD8+ memory T cells with a T cell receptor 

that was within the 10 most frequent TCR clones shared between all timepoints. 

 
3.6. Treatment with daratumumab and follow-up 
Daratumumab is a monoclonal IgG1 kappa antibody against CD38 that is licensed for use in 

multiple myeloma.47 Two patients with long-standing, refractory and life-threatening SLE gave 

informed written consent to an off-label treatment with daratumumab. They received 

intravenous daratumumab infusions of 16mg/kg body weight once weekly for four weeks in an 

inpatient setting. To prevent infusion reactions, patients were pre-treated with 20mg 

dexamethasone and dimetindene intravenously. For the first three months, patients received 

antiviral and -fungal prophylaxis with acyclovir (200mg, daily) and 

trimethoprim/sulfamethoxazole (960 mg, three times a week). Baseline immunosuppressive 

therapy was continued and on day 120 both patients were started on belimumab (an anti-

BAFF antibody, weekly 200mg subcutaneous injections). 

We followed both patients at least monthly for a duration of 12 and 11 months, respectively. 

Follow-up investigations included clinical evaluation for disease activity and potential side 

effects, laboratory analysis of established markers of disease activity such as levels of 

complement factors, autoantibody titres and SIGLEC1 on monocytes (a surrogate marker of 

type I interferon activity).19,56 The immunological follow-up included the analysis of leukocyte 

subsets and their CD38 expression with flow and mass cytometry as well as the analysis of 

sorted memory T cells via single-cell transcriptome and T cell receptor analysis.  
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 4. Essential Results 
4.1. CD38 expression is elevated on peripheral blood leukocyte subsets in SLE 
We investigated the expression of CD38 on the surface of peripheral blood mononuclear cells 

(PBMCs) in patients with SLE compared to a cohort of healthy controls. CD38 was expressed 

on all major PBMC subsets. In the canonical definition of B-cell subsets, CD38 is used to 

identify “Transitional B-cells” (CD24highCD38high) as well as plasmablasts 

(CD19lowCD24lowCD27highCD38high). Excluding these subgroups, total “mature B-cell” MFI 

(median fluorescence intensity) was still increased in SLE patients compared to healthy 

controls. Defining plasmablasts independent of CD38 expression as CD19lowCD27high showed 

that also plasmablast CD38 expression was significantly increased in SLE patients. 

Additionally, CD38 MFI was higher on SLE plasmacytoid dendritic cells (CD123+HLA-

DR+Lineage-) compared to healthy controls. Monocytes (CD14+), myeloid dendritic cells 

(CD11c+HLA-DR+Lineage-) and natural killer (NK) cells (CD56+CD3-) all showed a trend 

towards higher expression of CD38; however, these differences did not reach statistical 

significance.  

On naive (CD45RA+CCR7+) T cells, CD38 expression is uniformly low to intermediate and in 

healthy controls, only a small fraction of memory T cells (not expressing both CD45RA and 

CCR7) expresses CD38. In SLE patients however, the proportion of CD38+ memory T cells 

was higher both in CD4+ and CD8+ T cells. To investigate whether these cells are also found 

in the inflamed kidney, we measured the CD38 expression on memory T cells in paired blood 

and urine samples of lupus nephritis. In addition, these cells showed high expression of the 

chemokine receptor CXCR3 that is required for T cells to enter inflamed tissue. 57 

In summary, CD38 expression is not only high on plasma cells, but also increased on 

plasmacytoid dendritic cells and memory T cells in SLE. As these three cell types are all 

integral components of our current understanding of SLE pathogenesis, they provide an 

additional rationale for a CD38-targeted treatment in SLE beyond the depletion of auto-

antibody-secreting plasma cells. 

 

4.2. Treatment of two patients with the CD38 antibody daratumumab 
Two patients with long-standing, treatment refractory, and life- and organ threatening SLE 

received 4 infusions of 16mg/kg body weight daratumumab after informed consent was 

obtained. After 120 days, additionally the anti-BAFF antibody belimumab was started. 

Patient 1 was a 50-year-old woman with a 17-year history of refractory SLE. She had 

previously been treated with cyclophosphamide, mycophenolate mofetil, ciclosporin A, 

azathioprine, bortezomib, prednisolone and hydroxychloroquine. At baseline, she showed 

clinical and serological activity with WHO class III+V lupus nephritis, dermatitis, pericarditis 
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and arthritis as well as elevated anti double-stranded DNA antibody levels and decreased 

complement factor levels. Her baseline immunosuppressive therapy of 20mg of prednisolone 

and 2000mg of mycophenolate mofetil daily was continued. 

Patient 2 was a 32-year-old woman with a 16-year history of SLE. She had previously been 

treated with cyclophosphamide, mycophenolate mofetil, ciclosporin A, bortezomib, 

intravenous immunoglobulins, belimumab, rituximab, azathioprine, prednisolone and 

hydroxychloroquine. At baseline, she had immune-mediated haemolytic anaemia and 

thrombocytopenia as well as arthritis, oral ulcerations, arthritis, alopecia and vasculitis skin 

lesions. Historically she had also had liver and CNS manifestations. Her baseline treatment 

was 10mg of prednisolone daily.  

Both patients had prompt and sustained clinical improvements at the time of the fourth 

Daratumumab infusion. The SLEDAI-2K (Systemic Lupus erythematosus disease activity 

index 2000) decreased from 22 and 21 to 15 at the time of the fourth infusion and decreased 

further to 6 and 4 respectively at the time of the last follow up (360 and 330 days after the first 

infusion). The proteinuria in patient 1 decreased from 6362 mg/g creatinine to 1197 mg/g 

creatinine, her cardiac output function improved, the pericardial effusion, arthritis and skin rash 

resolved, even though her daily prednisolone dose was gradually decreased to 4mg/day. In 

patient 2, the haemoglobin and thrombocyte levels increased and the direct antigen test was 

negative on multiple occasions. Her vasculitic skin lesions, arthritis and skin manifestations 

resolved.  

The daratumumab infusions were generally well-tolerated. In patient 1, serum immunoglobulin 

levels decreased below 400 mg/dl (normal range 700-1600 mg/dl) early after daratumumab 

infusions and she received two infusions of 30g intravenous immunoglobulins. Patient 2 had 

an uncomplicated upper respiratory tract infection without need for specific treatment around 

day 90. No other adverse events were noted.  

In summary, daratumumab treatment with four infusions of 16mg/kg body weight led to 

sustained clinical responses in two SLE patients with highly active and refractory disease and 

the treatment was well-tolerated. 

 

4.3. Immunological effects of Daratumumab treatment 
To investigate the immunological effects of daratumumab, we combined flow cytometry and 

mass cytometry approaches for immunophenotyping of peripheral blood leukocytes. The 

levels of all major leukocyte subsets in the blood remained stable over the follow-up period, 

except for a gradual and sustained decrease in CD19+ B cell counts. Additionally, the fraction 

of CD19lowCD27high plasmablasts decreased early after the treatment but overall underwent 

strong fluctuations, while the fraction of IgD+CD27+ naive B cells gradually decreased over the 

follow-up period in both patients. CD3-CD56+ NK cell and CD123+HLA-DR+ lineage- pDC 
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counts dropped early after treatment but recovered to baseline levels between 90 and 150 

days after the initiation of Daratumumab treatment. SIGLEC1 expression on monocytes, a 

surrogate parameter for type 1 interferon activity and disease activity in SLE, decreased 

directly after completion of the Daratumumab infusions and remained low over the follow-up 

period.  

To assess the capacity of daratumumab to deplete CD38+ memory T cells, we evaluated 

absolute T cell counts, the fraction of memory T cells and CD38+ memory T cells. 

Daratumumab treatment abrogates the binding of conventional anti-CD38 antibodies for flow 

cytometric analysis, thus, we used a polyclonal anti-CD38 antibody that is marketed 

specifically for the detection of CD38 after anti-CD38 targeted therapy. While CD38 expression 

on T cells was almost completely abrogated directly after daratumumab treatment, total T cell 

counts as well as memory T cell counts remained unchanged. These results could either 

indicate that CD38+ memory T cells were depleted and replaced by other T cells or that the 

CD38+ cells persisted but lost the surface expression of CD38. In order to differentiate between 

these competing hypotheses, we turned to single-cell RNA and T cell receptor sequencing.  

 

4.4 Effects of Daratumumab on CD38+ Memory T cells 
As outlined above, conventional, protein-based immune-monitoring did not reveal whether 

CD38+ memory T cells were depleted by daratumumab treatment or if they lost CD38 surface 

expression. Single-cell T cell receptor sequencing can potentially answer this question, as the 

T cell receptor (TCR) can serve as an endogenous barcode to follow clones of T cells over 

time. We sequenced single-cell transcriptomes and TCRs of patient 1 at days 0, 41, and 74 

and clustered the cells into CD4+ conventional T cells, CD4+ regulatory T cells and CD8+ T 

cells. As expected from the flow cytometric results, at baseline most CD38 expressing cells 

were found within the CD8+ T cell cluster. Within the CD8+ T cells, the sequenced TCRs 

showed remarkable oligoclonality. Especially within the CD38+CD8+ T cells, 54% of T cells 

expressed one of the ten most common TCRs. The frequency of these TCRs within the CD8+ 

did not change during the follow-up period, indicating that CD38+ memory T cells were not 

depleted by daratumumab.  

Next, we investigated the transcriptional profile of these TCR-barcoded CD8+ T cells. After 

daratumumab treatment, CD8+ T cells had lower mean expression of genes associated with 

interferon exposure (like IRF7, IFI44L, ISG15), which is in line with our observations of the 

interferon-surrogate parameter SIGLEC1 on monocytes. Additionally, the expression of genes 

associated with T cell activation (like DUSP2, CD40LG, CD69) and also CD38 was decreased 

after daratumumab treatment in both memory CD4+ and CD8+ T cells. Interestingly, the 

expression of GZMA, GZMB, NKG7 and other genes associated with cytotoxic function in T 

cells increased after daratumumab treatment. This is in line with a recent report, describing a 
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decreased cytotoxic potential in CD38+ CD8+ T cells, which was associated with an increased 

risk of infection in these patients.44 Our data could indicate that the CD38-targeted treatment 

with daratumumab led to a normalization of the defective cytotoxic capacity of these cells.  

 

4.5 Daratumumab in autoantibody-mediated encephalitis 
In addition to the use of daratumumab in SLE, we recently treated a patient with an anti-

CASPR2 autoimmune encephalitis,51 a disease in which autoantibodies against the synaptic 

protein Contactin-associated protein-like 2 (CASPR2) induces brain inflammation and 

neuronal dysfunction.58 Similar to SLE, long-lived plasma cells are believed to be important 

producers of pathogenic antibodies in this disease and thus represent a potential target for 

daratumumab.59 

A 60-year-old male patient with a two-year history of anti-CASPR2 encephalitis and a 

squamous-cell carcinoma of the tongue clinically deteriorated after a steroid taper and 

concomitant soft-tissue infection. He developed a central breathing disorder and aggressive 

behavioural changes, requiring sedation and mechanical ventilation. Anti-CASPR2 antibody 

levels were detected >1:10’000 both in the cerebrospinal fluid (CSF) and the serum. Treatment 

with methylprednisolone, rituximab, bortezomib and immunoadsorption was initiated but he 

remained refractory to these treatments over five months. Evidence of tumour recurrence was 

found neither clinically nor in PET or MRI imaging.  He then received a total of 13 cycles of 

16mg/kg body weight daratumumab, first in weekly intervals and after the 8th infusion in 

biweekly intervals. After 8 cycles of daratumumab, the patient showed signs of clinical 

improvement, allowing the discontinuation of sedation and weaning from mechanical 

ventilation. His autoantibodies in the serum were reduced by multiple titre levels, while they 

only changed from >1:10’000 to 1:10’000 in the CSF.  

We observed immunologic changes similar to the treated SLE patients, with a depletion of NK 

cells, a reduction in total and vaccine-specific immunoglobulin levels and a decrease in HLA-

DR+ and Ki67+ memory T cells, as markers of a reduced activation of CD4+ and CD8+ T cells. 

Four months after the initiation of daratumumab treatment, the patient was transferred to a 

neurological rehabilitation centre, where he died of sepsis.  
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5. Discussion and outlook 
5.1. Significance of results in SLE 
In this work, we investigated the expression of CD38 on leukocytes of SLE patients and report 

the treatment of two SLE patients with the anti-CD38 antibody daratumumab. Both patients 

had significant disease activity despite best available treatment and after failure of other 

investigational treatment, a situation that is associated with high risks of morbidity and 

mortality and where only few treatment options are available. 60  In these two patients, 

daratumumab was both safe and efficacious, inducing long-lasting clinical remissions.  

As CD38 is expressed on many different subsets of leukocytes and, as demonstrated here, 

also increased on a large number of disease-relevant leukocyte populations, the beneficial 

effect of daratumumab is likely due to pleiotropic effects. Apart from the plasma cell depletion 

that was induced by the anti-CD38 treatment, we found evidence of a depleting effect of 

daratumumab on pDCs, NK cells and for a modulatory effect on CD38+ memory T cells. 

Further work is required to characterize the effects of daratumumab and other anti-CD38 

antibodies on the different cells of the immune system in SLE patients.  

Notably, the increased expression of CD38 on peripheral blood leukocytes was not 

homogenous among all SLE patients investigated. This notion, together with the relatively high 

intraindividual correlation of the expression of CD38, could indicate that there is a CD38high 

subgroup of SLE patients. This subset could also feature specific patterns of clinical 

manifestations as well as an increased response upon anti-CD38 targeted treatment. 

Nevertheless, the patients in our study were chosen for daratumumab for ethical reasons, as 

they had insufficient response to established SLE therapies. For future studies, the ideal target 

population for anti-CD38 treatment remains to be defined. Based on the assumption that long-

lived plasma cells play a pathogenic role in the diseases, ideal candidates for daratumumab 

are those with persistent serologic activity despite conventional therapies. Since pathogenic 

immune memory accumulate over years, daratumumab may provide higher efficacy in patients 

with long-lasting disease with high antibody titres. Nevertheless, to prevent accumulating 

organ damage, a “hit hard and early” approach with an anti-CD38 antibody could potentially 

lead to long-lasting remissions, comparable to the use of the anti-CD20 antibody rituximab in 

early arthritis.61  

The dose of four daratumumab infusions of 16mg/kg body weight was chosen based on the 

dosing scheme for the treatment of multiple myeloma, but it is not clear whether the dose 

needs to be adjusted for use in SLE. Based on the observed reduction of autoantibody titres 

by 30-50%, it can be speculated that continued daratumumab treatment may lead to an even 

stronger reduction in autoimmunity and potentially superior clinical efficacy. However, a higher 

dosage would have likely been associated with more severe side effects, especially more 
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severe hypogammaglobulinemia. As the burden of autoreactive plasma cells can be estimated 

by the titre levels of autoantibodies, individualised dosing according to antibody titres could be 

tried in the future. Additionally, the anti-BAFF (B cell activating factor) antibody belimumab 

was started as weekly subcutaneous injections with the intention of inhibiting the generation 

of new autoreactive antibody-secreting cells. The relative contribution of this drug in the 

sustained partial remission of the patient remains unclear and will require further investigation. 

The efficacy of daratumumab for SLE as well as the ideal dose and target population will have 

to be established in a randomized and controlled clinical trial. 

 
5.2 Significance for other autoimmune diseases 
While our results are encouraging as novel therapeutic approach in SLE, our results from the 

treatment of a patient with an anti CASPR2 antibody-mediated autoimmune encephalitis 

highlights that the concept of long-lived plasma cells as drivers of chronic autoimmunity is valid 

for many different autoimmune diseases and that CD38-targeted therapies could fill a need 

for additional effective treatments in these disorders. The report, however, also highlights the 

potential risks that are associated with daratumumab treatment. The CASPR2-patient was 

heavily pre-treated with immunosuppressive drugs and received 13 infusions of daratumumab 

(compared to the 4 infusions, the SLE patients received). This combination resulted in clinical 

improvement but also heavy immunosuppression. Nevertheless, the prognosis of 

autoantibody encephalitis that is treatment-refractory for multiple months is bleak, so that 

daratumumab may still be considered as a rescue therapy in these patients.  

Further work is needed to evaluate the safety and efficacy as well as the right dosing of 

Daratumumab or other anti-CD38 agents in auto-antibody mediated disease, of which there 

are plenty. While a depletion of plasma cells using an anti-CD38 antibody was successful in 

this study, it also affects the protective functions of humoral immunity by depleting plasma 

cells induced by vaccinations or previous infections. An ideal treatment would deplete only 

those plasma cells that produce pathogenic antibodies. This is complicated by the fact that 

IgG+ plasma cells do not express significant levels of immunoglobulins on the surface.  

A conjugate of an anti-CD138 antibody (targeting plasma cells) and the antigen was able to 

induce labelling of antigen-specific plasma cells with their secreted immunoglobulin and 

induced depletion of these cells.62 This is however only feasible in those diseases where 

autoantibodies against a single, well defined antigen drive the pathogenesis, such as 

antibodies against acetylcholinesterase in myasthenia gravis or against phospholipase A2 

receptor in primary membranous glomerulonephritis. In other diseases like SLE or idiopathic 

CD4 lymphopenia63 , where there are autoantibodies against diverse targets, a specific 

approach seems less feasible. 



 21 

In summary, while our results presented in this thesis are a promising start, many more steps 

are required to offer new safe and effective plasma-cell targeted treatments to patients with 

SLE and other autoantibody-mediated diseases. We hope that this work and future 

contributions can help to fill this need and induce long-standing, treatment-free remission in 

different autoimmune diseases. 
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Abstract: Given its uniformly high expression on plasma cells, CD38 has been considered as a
therapeutic target in patients with systemic lupus erythematosus (SLE). Herein, we investigate the
distribution of CD38 expression by peripheral blood leukocyte lineages to evaluate the potential
therapeutic effect of CD38-targeting antibodies on these immune cell subsets and to delineate the use
of CD38 as a biomarker in SLE. We analyzed the expression of CD38 on peripheral blood leukocyte
subsets by flow and mass cytometry in two different cohorts, comprising a total of 56 SLE patients.
The CD38 expression levels were subsequently correlated across immune cell lineages and subsets,
and with clinical and serologic disease parameters of SLE. Compared to healthy controls (HC), CD38
expression levels in SLE were significantly increased on circulating plasmacytoid dendritic cells,
CD14++CD16+ monocytes, CD56+ CD16dim natural killer cells, marginal zone-like IgD+CD27+ B
cells, and on CD4+ and CD8+ memory T cells. Correlation analyses revealed coordinated CD38
expression between individual innate and memory T cell subsets in SLE but not HC. However, CD38
expression levels were heterogeneous across patients, and no correlation was found between CD38
expression on immune cell subsets and the disease activity index SLEDAI-2K or established serologic
and immunological markers of disease activity. In conclusion, we identified widespread changes
in CD38 expression on SLE immune cells that highly correlated over different leukocyte subsets
within individual patients, but was heterogenous within the population of SLE patients, regardless
of disease severity or clinical manifestations. As anti-CD38 treatment is being investigated in SLE,
our results may have important implications for the personalized targeting of pathogenic leukocytes
by anti-CD38 monoclonal antibodies.

Keywords: CD38; SLE; immune profiling

1. Introduction
Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized

by immune responses against nuclear antigens. The immunopathogenesis of the disease is
complex and involves genetic, environmental, hormonal, epigenetic, and immunoregula-
tory factors that may act either sequentially or simultaneously on the immune system [1]. It
is assumed that a defect in the clearance of apoptotic cells with accumulation of undigested
apoptotic remnants may provoke the first hit in the break of self-tolerance by activating
otherwise quiescent autoreactive lymphocytes. The presence of extracellular DNA addi-
tionally stimulates plasmacytoid dendritic cells (pDC) via Toll-like receptors, resulting in

Int. J. Mol. Sci. 2021, 22, 2424. https://doi.org/10.3390/ijms22052424 https://www.mdpi.com/journal/ijms
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the production of type I interferons (IFN-I), some of the hallmark cytokines in SLE [1–3].
Persistently activated IFN-I signaling pathways, mimicking sustained anti-virus responses,
may contribute to SLE pathogenesis by amplifying antigen-specific adaptive autoimmune
responses. Upon receiving T cell help, autoreactive B cells are activated, increase their
specificity towards nuclear antigens during affinity maturation, and differentiate into class-
switched memory B cells and antibody-secreting plasma cells (PC). The newly generated
plasma cell precursors detectable in peripheral blood, so-called plasmablasts (PB), migrate
to the bone marrow and inflamed organs, where they eventually become long-lived once
seeded in dedicated niches and continuously secrete pathogenic autoantibodies for months
or even years, thereby contributing to the chronicity of SLE [4].

Many of the immune cells that contribute to SLE pathogenesis may express the multi-
functional cell-surface protein CD38, either constitutionally or upon stimulation. As an
enzyme, CD38 degrades nicotinamide nucleotides like NAD+ and both synthesizes and
hydrolyzes the second messenger cADPR (cyclic ADP ribose), although the relative contri-
butions of these functions are controversially discussed [5]. While commonly considered an
ectoenzyme, CD38 is also detectable within the nucleus and the mitochondrial membrane
and as a soluble molecule in the blood [5]. At the same time, CD38 also functions as an
activatory receptor on immune cells in the context of cell adhesion, migration, and cytokine
secretion [6]. Calcium influx induced by CD38 ligation is also required for dendritic cells
and neutrophils to follow chemokine gradients into the lymph node and migrate into
inflamed organs [7,8].

Previous studies analyzing the expression of CD38 on leukocytes in SLE indicated
increased CD38 expression on different leukocyte subsets compared to healthy controls,
such as CD4+ and CD8+ memory T cells [9–12] and monocytes [13]. Research in CD38�/�

mice found that CD38 deficiency ameliorated the course of pristane-induced lupus [14].
Because CD38 is expressed constitutively at high levels on human antibody-secreting
plasmablasts and plasma cells and is inducible on several immune cell subsets upon
activation, CD38 has been considered as a potential therapeutic target in autoantibody-
driven diseases such as SLE [15], autoimmune encephalitis [16,17], and autoimmune
hemolysis [18]. We recently treated two patients with refractory, life-threatening SLE
with the anti-CD38 antibody daratumumab, which resulted in substantial clinical and
immunological efficacy [11]. Although the CD38-mediated targeting of plasma cells was
presumably the most important factor for the observed clinical responses, it remains unclear
if and how daratumumab exerts therapeutically relevant effects on other CD38 expressing
immune cell subsets. While there are reports of increased CD38 expression in different
peripheral immune cell subsets in SLE [9,10,12,13,15], a comprehensive analysis of CD38
expression in the immune cell compartment in SLE is lacking.

Here, we report the results of a global expression analysis of CD38 on blood leukocytes
from two cohorts of SLE patients, using mass and flow cytometry, that confirm and expand
previous results, and demonstrate that increased CD38 expression in subsets of innate and
adaptive immune cells is a stable and reproducible feature of SLE, largely independent of
disease phenotype and severity.

2. Results
2.1. Increased CD38 Expression in Major SLE Leukocyte Subsets

To characterize CD38 expression across peripheral blood leukocyte subsets and iden-
tify potential dysregulation of CD38 in SLE, we analyzed leukocytes isolated from cryopre-
served whole blood samples of 20 SLE patients and 20 age- and gender-matched healthy
controls (HC). Patient demographics are shown in Table 1. Cell samples were analyzed by
mass cytometry, using an antibody panel suitable for analyzing the expression of CD38
in major peripheral blood leukocyte subsets (Supplementary Table S1). Data of CD45+

leukocytes were subjected to dimension reduction by opt-SNE [19], and major cell subsets
were annotated according to the expression of lineage-defining cell-surface markers on
the resulting t-SNE map (Figure 1A and Supplementary Figure S1). CD38 expression was
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projected onto the t-SNE maps of concatenated data of SLE or HC samples (Figure 1B).
Highest CD38 expression was found on PB/PC (mean signal intensity HC, 572; SLE, 586),
followed by NK cells (HC, 79; SLE, 132) and basophils (HC, 89; SLE, 119), monocytes
(HC, 38; SLE, 35), and plasmacytoid and myeloid dendritic cells (pDC and mDC) (HC, 30;
SLE, 52, and HC 40; SLE 38, respectively). On average levels, CD38 was absent from or
weakly expressed by most T and B cells, eosinophils, and neutrophils. Based on the mean
CD38 expression of each subset, we found significantly increased CD38 expression in SLE
samples on NK cells, pDC, and CD8+ T cells (1.7-, 1.7-, and 2.5-fold increase, respectively,
Figure 1C). Since subset-specific CD38 expression varied among both SLE patients and HC,
we determined the coefficient of variation (CV) for CD38 expression levels in the leuko-
cyte subsets identified in Figure 1A. Highest CV differences between SLE and HC were
identified for CD8+ T cells (mean CV, HC, 61%; SLE, 131%), B cells (HC, 44%; SLE, 95%),
eosinophils (HC, 41%; SLE 84%), CD4+ T cells (HC, 60%; SLE 94%), and mDC (HC, 35%;
SLE, 68%). In addition, we found evidence of varying CD38 expression on the single-cell
level in almost all leukocytes subsets (Figure 1B,D), prompting us to analyze the variability
of CD38 expression in greater detail.

Table 1. Patient characteristics.

Mass Cytometry Cohort Flow Cytometry Cohort

Healthy Controls SLE
Patients p Value Healthy Controls SLE

Patients p Value

Number 20 20 19 36
Age (median, IQR) 39 (30–46) 39 (30–47) 0.732 28 (24–30) 40 (31–46) 0.001

Sex (n% female) 18 (90.0%) 18 (90.0%) 1.00 11 (57.9%) 33 (91.7%) 0.003
SLEDAI-2K (median, range) – 8 (2–14) – 4.5 (0–14)

Clinically active SLE
(clinical SLEDAI-2K > 0) – 17 (85.0%) – 24 (66.7%)

Serologically active SLE
(serological SLEDAI-2K > 0) – 18 (90%) – 29 (80.6%)

Prednisolone Dose (mg/d;
median, range) – 5.0 (0–20.0) – 5.0 (0–25.0)

Other Immunosuppressive
Medication (n) –

HCQ: 17 (85.0%)
AZA: 4 (20.0%)
MTX: 3 (15.0%)
BEL: 3 (15.0%)
MMF: 1 (5.0%)

–

HCQ: 24
(66.7%)

MMF: 9 (25.0%)
AZA: 9 (25.0%)
CsA: 4 (11.1%)
BEL: 4 (11.1%)
RTX: 3 (8.3%)
UST: 1 (2.8%)

Abbreviations: Hydroxychloroquine (HCQ), Azathioprine (AZA), Methotrexate (MTX), Belimumab (BEL), Mycophenolate Mofetil (MMF),
Ciclosporin A (CsA), Rituximab (RTX), Ustekinumab (UST). Statistical analysis comparing differences in age was performed using the
Mann–Whitney test, sex differences with the chi-square test.

2.2. CD38 Expression by NK Cells and Myeloid Immune Cells Is Associated with an
Activated Phenotype

Based on our initial finding of increased expression of CD38 in SLE NK cells, but
heterogeneous detection of CD38 on NK cells at the single-cell level, we analyzed whether
NK cell CD38 expression levels were associated with other phenotypical features of NK
cells. Among NK cells, high expression of CD38 was associated with increased expression of
CD11c, and CD38++ NK cells comprised most HLA-DR-expressing NK cells in HC and SLE
patients (Supplementary Figure S2). Together, these data suggest that high CD38 expression
could be a feature of activated NK cells, and the increased CD38 expression by NK cells
may indicate enhanced activation of circulating NK cells in SLE. Similar observations were
made for basophils, mDC, pDC, and monocytes. For example, CD38+ mDC co-expressed
Syk, HLA-DR, and CD11c at higher levels, and CD38+ pDC co-expressed increased levels
of Syk and HLA-DR compared to their CD38�/low counterparts (Supplementary Figure S2).
In monocytes, CD38 expression was significantly associated with expression of SIGLEC-1
(p <0.0001), a marker associated with IFN-I activity [3,20].
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Figure 1. Cell type-specific dysregulation of CD38 expression in patients with SLE. Peripheral blood leukocytes from 
20 SLE patients and 20 healthy controls were analyzed by mass cytometry. (A) t-SNE map showing all leukocytes ana-
lyzed in the study (7.6 × 106 cells). Major cell subsets were annotated. Color indicates cell density. (B) CD38 expression 
across major leukocyte subsets in SLE patients and controls. Concatenated data is shown for both groups. (C) Compar-
ison of CD38 expression across major subsets gated in (A). Each dot represents the log2 of mean CD38 signal intensity 
(SI) of the indicated subset of one donor. Red lines indicate median values and interquartile range. * indicate signifi-
cantly different CD38 expression in SLE patients vs. controls revealed by Mann–Whitney testing (* p < 0.05; ** p < 0.01) 
(D) Contour plot representation of CD38 expression of the indicated leukocyte subsets. Concatenated data of 20 healthy 
controls are shown. 
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Figure 1. Cell type-specific dysregulation of CD38 expression in patients with SLE. Peripheral blood leukocytes from 20 SLE
patients and 20 healthy controls were analyzed by mass cytometry. (A) t-SNE map showing all leukocytes analyzed in
the study (7.6 ⇥ 106 cells). Major cell subsets were annotated. Color indicates cell density. (B) CD38 expression across
major leukocyte subsets in SLE patients and controls. Concatenated data is shown for both groups. (C) Comparison of
CD38 expression across major subsets gated in (A). Each dot represents the log2 of mean CD38 signal intensity (SI) of the
indicated subset of one donor. Red lines indicate median values and interquartile range. * indicate significantly different
CD38 expression in SLE patients vs. controls revealed by Mann–Whitney testing (* p < 0.05; ** p < 0.01) (D) Contour plot
representation of CD38 expression of the indicated leukocyte subsets. Concatenated data of 20 healthy controls are shown.

2.3. Increased Expression of CD38 on Distinct Subsets of Peripheral Blood B Cells in SLE
Next, we analyzed the mass cytometry data of CD19+ B cells, including HLA-DRhigh

plasmablasts and HLA-DRlow plasma cells [21], by FlowSOM clustering and subsequent
hierarchical metaclustering, based on markers expressed by B cells and omitting CD38 (Sup-
plementary Table S1). We obtained ten individual B cell clusters, including two IgD+IgM+

naive B cell clusters, IgA+ and IgA� memory B cells, CD11c+ B cells, CD27+IgD+IgM+CD1c+

marginal zone-like B cells, CD27�IgD� B cells, and three clusters of PB/PC distinguished
by differential expression of IgA and HLA-DR (Supplementary Figure S3A,B). Naive B
cell clusters (c1, c3) and clusters comprising PB/PC (c8, c9, c10) were merged for down-
stream analyses (Figure 2A, Supplementary Figure S3A). Confirming our results from the
global analysis, PB/PC showed the highest expression of CD38 among B cells, followed
by naive and memory B cell clusters showing overall lower average expression of CD38
(Figure 2A,B). The lowest mean CD38 expression in the B cell lineage was detected on
CD11c+ B cells, which are linked to chronic inflammation [22,23]. We again tested for
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differences in the expression of CD38 in SLE vs. HC and detected an increased mean
CD38 expression on CD27�/IgD� B cells (2.2-fold increase in SLE) and marginal zone-like
B cells (1.6-fold increase), the latter showing the p value between patients and controls.
Consistently, we detected significantly increased frequencies of CD38hi and CD38int B cells
among marginal zone-like B cells (3.3-fold, p = 0.01 and 2.0-fold, p = 0.003) and of CD38hi

cells among CD27�IgD� B cells (2.6-fold, p = 0.05) in SLE patients, but not among other B
cell clusters (Supplementary Figure S3D,E). Since targeting of PB/PC is one major rationale
for CD38-directed treatment in SLE, we analyzed whether subsets of PB/PC expressed
similar levels of CD38, and hence stratified IgA+ and IgA� PB/PC, and HLA-DRhigh PB
vs. HLA-DRlow PC. In all four subsets, we observed the same trend of increased CD38
expression in SLE patients vs. HC detectable in total PB/PC (Figure 1C), yet not associated
with statistical significance (Supplementary Figure S3E). When SLE and HC samples were
combined, we did, however, find that IgA� PB/PC (that is, IgG+ and IgM+ PB/PC) ex-
pressed higher levels of CD38 compared to their IgA+ counterparts (1.2-fold, p = 0.07) and
that mean CD38 expression levels were higher on HLA-DRhigh PB compared to HLA-DRlow

PC (1.4-fold increase, p = 0.01).
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Bothȱplotsȱshowȱconcatenatedȱdataȱofȱtheȱrespectiveȱgroup.ȱ(C)ȱComparisonȱofȱCD38ȱexpressionȱacrossȱmajorȱclustersȱasȱ
depictedȱinȱ(A).ȱEachȱdotȱrepresentsȱtheȱlog2ȱofȱmeanȱCD38ȱsignalȱintensityȱ(SI)ȱofȱtheȱindicatedȱsubsetȱofȱoneȱdonor.ȱRedȱ
linesȱ indicateȱmediansȱandȱ interquartileȱ ranges.ȱ *ȱ indicateȱ significantlyȱdifferentȱCD38ȱexpressionȱ inȱSLEȱpatientsȱvs.ȱ
controlsȱrevealedȱbyȱMann–Whitneyȱtestingȱ(*ȱpȱ<ȱ0.05;ȱ**ȱpȱ<ȱ0.01;).ȱ
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ToȱanalyzeȱtheȱCD38ȱexpressionȱpatternȱandȱtoȱaddressȱpotentialȱchangesȱinȱSLE,ȱweȱ
subjectedȱ totalȱCD3+ȱTȱcellsȱ(mergedȱ fromȱallȱTȱcellȱsubsetsȱ inȱFigureȱ1A)ȱ toȱFlowSOMȱ
clusteringȱ andȱ subsequentȱhierarchicalȱmetaclusteringȱ toȱ obtainȱ fifteenȱTȱ cellȱ clusters,ȱ
comprisingȱfiveȱCD4ȬȱCD8ȬȱTȱcellȱclusters,ȱthreeȱCD8+ȱeffectorȱmemoryȱ(EM)ȱsubsets,ȱtwoȱ
CD4+ȱeffectorȱmemoryȱclustersȱandȱclustersȱrepresentingȱnaïveȱCD4+ȱandȱCD8+ȱTȱcells,ȱ
regulatoryȱTȱcellsȱ(Treg),ȱasȱwellȱasȱCD4+ȱandȱCD8+ȱcentralȱmemoryȱ(CM)ȱTȱcellsȱ(Figureȱ
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Figure 2. CD38 expression across B cell subsets in patients with SLE. (A) t-SNE map showing clusters of CD19+ B cells
generated by FlowSOM from the mass cytometry dataset. Clusters comprising naive B cells (green) and PB/PC (blue) were
merged for further analyses (Supplementary Figure S3). (B) CD38 expression across B cells in SLE patients and controls.
Both plots show concatenated data of the respective group. (C) Comparison of CD38 expression across major clusters
as depicted in (A). Each dot represents the log2 of mean CD38 signal intensity (SI) of the indicated subset of one donor.
Red lines indicate medians and interquartile ranges. * indicate significantly different CD38 expression in SLE patients vs.
controls revealed by Mann–Whitney testing (* p < 0.05; ** p < 0.01).
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2.4. Circulating CD4+ and CD8+ Memory T Cell Subsets Express Increased Levels of CD38
in SLE

To analyze the CD38 expression pattern and to address potential changes in SLE, we
subjected total CD3+ T cells (merged from all T cell subsets in Figure 1A) to FlowSOM
clustering and subsequent hierarchical metaclustering to obtain fifteen T cell clusters,
comprising five CD4� CD8� T cell clusters, three CD8+ effector memory (EM) subsets, two
CD4+ effector memory clusters and clusters representing naïve CD4+ and CD8+ T cells,
regulatory T cells (Treg), as well as CD4+ and CD8+ central memory (CM) T cells (Figure S4).
CD4� CD8� T cell clusters (c6, c8, c9, c10, c11), CD4+ effector memory clusters (c4, c5),
and CD8+ effector memory subsets (c7, c14) were merged for further analysis (Figure 3A).
Global CD38 expression for concatenated SLE patient and HC data was projected onto a
t-SNE dimension reduction plot (Figure 3B), confirming that CD38 was variably expressed
across individual T cells and T cell clusters. In HC, naïve CD4+ T cells showed higher
average expression of CD38 compared to naïve CD8+ T cells (p < 0.0001, 2.7-fold) and to
CD4+ central and effector memory T cell clusters, respectively (p < 0.001). The same trend
was observed for CD8+ effector memory vs. naïve T cells. Of all T cell subsets analyzed in
this study, Tregs showed the highest average CD38 expression.
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Figureȱ3.ȱCD38ȱexpressionȱacrossȱTȱcellȱsubsetsȱinȱpatientsȱwithȱSLE.ȱ(A)ȱtȬSNEȱmapȱshowingȱTȱcellȱclustersȱobtainedȱbyȱ
FlowSOMȱclusteringȱfromȱtheȱmassȱcytometryȱdataset.ȱMajorȱTȱcellȱsubsetsȱareȱannotated.ȱClustersȱcomprisingȱCD4ȬCD8Ȭ
Tȱcellsȱ (brown),ȱCD4+ȱeffectorȱmemoryȱTȱcellsȱ (blue),ȱandȱCD8+ȱeffectorȱmemoryȱsubsetsȱ (turquoise)ȱwereȱmergedȱ forȱ
downstreamȱanalysesȱ(SupplementaryȱFigureȱS4A).ȱ(B)ȱCD38ȱexpressionȱacrossȱTȱcellsȱinȱSLEȱpatientsȱandȱcontrols.ȱ(C)ȱTȱ
cellȱclustersȱdepictedȱinȱ(A)ȱwereȱanalyzedȱforȱtheirȱCD38ȱexpression.ȱEachȱdotȱrepresentsȱtheȱlog2ȱofȱmeanȱCD38ȱsignalȱ
intensityȱ (SI)ȱ ofȱ theȱ indicatedȱ subsetȱ ofȱ oneȱ donor.ȱRedȱ linesȱ indicateȱmediansȱ andȱ interquartileȱ ranges.ȱ *ȱ indicatesȱ
significantlyȱdifferentȱCD38ȱexpressionȱinȱSLEȱpatientsȱvs.ȱcontrolsȱrevealedȱbyȱMann–Whitneyȱtestingȱ(*ȱpȱ<ȱ0.05;ȱ**ȱpȱ<ȱ
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Figure 3. CD38 expression across T cell subsets in patients with SLE. (A) t-SNE map showing T cell clusters obtained
by FlowSOM clustering from the mass cytometry dataset. Major T cell subsets are annotated. Clusters comprising
CD4�CD8�T cells (brown), CD4+ effector memory T cells (blue), and CD8+ effector memory subsets (turquoise) were
merged for downstream analyses (Supplementary Figure S4A). (B) CD38 expression across T cells in SLE patients and
controls. (C) T cell clusters depicted in (A) were analyzed for their CD38 expression. Each dot represents the log2 of
mean CD38 signal intensity (SI) of the indicated subset of one donor. Red lines indicate medians and interquartile ranges.
* indicates significantly different CD38 expression in SLE patients vs. controls revealed by Mann–Whitney testing (* p < 0.05;
*** p < 0.001; **** p < 0.0001).
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CD38 expression by T cell clusters was found to be strongly dysregulated in SLE
(Figure 3C). In line with increased CD38 expression in B cell and innate immune cell
subsets, significantly increased CD38 expression was evident in CD4+ and CD8+ memory
T cells. The largest differences were found in CD8+ central memory and effector memory
subsets (3.4-fold, 3.1-fold, and 4.9-fold SI, respectively). CD4+ effector memory T cells
also showed increased CD38 expression in SLE patients compared to controls (2.4-fold
SI). Regulatory T cells showed a tendency towards higher CD38 levels in SLE, which did,
however, not yet reach statistical significance. In contrast, naïve CD4+ and CD8+ T cells
showed reduced CD38 expression in SLE compared to HC (both 1.4-fold, p = 0.04 and
p = 0.02, respectively).

In accordance with previous works, we observed that CD38 expression was inhomo-
geneous in clusters of naive and memory T cells (Supplementary Figure S4C), and we
determined frequencies of CD38�/low, CD38int, and CD38hi cells among the different clus-
ters in SLE patients and HC to account for this heterogeneity. Except for naïve CD4+ T cells
and Tregs comprising comparably high average frequencies of CD38int and CD38hi cells of
30% and 13%, and 13% and 16%, respectively, all T cell clusters comprised an average of
80% or more CD38�/low cells, indicating that CD38 is selectively expressed by relatively
few T cells in peripheral blood. In SLE, we detected significantly increased frequencies
of CD38int and CD38hi cells subsets in CD4+ and CD8+ effector memory subsets, CD8+

central memory, Tregs, and CD4�CD8� T cells (Supplementary Figure S4). Thus, CD38 was
variably expressed by T cells in the peripheral blood, and CD38 expression allowed for the
separation of CD38int and CD38hi expressing T cell subsets. Except for naïve CD4+ T cells,
CD38 expression marked minor fractions of the different T cell subsets. CD38 expression,
the presence of CD38-expressing T cells in the blood, or both, were dysregulated in SLE in
naive and memory T helper and cytotoxic T cells, with most striking differences in CD8+

memory T cells.
We noted that some SLE patients, but not HC, showed distinctly high expression

of CD38 in memory T cell subsets, indicating that beyond the detection of significantly
increased CD38 expression in various memory T cell and other subsets in the entire SLE
group, CD38 expression by T cells may strongly vary from patient to patient.

In summary, mass cytometric profiling indicated increased CD38 expression levels
in almost all major peripheral blood immune cell lineages in SLE on a global level, which
were attributable to increased expression levels on individual, mostly activated immune
cell subtypes when analyzed on the single-cell level.

2.5. CD38 Expression Is Increased on Monocyte, NK Cell, and B Cell Subsets in an Independent
SLE Cohort Flow Cytometry Cohort

To extend the mass cytometry results, we analyzed the CD38 expression of key leuko-
cyte subsets in a second cohort of 36 SLE patients by multicolor flow cytometry and
compared the data to that of 19 HC (Table 1). We analyzed six subsets of CD19+ B cells,
in particular CD24�CD38++ PB/PC, CD24++CD38++ transitional B cells, and B cells that
were neither PB/PC nor transitional B cells, which were further divided according to their
expression of IgD and CD27 (Figure 4A). As previously described [24–26], SLE patients
showed elevated frequencies of IgD�CD27�double-negative B cells, transitional B cells,
and PB/PC, but decreased frequencies of IgD+CD27� naive and IgD+CD27+ unswitched
memory B cells. Naive B cells in HC showed intermediate expression of CD38, while most
memory and IgD�CD27� B cells displayed low if any expression of CD38. Similar to the
cohort analyzed by mass cytometry, marginal zone-like IgD+CD27+ B cells had signifi-
cantly higher expression levels of CD38 compared to HC (2.8-fold increase), and CD38
expression on IgD�CD27+ class-switched memory B cells was increased in SLE (1.5-fold
increase, Figure 4B). While not reaching statistical significance, the relative difference in
mean expression of CD38 was comparable and confirmatory to the mass cytometry results.
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and 19 HC are shown. (B) Comparison of CD38 expression on all B cells and on the previously defined B cell subsets in 
SLE and HC. (C) Gating and relative frequencies of classical (CD14++CD16ƺ), intermediate (CD14++CD16+), and non-classi-
cal (CD14+CD16++) monocytes. (D) CD38 expression on monocyte subsets in a representative HC and comparison of CD38 

Figure 4. Flow cytometric analysis of CD38 expression in B cells, monocytes, and NK cells (A) Gating of CD19+ B cells
in a HC, with separation of plasmablasts (CD24�CD38++) and transitional B cells (CD24++CD38++). B cells that were
neither plasmablasts nor transitional B cells were divided into naive (IgD+CD27�), unswitched memory (IgD+CD27+),
switched memory (IgD�CD27+), and double-negative B cells (IgD�CD27�). Relative frequencies of B cell subsets in 36
SLE patients and 19 HC are shown. (B) Comparison of CD38 expression on all B cells and on the previously defined B cell
subsets in SLE and HC. (C) Gating and relative frequencies of classical (CD14++CD16�), intermediate (CD14++CD16+), and
non-classical (CD14+CD16++) monocytes. (D) CD38 expression on monocyte subsets in a representative HC and comparison
of CD38 expression on monocyte subsets between HC and SLE patients (E). Representative gating of CD56+CD3� NK cell
subsets into four subsets in one HC and one SLE patient. (F,G) Comparison of CD38 expression on all NK cells and on
the previously defined NK cell subsets. Mann–Whitney test of 19 HCs and 36 SLE patients. ns, not significant, p >= 0.05;
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; MFI: median fluorescence intensity.
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Next, we analyzed monocyte subsets in more detail. In particular, classical (CD14+CD16�),
intermediate (CD14+CD16dim), and non-classical (CD14dimCD16+) monocytes were in-
vestigated (Figure 4C). SLE patients showed higher relative frequencies of intermediate
monocytes and lower frequencies of classical monocytes compared to HC. We found that
monocytes express intermediate levels of CD38, and that the expression of CD38 was
highest on classical monocytes and lower on intermediate and non-classical monocytes
(Figure 4D). There was no significant difference in the CD38 expression of total monocytes
when comparing SLE patients and HC; however, significantly increased CD38 expression
was evident on intermediate monocytes in SLE (1.5-fold increase).

While most circulating NK cells expressed a CD56+CD16high phenotype in SLE pa-
tients, we found increases in the fractions of CD56lowCD16�, CD56highCD16�, and espe-
cially of the CD56+CD16dim NK cells, a phenotype that has been observed in NK cells after
engagement with target cells [27] (Figure 4E). CD38 expression was uniformly high on NK
cells of both patients and HC; however, SLE patients had a larger variation in median CD38
expression (Figure 4F). While three out of four NK cell subsets showed a trend towards
higher CD38 expression in SLE patients, only the CD56+CD16dim subset had significantly
increased CD38 levels (2.2-fold increase, Figure 4G).

Given the significant difference in age and sex distribution between HC and SLE
patients in these cohorts (Table 1), we analyzed the correlation between age and the CD38
expression levels on immune cell subsets, in which we observed significant differences
in CD38 expression. No significant correlation (Spearman correlation, p > 0.05, |r| < 0.4)
was found in this limited sample size, neither for HC nor for SLE patients. Similarly,
CD38 expression levels did not significantly differ between male and female donors. In
summary, these results expand the mass cytometry results with consistent increases in CD38
expression on subsets of B cells and NK cells in an independent cohort of SLE patients.

2.6. CD38 Expression Correlates between Individual Immune Cell Subsets
To assess the potential correlation of CD38 expression in different immune cell subsets

from the mass cytometry dataset, we performed Spearman correlation of mean signal
intensity (SI) values across the cell types and subsets identified, separately for controls and
SLE patients (Figure 5). We found that CD38 expression levels were either positively or not
correlated with each other across the different immune cell types. Inverse correlations were
rarely observed and did not reach statistical significance. In HC, we observed 45 positive
correlations with p < 0.001 (Figure 5A), while we found 56 in SLE (Figure 5B).

In controls, CD38 expression levels on myeloid lineages, except for eosinophils, were
widely correlated (Figure 5A). Furthermore, CD38 expression levels on naïve CD4+ and
CD8+ T cells, as well as CD4�CD8� DN T cells, correlated with those on innate immune
cells in many instances, especially with subsets that robustly express CD38, that is, ba-
sophils, monocytes, and pDC. Additionally, we observed correlations between CD38 levels
of plasmablasts and other B cell subsets, as well as CD4+ and some CD8+ T cell subsets.
On the background of overall positively correlated CD38 expression, marginal zone-like B
cells were a notable exception, inasmuch as r values were consistently smaller compared
to the overall r values observed in this analysis. In SLE patients, we observed a profound
reconfiguration in the correlation landscape of CD38 expression (Figure 5B). Different from
controls, CD38 expression by pDC did not significantly correlate with CD38 levels ex-
pressed by other immune cell subsets, while eosinophil CD38 expression was significantly
correlated with CD38 levels of other myeloid cell lineages. Furthermore, NK cell CD38
levels showed multiple positive correlations with all innate cell subsets except DC and
with memory T cell subsets. PB/PC CD38 levels were associated with those of neutrophils,
basophils, monocytes, and naïve CD4+ T cells, again, only in patients with SLE.
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body levels, SIGLEC-1 expression on monocytes, and the percentage of plasmablasts among CD19+ B cells with the CD38 
expression on CD16low NK cells, CD14++CD16+ monocytes, and IgD+CD27+ B cells, based on the flow cytometric analysis of 
36 SLE patients. 
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Figure 5. Correlation of CD38 expression levels across major immune cell subsets and with clinical activity. Mean CD38 SI
values of immune cell subsets identified in Figures 1–3 were analyzed using Spearman correlation. Red color indicates
positive correlation (r > 0), white indicates no correlation (r = 0), and blue color indicates negative correlation (r < 0).
* indicates significant correlations with a p value of < 0.001. (A) Data of 20 healthy controls. (B) Data of 20 SLE patients.
(C) Spearman correlation of the disease activity score SLEDAI-2K, the immunological disease activity markers dsDNA
antibody levels, SIGLEC-1 expression on monocytes, and the percentage of plasmablasts among CD19+ B cells with the
CD38 expression on CD16low NK cells, CD14++CD16+ monocytes, and IgD+CD27+ B cells, based on the flow cytometric
analysis of 36 SLE patients.
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Taken together, this analysis suggests that CD38 expression by peripheral blood
immune cells is remarkably coordinated, especially across innate cell types and T cells, but
also with notable examples spanning different hematopoietic lineages. SLE patients exhibit
a reconfigured correlation landscape of CD38 expression, suggesting that CD38 expression,
or the abundance of CD38+ cells in different lineages is at least in part regulated by the
same or interrelated factors.

Finally, to assess whether SLE patients and HC could be distinguished by their CD38
expression profile, we performed dimension reduction using multidimensional scaling
(mds) based on mean CD38 expression of all 40 donors analyzed by mass cytometry across
all immune cell types and subsets (Supplementary Figure S5B). SLE patients and controls
were indeed distinguishable by their immune cell CD38 expression profiles, with SLE
patients and HC occupying mostly distinct areas of the mds plot. SLE patients showed a
more diverse pattern of CD38 expression levels than controls, with some patients grouping
closer to HC, while others were clearly separated. Notably, SLE outliers (exceeding the
value of 5 in mds_1) are the same that showed extraordinarily high CD38 expression in
memory T cell subsets, indicating that T cell CD38 expression is a major determinant of
patient heterogeneity related to CD38 expression.

In summary, intraindividual correlation of CD38 expression levels by different leuko-
cyte subsets was common in HC, with clusters of the statistically robust correlations
between subsets of shared lineages. While there was still a high degree of correlation be-
tween the CD38 expression in different immune cell subsets in SLE, some correlations were
selectively found in SLE patients, such as among T cell subsets, while on some cell types,
such as pDCs, CD38 expression was less often significantly correlated with other subsets.

2.7. CD38 Expression Levels on Immune Cell Subsets Does Not Correlate with Severity or Clinical
Manifestations of SLE

Consistently, and although CD38 has been described as an activation marker on
immune cells [28], the increased levels of CD38 on the different subsets in SLE did not
correlate with clinical activity as measured by the Systemic Lupus Erythematosus Disease
Activity Index 2000 (SLEDAI-2K) (Figure 5C). Likewise, we did not observe correlations
of CD38 expression patterns with serum levels of anti-double-stranded DNA (dsDNA)
antibodies or complement consumption. In addition, we did not find significant correla-
tions of CD38 expression levels with the presence of specific organ manifestations such
as nephritis, mucocutaneous, musculoskeletal symptoms, or use of immunosuppressive
treatments. Given the potential role of IFN-I in upregulating CD38 [29], we further ana-
lyzed the expression of monocytic CD169 (SIGLEC-1), an established surrogate marker
for IFN-I activity [20], in the context of the CD38 expression profiles. While SIGLEC-1
expression in monocytes from SLE patients was significantly increased in both SLE cohorts,
and SIGLEC-1+ monocytes robustly expressed CD38 (Supplementary Figure S2B), there
was no correlation with average CD38 expression on total monocytes or intermediate
monocytes across the patients, indicating that a stimulus independent from IFN-I may
have induced the increased CD38 expression in SLE intermediate monocytes. However, the
CD38 expression on marginal zone-like B cells mildly correlated with SIGLEC-1 expression
on monocytes (r = 0.415, p = 0.013). Taken together, although the CD38 expression levels in
SLE were increased on different cell types, CD38 expression did not correlate with clinical
severity, serologic activity, or individual disease manifestations.

3. Discussion
Motivated by the potential therapeutic use of CD38-targeting antibodies for the treat-

ment of SLE, this study dissected the expression profiles of CD38 in peripheral blood
immune cells and described dysregulated CD38 expression in SLE patients compared
to healthy controls. In accordance with previous reports [9,10,12], we found that CD38
was variably expressed on all immune cell types, with cell-type specific expression levels
peaking in PB/PC. CD38 showed inhomogeneous expression profiles in innate and even
more so in adaptive immune cell subsets, ranging from lack of expression to very high
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levels. This heterogeneity was detectable at levels of low- and high-resolution analyses
of different cells types, indicating that the capacity to express CD38 is not restricted to
certain immune cell lineages. Initial studies already indicated increased CD38 expression
levels on peripheral blood leukocyte cells isolated from SLE patients [9–12,15]. Our data
confirm and extend these findings. In particular, we found CD38 expression levels in SLE
significantly increased on circulating plasmacytoid dendritic cells, CD14++CD16+ interme-
diate monocytes, CD56+ CD16dim natural killer (NK) cells, marginal zone-like IgD+CD27+

B cells, and subsets of central and effector memory CD4+ and especially CD8+ T cells.
However, although the CD38 expression on different immune cell subsets showed high
intraindividual correlations and leukocyte CD38 expression allowed to segregate most SLE
patients from HC, we did not identify significant correlations between CD38 expression
levels and disease severity or clinical manifestations, suggesting that increased CD38 ex-
pression by immune cells is a static feature of SLE, mechanistically or timely unrelated to
acute inflammation and clinical flares. However, CD38 expression profiles, as generated
in the present study, integrate potentially superimposed regulation of CD38 expression
by individual cells and the emergence and homeostasis of cell subsets expressing differ-
ent levels of CD38 in the blood. Both potential SLE- or inflammation-related induction
of CD38 expression [13,15] and overabundance of constitutively CD38-expressing cells
such as PB/PC, being established biomarkers for disease activity in SLE [24], have been
described in active SLE and cannot be reliably distinguished from each other. Irrespec-
tive of what may cause dysregulation of CD38 in immune cells in SLE, the magnitude of
CD38 expression across the different cell types may not be a suitable biomarker candidate
of the SLE disease activity and phenotype. Instead, the ability to identify patients with
increased CD38 expression or abundance of CD38-expressing cells might be relevant in
the context of emerging CD38-directed treatments with approved or preclinical candidate
compounds, including CD38 CAR T cells, daratumumab, isatuximab, GBR 1342, TAK169,
and TAK079. In that regard, our previous report of two SLE patients who underwent
anti-CD38 targeted treatment with the monoclonal antibody daratumumab provided the
first insight into consequences of CD38-targeting antibodies on the immune system outside
malignant conditions [11]. We observed overall stable counts of the major blood leukocyte
subsets, except for NK cells and pDC, both robustly expressing CD38, which transiently
decreased in circulation after anti-CD38 treatment. However, more intricate effects of
daratumumab treatment may occur, such as interference with B cell and T cell maturation
in the bone marrow and thymus, where CD38 is expressed in pro-B cells, pre-B cells, and
transitional B cells, as well as CD4+CD8+ double positive thymocytes [30–33] in addition to
memory plasma cells. In peripheral blood, high expression of CD38 has been suggested as
a marker of immunosuppressive, so-called regulatory B cells [34], while pro-inflammatory
GM-CSF-producing B cells express low levels of CD38 [35]. CD38 on T cells has been
reported to be expressed both on activated, proinflammatory T cells [36] as well as on
regulatory T cells [37].

The increased expression of CD38 on SLE marginal zone-like B cells and also CD27+IgD�

switched memory B cells was previously unrecognized. This may result from expansions
of CD20-expressing plasmablast precursors that already express high levels of CD38 [38].
In fact, a small population of human blood CD20+CD27+CD43+IgD+/� B cells, which
includes such PB precursors as well as a unique population exercising function akin to
murine B1 cells [38,39], was found to be increased in SLE [40], and may contribute to the
increase of median CD38 expression in CD27+ B cells in SLE.

Taken together, our data indicate CD38-targeting treatments are expected to have
a wide cellular range of action beyond the targeting of PB/PC, preferentially acting on
cells expressing high to very high levels of CD38, and exerting immunomodulation by
distinct mechanisms, i.e., by depletion of certain cell types, and non-depleting binding to
cell-surface CD38 on others. Vice versa, effects of anti-CD38 monoclonal antibodies on
CD38�/low cells cannot be excluded, since they might be secondary to the modulation
or depletion of primary target cells. Overall, the effects of CD38-targeted therapies on
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the immune system will require further investigations, as the effect on the equilibrium of
pro- and anti-inflammatory cells is not obvious. Future studies also need to incorporate
the distribution of CD38 on immune cells in inflamed tissues, such as skin and kidney in
SLE patients.

The individual cell subsets with increased CD38 expression deserve follow up studies
to fully explore the expression profile of CD38 across cell subsets, activation, and dif-
ferentiation states. In particular, it needs to be investigated whether the group of SLE
patients characterized by high CD38 immune cell levels (i) maintain this phenotype over
the course of disease or (ii) have a different prognosis or long-term outcome compared
to those without dysregulated CD38 expression, and (iii) whether this is associated with
a certain genetic background. The mechanism of action of CD38-directed therapies on
the different cell types beyond depletion requires exploration, including the modulation
of its enzymatic activity. As CD38 is a proposed treatment target for SLE, identification
of patients with profound increases in CD38 expression pre-treatment could serve as a
predictor for treatment responsiveness and thus advance personalized treatments in SLE.

It would be interesting to determine the factors controlling the differential CD38
expression on immune cells and the subset-specific increase of CD38 expression in SLE.
Previous reports indicated that a large range of activatory stimuli may modulate the
expression of CD38 on different immune cell subsets. Particularly, type I interferons,
hallmark cytokines of SLE pathogenesis, were previously shown to induce CD38 [29].
Other known inducers of CD38 expression include interferon gamma [41], tumor necrosis
factor (TNF) [42], and LPS [13]. Nevertheless, we found that CD38 expression on different
CD38 subsets only poorly correlated with levels of the established interferon surrogate
parameter SIGLEC-1 [3], indicating that additional stimuli likely modulate the expression
of CD38 in SLE. On pDC, CD38 is inducible by TLR agonists, such as influenza virus,
and, when treated with anti-CD38 in vitro, the capacity of pDC to produce TNFa and
IFNa is largely abrogated [43]. Other cells, such as antibody-secreting cells (plasmablasts
and plasma cells), constitutively express high levels of CD38. The fact that CD38 levels
on separate immune cell subsets showed moderate correlations in general but multiple
subgroups of high intraindividual correlation, indicates that a combination of different
stimuli as well as differential receptor expression may be responsible for the up-regulation
of CD38 on certain cell types.

A potential caveat for the interpretation of CD38 expression levels obtained from
cytometric assays is the reported presence of anti-CD38 autoantibodies in SLE patients
that could potentially downregulate CD38 or inhibit the binding of detection antibodies.
Interestingly, a previous study found that endogenous anti-CD38 antibodies negatively
correlated with disease activity, which could indicate that endogenous anti-CD38 activity
confers a protective effect in SLE [10]. Previous research on the role of NK cells in the
pathogenesis of SLE focused on the relative hyporeactivity and impaired cytotoxicity in
NK cells [44] and reported the relative increase in CD56bright NK cells [45], which we
reproduced in this report. Additionally, we report an increase in the frequency of CD16dim

NK cells in SLE, a phenotype that has been linked to a post-activation state of NK cell [27].
The potential role of these cells in the SLE pathogenesis, as well as their value for diagnosis
and prognosis, are important aspects for future studies.

In conclusion, we identified a widespread dysregulation of CD38 expression in SLE
that was found over a variety of leukocyte subsets in the peripheral blood. CD38 expression
highly correlated over different leukocyte subsets within individual patients, but was
heterogenous within the population of SLE patients. Future studies will be needed to
identify the mechanisms that influence CD38 expression in SLE as well as the pathogenic
role of cells with increased CD38 expression, especially in light of anti-CD38 monoclonal
antibodies being an emerging plasma cell-targeting therapy in SLE.
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4. Materials and Methods
4.1. Patient and Control Blood Samples

Initially, we recruited 20 SLE patients from the Charité–Universitätsmedizin Berlin,
Department of Rheumatology and Clinical Immunology. These patients were analyzed
using mass cytometry, compared to 20 age- and gender-matched healthy controls. In an
additional cohort, 36 SLE patients and 19 healthy controls were included for the flow
cytometric analysis. A subset of 10 patients was included in both cohorts. Patient charac-
teristics are summarized in Table 1. SLE patients were diagnosed according to the 2019
EULAR/ACR classification criteria for SLE [46]. Clinical manifestations, the SLEDAI-
2K [47], and immunosuppressive medication were recorded by the treating physician.
Established markers of immunological activity such as complement factor levels, autoanti-
body titers, and SIGLEC-1 expression on monocytes [20] were routinely analyzed by the
local laboratory (Labor Berlin).

4.2. Cryopreservation of Whole Blood Samples
Heparinized whole blood samples were cryopreserved using Proteomic Stabilizer

(Smart Tube Inc., San Carlos, CA, USA) as indicated by the manufacturer within 30 min
after phlebotomy and stored at �80 �C. On the day of processing, samples were thawed
in a stirred water bath at 10 �C and incubated with 5 mL of thaw-lyse buffer (Smart Tube
Inc.) for 10 min at room temperature in 15 mL centrifuge tubes. Cells were centrifuged at
700⇥ g for 5 min and the erythrocyte lysis step was repeated with 25 mL of thaw-lyse buffer
for 5 min at room temperature in 50 mL centrifuge tubes. Peripheral blood leukocytes
were washed twice with cell staining medium (1 ⇥ PBS made from 10 ⇥ PBS ((Rockland
Immunochemicals, Gilbertsville, PA, USA) using MilliQ water, supplemented with 0.5%
(w/v) BSA (PANBiotech, Aidenbach, Germany) and 0.02% sodium azide (Sigma-Aldrich,
St. Louis, MO, USA)). Cell counts were determined volumetrically using a MACSQuant
Analyzer 10 (Miltenyi Biotec, Bergisch-Gladbach, Germany). Prior to further processing
in 5 mL polystyrene tubes (Corning, Corning, NY, USA), cell counts were adjusted to
1.6 ⇥ 106 cells per sample.

4.3. Mass Cytometry
Samples were barcoded for 20 min using a five-choose-two scheme at room tempera-

ture using isothiocyano-benzyl-EDTA (ITCB-EDTA) containing isotopically enriched Palla-
dium ions with atomic masses of 102, 104, 106, 108, and 110 Da [48]. Each run contained
five patient and five control samples. A reference sample, labelled with mDOTA-Rh103,
was included in each run to monitor assay performance. Assignment of patient and control
samples to individual barcodes and runs is included in Supplementary Table S1B,C. After
barcoding, samples were washed twice with 3 mL cell staining medium and then pooled.
Fc receptor blocking was performed for 10 min at room temperature using 0.2 mg/mL
Beriglobin (CSL Behring, King of Prussia, PA, USA), followed by a washing step with
2 mL cell staining medium. Cells were then incubated for 15 min in heparin–sodium
(Ratiopharm, Ulm, Germany) at a final concentration of 100 U/mL in cell staining medium
(heparin-CSM) at room temperature, as described before [49]. Cell-surface staining was per-
formed for 30 min at room temperature in the presence of heparin and stopped by addition
of 2 mL cell staining medium. Antibodies are listed in Supplementary Table S1A. Cells were
pelleted, and washed once more with 2 mL PBS before fixation with 4% paraformaldehyde
solution (Electron Microscopy Sciences, Hatfield, PA, USA) for 10 min at room tempera-
ture. After fixation, cells were centrifuged and gently resuspended in 1.6 mL �20 �C cold
methanol (Carl Roth, Karlsruhe, Germany). Samples were stored at �80 �C overnight.
The following day, cells were washed twice with 4 mL cell staining medium, followed by
another 15 min- blocking step with heparin-CSM at room temperature. Antibodies directed
against intracellular antigens (Supplementary Table S1A) were added directly to the cell
suspension and incubated for 60 min at room temperature. Cells were then washed once
with 2 mL cell staining medium and PBS before fixing the cells with 2% paraformaldehyde
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for 10 min at room temperature. Next, the samples were incubated at room temperature for
25 min in 2 mL PBS supplemented with 1:500 (v/v) 0.125 mM iridium-based DNA intercala-
tor (Fluidigm, South San Francisco, CA, USA). Cells were then washed twice with 2 mL cell
staining medium and twice with 2 mL deionized water, before filtering samples through a
30 µm cell strainer (Corning, Corning, NY, USA). Finally, the sample was resuspended at
7.5 ⇥ 105 cells/mL, and 10% (v/v) EQ Four Element Calibration Beads (Fluidigm, South
San Francisco, CA, USA) were added to the sample before acquisition. Cells were acquired
on a mass cytometer (Helios, Fluidigm, South San Francisco, CA, USA) at a rate of 250
to 350 events per second. Raw mass cytometry data were converted to Flow Cytometry
Standard 3.0 files during acquisition. Data files were normalized using the Helios software
version 6.7.1014 based on EQ Four Element Calibration Beads passport P13H2302.

Prior to analysis, all cytometric channels except time, event length, and the Gaussian
parameters were arcsinh transformed with a scale argument of 5. Intact, nucleated cells
events were identified by exclusion of beads according to their 140Ce signal, and by gating
on events stained by iridium intercalator and CD45 antibody. Cells with an event length
of >30 were excluded to minimize doublets. Cell samples were debarcoded by Boolean
gating [50,51]. Compensation of signal spillover was performed as described [52,53].
On average, 190.921 cells were included from each donor (range, 131.628–200.000 cells),
yielding 7.64 ⇥ 106 total cells, which were used for downstream analyses.

4.4. PBMC Isolation
For flow cytometry, peripheral blood mononuclear cells (PBMCs) were isolated and

stained as previously described [54]. In short, 35 mL of a 1:1 (v/v) mix of heparinized blood
and phosphate-buffered saline supplemented with 0.2% bovine serum albumin (PBS/BSA)
were layered onto 15 mL of Ficoll-Paque PLUS (GE Healthcare, Chicago, IL, USA) in 50 mL
centrifuge tubes. After centrifugation (20 min at room temperature), PBMCs were isolated
and washed twice in cold PBS/BSA, and were kept on ice for further use.

4.5. Flow Cytometry
Approximately 0.5 ⇥ 106 cells were stained in 100 µL PBS for 15 min with the anti-

bodies indicated in Supplementary Table S2 as well as the Fixable Viability Dye eFluor™
780 (ThermoFisher, Waltham, MA, USA) to stain dead cells. The samples were acquired
on a FACSCanto flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). All cytometry
experiments were performed according to published guidelines [55]. In order to ensure
comparability of fluorescence intensities across measurements, daily bead calibration was
performed and samples from patients and controls were preferentially measured on the
same day. Cytometry data were analyzed using FlowJo v10.6.2 (FlowJo, LLC, Ashland, OR,
USA) for Mac.

4.6. Data Analysis
Statistical analyses and visualizations were created using Prism v9.0.0 (GraphPad,

San Diego, CA, USA). For comparisons of CD38 expression between healthy controls and
SLE patients, the Mann–Whitney test was used. Correlation analysis of CD38 expression
between different cell types or subsets was performed using Spearman correlation. Multi-
dimensional scaling (mds) was performed using base R [56], as well as the tidyverse [57]
and ggplot2 [58] packages. Dimension reduction by t-SNE was performed using the opt-
SNE [19] implementation in OMIQ.ai (Santa Clara, CA, USA) with the default settings.
The markers used for opt-SNE calculations are indicated in Supplementary Table S1A. On
average, 99% of all events were assigned to one of the major leukocyte lineages shown
in Figure 1A, according to their expression of lineage-defining markers (Supplementary
Figure S1). The remaining events (not annotated in Figure 1A) were excluded from fur-
ther analysis. On average, 4939 B cells (range 270–13.608, in total 1.97 ⇥ 105 cells) and
37.709 T cells per donor (1.147–58.041, in total 1.50 ⇥ 106 cells) were used for analyses
shown in Figures 2 and 3. FlowSOM clustering [59,60] was performed in omiq.ai using the
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markers listed in Supplementary Table S1, using a 10 ⇥ 10 grid, Euclidean distance, and
consensus metaclustering. The final number of metaclusters was set to 10 for B and 15 for
T cell analyses.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-0
067/22/5/2424/s1: Supplementary Figure S1: T-SNE map of mass cytometry data from Figure
1A, colored by the expression of lineage-defining cell-surface markers which were used to annotate
the major immune cell subsets., Supplementary Figure S2: Analysis of coexpression of CD38 and
myeloid markers in innate immune cells and CD38 expression peripheral blood monocytes in the
context of SIGLEC-1 expression. Supplementary Figure S3: Analysis of B cell subsets and PB/PC
for their CD38 expression in patients with SLE. Supplementary Figure S4: Analysis of T cell subsets
for their CD38 expression in patients with SLE. Supplementary Figure S5: Differential correlation of
CD38 expression among immune cell subsets between SLE and controls. Supplementary Table S1:
Mass cytometry antibodies and details, Supplementary Table S2: Flow Cytometry antibodies.
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Supplementary Materials 

 

 
Figure S1. T-SNE map of mass cytometry data from Figure 1A, colored by the expression of      cell-surface 
markers which were used to annotate the major immune cell subsets. 
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Figure S2. Analysis of co-expression of CD38 and myeloid markers by      innate immune cells and CD38 
expression by peripheral blood monocytes in the context of SIGLEC-1 expression. (A) Contour plots      of HLA-
DR, Syk and CD11c expression on NK cells, total monocytes, myeloid (mDCs) and plasmacytoid (pDCs) dendritic 
cells. Concatenated data of 20 healthy controls and 20 SLE patients are shown. (B) Total monocytes were gated 
from the mass cytometry data. Dot plots show the      expression of CD38 and SIGLEC-1 in SLE patients and 
healthy controls. Concatenated data is shown for both groups. For SLE patients, SIGLEC-1+ and SIGLEC-1-/low 
monocytes were gated, and       their CD38 expression was compared      using the Mann-Whitney test      
(****, p < 0.0001).  
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Figure S3. Analysis of B cell subsets and PB/PC for their CD38 expression in patients with SLE This 
supplementary figure extends Figure 2. (A) t-SNE map showing 10 B cell clusters generated by FlowSOM. 
Clusters comprising naive B cells (c1, c3) and PB/PC (c8, c9, c10) were merged for further analyses in Figure 2. 
Concatenated data of 20 healthy controls are shown. (B) t-SNE map depicted in (A) colored by the expression of 
markers expressed by B cells. (C) B cell subsets including      PB/PC were      analyzed      their CD38 expression, 
by delineating subsets expressing low or no CD38, intermediate levels of CD38, or high levels of CD38     . 
Concatenated data of 20 healthy controls and 20 SLE patients are shown (D) B cell subsets and PB/PC shown in 
(C) were analyzed for differences in abundance of CD38-/low, CD38int and CD38hi expressing cells between 
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controls and SLE patients. Each dot represents the frequency of the indicated subset of one donor. Red lines 
indicate medians and interquartile ranges. Asterisks indicate significantly different abundances in SLE patients 
vs controls obtained by Mann-Whitney testing (*, p < 0.05; **, p < 0.01; ***, p < 0.001) (E) Subsets of PB/PC 
were gated according to the expression of IgA and HLA-DR (left) and analyzed for CD38 expression (right). 
Gating is shown for one representative healthy control. Data of 3 controls and 2 SLE patients were excluded 
from this analysis due to PB/PC counts of less than 7 cells in a given subset. In the summary plot, each dot 
represents the mean CD38 signal intensity (SI) of the indicated subset of one donor. Red lines indicate medians 
and interquartile ranges. 
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Figure S4. Analysis of T cell subsets for their CD38 expression in patients with SLE and controls. This 
supplementary Figure extends Figure 3. (A) T-SNE map showing 15 T cell clusters generated by FlowSOM. CD4-     

CD8- T cell clusters (c6, c8, c9, c10, c11), CD4+ effector memory clusters (c4, c5) and CD8+ effector memory 
subsets (c7, c14) were merged for further analysis in Figure 3. Concatenated data of 20 healthy controls and 20 
SLE patients are shown (B) T-SNE map colored by the expression of markers expressed by T cells. (C) T cell 
subsets were manually gated according to their CD38 expression, subsetting them into CD38-/low, CD38int and 
CD38hi expressing cells. Concatenated data of 20 healthy controls and 20 SLE patients are shown (D) The 
abundance of subsets gated in (C) was analyzed in healthy controls and SLE patients. Each dot represents the 
frequency of the indicated subset of one donor. Red lines indicate medians and interquartile ranges. Asterisks 
indicate significantly different frequencies in SLE patients vs controls revealed by Mann-Whitney testing (*, p < 
0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 

 
Figure S5. Differential correlation of CD38 expression between immune cell subsets in SLE and controls. This 
supplementary Figure extends Figure 5. (A) Spearman’s r values of SLE patients were subtracted from r values 
of controls (shown in Figure 5A,B) to highlight changes in correlation of CD38 expression levels between 
leukocyte subsets in the two groups. Asterisks indicate correlations that were considered significant in one 
group, but not found in the other, based on a p value of < 0.001. Yellow color indicates higher r values in SLE 
patients, green color indicates higher r values in controls. (B) Mean CD38 signal intensity values from all 
immune cell subsets analyzed in Figure 5 A,B were used to perform dimension reduction by multidimensional 
scaling.       
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Table S1. Mass Cytometry Antibodies and Details. 

(A) Antibodies 
isotope 
mass 

metal antibody 
target or 
reagent 
function 

antibody 
clone 

supplier Cat no. RRID cell-surface 
(sf) 
/intracellular 
(ic) 

used for 
global 
opt_SNE 

used 
for B 
cell 
opt-
SNE 

used 
for T 
cell 
op     
t-SNE 

89 Y CD15 W6D3 Biolegend 323002 AB_756008 sf x   

103 Rh mDOTA         

104 Pd barcoding         

105 Pd barcoding         

106 Pd barcoding         

108 Pd barcoding         

110 Pd barcoding         

113 In CD66b REA306 Miltenyi 
Biotec 

130-108-
019 

AB_2658994 sf x   

115 In Siglec 8 #837535 R & D 
Systems 

MAB7975  sf x   

140 Ce CD14 RMO52 Beckman 
Coulter 

custom 
order 

 sf x   

141 Pr CD127 A019D5 Biolegend 351302 AB_10718513 sf x  x 

143 Nd CD19 BU12 DRFZ n.a.  sf x x  

145 Nd CD4 RPAT4 Biolegend 300502 AB_314070 sf x  x 

146 Nd CD45RO UCHL1 DRFZ n.a.  sf x x x 

147 Sm CD20 Rituximab Charité n.a.  sf x x  

148 Nd IgA  IS11-8E10 Miltenyi 
Biotec 

130-093-
073 

AB_1036150 sf x x  

149 Sm Syk 4D10.2 Fluidigm 3149020B  ic x x  

151 Eu CD123 6H6 Biolegend 306002 AB_314576 sf x   

152 Sm CD45RA 4G11 DRFZ n.a.  sf x x x 

154 Sm CD1c AT5-8E7 Miltenyi 
Biotec 

130-108-
032 

AB_2661165 sf x x x 

155 Gd CD27 2E4 Sanquin M9185  sf x x x 

160 Gd CD11c BU15 Biolegend 337202 AB_1236381 sf x x x 

161 Dy CD7 CD7-6B7 Biolegend 343102 AB_1659214 sf x  x 

162 Dy IgM MHM-88 Biolegend 314502 AB_493003 sf x x  

163 Dy CD197 G043H7 Biolegend 353202 AB_10945157 sf x x x 

167 Er CD38 HIT2 Biolegend 303502 AB_314354 sf    

168 Er CD16 3G8 Biolegend 302002 AB_314202 sf x x x 

169 Tm CD25 MA-251 Biolegend 356102 AB_2561752 sf x x x 

170 Er Siglec1 7-239 Miltenyi 
Biotec 

130-108-
017 

AB_2655556 sf x   

173 Yb IgD IA6-2 Biolegend 348202 AB_10550095 sf x x  

174 Yb HLA-DR L243 DRFZ n.a.  sf x x x 

176 Yb CD56 REA196 Miltenyi 130-108-
016 

AB_2658728 sf x   

191 Ir DNA 
intercalator 

 Fluidigm 201192A  ic    

193 Ir DNA 
intercalator 

 Fluidigm 201192A  ic    

195 Pt CD3 UCHT1 DRFZ n.a.  sf x  x 

196 Pt CD8 GN11 DRFZ n.a.  sf x  x 

198 Pt CD45 Hi30 Biolegend 304002 AB_314390 sf x x x 

209 Bi CD11b ICRF44 Biolegend 301302 AB_314154 sf x  ? 

           

n.a. - not 
applicable 
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(B) Sample acquisition      
Pool 1 

patients  healthy controls 

Code no gender born barcode  Code no gender born barcode 

SLE_004_d0 f 1952 1  ND036 f 1950 6 

SLE_020_d0 f 1960 2  ND002 f 1960 7 

SLE_015 f 1972 3  HC_006 f 1972 8 

SLE_012 f 1975 4  HC_033 f 1976 9 

SLE_009 m 1983 5  HC_012 m 1985 10 

     reference mDOTA 

         

Pool 2 

patients  healthy controls 

Code no gender born barcode  Code no gender born barcode 

SLE_016 f 1965 1  ND001 f 1966 6 

SLE_008 f 1979 2  HC013 f 1978 7 

SLE_007 f 1983 3  HC_028 f 1986 8 

SLE_017 f 1991 4  HC_032 f 1993 9 

SLE_002 m 1993 5  HC_017 m 1993 10 

     reference mDOTA 

         

Pool 3 

patients  healthy controls 

Code no gender born barcode  Code no gender born barcode 

SLE_006 f 1983 1  HC_030 f 1986 6 

SLE_010 f 1988 2  HC_020 f 1986 7 

SLE_011 f 1985 3  HC_029 f 1985 8 

SLE_018 f 1975 4  HC009 f 1976 9 

SLE_021 f 1993 5  HC008 f 1993 10 

     reference mDOTA 

         

Pool 4 

patients  healthy controls 

Code no gender born barcode  Code no gender born barcode 

SLE_022 f 1993 1  HC_023 f 1993 6 

SLE_019_d0 f 1975 2  HC_019 f 1976 7 

SLE_003_d0 f 1967 3  ND017 f 1967 8 

SLE_014_d0 f 1983 4  ND025 f 1984 9 

SLE_001_d0 f 1976 5  ND038 f 1971 10 

     reference mDOTA 
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(C) Barcoding Scheme 

barcode no. 104Pd 105Pd 106Pd 108Pd 110Pd 103Rh 
1 x x         
2 x   x       
3 x     x     
4 x       x   
5   x x       
6   x   x     
7   x     x   
8     x x     
9     x   x   

10       x x   
reference           x 
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Table S2. Flow Cytometry Antibodies. 

Target Fluorochrome Clone Company Catalogue Number RRID 

IgD FITC IA6-2 BD Biosciences 555778 AB_396113 

CD38 APC IB6 Miltenyi Biotec 130-092-261 AB_871666 

CD27 PE O323 Biolegend 302808 AB_314300 

CD24 PerCP/Cy5.5 ML5 Biolegend 311116 AB_10960741 

HLA-DR V500 G46-6 BD Biosciences 561224 AB_10563765 

CD3 APC/Cy7 SK7 Biolegend 344818 AB_10645474 

CD14 APC/Cy7 63D3 Biolegend 367108 AB_2566710 

CD19 APC/Cy7 HIB19 Biolegend 302218 AB_314248 

CD19 V450 HIB19 Biolegend 560353 AB_1645564 

CD14 FITC 63D3 Biolegend 325604 AB_830677 

CD16 FITC 3G8 Biolegend 302006 AB_314206 

CD16 Pacific Blue 3G8 Biolegend 302032 AB_2104003 

CD56 PE/Cy7 HCD56 BD Biosciences 318318 AB_604107 

SIGLEC1 PE 7-239 Biolegend 346004 AB_2189029 
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Lebenslauf 

Mein Lebenslauf wird aus datenschutzrechtlichen Gründen in der elektronischen Version 
meiner Arbeit nicht veröffentlicht.  
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