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Disturbed Peripheral B Lymphocyte Homeostasis in Systemic
Lupus Erythematosus'

Marcus Odendahl,* Annett Jacobi,” Arne Hansen} Eugen Feist! Falk Hiepe,*
Gerd R. Burmester,” Peter E. Lipsky,® Andreas Radbruch?* and Thomas Dérner>3"

In patients with active systemic lupus erythematosus (SLE), a marked B lymphocytopenia was identified that affected CD'0
CD27~ naive B cells more than CD19/CD27* memory B cells, leading to a relative predominance of CD27-expressing peripheral
B cells. CD279"/CD38"/CD19™/surface Ig°"/CD20~/CD138" plasma cells were found at high frequencies in active but not
inactive SLE patients. Upon immunosuppressive therapy, CD2'%" plasma cells and naive CD27 B cells were markedly de
creased in the peripheral blood. Mutational analysis of V gene rearrangements of individual B cells confirmed that CD27B cells
coexpressing gD were memory B cells preferentially using \3 family members with multiple somatic mutations. CD279"
plasma cells showed a similar degree of somatic hypermutation, but preferentially employed, family members. These results
indicate that there are profound abnormalities in the various B cell compartments in SLE that respond differently to immuno-
suppressive therapy. The Journal of Immunology,2000, 165: 5970-5979.

ystemic lupus erythematosus (SEH} characterized by peripheral blood as well as in the bone marrow, memory B cells
the production of multiple autoantibodies. Although the have been identified in populations of B cells expressing either
pathogenesis of SLE remains enigmatic, autoantibodieglass-switched Ig isotypes: IgM and IgD, or IgM only (21-25).
against dsDNA and ribonucleoproteins, deposition of immuneMore recently, IgD’/CD27" B cells have been identified as hav
complexes, complement activation, and leukocyte infiltration areéng somatically mutated Ig genes and, therefdsng memory B
thought to represent a consequence of immune dysregulation icells (25). In normal persons, IgMigD*/CD27~ naive B cells rep
this entity (1-5). Whereas B cell hyperreactivity and spontaneousesent about 60% of the peripheral blood B cell population (25, 26).
Ig production by PBLs have been documented in SLE, distinct In this study, we demonstrate that the frequencies of CD27- =:
abnormalities of B cells have not been elucidated in detail. How-expressing B cells were significantly enhanced as a result of a
ever, it is known that peripheral B cells from SLE patients containrelative and absolute reduction of the total number of naive B cells
populations that spontaneously produce Ig and also cells that caand a less prominent reduction of memory B cells in the periphery
mature into Ab-secreting cells when cultured in vitro in the ab-of patients with SLE. A significant population of CD?%" plasma
sence of obvious activators of B cell differentiation (6—11). cells was identified in the periphery of patients with active SLE.
In vivo, Ag-specific activation and differentiation of B cells oc- Upon immunosuppressive therapy, the CD& cell population in
cur in germinal centers (12—16). Within germinal centers, naive BSLE patients remained stable, whereas the frequencies of naive B
cells undergo activation, proliferation, somatic hypermutation ofcells and CD2'79" plasma blasts decreased significantly.
rearranged V region genes, Ig isotype switching, and subsequent .
positive and/or negative selection by Ag (13, 15, 17-19). WithinMaterials and Methods
germinal centers, activated B cells mature into Ab-producingpgiients’ material and preparation of samples
plasma cells or, alternatively, become memory B cells. This de-

velopmental dichotomy of B cells is reflected by differential ex- Heparinized whole blood (10-20 ml) from patients with various autoim-
- f . B cell f A h f | mune diseases (Table I) were obtained from the Department of Rheumatic
pression of a variety o cell surtace Ags, such as surtace lgpgeases, University Hospitals Charite (Berlin, Germany). In detail, we
CD38, CD20, and CD138 (syndecan-1; see Refs. 14 and 20). lanalyzed 13 patients with SLE, fulfilling the criteria revised in 1982 (27),
and a group of 9 patients with other autoimmune diseases (2 patients with
primary Sjogren’s syndrome, 2 patients with polymyositis, 2 patients with
. ] progressive systemic sclerosis, 1 patient with polymyalgia rheumatica, 1
Deutsches Rheuma-Forschungszentrum Berlin @epartment of Rheumatology  patient with polychondritis, and 1 patient with acquired factor VIII resistance)
and Clinical Immunology andOutpatients’ Department, Charite University Hospital, (Table 1). Six patients with SLE exhibited a flare at the time of analysis and
Berlin, Germany;*National Institute of Arthritis and Musculoscletal and Skin Dis b . il d ti ve th T tients had not
eases; National Institutes of Health, Bethesda, MD 20892 subsequently underwent Immunosuppressive therapy. Two patents nad no
] o o been diagnosed before (patients 11 and 13), one patient discontinued taking
Received for publication May 4, 2000. Accepted for publication August 21, 2000. prednisolone 3 wkefore the analysis (patient 6), and three patients were
The costs of publication of this article were defrayed in part by the payment of paggaking <10 mg of prednisolone/day (patients 1, 5, and 10) at the time
charges. This article must therefore be hereby maddertisemenin accordance  of disease flare. The remaining patients with SLE were being treated
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with 18 U.S.C. Section 1734 solely to indicate this fact. with azathioprine (100-150 mg daily) and/or methylprednisolone (12
L This study was supported by grants from the Deutsche Forschungsgemeinschdd daily) orprednisolone, respectively (=20 mg daily). As a control, fresh
(D0491/4-1, 5-1) and the Sonderforschungsbereich 421 (Project C4). blood from 14 apparently normal healthy blood donors (NHS) were also

2 AR. and T.D. contributed equally to this work. analyzed. PBMC were prepared as reported previously (24).

2 Addresscorrespondence and reprint requests to Dr. Thomas Dérner, DepartmenCytometric analysis
of Medicine/Rheumatology and Clinical Immunology, University Hospital
Charite, Schumannstrasse 20/21, 10098 Berlin, Germany. E-mail addressmmunofluorescence staining for flow cytometric analysis was performed

thomas.doerner@charite.de by incubating PBMC with biotinylated anti-CD19 (SJ25-C1; Southern Bio-
4 Abbreviations used in this paper: SLE, systemic lupus erythematosus; NHS, normdechnology Associates, Birmingham, AL), anti-CD27 Cy5 (clone 2E4), and
healthy subject; s, surface. either anti-CD38 FITC (clone HIT-2; PharMingen, San Diego, CA.), anti-

Copyright © 2000 by The American Association of Immunologists 0022-1767/00/$02.00
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Table I. Demographic data and peripheral B cells in patients and healthy donors, respectively

Frequency of CD19 Total No. of CD19 Cells

Donor Diagnosis SeX  Age (years) WBC (Gpt/l) Cells (%) (1 X 10° cells/l)
1  Active SLE f 40 5.51 3.8 209
5  Active SLE f 43 3.6 6.9 248.8
6  Active SLE f 36 10.9 4.4 480

10  Active SLE f 31 5.6 9.7 543.2
11 Active SLE f 22 9.1 0.7 63.7
13 Active SLE f 40 4.05 2.6 105.3
2 SLE f 61 4.25 15 64
3 SLE f 56 9.3 2.6 241.8
4 SLE f 33 9.61 2.8 269.1
7 SLE m 41 6.2 0.8 50.0
8 SLE f 32 12.4 21 260.4
9 SLE m 22 7.0 2.8 196.0
12 SLE f 53 4381 34 163.5
14 Sjogren’s syndrome f 72 7.2 2.0 144.0
15 Sjogren’s syndrome f 17 5.3 6.3 334
16 Myositis m 49 9.6 2.4 230.4
17 Myositis m 55 7.32 5.1 373.3
18 Scleroderma f 59 10.1 333 3363.3
19 Scleroderma m 55 8.51 6.2 527.6
20 Polymyalgia rheumatic f 59 7.63 3.4 259.4
21 Polychondritis f 26 5.64 11.3 637.3
22 Inhibitory hemophilia A f 64 6.4 5.9 377.6
23 Healthy control f 57 6.2 9.5 589
24 Healthy control f 31 4.5 6.9 310.5
25 Healthy control f 63 9.8 8.2 803.6
26 Healthy control m 34 5.6 8.5 476
27 Healthy control m 19 10.2 7.4 754.8
28 Healthy control m 64 7.3 8.4 613.2
29 Healthy control m 24 5.9 9.7 572.3
30 Healthy control m 21 5.2 10.6 551.2
31 Healthy control m 19 6.3 7.2 453.6
32 Healthy control f 39 4.9 10.5 514.5
33 Healthy control m 37 8.4 7.0 588
34 Healthy control m 38 6.2 6.2 384.4
35 Healthy control f 35 12.3 9.9 1217.7
36 Healthy control m 37 6.82 15.1 1029.8

2f, Female; m, male.

HLA-DR FITC (clone R30), anti-CD95 FITC (clone CH-11; Immunotech, many) was added immediately before cytometric analysis to exclude dead
Marseille, France), anti-CD20 FITC (clone B-Ly1; Southern Biotechnol- cells. Before incubation with streptavidin-PE (OQu®/ml; PharMingen),

ogy Associates), anti-human CD138 biotinylated (clone B-B4; Diaclone,cells were washed twice. For intracellular staining, the cells were fixed in
Sunnyvale, CA.), anti-human gFITC (G20-193; PharMingen) andlight 2% (w/v) formaldehyde (Merck, Darmstadt, Germany) for 20 min at room
chain FITC (JDC-12; PharMingen), anti-human IgG FITC (rabbit anti-humantemperature, washed, and stored at 6—8°C in PBS/0.5%BSA. The cells
1gG; Dako, Hamburg, Germany), anti-human IgM FITC (rabbit anti-humanwere then incubated in PBS/0.5%BSA, with or without 0.5% saponin (sa-
IgM; Dako), or anti-human IgD FITC (clone 1A6-2, mouse anti-human IgD; ponin buffer; Sigma), and fluoresceinated Ab for 10 min at 4°C and then
PharMingen). Incubation with Abs was performed in PBS/0.5%BSA/5 mMwashed in saponin buffer and PBS. For intracellular analyses, anti-lgE
EDTA at 4°C for 10 min. Propidium iodide (&g/ml; Sigma, Munich, Ger-  FITC (rabbit anti-human IgE; Dako) was used. In addition, anti-CD5 FITC
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FIGURE 1. Expression of CD27 on CDI9peripheral B cells from patients with SLE and from a healthy donor. Viable PBMC were gated for analysis
according to light scatter and exclusion of propidium iodide. Staining with CD19bio/streptavidin-PE vs CD27 Cy5 is shown for a healthy blood donor
(donor 24,a) and two patients with SLE (donor B,and donor 7¢). Patient 7 was diagnosed in 1991 and had required dialysis since 1994. He received

5 mg/day prednisolone. Patient 6 was diagnosed in 1998, exhibited a flare, and was not receiving immunosuppression at the time of analysis. Fluorescent
gates for the statistical evaluation of CD27CD27", and CD2%19" B cells are indicated, as well as the frequencies of these populations among B cells.
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0.0003 CD27"/CD19" cells were calculated according to statistical

4000 threshold sets in reference to control stainings, as shown in Fig. 1.
00229 Patients with inactive SLE treated with azathioprine and/or glu-
3000 cocorticoids had significantly lower total numbers of peripheral B
cells regardless of their treatment regimen (Fig. 2) compared with
both control groups. When the overall frequency of peripheral B
- cells expressing CD27 was examined, SLE patients with active and
inactive disease had significantly higher frequencies of CD27-ex-
pressing B cells than both control groups (Fig. 3). The two control
. groups did not differ in the overall frequency of CD27-expressing
v TTRET B cells (p = 0.4310).

2000+

-
o
o
o
1
.

cD19" B cells (x10°1)

1&

The increased frequency of CDID27" peripheral B cells in
% g patients with SLE results from a reduction of the
CD19"/CD27 naive peripheral B cell pool and a lesser
decline in CD19/CD27" memory B cells

The increase in the frequency of CDUED27" peripheral B cells
FIGURE 2. Absolute numbers of peripheral B cells were compared be-in SLE patients was not caused by an expansion of the CD19
tween SLE patients with active @ 6) and inactive disease ¢ 7) as well CD27" subpopulation. Rather, it was a consequence of a signifi
a§ in patients of the control groups (AID, patients with other autoimmunecan“y reduced total number of naive CDYED27 peripheral B
diseases (= 9) and NHS (n=14)). cells of SLE patients with active (8% 54 X 10° cells/l) and

inactive disease (74 70 x 10° cells/l) compared with other pa

tients (546+ 941 X 10° cells/l, p = 0.012 andp = 0.0052, re
(clone UCHT2, mouse anti-human CD5; PharMingen) was used to charspectively) and normal controls (418 204 X 1(° cells/l, p =
aoterize the expression of ihis mOieaile and D2l Flow cytometric anal.0006 ancp = 0.0004, respectively) (Fig. 4). Patients with active
Dickinaon, San Joss. CA). Thiy thousand fo 200,000 events were caidisease did not diffr i their frequency of naive B cells compared
lected for each analysis. with those without disease flarep € 0.7308, Fig. 4). In contrast,

Statistical analysis of the data was performed by using GraphPad Prisithe total number of CD27 B cells was not significantly lower in

software (GraphPad, San Diego, CA). Frequencies of B cell populationgatients with other autoimmune diseases than in normal controls

were calculated using CellQuest software (Becton Dickinson) and differ-, , _ 0.0833). Asshown in Fig. 4, the reduction in these absolute
ences between blood donor groups were compared using the nonparamet(i@ ) f s I L ith f
Mann-Whitney U test. To analyze the relationship between total white "UmMbers of naive B cells coincided with a reduced frequency

blood cell count and total B cells, the total numbers of B cells of variousOf CD27" B cells in SLE patients compared with both control groups,
phenotypes were calculated per milliliter of blood, based on the frequenciesshereas these frequencies did not differ between the two groups:

o
=
I
>

SLE active
SLE inactive
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of those cells among PBMC, and the total numbers of PBd@alues of SLE patients p = 0.9452) or between the control groups 3
<0.05 were considered as statistically significant. (p = 0.8749) C\T

p=0. . g
Molecular analysis of V gene usage Further analysis led to the discrimination of two distinct CD27- @

For analysis of Y, gene rearrangements, CD2D™ cells, CD27/IgD* e?(pressmg B Cellvgopulatlons n perlphgral blood: one CDZ? at &
cells, and CD279%IgD ™~ B cells were individually sorted into wells of a high levels (CD27") and one expressing C|?27 Ies_s brightly
96-well PCR plate into lysing solution (28) (Robbins Scientific, Sunnyvale, (CD27"). The frequency of CD27 B cells in patients with other
CA). For this analysis, PBMC from an untreated SLE patient (patient 10;autoimmune diseases did not exceed those found in NS (
butterfly rush, nephritis, hypocomplemenaemia, anti-dsDNA titer 1:8 usingy 5496 Fig. 5). Moreover, patients with active lupus and those
Crithidia luciliae immune fluorescence) were stained with biotinylated anti- ' '
CD19, streptavidin-PE, anti-CD27 Cy5, and anti-lgD FITC. Cells were
sorted using a FACSVantage (Becton Dickinson).

Rearranged DJ, gene rearrangements employing specifi¢ dene 0.0006
segments were amplified for all, Mamilies as described previously (28). :
The PCR error rate for this analysis has been shown to b&/1P (29). 0.0004
After column purification of PCR products (GenElute Agarose Spin Col-
umn; Supelco, Bellefonte, PA), they were directly sequenced using the
Applied Biosystems Prism Dye Termination Cycle Sequencing kit (Perkin-
Elmer, Foster City, CA) and analyzed with an automated Sequencer (Ap-
plied Biosystems Prism 377; Perkin-Elmer). Sequences were analyzed us-
ing the V BASE Sequence Directory to identify the respective germline V
genes, using DNAPIot (University of Cologne/http://www.genetik.uni-
koeln.de/dnaplot/) and Sequencher (Gene Codes, Ann Arbor, MI) software.
The mutational frequencies of the productively rearranggdg€ne seg
ments obtained from individual cells of the three B cell populations were
analyzed with the¢® test. .
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Results
Enhanced frequencies of CD2B cells in SLE patients
exhibiting a marked peripheral B cell lymphopenia

PBMC c_)f all 13 patients with SLE, 9 patients with other aUtO'_m' FIGURE 3. Comparison of the frequency of overall CD27-expressing
mune diseases, and 14 NHS were analyzed for the expression Béripheral B cells (CD27 plus CD279") from patients with active and
CD27 as a marker of memory B cells. Some of these were alSgyactive SLE as well as from individuals of the control groups. The fre-
analyzed for the expression of surface IgM (sIgM), slgG, slgD,quencies were determined by cytometric analysis as shown in Fig. 1. The
CD38, CD138, CD20, CD95, and HLA-DR. The frequencies of arithmetic statistical mean values are indicated for each group.

SLE active
SLE inactive
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FIGURE 4. A, FrequencyB, Total number of CD27 naive B cells from patients with active and inactive SLE as well as from individuals of the control
groups.

with inactive treated disease did not differ in regard to the fre-highest value, 48.4%) at a similar frequency as found in NHS
quency of CD27 peripheral B cells p = 0.2949). In most pa  controls (mean, 34~ 9%; highest value, 48.9%). Two patients
tients with SLE (10/13), CD27 B cells comprised 39.2% or more with other autoimmune diseases exhibited frequencies of periph-
of the peripheral B cells, with a mean frequency of #3.7% in eral CD27" B cells higher than 39%, a similar frequency as that
active and 55+ 22% in inactive SLE patients. One female patient found in the patients with SLE. This included one patient with
(donor 4) was exceptional in that only 15.9% of her B cells ex-Sjégren’s syndrome (44.7%, patient 15) and another one with ac-
pressed CD27, a frequency in the range of NHS controls. Interguired factor VIl resistance and hemophilia A (48.4%, patient 22).
estingly, this patient had delivered a healthy child 1 wk before theCareful analysis of the clinical characteristics of these two patients g
analysis and did not manifest any disease activity at that time. Hein comparison to the other patients with autoimmune diseases did@
white blood cell count and levels of complement factors C3 and Csot document any significant differences. Most notably, these pa- &

[ounuwiw 1 :mmmy/:dny woJy papeo jumod

were normal. Anti-dsDNA Abs were not detectable, although pre-tients lacked an enhanced frequency of CE¥7B cells in the Q
viously she had had a 1:8 titer of anti-dsDNA and 1:80 titer of periphery as detected in patients with SLE (see below). 7]
anti-nuclear Abs (fine speckled pattern). Although the frequency of CD27B cells among CD19 cells S
As opposed to SLE patients, CD27 was expressed on B cella/as significantly increased in inactive SLE patients compared with JC>
from patients with other autoimmune diseases (meant: 2A1%; patients with other autoimmune diseasgs<{ 0.017) and NHS s‘%
©
N
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A B N
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FIGURE 5. A, FrequencyB, Total number of CD27 peripheral memory B cells from patients with active and inactive SLE as well as from individuals
of the control groups.
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FIGURE 6. A, FrequencyB, Total number of CD279" peripheral plasma cells in patients with active and inactive SLE as well as from individuals of

the control groups

(p < 0.016, Fig. 5) only, the absolute number of these cells was
significantly higher in NHS compared with the other groups ana-
lyzed (Fig. 5). Moreover, the absolute number of CDZ2lls did

not differ between any of the patient groups. Although the absolute 4

number of CD27 B cells was diminished in all patient groups, the
magnitude of the decrease noted in the SLE patients was markedly
less than the decrease in the number of circulating CaABD27-

naive B cells.

An increase in the frequency and the number of the peripheral
CD279"CD19" B cell subpopulation is characteristic of
active SLE

Patients with active and inactive SLE showed an increased fre-
quency of peripheral B cells expressing high levels of CD27
(CD27"9" Figs. 1 and Bin contrast to NHS jp < 0.0006 ang <
0.001, respectively, Fig. 6) and to controls with other autoimmune
diseases f§ < 0.004 andp < 0.0007, respectively). Among the
SLE patients with active disease, the mean frequency of these cells
was 26+ 15%, ranging between 7.4 and 43.1% of peripheral B
cells, significantly higher than in SLE patients with inactive dis-
ease (mean, & 4%; minimum, 1.9%; maximum, 11.2%y <
0.022). The CD279" B cell subpopulation was uncommon in the
blood of NHS (1.4= 0.8% of peripheral B cells). In patients with
autoimmune diseases other than SLE, such cells were found at
frequencies of 0.9 0.9%. The frequencies of CD29"B cells in

the seven SLE patients without disease activity were higher than
those in patients with other autoimmune diseages(0.0007) as
well as in NHS (p < 0.001). However, the absolute numbers of
CD27"9" B cells were only significantly increased in active SLE
patients compared with inactive SLE patienps< 0.008), patients

CcD27

FIGURE 7.

T T T T T
Forward scatter

CD20

CD3s

anti lgD

anti igM anti IgG

anti Ig kappa/lambda
(without saponin)

anti kappa lambda
(with saponin)

CcD138

Cytometric characterization of peripheral CD18&ells in a
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with other autoimmune diseasep £ 0.0004), and NHS f§ <

patient with lupus flarea, Viable peripheral mononuclear cells of a patient

0.002). It should be pointed out that among the non-SLE autoimwith a lupus flare (patient 13, Table ), gated according to scatter and
mune controls, one of the patients with Sjégren’s syndrome wad®ropidium iodide exclusion, were stained for CD19-PE and CD27-Cy5.

the only one with a significantly increased population of CI¥7
B cells (3.2%).

CD19"/CD27"9" cells express CD38, CD95, HLA-DR, CD138,
and intracellular Ig

CD19" B cells were gated for further analysis as indicatgdStaining of
CD27 vs forward light scatter, as an indication of cell size. CDBXells,

as gated ira, were counterstained for HLA-DR, CD20, CD38, CD95, IgD,
IgM, 1gG (c—i), and CD138 (I) and are plotted against CD27. Formalde-
hyde-fixed cells were gated according to scatter and CD19-PE staining and
counterstained for CD27 and for Ig light chains witk) ©r without (j)

As shown in Fig. 7, and representative for the SLE patients anapermeabilization of the cell membrane with saponin.
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CD19"/CD27"9" and CD19/CD27 cells are decreased by
i - immunosuppressive treatment of SLE patients

To determine whether the presence of CB97B cells in periph
eral blood was related to disease activity and/or treatment, we per-
formed a follow-up analysis on two of the patients who initially
had a prominent population of these cells in the periphery at the
time of flare symptoms and consequently had been treated with
immunosuppressive therapy. As seen in Fig. 10, the administration
of i.v. methylprednisolone, 1000-mg bolus for 2 days and 500 mg
for the successive 3 days, led to a marked reduction of the periph-
eral CD27"9" plasma cell subpopulation. Subsequently, the patient
received i.v. cyclophosphamide (800 mg bolus) once. Afterward,
the patient’s condition improved and the CH2% B cells had
almost completely disappeared from the periphery and the number
of naive B cells was reduced significantly, with CD2ihemory B
cells not detectably affected. The phenotype shown in Figwis
1 - characteristic of three SLE patients treated with immunosuppres-
T e sive therapy and without apparent disease activity. Another SLE
anti I9G anti IgA patient (Fig. 1c), treated with hemodialysis, still exhibited smol-
e f dering activity including lowered complement factors. This patient
still showed an increased frequency of peripheral plasma cells
(10.7%) but a low frequency of naive B cells (5.3%).

Side scatter
CcD27

T T T T

Forward scatter

CD27
l
cD27

V,, gene usage and hypermutation in CD2@nd CD27"9" B
cells in SLE

Individual 1gD*/CD27-, CD27/IlgD™, and CD2%9"IgD~ B
. - cells were sorted by FACS using single-cell deposition. The mu-
anti IgM anti IgE tational frequencies of \f gene segments were determined for the
three cell types (Table IlI). Among productively rearrangeq V
FIGURE 8. Intracellular stainings of B cells characterized according to genes, there was a significant difference in the mean frequency of
scatter pro_perties (a) and CD19 expression (b) for Ig classes demonstratef] ;tations between the CD27(mutational frequency, 0.4%) and
that CD27'" B cells (b) express large amounts of 1gG (c) or 1gA (d), yhe CD27-expressing B cell populations (mutational frequency,
whereas IgM (e) s rarely expressed and IGE (f) not at all. 6.46%,p < 0.0001), which is consistent with the classification of
CD27" cells as memory B cells. CDZ27(mutational frequency,

cD27
CD27
L

lyzed, the CD2%9" cells of patients with active disease showed a
higher forward scatter than the other B cells (Fig),7ndicating

that they were larger cells. Both CD27and CD27¢", but not
CD27, cells had distinct subpopulations of even larger cells,
which might reflect distinct activation stages. This contention was
supported by the HLA-DR staining, which also revealed a heter-
ogeneity among CD27 and CD279" cells indicative of recent
activation of at least some cells. In addition, and unlike CD27
cells, all CD279" cells expressed lower levels of CD19, high
amounts of CD38 and CD138, and no CD20, markers of plasma
cells (30). Of note, they also expressed high levels of CD95, ex-
pression of which had not previously been described for plasma
cells, but rather on early plasma blasts (Figd#, |; see Refs. 30
and 31). Few, if any CD2"P" cells expressed sigM, IgD, IgG, or

Ig light chains (Fig. 7g—i), but all stained intracellularly fok or

X light chains (Fig. 7k). As shown in Fig. 8, most CO®¥ cells
express either IgG or IgA in four SLE patients analyzed. Few IgM-
and no IgE-expressing cells were detectable. In the patients ana-
lyzed, most CD27 and CD279" B cells did not express CD5
(data not shown). In summary, the cytometric phenotype ofFIGURE 9. Cytometric analysis of coexpression of CD138 (synde-
CD27"9" cells was indicative of plasma cells. can-1) and CD19 by CD2%®" cells. Cells were stained with CD19-fluo

The expression of CD19 by CD?9/CD138 coexpressing B rescein, CD138-streptavidin-PE, and CD27-Cy5 and gated according to

cells was further analyzed in detail. As shown in Fig. 9 and rep_forward scatter and exclusion of propidium iodide. Additional gates were

. LT . set according to staining with CD19, CD27, and CD138. Identical gates
resentative for six individuals analyzed, B cells positive for CD138 .\ <o im andd andc andb, respectively. Almost all CDZ" B cells

almost exclusively express CD29" (Fig. 9a) and the maj_ority of  coexpress CD138 (a). More than 80% of CI27B cells also express
them coexpress CD19 (Fig. 9b), whereas only two-thirds of thecD19 (b). Gating of CD279"/CD19"™ cells for CD138 showed that about
CD1g"™/CD27"9" B cells do express CD138 (Fig. 8,andd). two-thirds of these cells express CD138a(ud d).

80.5%

CD27

64.8%

CD19 CD138
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FIGURE 10. Follow-up analysis of peripheral B cells from a patient with SLE after treatment. Viable peripheral mononuclear cells from an SLE patient
with a lupus flare at the time of first analysis (patient 10, Table 1) were gated for cytometric analysis according to light scatter and exclusion of propidium
iodide. Staining of CD19 vs CD27 is shown for peripheral blood obtained at time of #aré (vk later (b), and 5 wk later (c). At the time of flare, the

patient was untreated and initially received i.v. methylprednisolone bolus (1g/day) for 2 days. Dosage was tapered for the succeeding 7 days (until 5C
mg/day), with cytometric analysis on day 7 (b). Subsequently, the patient received i.v. cyclophosphamide bolus (800 mg). Approximately 5 wk later, the
last cytometric analysis was performed (c). The populations of CDED27*, and CD279" cells were gated and their frequencies among CDRZells
are indicated.

6.1%) and CD279" cells (mutational frequency, 6.9%) did not these abnormalities of B cell homeostasis are interdependent.
differ in their mutational frequenciesp(= 0.191). Upon immunosuppressive therapy, both the populations of naive
In the B cells of this patient, the ratio of productively rearrangedCD27 B cells and CD279" plasma cells were reduced in the

V.3 and ;4 genes representing the most frequently usgd V SLE patients, whereas the CD2#emory cell population was
families was remarkably different between CD2and CD27 apparently not affected.
cells (Table II). Whereas \3 genes were preferentially used by B Extensive work has been devoted to analysis of autoantibody-
cells expressing IgD but not CD27 (13/14) and no T[gDD27~ B producing cells and perturbation of T lymphocyte homeostasis in
cell used \(,4 gene segments, the latter gene segments were useqghtients with SLE (32; reviewed in Ref. 5). With regard to B lym-
by some IgD /CD27" memory B cells (2/15) antd-50% of IgD~/ phocytes, spontaneously activated B cells and polyclonal produc-
CD27"9" plasma cells (8/15, if the genes used by all cells of ation of Ig, including autoantibodies, have been repeatedly demon-
clone were considered as one). With regard to individual genes, thstrated in the peripheral blood and in the bone marrow of SLE
V,,3-23 gene was found most often in CDZIgD " naive (6/14)  patients (reviewed in Refs. 5, 6, and 8—11). The current data areg
and CD27/IgD* memory B cells (4/15), whereas,¥—-34 was  consistent with these findings, indicating that there are expanded o
amplified from 3 of 15 and }f4-59 from 3 of 15 CD2¥9IgD~  numbers of phenotypically defined plasma cells in the blood of o
cells. The increase in mutational frequencies coincided with arpatients with active SLE. For the first time, we show here that é
increase in frequencies of B cells using,4/in the productive these plasma cells express high levels of CD27.
repertoire. Notably, Y41 family members were found to be rear CD27 belongs to the TNF receptor family and is expressed pref-
ranged in all B cell subpopulations. However, productively rear-erentially by T cells but also by B cells. CD27 signals after inter-
ranged V,1 family members occurred in CD27B cells (2/15)  action with its ligand, CD70, which is expressed on T cells. CD27/ @
and CD279" plasma cells (1/15) only. CD70 signaling appears to act at late stages of B cell *©
In addition, a clonally expanded population within the CD27  differentiation, providing a key signal for the maturation of mem-
plasma cells employing y4—-61/D3—-09/]4 could be identified ory B cells into Ig-secreting cells in the germinal center reaction
with an almost identical CDR3 of 66 bp and a common insertion(33-35). Expression of CD27 on B cells is apparently induced in
of 6 inserted bp in CDR1 (Fig. 11). The three rearranggd V61  the context of germinal center reactions and is maintained on
genes of this clone carried 25 mutations (gene D12 |\4\A1), memory B cells (25). CD27 B cells in human peripheral blood
44 mutations (gene D12 IV 4 F1), and 54 mutations (gene D12 show extensive somatic hypermutation of their V genes, irrespec-
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IVV 4 H3). tive of the isotype they express, marking them as descendants of
cells activated previously in vivo (25, 36). Here, we confirm this
Discussion observation and extend it to peripheral CD2gD™ B cells and

The current study provides evidence that in patients with SLECD27"9" B cells from a patient with a lupus flare.

there is significant B lymphocytopenia associated with major dis- Of the V,, gene rearrangements from the CD2igD ™" B cells
turbances in the homeostasis of all three major B cell types, naivanalyzed, 14 of 15 showed mutation rates of 2—15% (overall mu-
and memory B cells and plasma cells. CD2imemory B cells tational frequency, 6.1%). In comparison, 10 productively rear-
were the predominant peripheral blood population in SLE, yet theyanged \{, segments from CD27IgD* B cells showed an overall
were still present in significantly lower numbers in all patients mutational frequency of only 0.4%. In peripheral B cells from
when compared with normal subjects (active SLE, #2230 X normal subjects, Klein et al. (25) had observed similar frequencies
10° cells/l; inactive SLE, 9@+ 59 X 10° cells/I; other autoimmune for CD27 and for CD27 B cells. Eleven of 14 ) regions ob
diseases, 136 89 x 1(° cells/l; NHS, 205+ 64 X 1P cells/l, all ~ tained from CD2%9" plasma cells were highly mutated

p < 0.05 compared with NHS). A distinct population of CD18 (3.4-10.5%; mean, 6.9%), In addition, three cells of a heavily
cells (CD27"9") expressing CD27 highly, CD38, CD138, and in mutated CD279" plasma cell clone expressed thgA4~61 gene
tracellular but not slg was identified as an expanded population isegment with 25-54 mutations. CD2&nd CD219" cells both
SLE patients with a lupus flare. It remains to be shown whetheshowed a high degree of somatic hypermutation, but they differed
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Table 1. Analysis of productively rearranged \gene sequence obtained from individual peripheral B cells

Gene Vy Segment Reading length (bp) Mutations (n) Sequence Homola@y)
CD27 /igb™
D12 Il VH3 E1 VH3-09/DP-31 222 4 98.2
D12 Il VH3 G2 VH3-23/DP-47 223 1 99.6
D12 Il VH3 E3 VH3-74/DP-53 226 0 100.0
D12 Il VH3 F4 VH3-23/DP-47 225 1 99.6
D12 Il VH3 G4 VH3-23/DP-47 222 0 100.0
D12 Il VH3 D5 VH3-64/DP-61 226 2 99.1
D12 Il VH3 B6 VH3-23/DP-47 227 1 99.6
D12 Il VH3 A7 VH3-23/DP-47 222 0 100.0
D12 11 VH3 C8 LSG 6.1 231 0 100.0
D12 Il VH3 E8 VH3-23/DP-47 226 0 100.0
D12 Il VH3 A1P VH3-09/DP-31 224 0 100.0
D12 Il VH3 C2° VH3-33/DP-50 221 1 99.5
D12 Il VH3 E12 VH3-73 222 0 100.0
D12 Il VH1 D9P VH1-08/DP 15 219 0 100.0
CD27"/igb™
D12 Il VH3 F1 VH3-23/DP-47 227 10 95.6
D12 Il VH3 H2 VH3-33/DP-50 223 8 96.4
D12 Il VH3 E4 VH3-64/DP-61 226 0 100.0
D12 Il VH3 E6 VH3-21/DP-77 224 17 92.4 o)
D12 Il VH3 A7 VH3-09/DP-31 224 18 92.0 %
D12 Il VH3 G7 VH3-23/DP-47 224 15 93.3 3
D12 Il VH3 H7 VH3-33/DP-50 218 14 93.6 g_
D12 Il VH3 F8 VH3-07/DP-54 209 9 95.7 Q
D12 Il VH3 B11 VH3-23/DP-47 225 11 95.1 —
D12 Il VH3 G11 VH3-23/DP-47 224 14 93.8 o
D12 Il VH4 C7 VH4-30.4/DP-78 210 5 97.6 :37
D12 Il VH4 G7 VH4-59/DP-71 210 21 90.0 =
D12 Il VH1 A3 VH 1-69/DP 10 218 32 85.3 g
D12 Il VH1 B1 VH 1-46/Hg® ™" 219 13 94.1
D12 Ill VH3 C8° VH3-33/DP-50 222 10 95.5 g
CD27"9"IgD ™ =.
D12 IV VH3 E1 VH3-30/DP-49 227 23 89.9 3
D12 IV VH3 G1 VH3-13/DP-48 223 24 89.2 g
D12 IV VH3 H3 VH3-21/DP-77 226 2 99.1 2
D12 IV VH3 A6 VH3-23/DP-47 219 23 89.5 g
D12 IV VH3 E6 VH3-33/DP-50 209 0 100.0 o
D12 IV VH4 B1 VH4-59/DP-71 217 12 94.5 E
D12 IV VH4 G1 VH4-b/DP-67 213 22 89.7 <
D12 IV VH4 F2 VH4-34/DP-63 203 7 96.6 e
D12 IV VH4 H2 VH4-59/DP-71 191 11 94.2 8,
D12 IV VH4 F3 VH4-34/DP-63 217 18 91.7 g
D12 IV VH4 G3 VH4-34/DP-63 202 13 93.6 >
D12 IV VH1 D2 VH 1-18/DP-14 222 23 89.7 &
D12 IV VH4 C2° VH4-59/DP-71 180 15 91.7 ;ﬁ
D12 IV VH4 G2 VH4-04/DP-70 141 11 92.2 ©
D12 IV VH4 A1° VH4-61 253 25 90.1 o
D12 IV VH4 F1° VH4-61 253 45 82.3 S
D12 IV VH4 H3° VH4-61 253 55 78.2 N

2 Sequence homology and the underlying $egments were determined as describeMlaterials and Methods.
b Nonproductive V, rearrangement.
¢ Clonally related Y, gene rearrangements.

in their V; gene preference. Thirteen of 14 IgH loci of CD27
IgD" B cells and 11 of 15 IgH loci of CD27/IgD™ cells used
V3 genes in VDJ recombination. In CD?%' B cells, however,

nucleosis (41, 46). In normal subjects, this particular gene occurred
at frequencies of 3.5% among peripheral CD&nd 3.9% among
CD5 B cells (24) or 3-10.8% among peripheral B cells (44, 45,
only 5 of 15 IgH loci used V3 but 9 genes of the M family. In 47, 48). The high frequency of MA—34 usage in peripheral
addition, the three clonally related cells used thgi\£61 segment. CD27"9" B cells, the high frequency of such cells in untreated
Preferential usage of W4 genes by postswitch cells has been re SLE patients, and their disappearance upon successful immuno-
ported by other groups for patients with rheumatoid arthritis (37,suppressive treatment imply that CO'®¥ plasma cells expressing
38), whereas )43 was most frequently found in naive B cells or in this V,, gene rearrangement may be involved in the etiopathogen
unfractionated peripheral B cells from normal subjects (24, 28esis of SLE.

39). Moreover, the gene W —-34 frequently used in the clonally The identification of CD279"/CD19" B cells as a prominent
unrelated CD279" cells analyzed here has been reported previ population of peripheral B cells in patients with active SLE rep-
ously to be involved in the formation of anti-dsDNA Abs in SLE resents a central finding of the present study. These cells express
patients (40—42) and to be expanded in patients with disease altittle if any surface, but increased intracellular, Ig compared with
tivity (41). This V44 gene encodes cold agglutinins (43—45). It CD27" B cells. Apart from CD27, the CDZ®" cells express
was also frequently used in immune responses of infectious mond=D38, HLA-DR, and CD95, but not CD20 or CD5 and little
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VH 4-61 germline

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
CAG GTG CAG CIG CAG GAG TCG GGC CCA GGA CTG GTG AAG CCT TCG GAG ACC CTG
D12 IV VH4 Al -—
D12 IV VH4 F1

D12 IVVHA H3 e
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FIGURE 11. V,, gene sequences of the three

clonally related B cells obtained from CD?9™- CDR2,
expressing peripheral plasma cells from a patient 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69

with a lupus flare. These \V rearrangements

3 i : Cm == == G- - C-GC-CG -~ ——= === === =om = —mm —m (- —em -
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CD19. All cells expressing intracellular Ig are CD9 (data not  meostasis with respect to naive and memory B cells and plasma
shown). The expression of CD19 on peripheral plasma cells hasells. Notably, a striking B lymphocytopenia and a marked reduc-
been shown before (49, 50) and contrasts with the apparent altion of CD27 B cells appear to be characteristic of SLE and not
sence of CD19 on myeloma cells (50, 51). Only two-thirds of themonly the result of therapeutic interventions. In addition, active SLE
also express CD138(syndecan-1). As for CD5, it has been shown is characterized by a marked increase in circulating plasma cells
that both CD5 as well as CD5 B cells (52) obtained from SLE that is dramatically reduced by immunosuppressive therapy. The
patients can produce anti-DNA Abs. The current data indicate thapool of CD27" peripheral B cells is less susceptible to immuno
CD27" and CD27%9" B cells are almost exclusively members of suppressive therapy in contrast to the pools of naive B cells and
the CD5™ B cell population, also in patients with an SLE flare. The CD27"9" plasma cells. These results have clear implications for
expression of CD38, CD138, CD95, and intracellular 1g, down-diagnosis and therapy of SLE. Cytometric monitoring of the var-
modulation of CD20 and CD19, and hypermutated rearranggd V ious B cell populations using CD27 in conjunction with CD19 may
genes identifies these cells as plasma cells (30, 53). provide an important diagnostic parameter for monitoring disease

For CD27" memory B cells, Agematsu et al. (34, 35) have activity in SLE patients.
shown that these cells can be induced in vitro to differentiate into
Ig-secreting plasma blasts upon stimulation with CD70, IL-2, a“dAcknowIedgments
IL-10. CD38" per!phvlsral cells have been §h0wn by Lgkew et al'We are grateful to Karin Reiter, Toralf Kaiser, and Gudrun Steinhauser for
(54) to secrete Ig in vitro spontaneously. Since expression of CD3&eijr technical assistance. We thank Claudia Berek and Christine Raulfs for
and CD27"9" on peripheral B cells is perfectly correlated, it can be fruitful discussions and critical reading of this manuscript.
inferred that CD279"CD19"™ cells are Ab-secreting plasma
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In summary, the current StUdy prowdes clear evidence that thel. Tan, E. M. 1997. Autoantibodies and autoimmunity: a three-decade perspective:
expression of CD27 identifies marked disturbances of B cell ho- a tribute to Henry G. KunkelAnn. NY Acad. Sci. 815:1.
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