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Distinct transcriptomes and autocrine
cytokines underpin maturation and survival
of antibody-secreting cells in systemic lupus
erythematosus
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Systemic lupus erythematosus (SLE) is an autoimmune disease characterized
by multiple autoantibody types, some of which are produced by long-lived
plasma cells (LLPC). Active SLE generates increased circulating antibody-
secreting cells (ASC). Here, we examine the phenotypic, molecular, structural,
and functional features of ASC in SLE. Relative to post-vaccination ASC in
healthy controls, circulating blood ASC from patients with active SLE are
enriched with newly generated mature CD19 CD138" ASC, similar to bone
marrow LLPC. ASC from patients with SLE displayed morphological features of
premature maturation and a transcriptome epigenetically initiated in SLE B
cells. ASC from patients with SLE exhibited elevated protein levels of CXCR4,
CXCR3 and CD138, along with molecular programs that promote survival.
Furthermore, they demonstrate autocrine production of APRIL and IL-10,
which contributed to their prolonged in vitro survival. Our work provides
insight into the mechanisms of generation, expansion, maturation and survival
of SLE ASC.

Plasma cells (PCs) represent a critical effector immune cell type
responsible for both protective and pathogenic antibody responses.

transcription factors (TF), such as Blimp-1, XBP1, and IRF4, silencing of
PAXS, and in humans, high levels of CD38 and CD27 expression with or

PC exhibit significant diversity in terms of homeostasis, phenotype,
location and longevity". Indeed, the PCs compartment can be envi-
sioned as a heterogeneous collection of antibody-secreting cell
populations (ASC) that share essential properties, including con-
stitutive antibody secretion, morphology, expression of licensing

without CD19". ASC sharing these identifiers can be differentiated into
Ki-67" plasmablasts (PB), which appear in the circulation approxi-
mately seven days after acute antigenic stimulation and undergo
apoptosis within 2 weeks (short-lived PB), and resting PCs, which can
persist for years in the BM in mice even without stimulating antigen®.
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Our previous study demonstrated that human long-lived plasma cells
(LLPC), responsible for maintaining antibodies against measles and
mumps for decades after infection, reside within a CD19™ CD138" PC
population in the human BM'.

Systemic lupus erythematosus (SLE) is a systemic autoimmune
disease in which defective B-cell tolerance leads to the production of
large amounts of pathogenic autoantibodies, some of which persist
throughout the disease with stable serum titers even after sustained
depletion of precursor B cells. These long-lived autoantibodies include
anti-RNA-binding proteins (RBP), such as Smith/RNP, and anti-Ro. In
contrast, other SLE autoantibodies, including anti-dsDNA, anti-
ribosomal P, and 9G4 antibodies, fluctuate with disease activity* and
immunosuppressive therapy*®. The behavior of persistent serum
autoantibodies can be explained by the accumulation of B cell-
independent BM LLPC. In addition, local PC are a major contributor to
the pathogenesis and outcome of lupus nephritis, a critical disease
manifestation. Despite their central pathogenic role and a growing
understanding in animal models, the biology of PC in human SLE is still
poorly understood and understudied. Therefore, our ability to ther-
apeutically modulate PC in this disease is quite limited. This is a critical
unmet need, as B cell depletion can only impede the new generation of
PC while failing to eliminate pre-formed pathogenic LLPC.

In this study, to address these important knowledge gaps, we
present a systematic analysis of peripheral blood ASC in patients with
SLE, and compare their phenotypic and morphological characteristics,
molecular regulatory programs, and survival properties with those of
healthy adults following immunization. Our results reveal that diverse
ASC populations in patients with SLE share common precursors,
undergo enhanced peripheral maturation and display coordinated
expression of CXCR3 and CXCR4. Notably, a major component of the
SLE ASC transcriptome originate from gene sets epigenetically
imprinted B cells from patients with SLE’. Moreover, SLE ASC are
endowed with prolonged survival, mediated at least partly, by the
transcriptional regulation of intrinsic apoptotic programs. Further-
more, SLE ASC display elevated levels of CD138 and autocrine pro-
duction of APRIL and IL-10.

Results

Complexity and magnitude of circulating ASC in active SLE
Flow cytometry was used to characterize the abundance and diversity
of circulating ASC in SLE, relative to the newly generated ASC in the
circulation of healthy subjects after recall immunizations. As depicted
in Fig. 1a, SLE patients exhibited a greatly increased abundance of total
ASC relative to vaccinated healthy controls (vax-HC) and patients with
inactive SLE. These results align with previous studies, including our
own research*®, Notably, this study employed simultaneous evaluation
of multiple phenotypic markers, yielding insights into the hetero-
geneity of expanded ASC, especially the more mature CD19~ com-
partment, which had remained understudied in SLE. Building upon our
previous investigation of PC in healthy control (HC)"* we identified
four distinct populations of IgD~ CD27** CD38" ASC based on the
expression of CD19 and CD138: Pop 2 (CD19* CD138"), Pop 3 (CD19*
CD138"), Pop 4 (CD19™ CD138"), and Pop 5 (CD19” CD138") (Fig. 1b).
Importantly, the levels of CD138 expression were significantly higher in
CD138* ASC populations in SLE relative to their counterparts in Vax-HC
(Fig. 1b, c). We had described an earlier pre-PB population (Pop 1:
CD19* IgD™ CD27" CD38)*°, which is distinguished from transitional
and pre-germinal center (GC) cells by the absence of CD10 and CD24,
markers that were not included in the current analysis’, and Pop 1 was
thus not quantified here. Overall, both total ASC and CD19* and CD19~
ASC fractions were increased in terms of relative frequencies and
absolute numbers in both SLE groups relative to steady-state HC.
Active SLE also displayed higher numbers of both ASC fractions rela-
tive to vax-HC and inactive SLE. However, in inactive SLE, only CD19~
ASC showed a significant elevation relative to vax-HC (Fig. 1d). Among

the four ASC populations, the most pronounced expansions were
observed for CD19™ Pop 4/5 between active SLE and vax-HC, although
significant differences were also detected for CD19" Pop2/3 between
these two groups (Figs. le, 2). Furthermore, significant differences
were present between active and inactive SLE, except for Pop 4
(Fig. 1e), an ASC population that, as illustrated by the expression of
various markers, appears to be heterogeneous in composition and may
include fractions outside the ASC lineage. Overall, the contribution of
CD19™ Pop 4/5 to the circulating ASC pool was greatly increased in both
SLE groups relative to vax-HC, where they are scarcely detected, con-
sistent with previous studies*'® (Fig. 2). Noteworthy, the abundance of
both circulating CD19* and CD19~ ASC fractions, as well as individual
ASC populations, correlated significantly with SLE disease activity, with
the strongest correlations observed for circulating CD19* ASC and
Pops 2, 3 and 5. (Supplementary Fig. 1).

Immune phenotype of circulating ASC in active SLE

To better understand the nature of circulating SLE ASC, we examined
the expression of signature regulators of PC differentiation and sur-
vival including Blimp-1, BCMA and IL-6R (Fig. 3a, Supplementary
Fig. 2). As in our previous studies, a distinctive level of expression of
Blimp-1, a TF driving the differentiation of B cells into PC"*?, was
detected at consistently high levels in over 90% of all ASC populations
except for Pop 4, a notable fraction of which lacked Blimp-1 expres-
sion. BCMA and IL-6R, which play crucial roles in ASC survival**,
exhibited a similar pattern of expression, further confirming the het-
erogeneity of Pop 4.

ASC can be categorized as proliferative, immature PB, or quies-
cent, mature PC, with the former population enriched in active per-
ipheral immune responses, and the latter predominantly found in the
stable, pre-formed BM PC compartment’. The majority of SLE ASC
demonstrated ongoing or recent proliferation as indicated by Ki-67
expression at levels comparable to PB in vax-HC". Of note, a pre-
dominance of Ki-67* cells were present in all SLE ASC populations, both
in active and inactive disease, although inactive SLE exhibited a sig-
nificantly larger fraction of Ki-67" cells in all ASC populations (Fig. 3b).
Consistent with other studies®, Ki-67 was tightly associated with HLA-
DR expression, a marker that is downregulated during PC maturation.
Interestingly, uncoupling of Ki-67 and HLA-DR was observed in a
substantial fraction of inactive SLE ASC, suggesting a more hetero-
geneous compartment in these patients (Fig. 3b, Supplementary
Fig. 3a). Overall, active SLE and vax-HC ASC, the latter serving as a
control for newly generated ASC, displayed a homogenous Ki-67"/HLA-
DR’ phenotype, even in cells with an otherwise mature BM-like phe-
notype, i.e., CD19°CD138" fraction (Pop 5).

The ability of ASC to migrate to non-lymphoid tissues or the BM is
determined by the expression of CXCR3 and CXCR4, chemokine
receptors that promotes migration to inflammatory tissues induced by
Thi responses as well and bone marrow and spleen respectively'*™.
CXCR4 was expressed in the majority of circulating SLE ASC at sig-
nificantly higher levels than vax-HC and inactive SLE (Fig. 3¢, Supple-
mentary Fig. 3b). In contrast, CXCR3 was overexpressed in active SLE
compared to inactive SLE, with a similar but not statistically significant
trend observed relative to vax-HC. Notably, the majority of ASC in
active SLE co-expressed CXCR3 and CXCR4, whereas dual expression
of these receptors was present at very low levels (<10%) in both inactive
SLE and vax-HC. Supporting the role of CXCR4 in ASC homing and
retention in the BM, even in the pro-inflammatory milieu of the lupus
BM?, this receptor was expressed in the majority of BM PC whereas
CXCR3 expression was rare on SLE BM PC (Fig. 3d).

Previous studies have reported that in steady-state HC, the
majority of circulating ASC are IgA-producing PB, with a surge of
antigen-specific IgG ASC observed 6-7 days after systemic
immunization”?, In the context of SLE, it has been reported that IgA
ASC represent the majority of expended (up to 90%; average 58%), in

Nature Communications | (2024)15:1899



Article

https://doi.org/10.1038/s41467-024-46053-w

a . .
Active SLE Inactive SLE
2.6%
3 3
0 102 10 10°
CD27-APC-eFluor780
b Vax-HC Active SLE
Pop 3
7.6% 63.2%
1.6% 29.1% Pop 3 ]
[~ — ] —
L N N
\ 35.0% | Pop 2
8 8 1 ) 69.6% Pop2 g 3 1 3
: ; g S Mo
=1 = >
i CD19- c Z CD19- 2
[}
(q_;w 0 Oios| 8‘ 0% (q).)loi Lq; [ 81 0%
a 99.5% |% 0.2% < 21% o o < 157.9% | %
< 104 010+ <04 Lo 010 i Pop 5
N 8] g N N 2 ‘
§ ; hy i
Q Doy b s i Do a o Do 2
& _|o) e} : o o Q
4 . — o |4 i
of | o L] g of 902% ¥ |Pops
100104 10° S100 0 100 100 108 -lo2 0 100 10t 107 010+ 100 1050 100 10¢ 10° 100 0 108 104 10°
IgD-FITC CD38-V450 CD38-V450 IgD-FITC CD38-V450 CD38-V450
c d Total ASCs CD19+ ASCs CD19- ASCs
p = 0.0005
100 p <0.0001 00089 p=0.016 p<00001 p=00428
. 7 p =0.0002 z p=00084 I p = 0.0005
1 @) p<00001 _p=00153 p <0.0001 (&) p <0.0001
é Active SLE Pop 2 0 50 0N 4 =00308 " wgo
S 604 Vax-HC Pop 3 < 40 i < 3 7 <% “
= Active SLE Pop 3 + 30 oy + . + 15
© 40 » 20 ‘: w2 i 0 10 é
* = - v =10 H = -
201 8 Ty S = i 8: £
= 3
o a0 ¥ 2. oo
Ty T ¥ r b~ N 2 1
RO ST Ut TR S 3 O , S ola
CD138-APC ES KR S SR ES S N SN 4 ES &8 &
e o o o
Rl & & & ¥ & &
- & & e & L
_ P=0048 p=0.0117 p=00014 p=0.0227 p=00434 p=0.0026 p=00027
o 10t ) b= 0.0041 p=00374 p.<0.0001
= B . o <0.0001 ko) p <0.0001 Lo} p =0.0008
= g : [1Pop2 o B o &2 —p<o000r
g ¢ [ Pop3 % % 3 % N
& 3 [ Pop4 = = —10 ‘
o z 2 =5 3 3 4
QO 10 [1Pop5 b = . * N
: g g g :
10°
O w o wouwouw = = =, =< -,
F JOF 0F% 4% 2 c c c P hd
» 2] % 2] o 2] % 2] =} =} > It 5
3T ¢ 8 ¢33 28 Q Q Q 0,
S 573573573 o o © R 4 R
<
< < < < RO
&
e v
Pop 2 Pop 3 Pop 4 Pop 5
p =0.0003 P =0.008
p =0.0075 p =0.0319 p<0.0001 p <0.0001
s p =0.0226 — p=0.034 - p =0.0061 s — §0<010.0001 o1
3 2 =0. <0.0001 ™ p< b=
8 » p <0.0001 8 _5;360001 p=001 O 3 — P2l O
@D 15 t @) f POV . 2 2 . @D 15 .
<. < 15 b . <
+ * + 10 H * 1 L + *
w 5 @ v » s N Y 0 s * v » 5 .
= 4 v T 4 © 4 = 4 N
8 3 " M 8 3 . i O 3 ® M 8 3 1
m 2 m 2 H M m 2 M m 2 H
- 1 - 1 ~ 1 - - 1 ¥
“5 ° O O & & B ° O O & & B ’ O O & 2 B ¢ O O
& RS N o B3 ¢ &5 & ° € < & o ES £ N
< & 0\@9 0\@9 R’ & A S o FOA X o Q\\_l,'ﬂ 5
¢ ¢ v ¢
p=0.0353 p=0.0387 _p=0.0178 p=0.0385
p=0.0425 P <006?021 p<00001
— P 20,014 <000
o p <0.0001 3 <0.0001 3 R — =0.0002
—_— o __Pp<=0.0001 o 0.0001 ° — p=0.0002
g » B O u{ p=00d3 o R g " p<00001 p=0041
o 20 . ° :: Q4 5 1w N
= : = . = °
E' * e . : a P . v = 5
Q 3 Q¢ . o, =,
g . 3 <% o - v @ .
= PV 4 e 4 . 2 S
c v 2 p 1 <
= e i =] 2 H > L) %} % c 1
3 ke de hi § ol ek 3 e = 3 = N
P 8-
L I 4 D g L
R R R R
¥ & ¥ & ¥ & ¥ &

European patients with low disease activity®. In our predominantly
African American cohort, patients with active SLE exhibited a dom-
inance of circulating IgG ASC over IgA ASC, with the highest ratio
observed within Pop 5. Conversely, IgG/IgA ASC ratios were con-
sistently lower in inactive SLE patients. Furthermore, IgG/IgM ASC
ratios were significantly increased in active SLE compared to inactive

SLE (Supplementary Fig. 4a, b). Notably, in inactive SLE, IgA ASC were
increased in the Ki-67 fraction relative to Ki-67" fraction (Supple-

mentary Fig. 4c). Overall,

ASC expansions in active SLE were primarily

composed of IgG-producing cells, while IgA ASC predominated in

inactive SLE, replicating

the characteristic profile of acute immune

responses and steady-state conditions, respectively.
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Fig. 1| Complexity and magnitude of circulating antibody-secreting cells in
active SLE. Peripheral blood mononuclear cells (PBMCs) were isolated from
steady-state healthy donors, influenza vaccinated heathy subjects on day 7 post
immunization, active SLE patients, or inactive SLE patients. Isolated cells were
stained and analyzed by flow cytometry. a Representatives plots of the frequencies
of CD19" ASC (CD27"* CD38") in the CD3 CD14° CD19" gate. b Gating strategy for
the identification of ASC populations Pops 2-5, based on the CD19" and CD19" gate,
in active SLE patients (left) and heathy subjects on day 7 post influenza immuni-
zation (right). ¢ Expression of surface CD138 on ASC populations from active SLE
patients (n =21) and influenza vaccinated heathy subjects (n=20). Histograms
(top), illustrate representative examples and box plots include compiled data
(bottom). Data are shown as mean + SEM. Statistical significance between SLE
patients and vaccinated healthy subjects was assessed using Student’s ¢ test.

d Frequencies of total ASC, CD19" ASC, and CD19™ ASC in total B cells and ASC

combined (top) from steady-state healthy donors (n=19), influenza vaccinated
heathy subjects (n =33), active SLE patients (n=63), or inactive SLE patients
(n=41). Numbers of total ASC, CD19* ASC, and CD19~ ASC per pL of the peripheral
blood (bottom) from steady-state healthy donors (n=14), influenza vaccinated
heathy subjects (n=17), active SLE patients (n =30), or inactive SLE patients
(n=27).Data are shown as mean + SEM. e, Frequencies of each ASC Pops 2-5, in the
total B cells and ASC combined (top) from steady-state healthy donors (n=19),
influenza vaccinated heathy subjects (n =33), active SLE patients (n = 63), or inac-
tive SLE patients (n =41). Numbers per pL of the peripheral blood (bottom) from
steady-state healthy donors (n =14), influenza vaccinated heathy subjects (n=17),
active SLE patients (n=30), or inactive SLE patients (n =27). Data are shown as
mean + SEM. Statistical significance was assessed using Kruskal-Wallis test fol-
lowed by Dunn’s test for multiple pairwise comparisons (d, e). p values are shown
on plots. Source data are provided as a Source Data file.
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Fig. 2 | Increased CD19~ ASC substantially contribute to the circulating ASC

pool in active SLE. a Composition of each ASC population in total circulating ASC
in steady-state healthy donors (n = 21); influenza vaccinated heathy subjects on day
7 post immunization (n = 27); active SLE patients (n =59); and inactive SLE patients
(n=37). Data are shown as mean + SEM. Statistical significance was assessed using

NN
@) O
[ \(\'0

Kruskal-Wallis test followed by Dunn'’s test for multiple pairwise comparisons. p
values are shown on plots. b Stacked bars showing the distribution of each circu-
lating ASC population, Pop 2, Pop 3, Pop 4 and Pop 5, for the indicated groups. Data

are shown as mean = SEM in grouped analysis. Source data are provided as a Source
Data file.

Peripheral ASC display enhanced mature morphology in
patients with SLE

One remarkable finding from our studies was the significant expansion
of CD19™ ASC, particularly the CD19°CD138" fraction (Pop 5), which
displayed a surface phenotype resembling more mature BM PC and is
typically scarce in normal vaccination responses’. Nevertheless, the
large majority of ASC in active SLE, including Pop 5, demonstrated
features of recent generation and proliferation, as indicated by the
coordinated expression of HLA-DR and Ki-67. Morphologically, these
ASC in active SLE exhibited characteristic maturational features

(Fig. 4a—c). Thus, similar to mature PC in the healthy BM, all SLE ASC
populations showed a higher cytoplasm/nucleus ratio (Fig. 4b)and
prominently displayed an increased number of cytoplasmic vacuoles
(Fig. 4c), which are typical of mature BM PC'. Electron Microscopy (EM)
studies further confirmed the presence of vacuolar structures together
with an expanded endoplasmic reticulum (ER) structure in ASC from
active SLE, particularly in Pop 3 from SLE compared to vax-HC
(Fig. 4d, e). Notably, the level of ER complexity of peripheral blood Pop
5 from SLE patients was equivalent to that of the most mature HC BM
pop D, which represents a major reservoir of human long-lived PC*.

Nature Communications | (2024)15:1899



Article

https://doi.org/10.1038/s41467-024-46053-w

a
Blimp-1 BCMA IL-6R
100 8 o3 . 100 oo 1007 oo g o
© ° %o o & T 7 o o el B9 B T
$ o 1 o
2 80 . ° C Q 80 B g
= = H o = ]
2 60 2 60 3 8 60 i
Q 2 o o
Y= 40 L Y— 4
[s) o '-5 40 s} 40
= ° S ES
S 20 = 20 = 204
0 4" 0 0
uueyyeyyeyy uueyuyeyyeuy uueyyeyyeyy
TooToolToonloon TooToonlon oo ToonToolToonloon
30 03 0O Q0E QO OSF O O 3 0O 0% 0030 0F 0O 30 0F 0 03005 00
222222222222 222222222222 2223222222222
S © S © S © S © S © S © T © T © T © S © S © S ©
< g < g < g < g < g < g < g < g < g < g < g < g
b Ki-67 HLA-DR Ki-67 & HLA-DR
p=0.0019 p=0.0008 p=0.0006 p=0.0002 p=0.0143 p=0.0103 p=0.0009 p =0.0358 p=0.0004 p=0.0062 p=0.0009 P=0.0051
80 p.=0.0067 p=0.0239 p <0.0001 p.=0.014 0.0143 100 - p =0.0205
- b 100 1 co@® ., o ° I
9 5| =
o Ale e ¢ 8 é o 801 N o 807 &
> o
= 8 = o] |o| = T
D ° 5 601 = 601 1 Pop2
8 ol lo o o o o 1Pop3
- o & 401 2 401 C1Pop 4
2 o o o o C1Popb
=3 E R 201 X 201
0 0-
O Wwwouwuwouwuwo wuw O wWwuwouwuwowuwoO wuw O wwo wwouwwo wuw
134333343533 133334343543 134344543533
¢ 0 ©® O 9 T QO O W O O T 9 0 © 9 0 © O O © O O  © 0 ©® © 9 © 9 O ©w O O
£z222z2225222%5 232 £z2222252223 22 £z222z2252225 232
838 88 g8 g8 g8 g8 g8 838 838 838 88 g8
< g < g < g < g < g < £ < £ < £ < £ < g < g < g
(o}
CXCR4 CXCR3 CXCR4 & CXCR3
Opojig.ooz 0%;—30'0080 50—33'023803—0;?0048 p=0.0014 p=0.0027 p =0.0036 p=00175 p=0.0206 p=0.0088 p=0.0051
100‘3‘—-0 P s p =08 p‘—;& 100 100 -P.=0.0062 p = 0.0051 p =0.0125 p = 0.0206
o
& o o ® k3 N 8
o 801 ° E % LY o 8071 € 2 60 o® o 80 ° -
= % 5 1 ° ; L H % = o
_ £ o [ )
= 601 g n. ® 01 ] o ° i B 01
8 o *® bt 8_ L % 8_
& w] b e o e S
o o i @ - o + o
SB[ @& Ep: E Y # E S - "
(= R b ¢4 X Q : ee 28
o_ i N kol B L L1 0l [l kAR K o B
guueuwyowuy oy Ly Quuuyuyowuy 9wy guuyeuwyowuy oLy
Tod Lo o0 L00 TodTo0 LoD 00 Ioo o0 L0 Lo
T 9 9 T 9 9 T O O T O O T 9 9 T 9 0 T O O T O O d 0 0 T 0 O T O O T O O
2222222222322 £2222232223 32 2 222222222222
g8 28 2§ 2% g8 28 8% 2% g8 28 28 g%
= = = = = £ £ = = = = =
d
CXCR4 CXCR3
100 - p=0.0115 100 -
p=0.0161
© 80 o O 80
> 8 >
= o ° ° =
o 60 A ° @ 60
(] o o
[oX o
45 401 5 40
So P
X X
S 201 o 201
0 T T T T 0 s f —p e 7
PopA PopB PopC PopD PopA PopB PopC PopD

Heterogeneous ASC responses in patients with SLE share com-
mon precursors

Whether different types of ASC, including immature PB and mature PC,
arise from distinct B cell precursors remains to be fully understood.
Also unknown is whether a common precursor might generate dif-
ferent ASC progeny through separate differentiation pathways, or
instead, through sequential maturation. To address this question, we
performed next generation sequencing of the antibody repertoire of
ASC populations in active SLE (Supplementary Table 1). The results of

sequencing of Variable, Diverse and Joining regions (VD)) confirmed
our previous findings, showing ASC in most SLE patients exhibited a
predominantly polyclonal repertoire®. However, in some individual
patients, the ASC repertoire was dominated by large clonal expansions
that were detectable in all populations, providing an informative
window into a common cellular origin (Fig. 5a and Supplementary
Fig. 6). Shared clones were observed among ASC populations
(Fig. 5b, ¢) and quantified through the Morisita index (Fig. 5d) in both
types of patients. A large proportion of ASC clones detected in the
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Fig. 3 | Immune phenotype of circulating ASC in active SLE. a-c Peripheral blood
mononuclear cells (PBMCs) were isolated from steady-state healthy donors, influ-
enza vaccinated heathy subjects on day 7 post immunization, active SLE patients, or
inactive SLE patients and isolated cells were stained and analyzed by flow cyto-
metry. a Expression of intracellular molecular Blimp-1 in ASC populations from
vaccinated heathy subjects (n = 6), active SLE patients (n =7), or inactive SLE
patients (n = 6); and surface molecules BCMA (n =5 per group) and IL-6R (n=5 per
group). Data are shown as mean + SEM. b Expression of intracellular Ki-67 in ASC
populations from vaccinated heathy subjects (n =10), active SLE patients (n=28),
or inactive SLE patients (n = 21), surface HLA-DR on ASC populations from vacci-
nated heathy subjects (n=7), active SLE patients (n = 6), or inactive SLE patients
(n=6) and their co-expression on ASC populations (n = 6). Data are shown as

mean + SEM. ¢ Expression of surface expression of CXCR3 from vaccinated heathy
subjects (n=7), active SLE patients (n =13), or inactive SLE patients (n = 6); CXCR4
from vaccinated heathy subjects (n = 8), active SLE patients (n=17), or inactive SLE
patients (n=13), and their co-expression on ASC populations (n = 6). Data are
shown as mean + SEM. d Bone Marrow mononuclear cells (BMMCs), were isolated
from SLE patients, and analyzed by flow cytometry for the expression of CXCR4
(left) and CXCR3 (right) on BM PC populations, Pop A-D, from SLE patients (n=6).
Data are shown as mean + SEM. Statistical significance was assessed using Kruskal-
Wallis test followed by Dunn’s test for multiple comparisons within the same ASC
population (a-d). p values are shown on plots. Source data are provided as a Source
Data file.

CD19™ Pops 4/5 were present in the CD19* Pops 2/3, and likewise,
substantial connectivity were observed between ASC populations with
or without CD138 expression (Fig. 5d). Notably, ASC clones identified
as abnormally expanded, defined by a difference threshold of 0.1%
larger than the previous clone in size-ranked clones®, displayed higher
degrees of inter-population connectivity (Supplementary Fig. 7a). Even
within the same-day blood samples, which inherently underestimate
connectivity between cellular compartments due to unsynchronized
development and/or different clonal persistence®, the more mature
CD19™ CD138" (Pop 5) displayed up to 14% global connectivity with the
more immature CD19* CD138" (Pop 2) among expanded clones.
Among the 25 largest clones present in Pop 5, 35% to 40% of clones
were also documented in Pop 2 (Fig. 5e). Overall, the load of somatic
hypermutation (SHM) was similar across all populations with mean
frequencies of 6-8% for isotype switched ASC and a significant fraction
of all Pops displaying SHM rates below 5% (Supplementary Fig. 7b).
These results are consistent with our previous studies demonstrating a
major contribution of newly activated extrafollicular naive B cells as
well as preexisting memory cells to the expansion of ASC during SLE
flares®. The contribution of extrafollicular naive B cells is also con-
sistent with the degree of SHM we previously documented in naive-
derived ASC within 10 days of acute SARS-CoV2 infection®*. Impor-
tantly, despite the high clonal connectivity between ASC populations,
no identifiable intraclonal sequence divergence or sequential pro-
gression of somatic mutation was observed. These findings are con-
sistent with extrafollicular ASC differentiation whether from newly
recruited naive B cells or long-standing memory cells.

ASC from patients with SLE express a distinct transcriptome

We had previously reported the transcriptional and epigenetic pro-
grams of peripheral and BM ASC in HC*?”"*°, We had also demonstrated
that SLE B cells are characterized by an epigenetically determined
transcriptional program dominated by a set of TF*°, Here, we per-
formed RNA-seq of sorted ASC populations to gain insights into
disease-specific developmental and survival programs that could
contribute to the observed phenotypic and morphological differences
between SLE and HC ASC. A substantial number of differentially
expressed genes (DEGs) were identified between the corresponding
populations in active SLE relative to vax-HC (Fig. 6). In general, SLE and
HC ASC were primarily separated by a first principal component, which
contributed 21% of the total DEGs identified (Fig. 6a). Consistent with
our previous findings in HC*?°, the physiological ASC transcriptome
suggested a transition from highly similar Pops 2/3 to Pop 5, with a
gradual extinction of certain transcripts and acquisition of a larger set
of DEGs, resulting in a significant number of DEGs between HC Pop 2
and 5 (Fig. 6b, d). In contrast, consistent with the enhanced maturation
indicated by phenotypic and morphological features, the most sig-
nificant transcriptional difference in SLE ASC was observed between
Pop 2 and Pop 3, which in turn showed high similarity to Pop 5. This
pattern suggests that peripheral SLE ASC undergo accelerated
maturation that appears to be already completed within the CD19+
compartment (Fig. 6b—d). The largest difference between SLE and vax-

HC was detected in Pop 3, with the majority of DEGs representing
overexpressed genes in SLE (Fig. 6¢, d). More than 100 DEGs were
found to be shared across all SLE ASC populations relative to vax-HC
(Fig. 6e), including interferon (IFN)-dependent genes and a collection
of highly immunologically relevant IFN-independent genes (Fig. 6f).
Notably, these overlapping DEGs included a subset of 69 genes that are
initially dysregulated in SLE naive B cells including a set of epigeneti-
cally imprinted TF, largely responsible for the SLE-associated B cell
transcriptome (Fig. 6e, f)’*°7,

Gene set enrichment analysis (GSEA) identified signaling
pathways that exhibited consistent hyperactivity across all SLE ASC
populations, predominantly type I and Type Il IFN. This generic SLE
ASC pattern also indicated increased activity in TNF-a signaling,
inflammatory responses, estrogen responses, and IL-6 signaling.
These SLE-associated pathways were particularly prominent in Pops
3/5, which were also significantly enriched for IL-2/STATS signaling,
and anti-apoptotic programs, as further discussed below. On the
other hand, the generic vax-HC ASC profile was characterized by
enhanced glycolysis, fatty acid metabolic programs, UV response
and TGF-f signaling (Supplementary Fig. 8a). In SLE, TNF-a and
other inflammatory pathways were predominantly pronounced in
SLE Pops 2/3 relative to vax-HC, and more attenuated, albeit still
overexpressed in the more mature SLE Pop 5 (Supplementary
Fig. 8b). KEGG analysis corroborated the findings from GSEA path-
ways, and revealed the overexpression of additional innate immune
pathways, including TLR*>*, NOD***> and RIG-I*®, all of which have
significance in SLE and other autoimmune diseases, and we had
previously observed to be upregulated in SLE B cells’**° (Supple-
mentary Fig. 8c).

Notably, in SLE ASC Pops 3 and 5, there was a significant increase
in the expression of genes associated with ASC differentiation and/or
survival. These included IL-10 (previously only associated with ASC
differentiation)*”**, APRIL (TNFSF13)"*#°, as well as anti-apoptotic
genes, adhesion and homing markers (CD31/PECAM, CD54/ICAMI,
CD69, and CXCR4), and BCR signaling components including NR4A1l
(Nur77)* and Lyn*>**, JUNB and FOS, and ATF3 (Fig. 6g). Critically, SLE
ASC expressed a distinctly pro-survival program with strong upregu-
lation of anti-apoptotic genes and coordinated downregulation of
downregulation of pro-apoptotic genes (Fig. 7a). Overexpressed anti-
apoptotic genes prominently included Bcl-2 and Bcl-2-family member
Mcl-1, both central to inhibit PC death. Correspondence between
increased transcription and elevated protein levels was documented
for BCL-2 by intracellular flow cytometry (Fig. 7b). In turn, concurrently
downregulated pro-apoptotic genes included caspases, BAD, BAX, BIK
and FADD*®. Notably, BCL-2 expression was most pronounced in SLE
Pop 2 and remained at high levels in SLE Pops 3/5. In contrast, high
expression of MCL1 was acquired by SLE Pops 3/5. Additionally, these
two populations showed high expression of TNF receptor superfamily
member 10c and 10d, which serve as decoy receptors and inhibit
TRAIL-induced apoptosis*® (Fig. 7a). Finally, SLE ASC also shared with
SLE B cells upregulation of the AP-1 TF Jun and Fos which we have
recently reported to be greatly upregulated in bone marrow long-lived
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PCs*’. Moreover, Jun is also known to play an essential role in the
survival and drug resistance of Multipe Myeloma PCs*.

ASC from patients with SLE display enhanced survival in vitro

To validate the transcriptomic disparities in survival programs, we
sorted ASC from the blood of active SLE patients and vax-HC to assess
their survival ability in our in vitro model using mesenchymal stomal
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cells secretome®. In addition to promoting ASC survival, these con-
ditions optimize the antibody production function of purified ASC,
which is typically compromised by the sorting process, thereby
resulting in initially increased Elispot numbers in the absence of
proliferation>?”*°, Compared to vax-HC ASC, SLE ASC displayed higher
viability with significantly slower decay even at day 3 of culture, a
finding consistent with resistance of SLE ASC to the characteristic
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Fig. 4 | Peripheral SLE ASC display enhanced mature morphology. a-c Wright-
Giemsa staining of FACS-sorted peripheral ASC populations from active SLE
patients (n =5) and influenza vaccinated heathy subjects on day 7 post immuniza-
tion (n=35). a Representative images of Wright-Giemsa staining of the 100X mag-
nification of ASC. The ratio of cytoplasm to nucleus (n =50) (b), the percentage of
ASC populations with vacuoles in each subject (n =5), and the vacuoles in each cell
(n=100) was evaluated (c). Data are shown as mean + SEM. Statistical significance
was assessed by Kruskal-Wallis test with multiple comparisons using Dunn’s test

among all groups (b, c). d-e Electron microscopy of ASC populations sorted from
influenza vaccinated heathy subjects and active SLE patients. Representative ima-
ges (d) and compiled data for density of ER layers (n=50) (e) in circulating ASC.
Images of mature bone marrow PCs from vaccinated heathy subjects were also
included for reference (d). Data are shown as mean + SEM. Statistical significance
was assessed using Kruskal-Wallis test with multiple comparisons performed by
Dunn’s test among all groups excluding Naive B-cell groups (e). p values are shown
on plots. Source data are provided as a Source Data file.

pro-apoptotic properties of normal ASC. Substantially increased sur-
vival of SLE ASC was extended over 28 days of culture with 50% via-
bility, in contrast to almost complete disappearance of Vax-ASC by day
14 (Fig. 7c). Subsequent culture studies provided further evidence for
the enhanced secretion of IL-10 and APRIL by SLE ASC, in line with the
corresponding transcriptional levels (Fig. 7d). Crucially, the survival of
SLE ASC was significantly compromised when cultured in the presence
of blocking antibodies against IL-10, APRIL, or both. In contrast, cul-
tures treated with antibody isotype controls exhibited no notable
impact on ASC viability. These findings underscore a major role for
these autocrine loops in sustaining the survival of SLE ASC (Fig. 7e).

Discussion

Given the central role of autoantibodies in SLE, it is critical to under-
stand their mechanistic basis. The overall abundance of peripheral ASC
(PB) correlates with disease activity as evidenced by phenotypic and
modular transcriptional analyses***.. It has also been postulated that
autoreactive ASC (PC) may be increased in the SLE BM, since high titers
of certain autoantibodies persist even after B cell depletion, suggesting
sustained production by autonomous LLPC. These features could be
explained by increased PC generation during active disease, accom-
panied by enhanced maturation and homing to the BM, as well as
prolonged survival mediated by intrinsic programming and/or
extrinsic cues. However, these questions have not been fully addressed
due to the limitations of existing studies, which have employed
unfractionated samples containing various ASC (including PB and PC),
utilized limited surface markers, and lacked comprehensive RNA
sequencing™.

In order to address these knowledge gaps, we present the first in-
depth characterization of the multiple circulating ASC populations
present in the blood of SLE patients, comparing them to ASC that
typically surge 7 days after recall immunization in HC but subsequently
regress to normal levels within 2 weeks, a profile that has been ascribed
to programmed apoptosis that regulates the duration of the acute
immune response. It has also been proposed that circulating ASC may
represent, at least in part, the displacement of preexisting BM PC by
new arrivals competing for survival niches during recall responses®.

Our findings confirm the major increase in the global amount of
circulating ASC in active SLE, while also provide the first evidence of a
substantial expansion of CD138" cells lacking CD19 expression, a
phenotype typically ascribed to mature BM LLPC"'°. The increased
generation of CD19~ ASC has important implications for the SLE
treatment strategies involving anti-CD19 agents, including monoclonal
antibodies™* and CD19 CAR-T cells’>**. However, in contrast to term-
inally differentiated resting BM PC, even the most differentiated cir-
culating SLE ASC display a Ki-67°/HLA-DR* phenotype akin to
immature ASC observed in early immunization responses®. In keeping
with newly published evidence in the mouse”, this profile argues
against BM displacement as a major contributor to the expansion of
peripheral ASC in active SLE. Notably, in inactive SLE, a significant
fraction of ASC lacked expression of Ki-67 and/or HLA-DR, with an
average of 40% of all ASC populations lacking both markers. This
finding could be explained either by equal displacement of all BM PC
populations, or by the chronic generation and prolonged peripheral
persistence of newly produced ASC in inactive SLE. The latter scenario
could also account for the prevalence of IgA ASC in inactive disease,

similar to steady-state HC***. This contrasts with the IgG dominance
observed in active SLE and in HC following systemic immunization,
thereby suggesting distinct sources of ASC in different SLE states, with
a predominance of low-grade proliferation of housekeeping mucosal
IgA in inactive disease. Further investigation is needed to elucidate the
extended phenotype of homing markers, antibody repertoire, and
antigen-specificity to confirm this possibility.

Regardless, VD) repertoire sequencing clearly demonstrates a
large degree of clonal sharing across all ASC populations in active SLE.
Together with the lack of intraclonal accumulation of SHM, these
findings demonstrate the existence of shared B cell precursors with the
potential to generate ASC at different stages of maturation. While the
definitive evidence for this or the alternative model of early branching
of common precursors into separate ASC populations would require
in-depth longitudinal single cell analysis of antigen-specific lymph
node reactions, when combined with the progressive transcriptional
changes observed, and the known ability of CD19+ ASC to differentiate
into CD19- ASC*® and our new single cell analysis of bone marrow PC
maturation®, our data favor a model of longitudinal maturation acting
upon a common precursor.

SLE ASC display several phenotypic features that provide impor-
tant insights into their abnormal functions, which might underlie the
multiple pathogenic aspects associated with the disease. In addition to
their enhanced generation and higher numbers of mature CD19™ ASC,
multiple properties contribute to their accumulation and survival in
the BM. This process eventually leads to the large reservoir of
autoantibody-producing PC, which explains the presence of stable
autoantibodies characteristic of SLE, prominently including anti-RNA-
binding antibodies such as anti-Ro and anti-Smith/RNP. Notably, and in
contrast to previous studies of SLE ASC¥, and of Sjogren’s syndrome
ASC®, SLE ASC exhibit distinctive characteristics, including high levels
of the chemokine receptors CXCR4 and CXCR3, largely in combina-
tion. CXCR4 plays a central role in the homing of PC to the BM and
their retention in long-lived niches. It may also contribute to the
migration and retention of ASC in Lupus kidneys"!, an activity also
promoted by CXCR3 induced by Thi-like responses'. Therefore, the
enhanced co-expression of CXCR4 and CXCR3 in circulating SLE ASC
suggests a strong capability of these cells to migrate into inflamed
Lupus kidneys, whether as a primary or a secondary amplifying event.
Of note, increased CXCR4 transcription was closely paralleled by the
transcriptional levels of the RBP ZFP36L, with maximal expression
observed in SLE ASC Pop 3 and 5. ZFP36L deficiency is known to limit
the abundance of molecules involved in ASC homing to the BM, and its
absence leads to diminished accumulation of ASC in the BM®%,

Other mechanisms contributing to increased generation and
survival of SLE ASC included their enhanced expression of CD138 and
the elevated production of IL-10 and APRIL. IL-10 is a potent mediator
of B cell proliferation and PC differentiation and can be produced by
various cell types in SLE, including peripheral Th10 CD4 T cells®*%%,
Our data demonstrate that SLE ASC can also produce IL-10, creating an
autocrine loop. IL-10 production has been associated with regulatory
functions in PC®, therefore it appears counterintuitive that it may be
increased in SLE ASC. However, previous studies have also demon-
strated increased B cell activity with IL-10%, potential therapeutic
benefits of IL-10 inhibition in SLE®**’; pro-inflammatory effects of IL-10
in an IFN-dominated milieu®®; and role of IL-10 as autocrine factor in
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supporting B cell differentiation into ASC®’, suggesting a complex role
for IL-10 in autoimmune diseases. Furthermore, our findings provide
the first evidence of autocrine production of APRIL by ASC, which is
substantially increased in SLE and enhances ASC survival in vitro.
These results are consistent with previous publication about the
autocrine role of APRIL on B cell differentiation’. Acting through TACI

and BCMA receptors, APRIL is an important regulator of PC differ-
entiation and survival*®”, as also demonstrated in our previous work
with a BM mimetic culture system*. Notably, CD138 was over-
expressed in SLE ASC, and CD138-bound APRIL induces ASC differ-
entiation independently of IFN, a mechanism that is enhanced in SLE*’.
Therefore, our results support the existence of an autocrine effect of
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Fig. 5 | Heterogeneous SLE ASC responses share common precursors. AIRR-seq
was used to analyze the VDJ heavy chain repertoire of ASC populations from 2
active SLE patients. a Clonality of the repertoire in ASC populations is shown by
plotting normalized lineage size versus the cumulative percent of sequences.
Lineages are size-ranked in descending order along the extent of the y-axis repre-
senting 100% of all the sequences. Horizontal lines delineate the individual lineages.
b Stacked bar plots demonstrate the diversity of the repertoire by showing des-
cending, size-ranked clones as segments comprising percentages of the total
repertoire. The largest 10 clones of the reference population pop 5 are colored, and
like-colors in other populations show identical clones in other populations. ¢ Circos

plot shows interconnectedness of the ASC populations by plotting the sequences
from each population in clonal size-ranked order with the largest clones being the
most clockwise portion of each population segment. Lines between ASC popula-
tions indicate matched clones between ASC populations. d The Morisita Overlap
Index demonstrates the similarity of repertoires in various ASC populations as a
value from O (no similarity) to 1 (identical repertoire). The color strength is indi-
cative of interconnectivity. e The clonal relatedness of SLE ASC populations is
shown by plotting the percent of shared clones with Pop 2, Pop 3, Pop 4, and Pop 5,
respectively (y axis), within the top numbers of clones (x axis).

APRIL production by SLE ASC, which may be further enhanced by the
higher levels of CD138 expression observed in SLE. This autocrine loop
could be of significant relevance to SLE pathogenesis and treatment, as
highlighted by the therapeutic benefits of agents targeting compo-
nents, such as TACI-Ig and anti-BCMA strategies, including BCMA CAR-
T-cell therapy”™.

Our study provides original insights into the transcriptional
regulation of SLE ASC, demonstrating a major transcriptional
inflection point in SLE ASC Pop 3. Overall, a distinct SLE tran-
scriptome emerges, characterized by an inflammatory signature
driven by type I and type Il IFN, IL-6, and TNF, and mediated by
NF-kB signaling. A fraction of this signature was also shared by
naive B cells in SLE. These findings, combined with our previous SLE
epigenetic studies, support the idea of an epigenetically deter-
mined transcriptional program propagated throughout B-cell dif-
ferentiation. Of particular interest are the shared overexpression of
TRL7 and EPSTII1 (epithelial mesenchymal interacting protein 1) in
SLE naive B and ASC. TLR7 hyperactivity plays a major role in SLE
development, including as monogenic B cell-intrinsic gain-of-
function somatic mutations’®, and in the activation of naive and
DN2 B cells, which leads to the generation of pathogenic ASC
through extrafollicular pathway*°. Additionally, we had shown that
EPSTII is highly demethylated in SLE naive B cells, with a strong
strong correlation between demethylation and disease activity’.
Interestingly, EPSTI1 is also overexpressed in Sjogren’s B cells and
induces B cell activation and antibody production through NF-kB
signaling’. SLE ASC, especially Pops 3/5, exhibit overexpression of
AP-1 proteins JunB and ATF3 as well as EGR genes. We had pre-
viously identified ATF3 and EGR as the top TF overexpressed in SLE
B cells owing to enhanced chromatin accessibility’. Combined,
ATF3 facilitates the hetero-trimerization of AP-1 proteins, and JunB
is essential for cell identity in other immune cells”. JunB also plays a
central role in multiple myeloma cell proliferation, and drug
resistance in the BM microenvironment*®, and serves as a key reg-
ulator of myeloma BM angiogenesis’®. Hence, these JunB-mediated
mechanisms could contribute to the fate determination, accumu-
lation, and resistance to treatment of SLE ASC. Finally, SLE ASC,
particularly Pop 2, exhibit a strikingly high level of TOX2 expres-
sion. TOX2 is a TF that induces T follicular helper cells differ-
entiation through enhanced BCL6 chromatin accessibility””’s.
TOX2 is also important for inducing and sustaining GC formation
and promoting T-bet expression in B cells, which is most prominent
in activated SLE naive B cells and DN2 cells, both representing ASC
precursors®®,

In this study, we also found that SLE ASC overexpress addi-
tional innate immune pathways, including TLR, NOD, and RIG-I,
which we had previously characterized as hyperactive in SLE DN2
cells, one of the main precursors of ASC in SLE”**°. Furthermore,
TLR, NOD, TNF pathways, other pro-inflammatory cytokines, and
BCR signaling could contribute to ASC stimulation through the
canonical NF-kB signaling pathway’®. Combined, our work provides
original evidence for the transcriptional programming of SLE ASC
through adaptive and adaptive immune pathways other than the
type 1 IFN demonstrated in earlier work®>. On the other hand, the

vax-HC ASC exhibit enriched glycolysis and fatty acid metabolic
pathways. This observation may be consistent with a larger fraction
of recently generated PB**"%2, However, further studies are required
to formally elucidate these critical cellular processes, which are
beyond the scope of our current study.

Finally, our studies reveal that mature SLE CD138" ASC (Pops 3/5),
exhibit a transcriptional program favoring cell survival, characterized
by increased expression of anti-apoptotic genes and concurrent
downregulation of pro-apoptotic mediators (Fig. 8). SLE ASC also
display heightened levels of adhesion and homing receptors (PECAMI,
ICAM1, CD69 and CXCR4), which facilitate migration and retention in
protective survival niches. Specifically, PECAM1 and CD69 are likely to
play crucial roles in the formation and migration of PC to the BM®%¢,
together with CXCR4 promoting the latter function®. ICAM1, pre-
ferentially expressed in mature BM PC, is essential for homotypic
aggregation and survival®. Notably, SLE ASC show elevated expression
of Nur77 (NR4Al1), Lyn, and Jun, signaling molecules induced by BCR
activation, which have been demonstrated in murine genetic models
to decrease PC survival and BM accumulation of PC****°, Therefore,
the overexpression of these molecules in SLE ASC may potentially
represent an unsuccessful attempt to limit PC survival by antagonizing
anti-apoptotic factors and counteracting cytokine responsiveness. It
should be noted however that chronic Lyn stimulation induces
autoantibody-mediated disease, a function suggesting a pathogenic
role for the overexpression of this signaling kinase in human SLE ASC*.
Overall, this profile consistently reflects the generation and maturation
of SLE ASC within a highly inflammatory environment, distinguishing it
from conventional protein vaccines. This disparity may underlie many
of the observed differences between SLE and vax-HC in our study. The
inflammatory milieu likely amplifies the epigenetic abnormalities
inherent in SLE B cells, thus providing a potent stimulus for ASC
development.

In conclusion, this research offers a comprehensive and origi-
nal understanding of the phenotypic, molecular, and functional
regulatory mechanisms underlying the generation, survival, and
behavior of SLE ASC. These findings will significantly contribute to
the informed selection and application of available therapeutic
agents capable of targeting specific ASC populations based on their
expression of surface markers, such as CD19 and CD138, as well as
their chemokine receptors, survival factors, and regulatory TF.
Particularly noteworthy is the potential of utilizing bifunctional
agents, including monoclonal antibodies, CAR-T cells or T cell
engagers, to selectively target ASC populations responsible for
active autoantibody production. By leveraging these insights,
future interventions can be designed to effectively modulate and
manage SLE pathogenesis.

Methods

Human participants

All research was approved by the Emory University Institutional
Review Board (Emory IRB numbers IRBO0O058515 and IRBO0057983)
and was performed in accordance with all relevant guidelines and
regulations. Written informed consent was obtained from all
participants.
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Healthy donors (n =45) were recruited using promotional mate-
rials approved by the Emory University Institutional Review Board.
Healthy subjects received the non-adjuvanted influenza vaccines
(n=24) as part of routine medical care. Subjects with SLE (n=176)
were recruited from Emory University Hospital and Grady Hospital in
Atlanta, GA, USA. Peripheral blood mononuclear cells were isolated on

days 6-7 after vaccination for all vaccinated subjects. SLE patients
fulfilled four or more criteria of the modified American College of
Rheumatology classification (http://www.rheumatology.org/Practice/
Clinical/Indexes/  Systemic_Lupus_Erythematosus_Disease_Activity_
Index_SELENA_Modification/) and were routinely evaluated by expert
rheumatologists at the Emory University Hospital and Grady Hospital.
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Fig. 6 | SLE ASC express a distinct transcriptome. Peripheral ASC populations
from 9 active SLE patients and 7 healthy subjects post influenza vaccination were
sorted and their transcriptomes analyzed by RNA sequencing. a Principal compo-
nent analysis (PCA) of differentially expressed genes (DEGs) (at least two-fold
change of expression and FDR < 0.05) detected from all pairwise comparisons of
the six groups. b DEGs between ASC pops within SLE and Vax-HC. Bar plots show
DEGs within populations from same disease groups, including both active SLE
patients and heathy subjects post vaccination, respectively. ¢ Bar plots show DEGs
between SLE and post-vax HC for each ASC population and naive B cells. d Heatmap
of z-score normalized RPKM expression for all 2200 DEGs identified, and their
distribution across four clusters indicated by the color code of the Y axis to the
right: High expression in Vax-HC ASC; high expression restricted to pop2 whether

SLE or HC; high expression in all SLE ASC; and high expression restricted to SLE
pops 3 and 5. e Venn diagrams show DEG sharing between all ASC Pops identified
from the comparison of SLE and vaccinated HC (left), and overlap of DEGs among
all ASC Pops and naive B cells by comparing SLE and vaccinated HC (right).
fHeatmap of z-score normalized RPKM expression for 43 overlapping DEGs shared
between all ASC populations but not by naive B cells (left heatmap), and for the 69
genes shared between ASC populations and naive B (right heatmap). g Heatmap of
z-score normalized RPKM expression for top DEGs of immunological relevance.
IFN-stimulated genes are colored in red. Overexpression of IL-10 and APRIL is
indicated in bold and black arrows. Transcription factors (TF) known to determine a
large fraction of the SLE naive B cell transcriptome through epigenetic regulation
are indicated by blue arrows.

Moderate-to-severe flare were classified according to the flare index of
Safety of Estrogen in Lupus: National Assessment-Systemic Lupus
Erythematosus Disease Activity Index (SELENA-SLEDAI).

Multi-color flow cytometry and sorting

Cells were isolated from peripheral blood using Ficoll density gra-
dient centrifugation and perioheral blood mononuclear cells
(PBMC) were stained with the following anti-human antibody
staining reagents: CD3-BV711 (clone: HIT3a, BD Biosciences, catalog
number: 740768, dilution at 1:20); CD14-BV711 (clone: M5E2, BD
Biosciences, catalog number: 740773, dilution at 1:20); IgD-FITC
(IA6-2, BD Biosciences, catalog number: 555778, dilution at 1:5);
CDI19-PE-Cy7(clone: SJ25C1, BD Biosciences, catalog number:
341093, dilution at 1:5); CD27-APC-eFluor780 (clone: 0323, Invi-
trogen, catalog number: 50-161-60, dilution at 1:20); CD38-V450
(clone: HIT2, BD Biosciences, catalog number: 561378, dilution at
1:20); CD138-APC (clone: 44F9, Miltenyi Biotec, catalog number:
130-127-977, dilution at 1:20); CXCR4-PE (clone: 12G5, BioLegend,
catalog number: 306506, dilution at 1:20); CXCR3-PE (clone:
GO25H7, BiolLegend, catalog number: 352706, dilution at 1:20);
Blimp-1-PE (clone: 6D3, BD Biosciences, catalog number: 564702,
dilution at 1:10); BCMA-PE (clone: 19F2, BioLegend, catalog number:
357504, dilution at 1:10), IL-6R-PE (clone: M5, BD Biosciences, cat-
alog number: 561696, dilution at 1:20), BCL-2-PE (clone: Bcl-2/100,
BD Biosciences, catalog number: 340576, dilution at 1:10). For cell
sorting, cells were first enriched by Custom Stem Kit for negative
slelection for CD66b, Glycophorin A, CD3 and CD14, followed by
cell staining and sorting. FlowJo 10.7.1 was used for flow cytometry
data collection and analysis. For cell sorting, approximately 1 x 10°
to 5 x 10° were collected for each cell population by using FACSAria
Il (BD Biosciences).

AIRR-seq

Sorted ASC populations (Pop 2, Pop 3, Pop 4 and Pop 5) from active
SLE patients were used to extract the total cellular RNA by using the
RNeasy Mini Kit (Qiagen, Inc. Valencia, CA) according to the manu-
facturer’s protocol. Approximately 400 pg of RNA was subjected to
reverse transcription using the iScript RT kit (BioRad, Inc., Hercules,
CA). Resulting cDNA products were combined with 50 nM VHI- VH6
specific primers and 250 nM Ca, Cy, and Cy specific primers for iso-
type identification in a 25 pl PCR reaction using High Fidelity Platinum
PCR Supermix (Life Technologies, Carlsbad, CA). Nextera indices were
added, and products were sequenced on an lllumina MiSeq with a
depth of approximately 50,000 sequences per sample. Sequences
were quality filtered and aligned with IMGT.org/HighV-quest.
Sequences were then analyzed for V region mutations and clonality
using programs developed in-house and made previously available for
public use. All clonal assignments were based on matching V and J
regions, matching CDR3 length, and 85% CDR3 homology. Custom
scripts and in-house developed analysis software were used with R,
Matlab or Circos tools for visualization®.

In vitro plasma cell cultures

In vitro PC cultures were performed as follows: sorted ASC popu-
lations from active SLE patients and post-vaccination healthy
donors were cultured in the secretome from BM-derived
mesenchymal stromal cells in 96-well U-shaped bottom cell cul-
ture plates in 37 °C in a humid, 5% CO,, 95% air (20% O, incubator
for designated days. Cells were harvest for IgG Elispot to assess ASC
survival. Exogenous factors including APRIL blocking antibody
(human APRIL Antibody, Bio-techne), IL-10 blocking antibody
(human IL-10 Antibody, Bio-techne), and their corresponding iso-
type controls (Monoclonal Mouse IgG; and Monoclonal Mouse
IgG,g, Bio-techne) were added to cultures at day O post cell sorting,
and their concentrations were titrated and optimized based on
manufacture’s recommendations. Following the incubation, super-
natant was collected for ELISA and cells were harvested for ELISPOT
assays run in triplicate.

Total IgG ELISPOT assay

Sorted ASC populations were added to 96-well ELISPOT plates
(MAIPS4510 96 well) pre-coated with anti-human IgG (5 pg/ml, Jackson
Immunoresearch). After overnight incubation, wells were washed, and
bound antibodies were detected with alkaline phosphatase-
conjugated anti-human IgG antibody (1pg/ml) and developed with
VECTOR Blue Alkaline Phosphatase Substrate Kit Il (Vector Labora-
tories). Spots in each well were counted using the CTL immunospot
reader (Cellular Technologies Ltd). Results were expressed as the ratio
of antigen-specific spots/total IgG spots.

Enzyme-linked immunosorbent assay (ELISA)

Costar assay high-binding plates were coated with 4 pg/ml ELISA
capture antibody IL-10 (Human IL-10 Antibody, Bio-techne) or
APRIL (Human APRIL Antibody, Bio-techne) overnight, and then
washed with PBS with 0.1% Tween-20 and blocked with SuperBlock
blocking buffer for 45 min. Plates were next incubated with culture
supernatants for 60 min. Bound antibodies were then detected with
paired detection secondary antibodies at 1.5 pg/ml followed by
chromogenic detection with KPL BluePhos Microwell Phosphatase
Substrate Kit.

RNA sequencing and analysis

RNA sequencing was performed as follows, populations including Pop
2 (CD19+ CD138-), Pop 3 (CD19+ CD138+), Pop 5 (CD19- CD138+), and
naive B cells (CD19+ IgD+ CD27-), isolated from active SLE patients or
influenza-vaccinated healthy subjects were sorted directly into lysis
buffer. RNA was isolated using the AllPrep DNA/RNA Mini kit (Qiagen)
according to the manufacturer’s instruction. Total RNA (50 pg) was
used as input for the ten cycles of PCR amplification by using SMART-
seq v3 cDNA synthesis kit (Takara). Libraries were quantified by qPCR
and size distribution was examined using a Bioanalyzer before pooling
and sequencing on Illumina HiSeq 2500 sequencer using 50-bp paired-
end sequencing.
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RNA sequencing data analysis

Raw fastq files were mapped to the human genome using TopHat2
v.2.0.13 with the hgl9 version and the UCSC KnownGene reference
transcriptome. All duplicate reads were excluded with PICARD v.1.127,
followed by quantification with Partek Flow Genomics Suite (Partek
Inc.) using the union model in HTSeq with the default setting, and
library-size normalization using the DESeq2 with default parameters.
Differential gene expression analysis was determined with a general-
ized linear effect model. For disease differences covariates included

—=— |gG1 isotype control Ab
——— 1gG2b isotype control Ab
—=— IgG1 + IgG2b isotype control Abs

cell type and patients; for cell type differences covariates included
disease status and patients. Genes with at least a two-fold change and
an FDR value <0.05 among comparison were considered significant
and termed as DEGs. Quantile normalized RPKM values were used in
the heat maps and z-score values were plotted for genes visualization.

Cytospin of sorted ASC populations
Cytospin was performed as follows: FACS-sorted ASC populations
from PBMC were pelleted at 1300 rpm for 5 min on the Cytospin 4
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Fig. 7 | SLE ASC Express a pro-survival transcriptome and enhanced intrinsic
and extrinsic in vitro survival. a Heatmap of z-score normalized RPKM expression
for anti-apoptotic genes (left) and pro-apoptotic genes (right) in ASC Pops from SLE
and healthy subject post vaccination. Data represent the mean expression for each
group. b BCL-2 protein expression on ASC populations from SLE (n=6) and vac-
cinated HC (n = 6) by intracellular flow cytometry is shown in a representative
example (left) and compiled data (right). Data are shown as mean + SEM. Statistical
significance was assessed using Student’s ¢ test among disease groups within the
same ASC population. ¢ Survival differences determined by SLE ASC intrinsic
properties were ascertained using cultures of sorted CD19* ASC from SLE (n=15)
and post-vax HC (n=5) in MSC media in the absence of exogenous APRIL, IL-10 or
other cytokines. In vitro ASC survival was measured on day 0, 3, 7, 14 and 28 post
culture by IgG ELISpot and normalized to the IgG ELISpot numbers of sorted ASC
prior to culture. Data are shown as mean + SEM. Statistical significance was assessed

using Student’s ¢ test between SLE patients and vaccinated healthy subjects.

d Sorted ASC Pops 2, 3, and 5 from active SLE (n = 6) and post-vax HC (n = 6) were
cultured in MSC media, and the supernatant harvested on day 3 to detect the
secretion of IL-10 and APRIL by ELISA and normalized to the ELISpot numbers of
each population on day 3. Data are shown as mean + SEM. Statistical significance
was performed using Student’s ¢ test within the same ASC population. e Sorted ASC
Pops 2, 3, 5 from active SLE (n=5) were cultured in MSC media with neutralizing
antibody against IL-10, APRIL, or both, or their corresponding isotype controls at
concentrations of 0.5 ug/ml, 1 ug/ml and 4 ug/ml, and cell survival was measured by
IgG ELISpot on day 3, normalized to ASC cultured in the absence of antibodies, and
compared with corresponding isotype controls. Data are shown as mean + SEM.
Statistical significance was assessed using Student’s ¢ test between neutralizing
antibodies and their corresponding isotype controls at the same concentration.
p values are shown on plots. Source data are provided as a Source Data file.
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Fig. 8 | The sustained survival of circulating SLE ASC results from a combina-
tion of intrinsic transcriptional programs and extrinsic factors. a The coordi-
nated overexpression of CXCR3 and CXCR4 renders circulating SLE ASC highly
prone to migration and retention within anatomical locales characterized by a
prominent inflammatory milieu in SLE. b Schematic representation of the intrinsic

and extrinsic mechanisms of prolonged survival of SLE ASC. Intrinsic mechanisms
include the transcriptional regulation of apoptotic programs and extrinsic
mechanisms include autocrine APRIL and IL-10 forward loops, with the effects of
APRIL further enhanced by the overexpression of CD138, which facilitates its
interaction with BCMA, an essential receptor for PC survival.

(Thermo Scientific, Waltham, MA). Approximately 5000 cells
per population were dried overnight on albumin-coated slides
and stained with Wright-Giemsa stain and analyzed using
Image J 1.53.

Transmission electron microscopy

FACS-sorted ASC populations were pelleted by centrifugation at 500 x
g for Smin. Pellets were then resuspended in PBS with 1 x 10° ery-
throcytes to help visualize the pellets during the TEM processing. The
pellets were then fixed (overnight, at 4 °C) using 2.5 M glutaraldehyde
and then placed in 0.1% osmium tetroxide in 0.1M phosphate buffer
(pH 7.4) for 1h. Dehydration of pellets was performed by sequential
incubation in ethanol solutions at different concentrations (25%, 50%,
75%, 95% and 100% EtOH). The pellets were then infiltrated, embedded,
and polymerized using Eponate 12 resin (Ted Pella Inc.). Leica Ultracut
S ultramicrotome was used to cut sections ~70 nm thick, which were
then stained with 5% uranyl acetate and 2% lead citrate. JEOL JEM-1400
TEM (JEOL Ltd) with Gatan US1000 2k x 2k CCD camera (Gatan) were
used for imaging.

Statistical analysis

Graphpad Prism version 8.2.0 software was used for statistical analysis.
Statistical comparisons between two groups were performed using
Student’s ¢ test. Statistical comparisons between more than two
groups were determined using Kruskal-Wallis test followed by Dunn’s
test for multiple pairwise comparisons.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The AIRR sequencing and RNA sequencing datasets for ASC popula-
tions were deposited at Genome Expression Omnibus under the
accession number GSE235660. Source data are provided with
this paper.

Code availability
Custom scripts and in-house developed analysis software were used
with R, Matlab or Circos tools for visualization AIRR sequencing data,
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and the scripts are available on GitHub at https://github.com/
chenwr56/airr.

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Halliley, J. L. et al. Long-lived plasma cells are contained within the
CD19-CD38hiCD138+ subset in human bone marrow. Immunity 43,
132-145 (2015).

Garimalla, S. et al. Differential transcriptome and development of
human peripheral plasma cell subsets. JCI Insight 4, €126732 (2019).
Nutt, S. L., Hodgkin, P. D., Tarlinton, D. M. & Corcoran, L. M. The
generation of antibody-secreting plasma cells. Nat. Rev. Immunol.
15, 160-171 (2015).

Jacobi, A. M. et al. HLA-DRhigh/CD27high plasmablasts indicate
active disease in patients with systemic lupus erythematosus. Ann.
Rheum. Dis. 69, 305-308 (2010).

Anolik, J. H. et al. Rituximab improves peripheral B cell abnormal-
ities in human systemic lupus erythematosus. Arthritis Rheum. 50,
3580-3590 (2004).

Looney, R. J. et al. B cell depletion as a novel treatment for systemic
lupus erythematosus: a phase I/Il dose-escalation trial of rituximab.
Arthritis Rheum. 50, 2580-2589 (2004).

Scharer, C. D. et al. Epigenetic programming underpins B cell
dysfunction in human SLE. Nat. Immunol. 20, 1071-1082 (2019).
Tipton, C. M. et al. Diversity, cellular origin and autoreactivity of
antibody-secreting cell population expansions in acute systemic
lupus erythematosus. Nat. Immunol. 16, 755-765 (2015).

Qian, Y. et al. Elucidation of seventeen human peripheral blood
B-cell subsets and quantification of the tetanus response using a
density-based method for the automated identification of cell
populations in multidimensional flow cytometry data. Cytom. Part B
Clin. Cytom. 78, S69-S82 (2010).

Mei, H. E. et al. A unique population of IgG-expressing plasma cells
lacking CD19 is enriched in human bone marrow. Blood 125,
1739-1748 (2015).

Soro, P. G. et al. Differential involvement of the transcription factor
Blimp-1in T cell-independent and -dependent B cell differentiation
to plasma cells. J. Immunol. 163, 611-617 (1999).

Angelin-Duclos, C., Cattoretti, G., Lin, K. |. & Calame, K. Commit-
ment of B lymphocytes to a plasma cell fate is associated with
Blimp-1 expression in vivo. J. Immunol. 165, 5462-5471 (2000).
O’Connor, B. P. et al. BCMA is essential for the survival of long-lived
bone marrow plasma cells. J. Exp. Med. 199, 91-98 (2004).
Hirano, T. Interleukin 6 (IL-6) and its receptor: their role in plasma
cell neoplasias. Int. J. Cell Cloning 9, 166-184 (1991).

Nguyen, D. C. et al. Majority of human circulating IgG plasmablasts
stop blasting in a cell-free pro-survival culture. Sci Rep 14, 3616
https://doi.org/10.1038/s41598-024-53977-2 (2024).

Hauser, A. E. et al. Chemotactic responsiveness toward ligands for
CXCRS3 and CXCR4 is regulated on plasma blasts during the time
course of a memory immune response. J. Immunol. 169,
1277-1282 (2002).

Wang, A. et al. Dysregulated expression of CXCR4/CXCL12 in sub-
sets of patients with systemic lupus erythematosus. Arthritis
Rheum. 62, 3436-3446 (2010).

Cheng, Q. et al. CXCR4-CXCL12 interaction is important for plasma
cell homing and survival in NZB/W mice. Eur. J. Inmunol. 48,
1020-1029 (2018).

Lacotte, S. et al. Early differentiated CD138(high) MHCII+ IgG+
plasma cells express CXCR3 and localize into inflamed kidneys of
lupus mice. PLoS ONE 8, 58140 (2013).

Palanichamy, A. et al. Neutrophil-mediated IFN activation in the
bone marrow alters B cell development in human and murine sys-
temic lupus erythematosus. J. Immunol. 192, 906-918 (2014).

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Wrammert, J. et al. Rapid cloning of high-affinity human mono-
clonal antibodies against influenza virus. Nature 453,

667-671 (2008).

Halliley, J. L. et al. Peak frequencies of circulating human influenza-
specific antibody secreting cells correlate with serum antibody
response after immunization. Vaccine 28, 3582-3587 (2010).

Mei, H. E. et al. Plasmablasts with a mucosal phenotype contribute
to plasmacytosis in systemic lupus erythematosus. Arthritis Rheu-
matol. 69, 2018-2028 (2017).

Halliley, J. L. et al. Long-lived plasma cells are contained within the
CD19(-)CD38(hi)CD138(+) subset in human bone marrow. Immunity
43, 132-145 (2015).

Woodruff, M. C. et al. Dysregulated naive B cells and de novo
autoreactivity in severe COVID-19. Nature 611, 139-147 (2022).
Woodruff, M. C. et al. Extrafollicular B cell responses correlate with
neutralizing antibodies and morbidity in COVID-19. Nat. Immunol.
21, 1506-1516 (2020).

Nguyen, D. C., Joyner, C. J., Sanz, |. & Lee, F. E. Factors affecting
early antibody secreting cell maturation into long-lived plasma
cells. Front. Immunol. 10, 2138 (2019).

Nguyen, D. C. et al. Plasma cell survival: The intrinsic drivers,
migratory signals, and extrinsic regulators. Immunol. Rev. 303,
138-153 (2021).

Joyner, C. J. et al. Generation of human long-lived plasma cells by
developmentally regulated epigenetic imprinting. Life Sci. Alliance
5, 202101285 (2022).

Jenks, S. A. et al. Distinct effector B cells induced by unregulated
Toll-like receptor 7 contribute to pathogenic responses in systemic
lupus erythematosus. Immunity 49, 725-739.e726 (2018).

Scharer, C. D. et al. ATAC-seq on biobanked specimens defines a
unigue chromatin accessibility structure in naive SLE B cells. Sci.
Rep. 6, 27030 (2016).

Abdollahi-Roodsaz, S. et al. Inhibition of Toll-like receptor 4 breaks
the inflammatory loop in autoimmune destructive arthritis. Arthritis
Rheum. 56, 2957-2967 (2007).

Peng, S. et al. Increased Toll-Like receptors activity and TLR ligands
in patients with autoimmune thyroid diseases. Front. Immunol. 7,
578 (2016).

Yokota, K. et al. The pattern-recognition receptor nucleotide-
binding oligomerization domain-containing protein 1 promotes
production of inflammatory mediators in rheumatoid arthritis
synovial fibroblasts. Arthritis Rheum. 64, 1329-1337 (2012).

Jiang, W. et al. Recognition of gut microbiota by NOD2 is essential
for the homeostasis of intestinal intraepithelial lymphocytes. J. Exp.
Med. 210, 2465-2476 (2013).

Lei, Y. et al. A loosened gating mechanism of RIG-I leads to auto-
immune disorders. Nucleic Acids Res. 50, 5850-5863 (2022).
Rousset, F. et al. Long-term cultured CD40-activated B lympho-
cytes differentiate into plasma cells in response to IL-10 but not IL-4.
Int. Immunol. 7, 1243-1253 (1995).

Yoon, S. O., Zhang, X., Berner, P. & Choi, Y. S. IL-21 and IL-10 have
redundant roles but differential capacities at different stages of
Plasma Cell generation from human Germinal Center B cells. J.
Leukoc. Biol. 86, 1311-1318 (2009).

Jourdan, M. et al. IL-6 supports the generation of human long-lived
plasma cells in combination with either APRIL or stromal cell-
soluble factors. Leukemia 28, 1647-1656 (2014).

Joo, H. et al. Serum from patients with SLE instructs monocytes to
promote IgG and IgA plasmablast differentiation. J. Exp. Med. 209,
1335-1348 (2012).

Luciano, F. et al. Nur77 converts phenotype of Bcl-B, an anti-
apoptotic protein expressed in plasma cells and myeloma. Blood
109, 3849-3855 (2007).

Nature Communications | (2024)15:1899

15


https://github.com/chenwr56/airr
https://github.com/chenwr56/airr
https://doi.org/10.1038/s41598-024-53977-2

Article

https://doi.org/10.1038/s41467-024-46053-w

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Xu, Y., Harder, K. W., Huntington, N. D., Hibbs, M. L. & Tarlinton, D.
M. Lyn tyrosine kinase: accentuating the positive and the negative.
Immunity 22, 9-18 (2005).

Infantino, S. et al. The tyrosine kinase Lyn limits the cytokine
responsiveness of plasma cells to restrict their accumulation in
mice. Sci. Signal. 7, ra77-ra77 (2014).

Hibbs, M. L. et al. Sustained activation of Lyn tyrosine kinase in vivo
leads to autoimmunity. J. Exp. Med 196, 1593-1604 (2002).
Peperzak, V. et al. Mcl-1is essential for the survival of plasma cells.
Nat. Immunol. 14, 290-297 (2013).

Thorburn, A. Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) pathway signaling. J. Thorac. Oncol. 2,

461-465 (2007).

Duan, M. et al. Understanding heterogeneity of human bone mar-
row plasma cell maturation and survival pathways by single-cell
analyses. Cell Rep. 42, 112682 https://doi.org/10.1016/j.celrep.
2023.112682 (2023).

Fan, F. et al. The AP-1 transcription factor JunB is essential for
multiple myeloma cell proliferation and drug resistance in the bone
marrow microenvironment. Leukemia 31, 1570-1581 (2017).
Nguyen, D. C. et al. Factors of the bone marrow microniche that
support human plasma cell survival and immunoglobulin secretion.
Nat. Commun. 9, 3698 (2018).

Jacobi, A. M. et al. HLA-DRhigh/CD27high plasmablasts indicate
active disease in patients with SLE. Ann. Rheum. Dis. 2008,
096495 (2009).

Banchereau, R. et al. Personalized immunomonitoring uncovers
molecular networks that stratify lupus patients. Cell 165,

551-565 (2016).

Lugar, P. L., Love, C., Grammer, A. C., Dave, S. S. & Lipsky, P. E.
Molecular characterization of circulating plasma cells in patients
with active systemic lupus erythematosus. PLoS ONE 7,

e44362 (2012).

Odendahl, M. et al. Generation of migratory antigen-specific
plasma blasts and mobilization of resident plasma cells in a sec-
ondary immune response. Blood 105, 1614-1621 (2005).

Streicher, K. et al. Baseline plasma cell gene signature predicts
improvement in systemic sclerosis skin scores following treatment
with inebilizumab (MEDI-551) and correlates with disease activity in
systemic lupus erythematosus and chronic obstructive pulmonary
disease. Arthritis Rheumatol. 70, 2087-2095 (2018).

Kansal, R. et al. Sustained B cell depletion by CD19-targeted CAR
T cells is a highly effective treatment for murine lupus. Sci. Transl.
Med. 11, eaav1648 (2019).

Mougiakakos, D. et al. CD19-targeted CAR T cells in refractory sys-
temic lupus erythematosus. N. Engl. J. Med. 385, 567-569 (2021).
Robinson, M. J. et al. Intrinsically determined turnover underlies
broad heterogeneity in plasma-cell lifespan. Immunity 56,
1596-1612 1594 (2023).

Arumugakani, G. et al. Early emergence of CD19-negative human
antibody-secreting cells at the plasmablast to plasma cell transi-
tion. J Immunol. 198, 4618-4628 (2017).

Duan, M. et al. Understanding heterogeneity of human bone mar-
row plasma cell maturation and survival pathways by single-cell
analyses. Cell Rep. 42, 112682 (2023).

Steinmetz, T. D. et al. Association of circulating antibody-secreting
cell maturity with disease features in primary Sjogren’s syndrome.
Arthritis Rheumatol. 75, 973-983 (2023).

Ma, K. et al. TLR4(+)CXCR4(+) plasma cells drive nephritis devel-
opment in systemic lupus erythematosus. Ann. Rheum. Dis. 77,
1498-1506 (2018).

Saveliev, A., Bell, S. E. & Turner, M. Efficient homing of antibody-
secreting cells to the bone marrow requires RNA-binding protein
ZFP36L1. J. Exp. Med. 218, €20200504 (2021).

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Caielli, S. et al. A CD4(+) T cell population expanded in lupus blood
provides B cell help through interleukin-10 and succinate. Nat. Med.
25, 75-81(2019).

Dang, V. D., Hilgenberg, E., Ries, S., Shen, P. &Fillatreau, S. From the
regulatory functions of B cells to the identification of cytokine-
producing plasma cell subsets. Curr. Opin. Immunol. 28,

77-83 (2014).

Burdin, N. et al. Endogenous IL-6 and IL-10 contribute to the dif-
ferentiation of CD40-activated human B lymphocytes. J. Immunol.
154, 2533-2544 (1995).

Llorente, L. et al. Role of interleukin 10 in the B lymphocyte hyper-
activity and autoantibody production of human systemic lupus
erythematosus. J. Exp. Med. 181, 839-844 (1995).

Llorente, L. et al. Clinical and biologic effects of anti-interleukin-10
monoclonal antibody administration in systemic lupus erythema-
tosus. Arthritis Rheum. 43, 1790-1800 (2000).

Sharif, M. N. et al. IFN-alpha priming results in a gain of proin-
flammatory function by IL-10: implications for systemic lupus ery-
thematosus pathogenesis. J. Immunol. 172, 6476-6481 (2004).
Heine, G. et al. Autocrine IL-10 promotes human B-cell differentia-
tion into IgM- or IgG-secreting plasmablasts. Eur. J. Immunol. 44,
1615-1621 (2014).

Chu, V. T. et al. Systemic activation of the immune system induces
aberrant BAFF and APRIL expression in B cells in patients with sys-
temic lupus erythematosus. Arthritis Rheum. 60, 2083-2093 (2009).
Belnoue, E. et al. APRIL is critical for plasmablast survival in the bone
marrow and poorly expressed by early-life bone marrow stromal
cells. Blood 1M1, 2755-2764 (2008).

Zhang, W. et al. Treatment of Systemic Lupus Erythematosus using
BCMA-CD19 Compound CAR. Stem Cell Rev. Rep. 17,

2120-2123 (2021).

Brown, G. J. et al. TLR7 gain-of-function genetic variation causes
human lupus. Nature 605, 349-356 (2022).

Sun, J. L. et al. Elevated EPSTI1 promote B cell hyperactivation
through NF-kB signalling in patients with primary Sjogren’s syn-
drome. Ann. Rheum. Dis. 79, 518-524 (2020).

Novoszel, P. et al. The AP-1 transcription factors c-Jun and JunB are
essential for CD8a conventional dendritic cell identity. Cell Death
Differ. 28, 2404-2420 (2021).

Fan, F. et al. JunB is a key regulator of multiple myeloma bone
marrow angiogenesis. Leukemia 35, 3509-3525 (2021).

Xu, W. et al. The transcription factor Tox2 drives T follicular helper
cell development via regulating chromatin accessibility. Immunity
51, 826-839 €825 (2019).

Horiuchi, S. et al. Tox2 is required for the maintenance of GC T(FH)
cells and the generation of memory T(FH) cells. Sci. Adv. 7,
eabj1249 (2021).

Barnabei, L., Laplantine, E., Mbongo, W., Rieux-Laucat, F. & Weil, R.
NF-kB: at the borders of autoimmunity and inflammation. Front.
Immunol. 12, 716469 (2021).

Ripperger, T. J. & Bhattacharya, D. Transcriptional and metabolic
control of memory B cells and plasma cells. Annu. Rev. Immunol.
39, 345-368 (2021).

Price, M. J., Patterson, D. G., Scharer, C. D. & Boss, J. M. Progressive
upregulation of oxidative metabolism facilitates plasmablast dif-
ferentiation to a T-independent antigen. Cell Rep. 23,

3152-3159 (2018).

Lam, W. Y. & Bhattacharya, D. Metabolic links between plasma cell
survival, secretion, and stress. Trends Immunol. 39, 19-27 (2018).
Martinez-Murillo, P. et al. CD138 and CD31 double-positive cells
comprise the functional antibody-secreting plasma cell compart-
ment in primate bone marrow. Front. Immunol. 7, 242 (2016).
Govender, D., Harilal, P., Dada, M. & Chetty, R. CD31 (JC70)
expression in plasma cells: an immunohistochemical analysis of

Nature Communications | (2024)15:1899

16


https://doi.org/10.1016/j.celrep.2023.112682
https://doi.org/10.1016/j.celrep.2023.112682

Article

https://doi.org/10.1038/s41467-024-46053-w

reactive and neoplastic plasma cells. J. Clin. Pathol. 50, 490-493
(1997).

85. ElMenshawy, N. et al. Prognostic relevance of concordant expres-
sion CD69 and CD56 in response to bortezomib combination
therapy in multiple myeloma patients. Cancer Investig. 39,
777-782 (2021).

86. Ise, W. et al. T follicular helper cell-germinal center B cell interac-
tion strength regulates entry into plasma cell or recycling germinal
center cell fate. Immunity 48, 702-715.e704 (2018).

87. Hargreaves, D. C. et al. A coordinated change in chemokine
responsiveness guides plasma cell movements. J. Exp. Med. 194,
45-56 (2001).

88. Huang, Y.-W., Richardson, J. A. & Vitetta, E. S. Anti-CD54 (ICAM-1)
has antitumor activity in SCID mice with human myeloma cells1.
Cancer Res. 55, 610-616 (1995).

89. Chen, L. etal. Identification of early growth response protein 1 (EGR-
1) as a novel target for JUN-induced apoptosis in multiple myeloma.
Blood 115, 61-70 (2010).

Acknowledgements

The authors are indebted to our patients, healthy volunteer, and our
team of clinical coordinators who together made this study possible. We
would like to thank members of the Sanz and Lee laboratories for their
insights and contributions into this study. This study was supported by
the Emory University School of Medicine Flow Cytometry Core, the
Emory Pediatric Flow Cytometry Core, the Emory Integrated Cellular
Imaging core, and the University of Alabama at Birmingham High
Resolution Imaging Shared Facility. This research project was supported
by National Institutes of Health grant: 2P01-Al125180-06.

Author contributions

Conceptualization: W. Chen, S. Hong, |. Sanz, and F.E-H.Lee; Metho-
dology: W. Chen, S. Hong, F. A. Anam, S. Hicks; Software: W. Chen, C.
Tipton, J. Hom, M. Woodruff; Validation: S. Jenks; Formal Analysis: W.
Chen, C. Tipton, C. Scharer, T. Mi; Investigation: W. Chen, S. Hong, C.
Tipton; Resources: S. Jenks, K. S. Cashman, X. Wang, C. Wei, A. Khos-
roshahi, S. Lee, S. Kyu, D. C. Nguyen, L. Harton, Y. Wang, R. Bugrovsky, Y.
Ishii, C.E.Faliti; Writing Original Draft: I. Sanz, W. Chen, S. Jenks; Visua-
lization: W. Chen; Supervision: |. Sanz, and F.E-H.Lee; Funding

Acquisition: I. Sanz, and F.E-H.Lee; Writing Review and Editing: all
authors reviewed, edited, and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-46053-w.

Correspondence and requests for materials should be addressed to
F. Eun-Hyung Lee or Ignacio Sanz.

Peer review information Nature Communications thanks Rudolf Manz
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:1899

17


https://doi.org/10.1038/s41467-024-46053-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Distinct transcriptomes and autocrine cytokines underpin maturation and survival of antibody-secreting cells in systemic lupus erythematosus
	Results
	Complexity and magnitude of circulating ASC in active�SLE
	Immune phenotype of circulating ASC in active�SLE
	Peripheral ASC display enhanced mature morphology in patients with�SLE
	Heterogeneous ASC responses in patients with SLE share common precursors
	ASC from patients with SLE express a distinct transcriptome
	ASC from patients with SLE display enhanced survival in�vitro

	Discussion
	Methods
	Human participants
	Multi-color flow cytometry and sorting
	AIRR-seq
	In vitro plasma cell cultures
	Total IgG ELISPOT�assay
	Enzyme-linked immunosorbent assay (ELISA)
	RNA sequencing and analysis
	RNA sequencing data analysis
	Cytospin of sorted ASC populations
	Transmission electron microscopy
	Statistical analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




