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Precise regulation of B cell differentiation is essential for an effective

adaptive immune response. Here, we show that B cell development in mice
with B cell-specific Maf deletion is unaffected, but marginal zone B cells,
germinal centre B cells, and plasmablasts are significantly more frequent
in the spleen of naive Maf-deficient mice compared to wild type controls.
In the context of a T cell-dependent immunization, Maf deletion causes
increased proliferation of germinal centre B cells and extrafollicular
plasmablasts. This is accompanied by higher production of antigen-
specific IgGl antibodies with minimal modification of early memory B
cells, but a reduction in plasma cell numbers. Single-cell RNA sequencing
shows upregulation of genes associated with DNA replication and cell
cycle progression, confirming the role of Maf in cell proliferation. Sub-
sequent pathway analysis reveals that Maf influences cellular metabolism,
transporter activity, and mitochondrial proteins, which have been impli-
cated in controlling the germinal centre reaction. In summary, our findings
demonstrate that Maf acts intrinsically in B cells as a negative regulator of
late B cell differentiation, plasmablast proliferation and germinal centre B

cell formation.

The transcription factor (TF) c-MAF (Maf), a member of the AP-1
superfamily and, more specifically, of the large Maf protein family’,
is a basic region-leucine zipper TF with a role in developmental
processes’. In hematopoietic cells, Maf was initially identified as a
Th2 restricted TF?, but since then has emerged as a broad molecular
regulator in many cell subsets including T cells*, macrophages’® and
innate lymphoid cells®. Maf was described as a key factor regulating
IL-10 production in T cells in different pathophysiological settings’,
but also as a master regulator of T follicular helper (Tfh) function®’,
Th17 differentiation', and IL-27-induced regulatory T cells". The
role of Mafin B cells has been less clear. Mice harboring a deletion of
Maf in all cells display slightly reduced IgG response to vaccination?,

while mice overexpressing Maf in B cells develop B cell ymphomas,
plasma cell (PC) expansion, and monoclonal gammopathy™. Inter-
estingly, genetic translocations with Maf overexpression are asso-
ciated with multiple myeloma in humans®. Moreover, we and others
recently proposed that Maf is associated with regulatory plasma-
blast (PB) cells and PB differentiation'*". Overall, these data suggest
arole of Maf in PB/PC differentiation, survival and/or proliferation.
However, a large gap in knowledge remains regarding the intrinsic
function of Maf in B cells.

To resolve the role Maf plays in B cells, we develop and investigate
mice with a Maf deletion restricted to B lymphocytes. We report that
Maf functions in a B cell-intrinsic way to control marginal zone B cell
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development, B cell proliferation, and B cell responses to a T cell
dependent (TD) antigen, likely regulating metabolic activities.

Results

Maf deletion increases numbers of marginal zone B cells,
germinal center B cells and plasmablasts in naive mice

To identify the role of Maf in B-cell physiology, we crossed a Maf-floxed
mouse model'® with the CD19-cre strain” to generate a mouse lacking
Maf expression specifically in the B cell lineage (Maf"/"CD19-cre,
hereafter referred to as Maf®). To confirm loss of Maf expression in B
cells by flow cytometry, we first tested a previously validated com-
mercial anti-Maf antibody with wild-type cells'®. The staining intensity
of Maf was above the isotype control in B cells and was higher in
regulatory T cells and macrophages, displaying the highest signal in
Tfh cells (Supplementary Fig. 1a) in accordance with the literature’.
Nevertheless, there was no difference in the staining intensity of B cells
from wild-type and Maf*® mice (Supplementary Fig. 1a), indicating the
detection threshold of this Ab might be too low. Unfortunately, other
commercial Maf Abs displayed high non-specific staining, likely due to
the high homology between all Maf family members. To demonstrate
loss of the Maf allele by an alternate approach, we validated Maf gene
deletion at the DNA level using primers that simultaneously amplified
DNA fragments corresponding to the wild type, the floxed and the
deleted Maf alleles. This PCR detected a strong AMaf band and a weak
Maf-flox band in spleen B cells from homozygous Maf*® mice (Cre/+ fi/
/D, while both bands were equally amplified in B cells from hetero-
zygous Maf® mice (Cre/+ fi/+) (Supplementary Fig. 1c). In contrast, this
PCR amplified only the Maf+flox band in tail DNA from Maf*® mice and
the Maf WT band in cells from CD19“ heterozygote control mice (Cre/
+). Efficient deletion of the Maf gene in spleen B cells from Maf*® mice
was further confirmed at the RNA level by quantitative RT-PCR on
cDNA (Supplementary Fig. 1d). To establish deletion efficiency, we
crossed Maf*® mice with R26-stop-EYFP mutant mice to generate mice
in which the activity of Cre recombinase leads to the expression of
EYFP. YFP was expressed in more than 95% of total B cells, follicular B
cells, and marginal zone B cells in naive Maf*® R26-stop-EYFP”" mice
and in >95% of B220" CD19'Fas'PNA" cells (Germinal center, GC) and
PBs cells in immunized mice (Supplementary Fig. le, f). Collectively,
these results confirm the efficient deletion of Maf across different
B-cell populations and that MAF-deleted B cells were not counter-
selected through B cell development and differentiation.

We first investigated whether Maf deficiency alters B-cell
maturation in the bone marrow (BM) by assessing the different B cell
subsets (percentage and cell number) using staining based on the
Hardy classification system'’. There were no significant differences in
total B220" cell numbers (Fig. 1a) or in the distribution and cell num-
bers of pro-B cells (B220*CD43", including subsets fractions A-C’) and
pre-B cell fraction D (B220°CD43°IgM") in the absence or presence of
Maf (Fig. 1b, c). There were also no differences in the frequency and
number of immature B cells fraction E (B220°CD43 IgM*IgD") and of
mature recirculating B cells fraction F (B220°CD43 IgM'IgD") (Fig. 1¢),
suggesting that Maf does not regulate B cell development in the bone
marrow.

We then evaluated the impact of Maf-deletion in spleen B cells.
Overall B-cell number was unchanged, with normal proportions of
transitional (CD93"¢"CD24"&") and follicular (CD21°CD23%) B cells
(Fig. 1d and Supplementary Fig. 2a). However, there was a two-fold
increase of marginal zone B cells (CD21"$"CD1d") in the Maf*® mice in
percentage and absolute number (Supplementary Fig. 1g). In addition,
naive Maf*® mice revealed a significantly higher proportion and num-
ber of spontaneous GC B cells (GL7*Fas®) (Fig. 1e). Increased GC B cells
correlated with a significant increase of Tfh cells (CD4'CXCR5'PD1")
and CD4'Foxp3* regulatory T cells (Fig. 1f, Supplementary Fig. 2b, c).
The absence of Maf in B cells did not affect the distribution of other
immune cells (Supplementary Fig. 2d, e). Naive Maf*® mice displayed a

two-fold increase of the TACI'CD138" plasmablast (PB) population in
the spleen (Fig. 1g), although there was no significant difference in the
BlimpI'TACI" PB and plasma cell (PC) compartment in the BM (Fig. 1h).
Finally, Ig levels in serum in naive control and Maf*® mice was deter-
mined by ELISA. The serum concentration of IgM was increased
whereas that of IgGl was slightly decreased (Supplementary Fig. 2f, g).
Serum amounts of IgG2a and IgG2b (Supplementary Fig. 2h, i) were
comparable in Maf*® and control mice. Overall, these data show that
Maf deletion does not alter B cell development or the generation of
naive B cells while it increases numbers of marginal zone B cells,
germinal center B cells and PBs, which correlated with an increase of
basal IgM production.

Deletion of Maf increases PB generation in vitro

To investigate the role of Maf in the generation of PBs, spleen B cells
from Maf*® and CD19** control mice were stimulated in vitro with
either LPS®™ or anti-CD40 antibodies with IL-4 and IL-5% for 3 days. Cells
were then analyzed for the expression of CD138, TACI and intracellular
Blimp-1 to visualize activated B cells (Blimpl CD138°), pre-PB cells
(Blimp1'CD138"), and PBs (Blimp1'CD138" or TACI'CD138") (Fig. 2a, b).
Maf*® B cells displayed significantly increased viability following LPS
stimulation (Supplementary Fig. 3a). Both stimulations resulted in a
significantly higher frequency of PBs in cultures of Maf*® B cells relative
to control (Fig. 2a, b), without any significant modification of Blimp1 and
CD138 mean fluorescence intensity. We then measured the effect of Maf
deletion on the expression of the early (CD69) and late (CD86) activa-
tion markers. The deletion of Maf significantly increased the frequency
of CD69" cells following anti-CD40, IL-4 and IL-5 stimulation, but did not
change the frequency or level of CD86 expression (Fig. 2c). This sug-
gests that Maf negatively regulates PB differentiation without affecting
overall B-cell activation or Blimpl and CD138 regulation.

Maf restrains the GC reaction and extra-follicular PB generation
during T cell-dependent B cell responses

To investigate whether Maf regulates T cell-dependent B cell respon-
ses, we immunized Maf*® and control mice with the hapten 4-hydroxy-
3-nitrophenylacetyl (NP) conjugated to chicken gamma globulin
(CGG)** . B cells responding to NP-CGG in BL/6 mice can be tracked
by their ability to bind NP and/or their expression of lambda light
chains. At day 7 post-immunization, there was increased proportion
and number of PNA'Fas* GC B cells and CD138" PBs in Maf*® mice
compared to CD19*"* controls (Fig. 3a, b). This difference persisted
through day 10 post immunization and resolved by day 28 (Supple-
mentary Fig. 3b). Among NP-binding B cells (Supplementary Fig. 3c),
those from Maf*® mice exhibited a higher proportion of extra-follicular
(EF) PBs (B220"" CXCR5"" 2°), but a normal frequency of Fas'PNA* GC
cells (Fig. 3¢, d). Among the NP-specific PB and GC B cell subsets there
was a marked expansion of IgG1 switched cells in Maf*® mice relative to
controls (Fig. 3e, f). The increased proportion of NP IgG1 EF-PBs and of
GC B cells in Maf*® mice correlated with an increased concentration of
NP-specific IgG1Abs (Fig. 3g) and, to a lesser extent, of NP-specific IgM
and IgG2b Abs in sera (Fig. 3h, i).

We next evaluated TI-1 and TI-2 T cell-independent B cell
responses. Maf deletion led to an expansion of PBs and total IgM
production after TI-1 (LPS) challenge (Supplementary Fig. 3d), while
there were no significant changes in NP-specific IgM or IgG2c pro-
duction after NP-Ficoll (TI-2) immunization, even in the presence of
poly:IC* (Supplementary Fig. 3e). These data suggest that Maf
restrains extra-follicular PB cell generation and B-cell expansion within
the GC after T-cell-dependent immunization.

Maf is involved in controlling B cells proliferation after initial
activation

The observed expansion of EF-PBs following NP-CGG or LPS immuni-
zations suggested an inhibitory function of Maf early upon B cell
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Fig. 1| Mice with Maf deficiency in B cells exhibit more MZ B cells, spontaneous
GC B cells and PB cell numbers in the spleen. Analysis of B cells from CD19“**
(Cre*) and Maf®® naive mice in bone marrow (a-c, h, Cre*: N=4; Maf*®*: N=7) and in
spleen (d-g; Cre': N=5-6; Maf*®; N=10-11). a Bar graphs showing total B220" cell
counts. b Pseudocolor plots and bar graphs illustrating pro-B cells and pre-B to
mature recirculating B cells (Fr. D-F, as described in ref. 19)in percentages and total
cell numbers ¢ Pseudocolor plots illustrating the Hardy’s B cell fractions'” and bar
graphs showing percentages and total cell numbers of the different cell fractions.
d Bar graphs showing total (CD19°B220") B cell numbers and percentages of
Transitional (CD24"€"CD93"e") and follicular (CD21'*CD23") B cells gated on
CD19'B220" B cells. e Pseudocolor plots gating germinal center (GC) B cells gated

on B220"CD19" B cells and bar graphs showing percentages (p = 0.008) and number
(p=0.0017) of total GC B cells. f Plot showing total number of GC B cells and
number of follicular helper T cells (Tfh) (Cre*: N=5; Maf*®: N = 8) and the coefficient
and P value (p < 0.0001) from the Pearson correlation g Pseudocolor plots illus-
trating plasmablasts (PBs) gated on live cells and bar graphs showing total PB cell
counts (p=0.0027). h Pseudocolor plots illustrating antibody secreting cells
(including both PBs and plasma cells) gated on live cells and bar graphs showing
total antibody secreting cells counts. (p = 0.26) Data show mean + SEM (a-h). Sta-
tistical analysis: unpaired two-tailed Mann-Whitney tests (a, d, e, g, h) or ANOVA
test using Tukey’s correction for multiple comparisons (b, ¢) *p <0.05, *p < 0.01,
***p < 0.001, ns not significant. Source data are provided as a Source Data file.

activation and proliferation. Thus, we examined the proliferative
response of B cells in vitro following 4 days of stimulation with anti-
IgM Abs, LPS, or anti-CD40 Abs in the presence of IL-4 and IL-5. No
change in the proliferation index was observed in all conditions for the
overall B cell population (Supplementary Fig. 4a), indicating similar
number of divisions in mutant and control proliferating B cells. How-
ever, when gated specifically, CD138" PBs from Maf*® B-cell cultures
showed higher proliferation index following both LPS and anti-

CD40Abs +IL-4 and IL-5 stimulation (Supplementary Fig. 4b). In addi-
tion, the division index, which represents the average number of
divisions of all (dividing and non-dividing) cells, was higher for Maf*® B
cells stimulated with LPS, but not with other stimulatory conditions
(Supplementary Fig. 4a). This indicates that Maf deficiency allows a
larger number of B cells (46.24 +7.8% in Maf*® vs 25.48 +2.5% in con-
trol, p=0.0079) to enter the cell cycle in response to LPS and it pro-
motes more proliferation once cells differentiate into PBs.
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Fig. 2 | In vitro stimulated B cells from Maf*® mice exhibit enhanced differ-
entiation into plasmablasts. Analysis of in vitro-stimulated B cells from CD19**
and Maf*® mice. a Pseudocolor plots and bar graphs showing percentages of
CD138'Blimpl* PB cells of CD19" live cells after LPS stimulation (Cre*: N =7; Maf*5:;
N=13, p=0.011). b Pseudocolor plots and bar graphs showing percentages of
CD138'TACI" PB cells of stimulated CD19" live cells (Cre": N=8; Maf*’: N=13,

p=0.0009). c Bar graphs showing percentages of CD69" cells, of CD86" cells, and
CD86 mean fluorescence intensity (MFI) gated on live CD19" B cells 3 days after
stimulation. (Cre*: N=3-4; Maf*®: N = 6-7). Data show mean + SEM (a-c). Statistical
analysis: unpaired two-tailed Mann-Whitney tests (a, b) or one-way ANOVA test
using Tukey’s correction for multiple comparisons (c). **p < 0.01, ** p <0.001, ns
not significant. Source data are provided as a Source Data file.

We next investigated the proliferative B cell response to
T-dependent antigen in vivo. For this, we immunized control CD19/*
and Maf*® mice with NP-CGG in alum and 3 days later injected the
mice with the thymidine analog 5-Ethynyl-2’-deoxyuridine (EAU) to
label cells actively proliferating. Two days later, the mice were injec-
ted with 5-bromodeoxyuridine (BrdU) to label currently proliferating
cells and analyzed 1h thereafter (Fig. 4a). Both EdU and BrdU have a
short half-life in vivo, with a bioavailability lasting only one hour.
Thus, this time frame of immunization and DNA labeling allows to
observe the early phase of B-cell activation and blasting, the EF-PB cell
production, and the initiation of GC reactions®>% NP* cells were
separated according to CDI138 and GL7 expression to identify
CDI138°GL7" GC B cells, CD138" EF-PBs, and CD138 GL7  activated
B cells specific for NP antigen. Five days after immunization, and in
agreement with earlier observations (Fig. 3a-c), Maf*® mice harbored
higher numbers of NP-specific PBs and GC B cells relative to control
mice (Fig. 4b). Antigen-specific B cell subsets were further analyzed
for EAU and BrdU incorporation to identify the following proliferative
and non-proliferative cells: EQU BrdU" cells that were not proliferat-
ing either on day 3 or day 5; EQU'BrdU" cells that were in the S phase
at day 3 but not on day 5; EQU'BrdU" cells that were in the S phase

both at days 3 and 5; and EAU BrdU" cells that were not proliferating
on day 3 but were in the S phase on day 5 (Fig. 4c). This analysis
detected no differences in the proliferation of NP-specific activated
B cells between control and Maf*® mice (Fig. 4c). There was also no
difference in the frequency of proliferative PBs and GC NP* B cells
early on (day 3, EdU" cells) in the response (Fig. 4¢). In contrast, there
was a marked increase in the frequency of proliferating (BrdU'EdU")
NP-specific EF-PB cells at day 5, and a trend to an increase in GC B cell
proliferation at the same time (Fig. 4c). These data indicate that Maf
does not regulate early events of B-cell activation and blasting, but it
restrains the proliferation and expansion of antigen-specific PBs and
GC B cells after the initiation of the full response.

We next examined in depth GC B cells to determine if Maf reg-
ulates the distribution of B cells in the dark zone (DZ) and the light
zone (LZ). In line with the increase of GC B cell proliferation previously
observed, we found a higher ratio of CXCR4"¢"CD86"" DZ cells to
CXCR4"°*CD86" LZ cells in Maf*® mice compared to control mice
(Fig. 4d). This finding was not due to differences in cell apoptosis
(Fig. 4e). To further elucidate Maf involvement in controlling B-cell
proliferation in the GC, we measured EdU incorporation and 7AAD
staining (i.e., DNA content) in NP* (i.e., antigen-specific) GC B cells

Nature Communications | (2024)15:7982


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52224-6

a CD19Cre/+ - LO;\ P
109e cCre/+ = 49 .
st Maf8 A 5
£ £ o
e 6 2 1
E ad T 27 o i
*o 4 ° x x = ﬁ h
3 ) H 7y ri_f 1 4aaa
1 ata =
r b 1 z .
+{IJ G
b &
CD19Cre/+ = *k kK
4_
Cre/+ *kk g A A
AB
Maf R 5 a R
E
A
A S +
AA ; 2+ I
. —Eﬁ: \8, ° AAAA
A *o 14 X A A
DG o
° é 0 °
[
NP* B cells N
CD190re/+ Maf2B I *k ‘>_<
Q ] ] 3 501e Cre/+ o 157e  Cre/+ *okok
@ High £ EHioh 2 4 Maf® N 2 A MafB
] CXCRA_S’V 9 ] CXCR5 igl £ 40 LA g A
3 , , z . < 1.0-
: %5 30 . 2 3 N
o J o x [0}
] : 9'\0’ 20 ‘-9-‘. _2_ = +A !
E Iy
1 198 o297 g = t g 051 . ==
: : 0 104
! low ( & 0 : g . : La
CXCR5 CXCR5ow g, o Pt A
T T T v T T T T ™ T o 0.0
—» CXCR5 )
(&)
d & e f
‘9 107 e crem ns * %k 0.8
x 8 N 2.01e Cre/+ .87 o Cre/+
) 14 Maf" A — A MafiB . - A MafB  KXEX
z 08 4 N S R
a
© — 1.5 O — 0.64
5 A » X o X
c 0.6+ ° o
= -1 < o
+ ° v~ - 8 £ 104 N £ 804 R
< 0.4 P - A < £ 4 o g : ax
g [ 23 Al gz . z 2
+ 0.2 o g 0.5 a 2 = 0.2 o
7] A = ® Q o
L‘E ° ) . S
+ 0.0
0.0- o
% IgM IgG1 1gG2a/2b 1gG3 0.0 IgM IgG1 1gG2a/2b 1gG3
g h i
_EI 1000 o Cre+ *KKK _, 1000 TE, 10005 ns kK
B A Maf® £ ns %k S
g - =y g A% A
= 100 ns ° %A S 1004 N 2 100 2, Aia
S = 5 N R) e
= A A =) aldda,
N BTN O DT L
S 104 e=3=$ e S 104 o3w® iTia E 4] ese 4,
2 o A a ° o °
@ ¢ K & s
o
z 1 z 1 % 1
D5 D7 D5 D7 D5 D7

Fig. 3 | Maf*® mice mount stronger GC reaction and extrafollicular PB genera-
tion following T-dependent immunization. B cell response to NP-CGG in CD19%/*
and Maf*® mice. a Pseudocolor plots of GC B cells according to PNA-binding and Fas
expression gated on live B220" B cells in spleen at day 7 after immunization with NP-
CGG in alum; bar graphs showing percentages (of B220" cells, p = 0.0015 and

numbers of Fas’PNA* GC B cells (p = 0.0005). b Pseudocolor plots of plasmablast
(PB) gated on live cells; bar graphs showing total CD138" PB and Fas® PNA" GC cell
counts. ¢ Pseudocolor plots of NP-specific extra-follicular (EF-PB) cells; bar graphs
showing percentages (p = 0.0068) and total NP* EF-PB cells (CXCR5'", p = 0.0006).

d Bar graphs showing number of NP(i.e., NP-binding) Fas'PNA" GC B cells at day 7.
e, fBar graphs showing Ig isotype-positive cell numbers among NP* CD138" PB cells
(p<0.0001) e and GC B cells (p <0.0001) f at day 7. Scatter dot plots showing
serum NP-specific g IgGL(p < 0.0001) h IgM (p =0.0008) and i IgG2b (p = 0.0006)
antibodies measured at days 5 and 7 after immunization. a-d: Cre*: N=10; Maf*®;
N=13; e-i Cre*": N=4-10, Maf*®: N = 6-14. Data show mean + SEM and Statistical
analysis: unpaired two-tailed Mann-Whitney tests (a-d) or ANOVA test using
Tukey’s correction for multiple comparisons (e-i). **p < 0.01, **p < 0.001, ns not
significant. Source data are provided as a Source Data file.

10 days after NP-CGG immunization and 1h after EdU injection. This
analysis distinguished non-proliferating NP* GC B cells in GO/GI1 phase
(EAU 7AAD), cells in early S phase (EAU*7AAD"), cells in late S phase
(EdU*7AAD"), and cells in G2/M phase (EdU 7AAD"). The analysis

uncovered a large increase of cells in late S phase of the cell cycle
among DZ B cells from Maf*® mice compared to controls, which cor-
related with an increase of cells in G2/M phase in the LZ (Fig. 4f).
Despite the increased cell proliferation in the GC of Maf*® mice, the
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Fig. 4 | Maf regulates B cell proliferation in GC B cells and plasmablasts during
T-dependent responses. a Scheme of experiment. After immunization with NP-
CGG-in alum, CD19** (N =4) and Maf*® mice (N =5-7) were injected with EdU on
day 3 and with BrdU on day 5 and were analyzed 1h after the BrdU injection.

b Countour plots illustrating NP-specific CD19* B cells at day 5 post-immunization
and bar graphs showing numbers of NP-specific activated, PB (p = 0.0088), and GC
(p=0.036) CD19" B cells. ¢ Pseudocolor plots of EAU and BrdU in B220*CD19* B
cells at day 5 post-immunization and bar graphs showing percentages of each EdU/
BrdU subset in NP-binding activated, PB (Edu-BrdU-, p = 0.0107; Edu-BrdU+,
p=0.0123) and GC B cells. d Pseudocolor plots illustrating NP* (i.e., NP-binding)
Fas'PNA* GC B cells at day 7 post-immunization. Bar graphs showing the ratio of the
number of dark zone (DZ), and light zone (LZ, Cre': N=10; Maf*®: N=14, p = 0.0005.
e Bar graphs showing percentages of active caspase 3 positive cells in NP* DZ cells
and CD138" PBs at day 7 post-immunization. Cre*: N =5; Maf*®: N=7. f CD19"** and

Maf*® mice were immunized with NP-CGG in alum and, after 10 days, mice were
injected with EdU and analyzed 1h thereafter. Pseudocolor plots illustrating
CD19'NP* GC DZ B cells and bar graphs showing cells in GO/G1 (EdU 7AAD", NP'LZ,
p=0.016), early S phase (EdU*7AAD", NP'DZ, p=0.038; NP'LZ, p=0.032), late S
phase (EdU*7AAD"), NP'DZ, p = 0.0082), and G2/M (EdU 7AAD", NP'LZ, p=0.02)
among NP-specific DZ and LZ B cells. Cre*: N = 5; Maf*®: N= 5. g Dot plots of NP* GCB
cells (gated as CD19* B220*CD38°GL7") at day 12 post-immunization with NP-CGG
in alum and bar graphs showing percentages of IRF4*BCL6'" PB precursor cells
among NP-specific GC B cells. Cre": N=8; Maf*®: N=12, p=0.0003. Bar graphs
represent mean + SEM (b, d-g) and box plots indicate median (middle line), 25",
75 percentile (box) and min/max (whiskers). Statistical analysis: unpaired two-
tailed Mann-Whitney tests and ANOVA using Fisher’s Least Significant Difference
(LSD) test for multiple comparisons. *p < 0.05, **p < 0.01, **p < 0.001, ns not sig-
nificant. Source data are provided as a Source Data file.
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number of NP cells was similar to that in controls (Fig. 3d). To
reconcile these data, we hypothesized that Maf-deficiency leads to an
accelerated differentiation of antigen-specific GC B cells into PBs/PCs.
To identify PC precursors in GCs*, we examined IRF4 and BCL6
expression and found a large increase of the IRF4*'BCL6"" cell popu-
lation among LZ B cells of Maf*® mice compared to controls, sup-
porting our hypothesis (Fig. 4g). Taken together, these data show that
Maf deficiency results in an acceleration of the cell cycle in GC B cells
and increases the development of IRF4* PB/PC precursors, leading to a
heightened PB output. This indicates that Maf inhibits B cell progres-
sion into the cell cycle and subsequent differentiation to PC
precursors.

Affinity mutation is a tightly regulated process that occurs in the
germinal center. To explore this aspect, we performed NP, (high affi-
nity) and NP5¢ (low affinity) IgG1 ELISA measurements as previously
described®. On day 7 post-immunization, we observed a trend to a
decrease in the NP,/NPs¢ ratio in Maf*® mice suggesting that the
increase in anti-NP IgGl in the absence of Maf mostly corresponds to
low-affinity Ig production (Supplementary Fig. 4c). However, on days
12 and 28, this difference was not present, and the ratio increased
equally in both groups indicating that the overall production of high-
affinity antibodies is not affected by the deletion of Maf in the GC.

Maf does not contribute to the IgG" B-cell memory response
The changes in B-cell proliferation observed in Maf*® mice suggested
that Maf could participate also in the generation of GC-derived
memory B cells. To investigate this, we immunized control and Maf*®
mice with NP-CGG in alum and, ten days later, we injected the mice
with EdU and analyzed them at days 12 and 28 to identify the fate of the
GC B cells (Fig. 5a). As observed before, EdU" B cells were increased at
day 12 within the CD138" NP* PBs of Maf*® mice relative to controls
(Fig. 5b). There was also a slight increase of EQU" B cells within the IgM*
memory B cells (CD138"CD38'IgM’). However, there was no difference
in the frequency of EAU" cells among switched IgG* memory B cells
identified as CD138 CD38" and IgGl1" or IgG2a/2b* (Fig. 5¢). Frequency
and absolute numbers of CD38'lambda’ B cells were also similar in
control and Maf® mice 28 days after immunization (Fig. 5d). We next
examined the distribution of memory B cell subsets expressing CD80
and PDL2** within both switched and unswitched Ag-specific B cell
populations identified as IgM*CD38'lambda* or IgG*CD38 lambda**>>¢,
There was no difference between control and Maf*® mice in the fre-
quency of double positive CD80'PDL2’ (Fig. Se, f). However, there was
a mild but significant increase in the percentage of single-positive
CD8OPDL2" cells in Maf*® mice in both switched and unswitched
memory compartments. Altogether, these data show that Maf does not
significantly regulate the formation of committed memory B cells
arising from the GC.

Maf promotes long-lived plasma cells

Although it is not clear whether long-lived plasma cells represent the
final differentiation stage of short-lived PBs or whether they belong to
separate cell lineages, we sought to examine these populations 28 days
after NP-CGG immunization. In the spleen, there was no significant
difference in the number of lambda’CD138" PBs (Fig. 6a). To dis-
criminate between PBs and PCs by flow cytometry, we distinguished
cells for surface lambda (SLambda) and intracellular lambda
(ICLambda) expression”. The percentage of the ICLambda*SLambda"
PC fraction was decreased in the spleen of Maf*® mice compared to
control mice (Fig. 6b), suggesting that Maf could modulate PC fate
contributing either to the differentiation of PBs into PCs or the
migration of PCs to the BM. To discriminate these options, we analyzed
PBs and PCs in BM tissue. There was no significant difference in total
CD138" antibody secreting cells (ASCs) or in the frequency of lambda*
ASCs in the BM of Maf*® and control mice (Fig. 6¢, d). Nevertheless,
there was a significant decrease in the proportion of

ICLambda*SLambda cells within the kappa CD138" cell subset in Maf®
mice compared to controls (Fig. 6e), and this correlated with a (non-
significant) trend to reduced NP-specific IgG1 Abs in sera (Fig. 6f). To
better explore the heterogeneity of lambda® ASCs, we employed a flow
cytometry protocol that leverages differential expression of CD19 and
B220 to identify different PC populations® This protocol enabled us to
discriminate CD138'kappacells in the BM into CD19'B220" pro-
liferating PBs, CD19°B220" early PCs, and CD19"B220" mature resting
PCs. This analysis shows a decreased frequency of mature resting PCs
and an increased frequency of early PCs in Maf*® mice (Supplementary
Fig. 4d), suggesting that Maf does not play a role in the transition
between PBs and PCs but rather in the establishment of mature PCs.
These data suggest that Maf contributes to the establishment and
possibly the maintenance of long-lived PCs.

Dissecting the molecular contribution of Maf by scRNA-seq
analyses

To gain insight into the molecular changes that occurred in Maf*® mice
during the TD immunization response, we performed single-cell RNA
sequencing (scRNAseq) of B cells isolated 7 days after NP-CGG
immunization. After removing contaminating cells (T cells and mac-
rophages), we resolved 16,904 B cells into 17 clusters (Fig. 7a). These
were identified as such: four clusters of follicular B cells (CO, 1, 2, and
4), one cluster of marginal zone B cells (C11), five clusters of GC cells
(C5,7,10, 12, and 16), two clusters of memory B cells (C8 and C14), two
clusters of lambda* cells (C9, /gicl, and C15 /gic2), one atypical cluster
of B cells expressing Lars2 (C3), one cluster with an upregulation of
type I-IFN signature (C6), and one cluster of PBs (C13) (Fig. 7b). In
control mice, Maf expression was relatively low in most B-cell clusters
with higher expression in CO (FO1), C4 (FO4 Iglcl+), C6 (IFN), and C7
(Fig. 7¢). As expected, Maf expression was no longer detectable in
Maf*® mice (Fig. 7d and Supplementary Fig. 5a). Except for an impor-
tant reduction of the C3 cluster in Maf*® (KO) mice, there were no
major changes in the distribution of the different clusters between WT
and KO B cells.

Next, we used recent public data and computational analysis
pipelines*~* to extend our analysis on GC clusters. Based on this, we
assigned Cluster 5 to pre-GC cells that are mostly characterized by the
expression of /l4i1, Mif, Npml and Bcl2alb (Fig. 7b). Of the remaining
four clusters of GC cells, C16 and C12 likely belonged to the DZ because
of their high expression of genes involved in cell proliferation such as
Mki67, BircS, Hist1hib, and Gclm. To quantitatively assess inferences of
mitotic status and confirm assignment of germinal center-related
clusters, we used previous cell cycle gene signature®**? and trajectory
analysis through RNA velocity*® (Fig. 7e). As expected, G1/S and G2/M
signatures score were significantly elevated in C16 and CI2 with a
homology of trajectory comparing to clusters CO (resting B cells), C7
and C10 (Supplementary Fig. 5b). Upon examining the LZ and DZ gene
signature score®’, we found that C12 and C16 corresponded to DZ cells,
while C7 were most likely LZ cells (Fig. 7f and Supplementary Data 1).
Interestingly, C10 exhibited an upregulation of both gene signatures
and displayed a strong developmental relationship in cell trajectory
with C7.

To confirm this cluster assignment, we used topic modeling® to
capture composite states in GC clusters relative to resting B cells in
Cluster 0 and PBs in C13. Topic modeling identified a common mitotic
signature (topic 8, Mki67, Birc5, Aicda and topic 5, Npml, Eif5a, Eif4al,
Hspdl) in C12 and C16 consistent with DZ features (Supplementary
Fig. 5¢ and Supplementary Data 2). As a result, we categorized C16
within DZ1 and assigned C12 to DZ2. Topic 6, enriched in C5, C7 and
C10, showed upregulation of markers for LZ and DZ transition (Nr4al,
Cd83, Myc, Bhlhe40, I21r and Rel***°), placing C7 in LZ1 and C10 in LZ2.
Cluster 10 cells (LZ2) expressed genes (Bcllla, Etsl, Ikzf3, Tcf4 and
Mef2c) linked to signaling activation, indicating involvement in Ag
selection and T cell interaction*”*5.
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Fig. 5| Maf does not contribute to B cell memory formation. Analysis of memory
B cell response to NP-CGG in CD19®* and Maf*® at day 12 (a-c, Cre*: N=>5; Maf*®:
N=5) and day 28 post-immunization (d-f, Cre": N=6; Maf*%: N=6). a Mice were
immunized i.p with NP-CGG in alum. On day 10 after immunization, mice were
injected i.p with EdU and then analyzed on days 12 and 28 after immunization.

b Box plots showing percentages of EdU" cells among NP-binding CD138*lambda*
cells (p=0.039) ¢ Pseudocolor plots illustrating CD38" non-GC B cells and bar
graphs showing percentages of EQU" cells in CD38'IgG B cells (p = 0.031) and
CD38'IgG" (including IgGl1 and 1gG2a/b, p=0.73) B cells. d Box plots showing
percentages of IgG" cells (including IgG1 and IgG2a/b, p = 0.48) in CD38'lambda* B

cells and IgG"'CD38'lambda’ B cell numbers (p = 0.48). e Dot/countour plots illus-
trating CD38lambda’lgG B cells and bar graphs showing percentages of single-
positive (SP, CDS8OPDL2’, p = 0.04) and double-positive (DP, CDS8O'PDL2", p = 0.36)
subsets in CD38'lambda‘lgM* B cells. f Countour plots of CD38'lambda‘lgG* (IgG1
and IgG2a/b) B cells and bar graphs showing percentages of CD80/PDL2 SP
(p=0.01) and DP subsets (p = 0.56) in CD38lambda‘lgG" B cells. Bar graphs
represent mean + SEM (c—f) and box plots indicate median (middle line), 25", 75™
percentile (box) and min/max (whiskers). Statistical analysis: unpaired two-tailed
Mann-Whitney tests. *p < 0.05, *p < 0.01, **p < 0.001, ns not significant. Source
data are provided as a Source Data file.

To uncover the gene-regulatory network modulated by the Maf
transcription factor, we performed gene differential expression (DEG)
across the different B cell clusters between Maf*® and control mice.
The analysis of DEG in the naive and activated B cells clusters (CO, 1, 2
and 4) and pre-GC cells (C5) revealed very limited changes in gene
expression between control and Maf*® mice (CO: 27 DEGs, Cl: 23, C2:
19, C4: 24, and C5: 22). These data support that Maf has a minimal (or
redundant) role in early maturation and activation of B cells. Among
the original B cell clusters of GC cells, the number of DEGs increased to

461 for C16/DZ1 and 72 for C12/DZ2 (Fig. 8a, b). Pathway analysis
revealed upregulation of genes involved in DNA replication and cell
proliferation such as Mki67, Cenpf, Histlh2ae, Birc5, and Cks2 (Sup-
plementary Fig. 5d). GSEA study revealed that an important set of
genes regulated by Maf are involved in cellular metabolism, trans-
porter activity, and mitochondrial proteins (Fig. 8c, d), mechanisms
recently described as crucial in controlling the GC reaction***°. The C7/
LZ1 cluster from Maf*® mice displayed 22 DEGs with the upregulation
of two key factors in the GC reaction, Nr4al and Myc (Fig. 8b, e). The
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Fig. 6 | Maf*® mice generate reduced numbers of long-lived plasma cells. Ana-
lysis of plasma cells in response to NP-CGG immunization. CD19°* (N = 6) and
Maf*® (N = 6) mice were immunized i.p with NP-CGG in alum and analyzed 28 days
after immunization. a Bar graphs showing total number of NP-specific
lambda*CD138’ cells in spleen (p = 0.3). b Dot plots illustrating kappa CD138" ASCs
in spleen according to surface (S) and intracellular (IC) lambda expression and bar
graphs showing percentage of Slambda* IClambda"* cells (p = 0.015) and of surface
Slambda’IClambda* (p = 0.041) cells among kappa CD138" cells of spleen.

¢ Pseudocolor plots illustrating CD138* bone marrow (BM) cells and bar graphs
showing total cell numbers in BM (p = 0.5). d Bar graphs showing percentage of
lambda® cells in the CD138" compartment of BM (p = 0.9). e Countour plots illus-
trating kappa CD138" cells in BM bar graphs showing percentages of
SlambdaIClambda’ cells (p = 0.017) among kappa CD138" cells in BM.

f Distribution of serum NP-specific IgG1 antibodies (p = 0.3). Data show mean + SEM
(a-f). Statistical analysis: unpaired two-tailed Mann-Whitney tests. *p < 0.05,

**p < 0.01, ns not significant. Source data are provided as a Source Data file.

increased Myc mRNA in B cell from Maf*® mice was confirmed at the
protein level by flow cytometry in NP* LZ cells gated as CD38"*"Fas* and
NP*CD86'CXCR4™" (Fig. 8f), suggesting that Maf deletion might posi-
tively regulate the Myc-dependent signature during immunization.
Pathway and GSEE analyses revealed an enrichment in genes
involved in the metabolic pathway, transporter activity, and oxydor-
eductase mechanisms in GC clusters (Fig. 8c, d). These observations
were extended by analyzing the gene signature score associated to
metabolic pathways. The OXPHOS pathway was significantly upregu-
lated in DZ1 (C16) and LZ2 (C10) from Maf*® mice whereas glycolysis
and fatty acid oxidation (FAO) pathways were slightly reduced in C16/
DZ1 of Maf*® mice (Fig. 8g). To assess consequences of Maf deletion on
mitochondrial functions, we conducted an analysis of mitochondrial
activities in GC B cells after 7 days of NP-CGG immunization using two
MitoTracker™ Dyes, Mitotracker FeepRed FM to measure mitochon-
drial membrane potential and MitoSox to measure reactive oxygen
species (ROS)™ Whereas the mitochondrial membrane potential was
similar in GC B cells from Maf*® and control mice, we observed a sig-
nificant increase in the percentage of MitoSox-positive (ROS-produ-
cing) cells in GC B cells from Maf® mice (Supplementary Fig. Se, f). This

suggests that Maf regulates mitochondrial activities by modulating
ROS production.

Finally, we analyzed the C13 cluster characterized by an upregu-
lation of Igh genes, Xbpl, Jchain, and Prdm1 and assigned to PBs. 59
DEGs were found in C13 between Maf*® and control mice (Supple-
mentary Fig. 5g). Among the DEGs, Igha, Ighgl, Igicl, and /glc2 were
significantly up-regulated in Maf2® cells, confirming that KO PB cells are
enriched in class-switched NP-specific cells. We identified several up-
regulated genes in Maf*® B cells that have been described as important
regulators of GC development and PC differentiation, such as Tcf4 (E2-
2)*852, Tram2 (Blimpl target)*° and SubI (Irf4 target) encoding PC47>%,

Taken together, these results demonstrate that Maf has a B-cell
intrinsic function that restrains the generation of GC B cells and newly
differentiated PBs by controlling cell proliferation and metabolism.

Discussion

In this report, we demonstrate that the transcription factor Maf func-
tions intrinsically in B cells to dampen the development of marginal
zone B cells, germinal center B cells, and PBs in naive mice. Following a
T-cell-dependent immunization, Maf restrains extra-follicular PB
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generation and B-cell expansion within the germinal center. Our find-
ings indicate that Maf does not regulate the early events of B-cell
activation and blasting, but it restrains the proliferation and expansion
of antigen-specific PBs and germinal center B cells after the initiation of
the full response. Germinal center B cells that lack Maf show an
acceleration of the cell cycle, leading to an increase in the development
of IRF4* PB/plasma cell precursors and heightened PB output. Our data
show that Maf has a B-cell intrinsic function and restrains the genera-
tion of germinal center B cells and newly differentiated PBs mostly
through control of cell proliferation and metabolic processes.

A B cell-specific Maf deficiency did not influence the TI-2 T cell
independent antibody response but resulted in a heightened TD
response at both the extra-follicular sites and within the GC. This led to
a dramatic and significant increase of antigen-specific IgGl1 antibodies
in the first few days after immunization. Our data also revealed an

increase in PB differentiation in response to LPS stimulation without
any strong modification of B-cell activation. This was likely accounted
for, at least in part, by higher numbers of marginal zone B cells in Maf*®
mice, given that MZB cells are hyper-responsive to LPS*. However, an
increase in PB generation was also observed in vitro with total splenic B
cells in the presence of T-cell derived signals (CD40L, IL-4 and IL-5)
(Fig. 2) indicating that Maf generally restrains PB differentiation in a
B-cell intrinsic manner. The PB increase in Maf*® mice was not due to
changes in Blimpl expression, but rather appeared to be related to the
regulation of B-cell proliferation. Based on BrdU incorporation data,
Maf was observed to regulate the proliferation of antigen specific PBs,
but not that of activated B cells. Interestingly, a B cell-restricted dele-
tion of Maf did not increase B cell proliferation generally in all B cells
in vitro, but only increased proliferation in differentiated PBs. Indeed,
newly generated Maf-deficient PBs displayed increased BrdU/EdU
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Fig. 8 | Pathway analysis uncovers distinct expression dynamics of OXPHOS
metabolism in Maf-deficient GC and PB clusters. a, b Volcano plot of upregu-
lated or downregulated genes in Maf*® B cells relative to control B cells in
indicated clusters. The red color identifies genes with a fold change >1.2 and
a p.value < 0.05. ¢, d GSEA analysis using ranked genes list of Differential
expressed genes (DEG) from the dark zone (DZ; Clusters 16, DZ1 and 12, DZ2)
and light zone (LZ; Clusters 7, LZ1 and 10, LZ2). e Violin plots of the dis-
tribution of Myc expression in cluster 7 (LZ1) of CD19%"** (Control, red, N=2)
and Maf*® (KO, green, N=2) B cells. f Percentages (left, p=0.02) and MFI
(right, p=0.03) of Myc expressing cells among LZ antigen-specific GC B

Control_12
Control_16

3

cells of indicated mice (gated as NP*CD86'CXCR4'°*CD38'°"Fas*) assessed by
flow cytometry. g Violin plots of the distribution of OXPHOS, glycolysis and
Fatty acid Beta oxidation signature scores in GC clusters (C7: LZ1, C10:

LZ2, C12: DZ2 and C16: DZ1) of CD19“** (Control) and Maf*® (KO) B cells.

f Statistical analysis: unpaired two-tailed Mann-Whitney tests. *p < 0.05, ns
not significant or ANOVA test using Tukey’s correction for multiple com-
parisons. DEG were calculated using Wilcoxon Rank Sum Test with Benjamini-
Hochberg (BH) procedure to adjust p-values. Source data are provided as a
Source Data file.

incorporation in vivo, suggesting that Maf does not control cell cycle
entry but rather the maintenance and amplification of the cell cycle.
Recent studies have underlined that the control of B-cell differentia-
tion into antibody producing cells is linked to cellular proliferation.
After initial antigen activation, B cells rapidly proliferate and initiate
transcriptional and epigenetic molecular changes® resulting in chan-
ges in chromatin accessibility in motifs related to essential plasma cell
regulators such as IRF4, E2A and c-Rel”. The limited impact of Maf
deletion on the proliferation of activated B cells between day 3 and day
5 after immunization confirmed that Maf is not involved in the initia-
tion of the proliferation but instead participates in the amplification of

PB growth. Along with increased PB numbers, a major consequence of
Maf deletion in B cells was the enhancement of cell proliferation within
the GC resulting in alteration of the DZ/LZ ratio. This was significant at
the early stage of the response (day 5), reaching its maximum by day 7
and persisting until day 12 after the immunization. These results sug-
gest that Maf expression in B cells regulates initial events of the GC
reaction and then either becomes dispensable or redundant in more
mature GCs. The increased B cell proliferation in the GC directly
translated into a boost in post-GC PB generation as shown by the
increased number of NP-specific Bcl6' Irf4* cells®. Furthermore, our
transcriptional analysis has revealed that Maf*® PBs upregulate an
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important coactivator of PB differentiation, the positive activator PC4
(encoded by Subl). Subi-deficient B cells exhibit defective plasma cell
differentiation upon antigen stimulation, and PC4 reciprocally
increases IKAROS and IRF4 protein levels to promote cell survival and
plasma cell differentiation®>. Hence, Maf potentially represses PB dif-
ferentiation by modulating the PC4/IRF4/IKAROS network.

The control of cell proliferation in the GC represents one of the
critical mechanisms governing GC dynamics and output®. By
restraining B-cell proliferation in the DZ, we hypothesize that Maf
reduces the speed of cell cycle transition between DZ and LZ and the
recirculation of cells between the two sites. Without Maf, this transi-
tion phase increases, accelerating the exit of B cells into PBs with
minimal effects on memory B cell generation. Published data support
that quiescence versus proliferative status may dictate the outcome of
precursor GC into PB vs memory B cells as a strict alternative
pathway***. In our study, the increase in PB precursors in the GC of
Maf*® mice did not lead to a decrease in the generation of memory B
cells, at least at a flow cytometric level, suggesting that these pathways
either originate from independent pools of B cells, or develop asyn-
chronously during the GC reaction®®®. Although the overall lambda*
(i.e., NP-specific) memory B cell population was similar in immunized
Maf*® and WT mice, the slight increase in lambda‘'lgG'CD80 PDL2"
cells and lambda‘*lgM*CD80PDL2" cells suggests that Maf-deficient B
cells may be capable of generating more GCs upon re-immunization®,
though this remains to be tested.

Recent studies have demonstrated that the transcription factor
Nr4al/Nur77 restrains proliferation of activated B cells and that its
expression can be used as a surrogate of BCR signaling®>®. Our
scRNAseq data show that Maf*® LZ cells express significantly higher
amounts of Nr4al mRNA, suggesting that deletion of Maf enhances the
intensity of the BCR-signaling cascade. Interestingly, IgM-stimulated
Nr4al KO B cells display upregulation of Maf expression®, suggesting a
negative feedback regulation exists between the two TFs. Further-
more, similar to what observed in Nr4al KO B cells, Myc expression is
upregulated in Maf KO LZ cells, emphasizing this regulatory circuit.
Myc is a master regulator of metabolism, essential for the formation of
GCs and their maintenance, and Myc" cells preferentially localize in the
LZ**%, The increase in Myc expression in Maf KO LZ cells correlates
with the increase in Myc-targeted genes involved in cell proliferation
(BircS, Mki67, Ccnbl, Cks2, Hmgn2, Ube2s, etc.)°°. Myc expression is
directly proportional to the number of cell divisions in the DZ but also
to antigen capture and T-cell interaction in the LZ*°. The observed Myc
overexpression in Maf-deficient LZ B cells could either be a con-
sequence of heightened cell proliferation within the GC, or a direct
inhibition by Maf. Considering the latter hypothesis, the deletion of
Maf would thereby confer an intrinsically competitive advantage over
extracellular signals that control Myc expression (strength of the Tfh
signal and cytokine signaling). The upregulation of /cosl and Syk in GC
KO cells (in cluster 16) supports this hypothesis.

Our single-cell analysis revealed that Maf regulates numerous
metabolic activities during the GC reaction, stressing the link between
Maf and Myc in regulating GC biology. Myc regulates glycolysis, oxi-
dative stress and glutaminolysis®’, which are required to ensure the
high energetic demand of GC B cells®®**°. The specialized environment
of the GC’*” first thought to promote aerobic glycolysis, was recently
demonstrated to depend on oxidative phosphorylation (OXPHOS),
which engages both mitochondria and peroxisome®. This process
promotes B-cell clonal expansion, affinity maturation and positive
selection®. Maf KO GC cells display a specific enrichment in genes
involved in oxidative phosphorylation respiratory chain complex, and
electron transfer activity (Nd6, Atp5g3, AtpSd, Cox7a, Cox7b, Cytb)
suggesting that Maf negatively regulate OXPHOS activity to restrain
B-cell proliferation and could therefore also modulate BCR affinity.
However, although affinity maturation of anti-NP IgG1 was delayed at
day 7 in the absence of Maf, it ultimately reached the same level of

control B cells, indicating that Maf has no major impact on BCR
maturation. Interestingly high ROS (reactive oxygen species) produc-
tion was linked to increase in Myc activity” and required for pro-
liferation in response to BCR stimulation>. Recent data have shown
that sustained production of ROS leading to mitochondrial dysfunc-
tion can increase apoptosis in the GC™. Although Maf deletion sig-
nificantly modifies ROS production, mitochondrial potential appears
unaffected, suggesting that this modulation does not lead to a severe
mitochondrial defect. This observation is supported by the lack of
differences in the proportion of caspase-3-positive cells in the GC.
However, there seems to be a feedback mechanism at play, as the
initial increase in GC proliferation normalizes after 14 days. This may
suggest the existence of compensatory mechanisms from the other
member of the MAF transcription factor family such as MafA, MafB, or
Mafk, whose association with GC regulation has been demonstrated’.

IgM and IgGl antibody responses were significantly higher in
Maf*® mice 7 days after T cell-dependent immunization, but these
normalized by day 28. We attribute this finding to a decreased number
of antigen-specific PCs in Maf*® mice. The fact that Maf-deficient mice
exhibit lower numbers of antigen-specific PCs suggests that Maf has a
positive regulatory role in the generation and/or maintenance of long-
lived plasma cells. This observation agrees with the report that Maf
promotes cyclin D2 and integrin beta7 expression in myeloma cells,
enhancing their proliferation and survival’>’¢. Thus, it appears that Maf
inhibits PBs generation while it promotes plasma cell development.
These findings are intriguing because many chronic viral infections
associate with short-term PBs and antibody development to the
expense of generating long-lived plasma cells that produce more
effective and neutralizing antibodies’””,

Methods

Mice

All mice were bred and maintained in a specific pathogen-free facility
at the University of Colorado AMC Vivarium (Aurora, CO) and used for
experiments (both females and males in approximately equal num-
bers) between 7 and 12 wks of age. All animal procedures were
approved by the University of Colorado Denver Institutional Animal
Care and Use Committee. The mice were euthanized by cervical dis-
location following CO2 exposure. CD19-Cre and loxP-flanked (Maf™*¥)
mice on a C57BL/6) genetic background have been previously
described'*". Identification of the Maf™, Maf*, and Maf® alleles was
accomplished by PCR on tail genomic DNA using primers MAF forward
ATGATCAGGCTCAGGCTTAAA, MAF reverse 1 CGCACCCTGA-
CAACGTG, and MAF reverse 2 CTGGGAAACACAGCAAGCTC that
generate PCR fragments 547 bp, 417 bp, and 654 bp, respectively. Mice
homozygous for the Maf"™ allele and carrying the CDI9™ allele,
referred to as Maf*®, were generated at the University of Colorado
Anschutz Medical Campus (AMC). Maf*® mice were born at the
expected mendelian ratio with no obvious abnormalities. CD19-Cre
heterozygote mice were used as wild-type controls.

Immunizations

Mice were immunized i.p. with 100 ug NP3¢.39 (4-Hydroxy-3-nitrophe-
nylacetic) hapten conjugated to CGG (Chicken Gamma Globulin) for T
cell-dependent responses, or with 5 ug NP3, conjugated to Ficoll (both
from Biosearch Technologies) in the presence or not of 100ug
poly(I:C) (polyinosinic-polycytidylic acid; InvivoGen) for TI-2 T cell-
independent responses. For TI-1 T cell-independent responses, mice
were immunized i.p. with 75 pg of LPS (O111:B4 from E. coli, Invivogen).

RNA extraction and quantitative PCR

B cells were isolated using a Pan B cell isolation kit (Miltenyi Biotec)
and an AutoMACS (Miltenyi Biotec) according to the manufacturer’s
instructions with a purity of >97% based on CD19 and B220 staining.
Total RNA was purified using RNAeasy micro-kit (Qiagen) with DNA
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removing, and cDNA was synthesized using the SuperScript Ill First-
Strand Synthesis system (Invitrogen). Murine Maf cDNAs were ampli-
fied using Applied Biosystems TagMan primer and probe sets
(MmO02581355 s1) purchased from Thermo Fisher Scientific. Differ-
ences in specific mRNA levels were determined using the deltaCT
method normalized to murine 18 s (Mm03928990_gl1, AB TagMan). All
samples were run in triplicate using the QuantStudio 7 Flex Real-Time
PCR System (Thermo Fisher Scientific).

Cell isolation and cell culture

Organs (bone marrow and spleens) were harvested from euthanized
mice. Bone marrow cells were extracted from femurs and shinbones.
Single-cell suspensions were incubated for 3 min in ACK lysis buffer
(0.15M NH4CI, 0.01M KHCO3, and 0.1mM EDTA, pH 7.2-7.4) to
remove erythrocytes. For cell culture, B cells were enriched by nega-
tive selection using the Pan B cell isolation kit (Miltenyi Biotec) and an
AutoMACS (Miltenyi Biotec) according to the manufacturer’s instruc-
tions. B cell purity was consistently >97% based on CD19 and
B220 staining. Enriched splenic B cells were cultured at 1 x10° cells/ml
at 37°C, with 5% CO,, in complete RPMI-1640 media supplemented
with 5% FBS, 1% GlutaMAX, 1% penicillin-streptomycin, 1% nonessential
amino acids, and 0.1 M 2-ME for times indicated in the figure legends.
For in vitro plasma cell differentiation, splenic B cells were cultured in
complete media in the presence of LPS-EB (from E. coli Ol11:B4,
SIGMA) at 10 pg/mL, or anti-CD40 (produced in house, clone 1 C:10) at
1 pg/mL together with recombinant mouse IL-4 (20 ng/mL; Preprotech)
and recombinant mouse IL-5 (10 ng/mL; Preprotech) for 4 days. For
in vitro cell proliferation assays, splenic B cells were labeled using
CellTraceYellow proliferation kit (ThermoFisher) according to manu-
facturer’s instructions. Isolated B cells were incubated in complete
RPMI-1640 media in the presence of polyclonal anti-IgM Ab (Jackson
Laboratories) at 10 uyg/mL, LPS-EB or anti-CD40 with recombinant
mouse IL-4 and IL-5 for 4 days.

B-cell phenotyping by spectral flow cytometry

B cell Ab cocktail panels contained combinations of antibodies listed in
Supplementary Table 1. NP staining was realized using NP-PE (NIP-CAP-
OSu, Biosearch Technologies Cat. N-1110-100 at 1:200 dilution). Prior
to staining with Ab cocktails, splenocytes were incubated with the Fc
shield anti-mouse CD16/CD32 (clone 2.4G2, Tonbo) Ab and Zombie UV
viability dye (1:2000, Biolegend) for 15min on ice in PBS. All flow
cytometry staining was then performed with 2-4 x 10 splenocytes in
PBS containing 1% BSA. For intracellular staining, cells were fixed using
Transcription Factor Staining Buffer Set (BD Biosciences) according to
the manufacturer’s instructions. All flow cytometry data were acquired
on the Cytek Aurora and the data were analyzed using FlowJo software
(v10.7.1). Splenocytes were used for single color reference controls,
except where the use of Ultra Comp eBeads (Invitrogen) was
necessary.

In vivo EdU and BrdU assays

Mice were immunized i.p. with 100 pug of NP-CGG in alum. On day 3
post immunization, mice were injected i.p. with 100 pL of 10 mg/mL 5-
ethynyl-2-deoxyuridine (EdU, Invitrogen, Cat. A10044) in PBS and
2 days later, at day 5, with 200 uL of 10 mg/mL 5-bromo-2’-deoxyur-
idine (BrdU, BD Biosciences, Cat. 559619) in PBS. One hour later, mice
were euthanized, spleens harvested, and single-cell suspensions made.
Cell staining was performed as described in ref. 28 with slight mod-
ifications. Briefly, 2 x 107 splenocytes resuspended in PBS/1% BSA were
first incubated with the Fc blocker anti-CD16/32 antibody, followed by
staining with PNA-FITC and anti- CD138-BV421, I1gGl1-PerCP5.5, CD19-
BV510, CXCR4-BUV661, B220-BV711, and CD86-BUV563 antibodies
(Supplementary Table 1). After washing with PBS/1% BSA, cells were
fixed by incubating for 15 min on ice with BD cytofix/cytoperm (BD
Biosciences, Cat. 554722). After washing with 2 mL BD Perm/Wash (BD

Biosciences, Cat. 554723), cells were incubated in 150 uL permeabili-
zation buffer plus (BD Biosciences, Cat. 561651) on ice for 10 min fol-
lowed by wash, and 5min fixation with 150 uL Cytofix/Cytoperm
followed by another wash. For DNA digestion, cells were incubated at
37°Cfor1hinasolution of DNase I at 300 ug/mL in PBS. After washing
with Perm/Wash, cells were resuspended in EdU Click-iT reaction
mixture (Click-iT Plus EAU Alexa 350 Flow Cytometry Assay Kit,
Thermo Fisher) and incubated for 20 min at room temperature. After
washing, cells were resuspended in Perm/Wash buffer containing anti-
CD16/32 antibody, PE-conjugated NP (Bioresearch), anti-CD95-PE-Cy7
(clone, SA367H8, Biolegend), and anti-BrdU-APC (APC BrdU Flow Kit,
BD Biosciences, Cat. 557892) and incubated for 30 min at room tem-
perature. After washing, cells were resuspended in PBS for flow cyto-
metric analysis. Cell staining for EdU in the absence of BrdU staining
was performed in accordance to the manufactures protocol (Click-iT
Plus EdU Alexa 350 Flow Cytometry Assay Kit, Thermo Fisher) after
staining with PNA-FITC and for surface markers with anti- CD138-
Bv421, CD38-BUV737, IgGl-PerCP5.5, CD19-BV510, CXCR4-BV71l1,
B220-AF700, CD86-APC/Cy7, CD95-PE-Cy7, and lambda-APC (Supple-
mentary Table S1). Before cell acquisition on the flow cytometer, 20 uL
of 7AAD solution (BD Biosciences) was added to the samples to analyze
for DNA content. Mitochondrial function was assessed using Mito-
Tracker Deep Red (20 nM) and MitoSox (5uM) from ThermoFisher
following the manufacturer’s instructions. Briefly, 1x 10° harvested
cells were stained with MitoTracker Deep Red and MitoSox for the
evaluation of mitochondrial membrane potential and ROS production,
respectively, for 30 min at 37° followed by surface staining for 20 min
at 4°C. Then, cells were washed with PBS and analyzed by flow
cytometry.

Measurement of NP-specific antibody by ELISA

To measure NP-specific serum antibody responses, 96-well flat-bottom
MaxiSorp MicroWell plates (Thermo Fisher Scientific) were coated
overnight with 2 ug/mL NP;s-BSA (4-Hydroxy-3-iodo-5-nitrophenyla-
cetyl, Biosearch Technologies) in PBS at 4 °C. Plates were washed once
(with PBS, 0.1% Tween 20; Thermo Fisher Scientific), blocked (with
PBS, 1% BSA) for 2 h at 37 °C, and washed once again. For capture of
antigen-specific antibodies, sera were initially diluted 1:20 or 1:100 and
subsequent threefold serial dilutions were made into blocking buffer,
and plates were incubated overnight at 4 °C. Plates were washed three
times before incubation with an alkaline phosphatase (AP)-conjugated
goat anti-mouse isotype-specific detection antibody (South-
ernBiotech) for 1 h at 37 °C. After three washes, plates were developed
by the addition of alkaline phosphatase substrate buffer consisting of
1 mg/mL 4-nitrophenyl phosphate disodium salt hexahydrate (Alkaline
Phosphatase Substrate; Sigma-Aldrich) diluted in 1 M diethanolamine,
8.4 mM MgCl2, and 0.02% NaN3, pH 9.8, and absorbance values read at
405 nm (VersaMax ELISA reader; MDS Analytical Technologies). The
following NP-specific mouse mAbs (described in ref. 27) were used as
standards to quantify the absolute concentration of NP-specific anti-
body present in the sera of immunized mice: B1-8p (NP-specific IgM),
$24/63/63 (NP-specific 1gG3), N1G9 (NP-specific 1gGl), S43-10 (NP-
specific 1gG2c), and D3-13F1 (NP-specific IgG2b). For affinity matura-
tion measurements, plates were coated with either NP ,~BSA or
NP35-BSA capture antigens (Biosearch Technologies) diluted at 2 ug/
ml. The ratio of high-affinity antibodies bound to NP,~BSA relative to
the total of both high- and low-affinity antibodies bound to NP3s-BSA
was calculated as previously described”.

Serum immunoglobulin isotype-specific ELISAs

Immunoglobulin (Ig) levels in serum were determined by an isotype-
specific enzyme-linked immunosorbent assay (ELISA). Briefly, ELISA
plates were coated with antibodies against mouse Igs (Southern Bio-
technology Associates, Inc). A standard curve was generated by using
affinity-purified monoclonal antibodies against mouse IgM, IgGl,
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IgG2b, IgG3, and IgG2a/c (Southern Biotechnology Associates, Inc.).
The Ig concentration for each individual sample was determined by
comparing the mean optical density values from duplicate wells to the
standard curve.

Flow cytometric analysis of cell proliferation

Cell proliferation was analyzed by dye dilution using CellTrace Yellow
(Thermo Fisher Scientific) according to manufacturer’ instructions.
Briefly, prior culture, cells were incubated with CellTrace Yellow at
1:500 dilution 20 minutes at 37 °C, then centrifuged in pre-warmed
complete culture medium before incubation. After culture, flow
cytometry data were acquired on the Cytek Aurora©, and the data
were analyzed using the Flowjo'proliferation tool. The “generation 0”
peak was set using non-stimulated control cells and represents the
undivided cells. The proliferation Index is the total number of divisions
divided by the number of cells that went into division taking of account
only responding cells. The division Index is the average number of cell
divisions in the whole population, including cells which didn’t divided
during the assay (generation 0).

Single cell RNA sequencing and data processing

Control and Maf*® mice (2 mice per genotype) were immunized i.p.
with 100 ug NP-CGG in alum. On day 7, cells from the spleens were
harvested and B cells were isolated using the Pan B cell isolation kit
(Miltenyi Biotec) and an AutoMACS (Miltenyi Biotec) according to
the manufacturer’s instructions. B cell purity was >97%. Freshly
isolated B cells were loaded into the 10x Genomics instrument and
libraries were created using the Single Cell Expression v3.1 (Dual
Index) kit (10x Genomics) according to the manufacturer’s
instructions. FASTQ files were aligned to the mouse mm1IO refer-
ence genome using 10x Genomics Cell Ranger software v5.0.1 to
create unique molecular identifier count tables of gene expression
for each sample. Unique molecular identifier counts were normal-
ized by library size. The UMI count matrix was converted to Seurat
objects using R package Seurat (v.4.0.3). Data was cleaned by
removing cells with less than 200 genes or more than 10% of UMIs
mapped to mitochondrial genes. SCTransform version2 function
was used to normalize the dataset” and Uniform Manifold
Approximation and Projection (UMAP) was used to reduce dimen-
sions. Analysis of GO terms enriched in clusters was done using
Enrichr or shinyGO®, http://bioinformatics.sdstate.edu/go/). Dif-
ferentiation trajectories were fitted with Slingshot package (version
1.6.1). Differential expressed genes (DEG) were calculated between
clusters using the FindMarkers function with a fold change (FC) > 1.2
and a p.value < 0.05. Gene set enrichment analysis (GSEA) was per-
formed using ranked gene list of DEG (based on their fold change)
between clusters. These lists were processed with the GSEA soft-
ware from the Broad Institute® comparing to the mouse genes set
collections (M2, M3, M5 and M8). We applied Topic modeling and
Gene signatures score as described in 34031613 using the FitGoM
function from the R package CountClust (v.1.12.0), with the number
of topics set to 16 and the tolerance value set to 0.5. Genes sig-
natures list used in this study is detailed in Supplementary Data 1.
The data have been deposited with links to BioProject accession
number PRJNA1002849 in the NCBI BioProject database (https://
www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1002849)

Statistics and data visualization

Data were analyzed using GraphPad Prism software. Statistical sig-
nificance was determined with the nonparametric Mann-Whitney test
or a ANOVA test using Tukey’s correction or Fisher’s Least Significant
Difference (LSD) test for multiple comparisons. The level of sig-
nificance was established as follows: *p < 0.05; **p < 0.01; **p < 0.001;
##p<0.0001; ns, not significant (P>0.05). Data in graphs are

represented as means + SEM. The mouse used in Figs. 4a, 5a, Supple-
mentary Fig. 3d, e were Created with BioRender.com released under a
Creative Commons Attribution-Noncommercial 4.0 International.

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

Data availability

The data that support the findings of this study are available from the
first and the senior authors upon request: sophie.hillion@univ-brest.fr,
Roberta.Pelanda@cuanschutz.edu. The data generated in this study
are provided in the Supplementary Information/Source Data file pro-
vided with this paper. Single cell RNAseq data have been deposited
with links to BioProject accession number PRINA1002849 in the NCBI
BioProject database (https://ngdc.cncb.ac.cn/bioproject/browse/
insdc/PRJNA1002849). Source data are provided with this paper.
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