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Figure EV1. T-cell-specific deletion of the Nr4a2 gene abrogates systemic autoimmunity in BXSB mice.

A
B-G

Inguinal lymph nodes from 16-week-old male BXSB.Yaa or BXSB.Yaa Nr4a2 cKO mice were photographed.

Spleens from male and female mice were disrupted and cell numbers were counted by flow cytometry: TcRb™ T cells (B, left), CD19" B cells (B, center), and scatter
gated CD45'CD19 TcR™ NK1.1~ monocytes (B, right). Non-T and -B cells from male mice were further fractionated by staining with CD11b, CD11c, Ly6G, Ly6C, as
well as NK1.1 (C). CD45"CD11b"Ly6G-Ly6C" cells (Ly6G-Ly6C") and CD45'CD11c” (dendritic cells) were also assessed from male and female mice (D). Germinal cen-
ter B cell (CD19'B220" FASGL7", GC B cells) numbers per spleen were also assessed: representative flow cytometry staining is shown (E, left), GC cell numbers for
individual mice (E, Right) and GC B cells and CD19"B220*CD21CD23" marginal zone (MZ) B cells measured as a proportion of total CD19" B cells (F). B cell activa-
tion as measured by CD69 flow cytometry in total CD45'TcR~CD19" B cells (CD19") and CD45 TcR~CD19"GL7" B cells (GL7*), representative flow cytometry staining
is shown (G, left), CD69" cell populations as a percentage of parent cells (G, center), and CD69 mean fluorescent intensity (MFI) of cell populations (G, right). n = 4—
8 mice per group and data represent 3-6 similar experiments. Error bars represent SEM for individual mice; n = 4-7; *P < 0.05, **P < 0.01, ***P < 0.001,

****p < 0.0001 unpaired two-tailed Student’s t-test with Welch’s correction. Data are representative of at least 10 independent experiments with 4-10 per group.
Serum concentrations of antibodies (Y-axis) was compared with spleen weight (X-axis) from 16-week-old male BXSB.Yaa and male BXSB.Yaa Nr4a2 cKO mice; for
total 1gG (left), IgG2a (center), and ANA (right). n = 8 mice per group; linear Spearman R correlation test; regression analysis (solid line) shown with 95% confidence
intervals (dotted lines).

IgG serum antibody binding to PAGE-resolved proteins isolated from 11 tissues from 16-week-old male BXSB.Yaa mice. Tissues are as follows: 1: salivary glands, 2:
liver, 3: lung, 4: heart, 5: stomach, 6: kidney, 7: musele, 8: brain, 9: spinal cord, 10: small intestine, 11: large intestine.
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Figure EV2. Rapid expansion of diverse Th cell subsets in BXSB mice is NR4A2 dependent.

A-E Spleen cell suspensions from 8- to 20-week-old male and 16-week-old female BXSB.Yaa and BXSB.Yaa Nr4a2 cKO mice were evaluated for populations within
TcRB'CD4" Th cells by cell number per spleen and proportion among Th cells for Tph (PD-1"CXCR5™) cells (A) and Tfh (PD- 1°CXCR5") cells (B). Data are representa-
tive of at least 4-10 independent experiments with 4-10 mice per group; error bars, mean with SEM; *P < 0.05, ***P < 0.001, ***P < 0.001 two-way ANOVA with
Bonferroni’s multiple-comparison test. For individual mouse, serum 1gG2a, ANA, 1gG1, and 1gG2b level was compared with subset percentage in splenic Th cells for
Tph cells (C) and Tfh cells (D). Linear regression lines shown with 95% Cl; statistical testing by Spearman R test indicated; n = 8 per group across 2 independent
experiments. For 16-week-old male mice, Th cell subset proportions in spleens (X-axis) were compared with subset proportion in blood (Y-axis) among whole Th
cells for Tph cells (E, left) and Tth cells (E, right). n = 4; Spearman R correlation test; linear regression analysis lines shown with 95% confidence intervals.

F, G Splenic Th cells from 16-week-old male BXSB.Yaa and BXSB.Yaa Nr4a2 cKO mice purified by flow cytometric cell sorting into PD-1~, PD-1*CXCR5™ (Tph), and PD-
1°CXCRS" (Tfh) cells and gene transcription for il21 (F); **P < 0.01 two way ANOVA with Bonferroni’s multiple-comparison test, and bcl6, blimp1, and maf (G) were
assessed by real-time qPCR. Relative transcript levels were normalized to PD-1" cells (PD-1" cells were accorded level 1.0, indicated by dotted lines), n = 4 mice
per group; error bars, mean with SEM; data are representative of at least three similar experiments.
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Figure EV3. Foxp3™ non-Treg Th cells subset expanded in diseased male BXSB.Yaa mice shares markers with Foxp3" Treg cells.

A B

Single-cell suspensions from spleens of male BXSB.Yaa or male BXSB.Yaa Nr4a2 cKO mice aged 18 weeks were stained with surface antibodies against TcRf, CD3,
PD-1, and GITR before intracellular staining with anti-Foxp3. Foxp3 staining was used to select Foxp3~ conventional Th cells and GITR/PD-1 levels were assessed.
Representative staining is shown (A) with the percentage of conventional PD-1~GITR'® and PD-1*GITR™ Th cells shown for Foxp3~ cells (B).***P < 0.001; Two-way
ANOVA with Bonferroni’s multiple comparisons test; n = 3-5 mice per group; error bars are SEM. These data are representative of three independent experiments.
Single -ell suspensions from spleens of wild-type C57BL/6 or Nr4a2 cKO C57BL/6 mice aged 24 weeks were stained and examined by flow cytometry and Foxp3 was
used to gate T cells into Foxp3" and Foxp3™. GITR vs. PD-1 expression in CD4 TcRB" T cells is shown for Foxp3™ and Foxp3" These data are representative of three
independent experiments (n = 2-4 mice per group);

Single-cell suspensions from spleens of wild-type C57BL/6 or Nr4a2 cKO C57BL/6 aged 24 weeks or male BXSB.Yaa or male BXSB.Yaa Nr4a2 cKO aged either 8

orl8 weeks were stained with surface antibodies against, TcRB, CD3, PD-1, and GITR, before intracellular staining with anti-Foxp3. Foxp3 staining was used to select
conventional Th cells and Treg cells. The percentage PD-1GITR™ Th cells is shown for Foxp3~ conventional Th cells and Foxp3" Treg cells. n = 4-6 mice per group
error bars, mean with SEM; ****P < 0,0001 two-way ANOVA with Bonferroni’s multiple-comparison test.
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Figure EV4.
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NRP1 expression identifies a Nr4a2-dependent self-reactive Th cell subset expanded in SLE.

Spleens from wild-type C57BL/6 mice were stained for NRP1 and PD-1 among TcRB CD4 Foxp3™ T cells and TcRB"CD4 Foxp3™ T cells for flow cytometry. Represen-
tative staining from 12-week-old mice and proportions of NRP1/PD-1 subsets from mice aged 7, 12, and over 24 weeks old are shown (A), n = 3-8 per representa-
tive of least two independent litters; error bars, mean with SD.

TcR repertoires were analyzed among NRP1"PD1" and NRP1 PD-1" -sorted Th subsets from 16-week-old male BXSB.Yaa and BXSB.Yaa Nr4a2 cKO mice. Repertoire
diversity was indicated by Shannon index (B) and by calculating the cumulative proportion of the total TcR sequence reads against decreasingly common unique
sequences to show distribution skewing (C) and the number of reads for clones with self-reactivity promoting TcRs was calculated for the top 1,000 clones (D).
CD5 expression was measured by flow cytometry among Foxp3™ Th subsets from male BXSB.Yaa and BXSB.Yaa Nr4a2 cKO mice aged 18 weeks. CD5 MFI is shown
for the whole Foxp3~CD4" T cells, and NRP1'PD1" and NRP1 PD-1" subsets of Foxp3~ Th cells; n = 5 mice per group, error bars show SEM, *P < 0.05,

****p < 0.0001 two-way ANOVA with Bonferroni’s multiple-comparison test; data are representative of at least three independent experiments.

Foxp3~CD4'TcRB" splenocytes from 18-week-old Male BXSB.Yaa and BXSB.Yaa Nr4a2 cKO mice divided into NRP1*PD-1" and NRP1 PD-1" subsets were assessed
for proportions of Tph (left) and Tfh (right) cells based on CXCR5/PD-1 flow cytometry; n = 5 mice per group; data are representative of three independent experi-
ments; error bars show SEM; ****p < 0.0001, ***P < 0.001, *P < 0.05, two-way ANOVA with Bonferroni’s multiple-comparison test.

Splenocytes from 20-week-old female MRL or MRL.LPR mice were stained for flow cytometry and NRP1 and PD-1 expression was measured for TcRB'CD4~CD8™
cells. Data are representative of five individual mice per group.

EAE was induced in male C57BL/6 Foxp3"®2 reporter mice. On day 17 peak disease, splenocytes and CNS-infiltrating T cells were isolated and stained for flow
cytometry. Representative FACS staining shown for NRP1 versus Foxp3 reporter for CD45°CD11b TcRb* Th cells (H) and for CXCRS and PD-1 for Foxp3~ or Foxp3"™
NRP1°CD45°CD11b~TcRb" CNS Th cells (I). Pools of three mice were combined and NRP1" and NRP1~ Foxp3™~ Th cells were purified by FACS sorting. Non-T-cell
fractions were irradiated and used as APC. Th cells and APC were co-cultured in the presence or absence of 100 pg/ml MOG or 2 pg/ml anti-CD3. After 96 h, super-
natants were collected and cytokine concentrations were measured by ELISA (J). Error bars, SD ****P < 0.0001, **P < 0.01, *P < 0.05 two-way ANOVA analysis with
Bonferroni’s multiple-comparison test. Points show triplicates for two pools of three individual mice. Data are representative of at least two independent experi-
ments with six mice per experiment.
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Figure EV5. NRP1/PD-1-expressing Th cells are pathogenic.

A-C Groups of male BXSB.Yaa Nr4a2 cKO mice aged 18 weeks received either NRP1"PD-1" CD4" Foxp3™ T cells or NRP1™PD-1~ CD4" Foxp3™ T cells from 20-week-old
donor Male Foxp3"©®? x BXSB.Yaa mice. Four weeks after transfer, spleen cells were analyzed by flow cytometry for PD-1" T cells among Foxp3~CD4" Th cells (4),
*P < 0.05 two-tailed unpaired Student’s t-test. NRP1"PD-1" cells among Foxp3~CD4" Th cells (B), *P < 0.05 two-tailed Mann-Whitney U test, and GL7" GC B cells
and CD21°CD23™ marginal zone B cells (C), **P < 0.01 two-tailed unpaired Student’s t-test. n = 5 mice per group; bars show mean with SD; data are representative

of two independent experiments.

© 2022 The Authors EMBO Molecular Medicine e15864|2022  EV5



	 Abstract
	 Intro�duc�tion
	 Results
	 T-cell-speci�fic dele�tion of the Nr4a2 gene abro�gates sys�temic autoim�mu�nity in BXSB.Yaa mice
	 Rapid expan�sion of diverse Th cell sub�sets in male BXSB.Yaa mice is NR4A2 depen�dent
	 Humoral responses against exoge�nous anti�gens are inde�pen�dent of NR4A2
	 Self-re�ac�tive T cell pool is asso�ci�ated with NR4A2-de�pen�dent Th cells
	 Disease-as�so�ci�ated PD-1+ Th cells share mark�ers with reg�u�la�tory T cells
	 NRP1 co-ex�pres�sion with PD-1 iden�ti�fies a Th cell sub�set that cor�re�lates with SLE-like BXSB.YAA autoim�mune dis�ease
	 NRP1-ex�press�ing con�ven�tional Th cells are expanded in a range of SLE mouse mod�els
	 NRP1/PD-1-ex�press�ing Th cells are pathogenic
	 Ther�a�peu�tic inter�ven�tion tar�get�ing NRP1 ame�lio�rates sys�temic autoim�mu�nity
	 NRP1-ex�press�ing Th cells are upreg�u�lated in human SLE patients

	 Dis�cus�sion
	 Mate�ri�als and Meth�ods
	 Study design
	 Human sub�jects
	 Mice
	 Cell iso�la�tion, stain�ing, and purifi�ca�tion
	 Assess�ment of cell func�tion
	 Real-time qPCR
	 His�tol�ogy
	 Flu�o�res�cence microscopy
	 Immunoblot�ting
	 Unbi�ased ampli�fi�ca�tion of TCR genes, sequenc�ing, and data anal�y�sis
	 Sta�tis�ti�cal anal�y�sis

	 Data avail�abil�ity
	 Acknowl�edg�ments
	 Author contri�bu�tions
	 Disclosure and competing inter�ests state�ment
	 For more infor�ma�tion
	 Ref�er�ences
	emmm202215864-bib-0001
	emmm202215864-bib-0002
	emmm202215864-bib-0003
	emmm202215864-bib-0004
	emmm202215864-bib-0005
	emmm202215864-bib-0006
	emmm202215864-bib-0007
	emmm202215864-bib-0008
	emmm202215864-bib-0009
	emmm202215864-bib-0010
	emmm202215864-bib-0011
	emmm202215864-bib-0012
	emmm202215864-bib-0013
	emmm202215864-bib-0014
	emmm202215864-bib-0015
	emmm202215864-bib-0016
	emmm202215864-bib-0017
	emmm202215864-bib-0018
	emmm202215864-bib-0019
	emmm202215864-bib-0020
	emmm202215864-bib-0021
	emmm202215864-bib-0022
	emmm202215864-bib-0023
	emmm202215864-bib-0024
	emmm202215864-bib-0025
	emmm202215864-bib-0026
	emmm202215864-bib-0027
	emmm202215864-bib-0028
	emmm202215864-bib-0029
	emmm202215864-bib-0030
	emmm202215864-bib-0031
	emmm202215864-bib-0032
	emmm202215864-bib-0033
	emmm202215864-bib-0034
	emmm202215864-bib-0035
	emmm202215864-bib-0036
	emmm202215864-bib-0037
	emmm202215864-bib-0038
	emmm202215864-bib-0039
	emmm202215864-bib-0040
	emmm202215864-bib-0041
	emmm202215864-bib-0042
	emmm202215864-bib-0043
	emmm202215864-bib-0044
	emmm202215864-bib-0045
	emmm202215864-bib-0046
	emmm202215864-bib-0047
	emmm202215864-bib-0048
	emmm202215864-bib-0049
	emmm202215864-bib-0050
	emmm202215864-bib-0051
	emmm202215864-bib-0052
	emmm202215864-bib-0053
	emmm202215864-bib-0054
	emmm202215864-bib-0055
	emmm202215864-bib-0056
	emmm202215864-bib-0057
	emmm202215864-bib-0058
	emmm202215864-bib-0059
	emmm202215864-bib-0060
	emmm202215864-bib-0061
	emmm202215864-bib-0062
	emmm202215864-bib-0063
	emmm202215864-bib-0064
	emmm202215864-bib-0065
	emmm202215864-bib-0066
	emmm202215864-bib-0067
	emmm202215864-bib-0068
	emmm202215864-bib-0069
	emmm202215864-bib-0070
	emmm202215864-bib-0071
	emmm202215864-bib-0072
	emmm202215864-bib-0073
	emmm202215864-bib-0074
	emmm202215864-bib-0075
	emmm202215864-bib-0076
	emmm202215864-bib-0077
	emmm202215864-bib-0078
	emmm202215864-bib-0079
	emmm202215864-bib-0080
	emmm202215864-bib-0081
	emmm202215864-bib-0082
	emmm202215864-bib-0083
	emmm202215864-bib-0084
	emmm202215864-bib-0085
	emmm202215864-bib-0086
	emmm202215864-bib-0087
	emmm202215864-bib-0088
	emmm202215864-bib-0089
	emmm202215864-bib-0090
	emmm202215864-bib-0091


