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I M M U N O L O G Y

Lupus susceptibility gene Pbx1 controls the 
development, stability, and function of regulatory T 
cells via Rtkn2 expression
Seung-Chul Choi1, Yuk Pheel Park1, Tracoyia Roach1, Damian Jimenez1, Amanda Fisher1,  
Mojgan Zadeh1, Longhuan Ma1, Eric S. Sobel2, Yong Ge1,  
Mansour Mohamadzadeh1, Laurence Morel1*

The maintenance of regulatory T (Treg) cells critically prevents autoimmunity. Pre–B cell leukemia transcription factor 1 
(Pbx1) variants are associated with lupus susceptibility, particularly through the expression of a dominant negative 
isoform Pbx1-d in CD4+ T cells. Pbx1-d overexpression impaired Treg cell homeostasis and promoted inflammatory 
CD4+ T cells. Here, we showed a high expression of Pbx1 in human and murine Treg cells, which is decreased in lupus 
patients and mice. Pbx1 deficiency or Pbx1-d overexpression reduced the number, stability, and suppressive activity 
of Treg cells, which increased murine responses to immunization and autoimmune induction. Mechanistically, Pbx1 
deficiency altered the expression of genes implicated in cell cycle and apoptosis in Treg cells. Intriguingly, Rtkn2, a 
Rho-GTPase previously associated with Treg homeostasis, was directly transactivated by Pbx1. Our results suggest 
that the maintenance of Treg cell homeostasis and stability by Pbx1 through cell cycle progression prevent the 
expansion of inflammatory T cells that otherwise exacerbates lupus progression in the hosts.

INTRODUCTION
FOXP3+ regulatory T (Treg) cells are critically involved in the main-
tenance of immune homeostasis (1). Reducing the number and func-
tion of Treg cells impairs immune tolerance, leading to abnormal 
immune responses to self-antigens, thus resulting in inflammation 
and autoimmune diseases (2). Treg cells develop from CD4+ autore-
active thymocytes that are activated via CD28/Lck signaling, the 
IL-2–CD25–Stat5 axis, and T cell receptor (TCR)–major histocom-
patibility complex (MHC)–self-peptide complexes (3), which induce 
a cell-specific hypomethylation of the Foxp3 locus. This induces the 
expression of Foxp3 and that of other genes defining Treg cell lineage 
identity and suppressive function (4, 5). Systemic lupus erythema-
tosus (SLE) is an autoimmune disease in which Treg dysfunctions 
have been documented in patients with either decreased numbers 
(6), suppressive functions, or both (7), as well as in mouse models 
of the disease. Moreover, the Treg-specific deletion or overexpression 
of several genes that impair Treg functions resulted in lupus-like 
phenotypes in murine models (8).

A large number of genetic polymorphisms have been associated 
with SLE susceptibility (9). In parallel, we have identified lupus sus-
ceptible loci in the NZM2410 mouse model (10). Among them, Sle1a1 
regulates the effector fate and function of CD4+ T cells, and it contains 
only one protein-coding gene, Pbx1 (11–13). Pbx1 is a transcription 
factor that regulates chromatin access of multimeric complexes that 
include Hox factors, Meis and Prep-1, to regulate coactivator or repres-
sor access (14, 15). Pbx1 is necessary for the maintenance of hemato-
poietic stem cells (16, 17) and for the development of B cells from 
common lymphoid progenitors (CLPs) (18). A 3′ untranslated region 
single-nucleotide polymorphism is associated with decreased PBX1 
expression in peripheral blood mononuclear cells (PBMCs) as well as 
with SLE susceptibility (19). A reduced expression of PBX1 in the 

B cells of patients with SLE correlated with disease activity, and a 
B cell–specific deletion of Pbx1 resulted in enhanced responses to 
immunization as well as to the chronic graft versus host disease 
(cGVHD)–induced model of lupus (19).

The Prep/Pbx1 complex regulates some developmental stages in 
double-negative T cells in the thymus (20). Furthermore, Pbx1 defi-
ciency reduced the number of T cells produced from fetal liver 
chimeras (18). The association of Pbx1 with lupus in T cells was 
established through Pbx1-d, a splice isoform lacking the DNA bind-
ing and Hox-binding domains, as compared to Pbx1-b, the common 
isoform in lymphocytes. Pbx1-d expression was higher in the CD4+ T 
cells from B6.Sle1a and NZM2410 mice as well as from patients with 
SLE, as compared to healthy controls (HCs) (13). Pbx1-d functions as 
a dominant negative (DN) allele (21), and accordingly, its expression 
impaired the immunosuppressive function of mesenchymal stem 
cells (22). Pbx1-d expression was also associated with abnormal 
responses to transforming growth factor–β (TGF-β) and retinoic acid 
in murine and human T cells (23), suggesting that it could impair Treg 
cell homeostasis. Accordingly, Pbx1-d transgenic (Tg) expression in 
T cells reduced the number of Treg cells and their in vitro polarization, 
as well as increased the number of inflammatory CD4+ T cells (24), 
which reproduced the phenotypes of B6.Sle1a mice (11, 13).

Here, we showed that Treg cells are the CD4+ T cell subset in 
which PBX1 is expressed at the highest level, with a reduced expres-
sion in both lupus-prone mice and patients with SLE. Treg cell–specific 
Pbx1 deletion or Treg cell–specific Pbx1-d sole expression reduced 
the number of peripheral Treg cells and their suppressive activity 
with a concomitant accumulation of inflammatory effector CD4+ 
T cells. This resulted in an increased humoral response to protein im-
munization as well as increased T cell activation and autoantibody 
response to induced lupus in mice. Fate-mapping reporter mice 
showed that an increased frequency of Pbx1-d Tg Treg cells lost 
Foxp3 expression and differentiated into T follicular helper cells 
(TFH). Mechanistically, Pbx1 regulates the expression of genes in the 
cell cycle, apoptosis, and migration pathways in Treg cells. Among 

1Department of Microbiology, Immunology, and Molecular Genetics, University of 
Texas Health San Antonio, TX 78229-3900, USA. 2Department of Medicine, Univer-
sity of Florida, Gainesville, FL 32610, USA.
*Corresponding author. Email: morel@​uthscsa.​edu

Copyright © 2024 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

mailto:morel@​uthscsa.​edu


Choi et al., Sci. Adv. 10, eadi4310 (2024)     27 March 2024

S c i e n c e  A d v a n c e s  |  R e s e arc   h  A r t i c l e

2 of 16

these genes, Pbx1 directly transactivates the expression of Rtkn2, a 
Rho protein that regulates cell cycle and apoptosis (25). According-
ly, Pbx1-deficient Treg cells as well as Jurkat T cells overexpressing 
PBX1-D showed a reduced proliferation. These results suggest that 
Pbx1 regulates Treg cell proliferation, stability, and suppressive func-
tions, which are altered by the expression of the Pbx1-d lupus–
associated isoform.

RESULTS
PBX1 is preferentially expressed in Treg cells among 
CD4+ T cells
PBX1 expression is lower in the PBMCs from patients with SLE and in 
the B cells from patients and lupus-prone mice than in the correspond-
ing HCs (19). PBX1 expression was however not assessed in CD4+ 
T cells in this study. Since the overexpression of the lupus-associated 
Pbx1-d isoform in murine T cells impaired Treg cell homeostasis (24), 
we hypothesized that Pbx1 may intrinsically regulate Treg cells. We 
compared Pbx1 expression between Treg and non-Treg T cells isolated 
from three lupus-prone mouse strains, B6.Sle1.Sle2.Sle3 (TC), (NZB x 
NZW)F1 (BWF1), and BXSB.Yaa, which all share the same suscepti-
bility locus on chromosome 1 containing Pbx1 (26), as well as B6 
controls. The three lupus strains expressed a similar level of Pbx1 in 
Treg cells, which was lower compared to B6 (fig. S1A and Fig. 1A). 
There was however no difference between strains for non-Treg T cells 
(fig. S1B and Fig. 1B). Furthermore, Treg cells expressed, on average, 
seven times more Pbx1 than their non-Treg T cells counterparts, regard-
less of their strain of origin (Fig. 1C and fig. S1, C and D). Similar re-
sults were obtained for the expression of Pbx1-d (fig. S1, E and F). Both 
Treg and non-Treg cells from patients with SLE expressed less PBX1 
than HCs (Fig. 1, D and E), but as in mice, human Treg cells expressed 
higher amount of PBX1 (17 times higher on average) than their non-
Treg counterparts (Fig. 1F). PBX1-D expression was higher in the Treg 
cells from patients with SLE (Fig. 1G), with no difference in non-Treg T 
cells (Fig. 1H), resulting in a PBX1-D expression, on average, 250-fold 
higher in Treg versus non-Treg T cells (Fig. 1I). We confirmed that the 
relative expression of PBX1-D was higher in SLE CD4+ T cells (Fig. 1, J 
and K), which resulted in SLE Treg expressing the highest levels of 
PBX1-D (Fig. 1L). Overall, Treg cells are the CD4+ T cell subset in which 
PBX1 expression is the highest, with a shift in the relative expression of 
PBX1-D over PBX1, suggesting that PBX1 may play a role in Treg cell 
homeostasis.

Pbx1 expression regulates the maintenance of peripheral 
Treg cells
To explore the role of Pbx1 in Treg cells, we generated B6.Pbx1f/f.
Foxp3YFP-Cre mice (referred thereafter as KO) with a Treg-specific Pbx1 
deletion (fig. S1, G and H). In addition, KO mice were bred with Cd4-​
Pbx1-d Tg mice that express Pbx1-d driven by the Cd4 promoter (24), 
to produce B6.Pbx1f/f.Foxp3YFP-Cre.Cd4-​Pbx1-d Tg (KO-Tg) mice that 
have Treg cells expressing solely the Pbx1-d isoform. B6.Foxp3YFP-Cre.
Cd4-​Pbx1-d Tg (Tg) mice were used as Pbx1-d Tg mice to control for 
the expression of Foxp3YFP-Cre. Young KO and Tg mice showed a 
decreased frequency of total splenic Treg cells, whereas it was similar 
between KO-Tg and wild-type (WT) mice (Fig. 2, A and B). The 
frequency of thymic-derived NRP-1+ natural Treg (nTreg) cells was 
similar between strains. However, the frequency of NRP-1–negative 
peripherally induced Treg (iTreg) cells was decreased in KO, KO-Tg, 
and Tg mice. Accordingly, Treg cells negative for Helios expression, a 

Fig. 1. PBX1 is preferentially expressed in Treg cells. (A to C) Pbx1 expression in 
murine Treg (A) and non-Treg T (B) cells from B6 and the combination of three lupus-
prone strains (SLE: TC, BWF1, and BXSB.Yaa). (C) Paired analysis between Treg and 
non-Treg cells for all strains combined (N = 5 per strain). (D to I) PBX1 (D to F) and 
PBX1-D [(G) to (I)] expression in human Treg [(D) and (G)] and non-Treg (E and H) T 
cells from patients with SLE (N = 10) and HCs (N = 7). (F) and (I) Paired analysis be-
tween Treg and non-Treg cells for all human samples combined. (J to L) PBX1-D/PBX1 
ratios corresponding to the human T cells shown in (D) to (I). Mean + SEM com-
pared with Mann-Whitney tests or paired t tests. *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001.
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marker of thymic origin (27), represented a smaller proportion of total 
Treg cells in these Pbx1-altered strains (fig. S1I). The frequency of iTreg 
cells and Helios-negative Treg cells was also reduced in old KO and 
KO-Tg mice, although their frequency of nTreg cells was increased 
(fig. S1, J to L). Since a large number of iTreg cells are generated in the 
gut in response to food antigens as well as the microbiota (28), we 
investigated whether Pbx1 deficiency affected Treg cells in the gut. KO 
mice presented an altered frequency of non-Treg T cells with a higher 
frequency in the colon and a lower frequency in the small intestine 
(fig. S2A). There was no difference, however, for the ratio of iTreg/nTreg 
or the frequency of total, nTreg, or iTreg cells (fig. S2, B to E). As in the 
spleen (Fig. 2B and fig, S1, K and L), the mesenteric lymph node 
(mLN) of KO mice presented a lower iTreg/nTreg ratio (fig. S2B). Last, 
the KO Treg cells expressed a lower level of FOXP3 in the colon and the 
mLN than WT Treg cells (fig. S2, F to H).

Pbx1 deficiency or Pbx1-d expression in Treg cells had minimal 
effects on thymic nTreg cells, with a small decreased frequency in 
young KO mice (fig. S3A) and a small increased frequency in old 
KO and KO-Tg mice (fig. S3C) but no difference in numbers at either 
age. The frequency and number of thymic iTreg cells were increased 
in young KO and KO-Tg mice (fig. S3B), potentially due to an in-
creased trafficking. The frequency and number of thymic iTreg cells 
were however decreased in old KO and KO-Tg mice as observed in 
the spleen (figs. S1I and S3D). We next assessed whether Pbx1 defi-
ciency in total T cells would impair Treg cell differentiation. At steady 
state, the frequency of splenic Treg cells was higher in Pbx1CD4-KO mice, 
but their number was similar to controls (fig. S3E). No difference 
was observed for thymic total and nTreg cells, but the number of 
thymic iTreg cells was reduced in Pbx1CD4-KO mice (fig. S3F). Last, 
in vitro Treg polarization was not impaired in CD4+ T cells in which 
Pbx1 was deleted after (fig. S3G) or before [fig. S3H and (29)] Foxp3 
expression, indicating that Pbx1 expression is not required for Treg 
differentiation. Pbx1-d expression, however, impaired iTreg polariza-
tion (24, 29), and the reason behind the difference between Pbx1 KO 
and Pbx1-d Tg in vitro is unclear. Overall, these results suggested 
that Pbx1 deficiency or the expression of the Pbx1-d DN isoform 
impaired peripheral Treg cell maintenance.

Pbx1 deficiency impairs Treg cell functions
We next determined the protein expression of markers associated 
with Treg function in older mice with defective Pbx1 expression in 
their Treg cells. The expression of FOXP3, the master transcription 
factor for Treg cells, was reduced in total Treg cells and nTreg cells in 
KO and KO-Tg and, to a lesser extent, in Tg mice (fig. S4A). Pbx1 
deficiency or Pbx1-d sole expression in Treg cells also altered the ex-
pression of other markers in Treg cells. The expression of CD25, the 
high affinity interleukin-2 (IL-2) receptor α subunit, as well as the 
IL-2Rβ subunit, was reduced by Pbx1 deficiency and, to a greater 
extent, by Pbx1-d sole expression (fig. S4, B and C). The expression 
of Glucocorticoid-Induced TNFR-Related (GITR), an activation 
marker highly expressed on Treg cells, but whose activation has been 
linked to a decreased suppressive activity (30), was increased in nTreg 
and non-Treg cells from KO and KO-Tg mice (fig. S4D). Both nTreg 
and iTreg cells also showed an increased expression of CD39 and 
CD73 (fig. S4, E and F), two ectoenzymes that degrade adenosine 
nucleosides that are expressed at high levels by Treg cells and linked 
to their suppressive activity (31). On the other hand, nTreg cells from 
KO, KO-Tg, and Tg mice showed a reduced level of the transcription 
factor RAR-related orphan receptor gamma (RORγt) (fig. S4G), which 

is expressed by a Treg subset with enhanced effector functions in 
which it stabilizes Foxp3 expression (32). The expression of B-cell 
lymphoma 2 (BCL-2), which is critical for Treg survival (33), was 
also reduced in nTreg and iTreg cells with defective Pbx1 expression 
(fig. S4H). Inducible T Cell Costimulator (ICOS) expression was in-
creased in KO and KO-Tg nTreg and iTreg cells (fig. S4J). Although 
ICOS expression on Treg cells has been associated with enhanced 
suppressive functions, an expanded population of ICOS+ Treg cells 
has been reported in patients with SLE in correlation with high IL-10 
production and disease activity (34). Last, KO and KO-Tg nTreg cells 
also expressed higher levels of OX-40 (fig. S4K), which has been 
shown to inhibit Treg suppressive function (35).

To validate the functional significance of the differences in Treg 
frequency and marker expression in KO and KO-Tg mice, we assessed 
their ability to suppress intestinal inflammation in a model of T cell–
induced colitis. We have previously shown that Treg cells from B6.Sle1a 
and B6.Sle1a1 mice were less effective at suppressing intestinal inflam-
mation induced by effector T (Teff) cells in B6.Rag-1−/− mice (11, 12). 
Yellow fluorescent protein–negative (YFP−) non-Treg cells from WT 
mice were transferred into B6.Rag-1−/− mice along with YFP+ Treg cells 
from WT, KO, or KO-Tg mice. KO and KO-Tg Treg cell recipients 
showed a reduced body weight (Fig. 2C) and increased colon inflam-
mation (Fig. 2D) as compared with the recipients of WT Treg cells, 
suggesting that Pbx1 deletion or Pbx1-d sole expression in Treg cells 
led to reduced immune suppressive functions. In support of this hy-
pothesis, we have previously shown that B6.Sle1a Treg cells, which 
overexpress Pbx1-d, have a reduced ability to suppress of CD4+ Teff 
cell proliferation in vitro (11). The same result was obtained with 
Pbx1-KO YFP+ Treg cells, which showed a modest but statistically 
significant reduction in suppressive function (fig. S5).

Consistent with altered Treg cell suppressive functions, Treg-specific 
Pbx1 deletion or Pbx1-d sole expression resulted in the spontaneous 
activation of non-Treg CD4+ T cells, with an increased expression of 
the early activation marker CD69 (Fig. 2, E and F) and other activation 
markers such as IL-2Rβ, GITR, OX-40, ICOS, and CD28 (fig. S4), as 
well as a small increase in pS6 expression, a marker of mTOR activation 
(fig. S4L). KO-Tg mice showed an accumulation of TFH cells in both 
young and old mice, and it was also observed in old KO mice (Fig. 2, 
G and H). The frequency of follicular regulatory (TFR) cells, nTreg-
derived population specific for germinal centers (GC), was also in-
creased in parallel with that of TFH cells (Fig. 2I). However, similar 
to Treg cells (fig. S4A), Pbx1 deficiency or Pbx1-d expression lowered 
FOXP3 expression in TFR cells from old mice (Fig. 2J), which is likely 
to impair their function. Overall, these results suggest that Pbx1 dele-
tion or Pbx1-d sole expression reduced Treg cell suppressive function, 
which resulted in an activation of CD4+ effector T cells and an accu-
mulation of TFH cells.

In another T cell–driven autoimmune model, experimental au-
toimmune encephalomyelitis, B6.Sle1a1 mice presented a more severe 
phenotype than B6 controls (13). Since clinical scores as well as the 
presence of interferon-γ (IFN-γ)– and IL-17A–producing T cells were 
partially rescued by retinoic acid, which induces iTreg differentiation, 
it suggested that defective iTreg cells expressing Pbx1-d contributed 
to this phenotype. Here, we showed that KO mice spontaneously 
accumulated with age IFN-γ–producing CD4+ T cells while reducing 
the frequency of their IL-17A–producing CD4+ T cells in the spleen 
(fig. S6, A and B).

Last, we assessed the effect of Pbx1 deficiency in ovalbumin (OVA)–
induced hypersensitivity, a T helper cell 2 (TH2)–driven inflammation 
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Fig. 2. Pbx1 deletion or Pbx1-d sole expression decreased the peripheral Treg cell population and their suppressive function. (A and B) Representative FACS plots 
(A) and frequency (B) of total splenic Treg cells, CD4+FOXP3+NRP-1+ nTreg cells, and CD4+FOXP3+NRP-1− iTreg cells. (C and D) WT non-Treg cells were transferred into B6.Rag-1−/− 
mice without or with Treg cells from WT, KO, or KO-Tg mice. (C) Changes in body weight (BW) after transfer. (D) Representative histopathology of hematoxylin and eosin–
stained colons (original magnification: ×60, scale bar: 200 μm) for the four groups and corresponding number of foci. (E and F) Representative fluorescence-activated cell 
sorting(FACS) plots and frequency of splenic CD69+CD4+ T cells. (G to J) Representative FACS plots and frequency of splenic CD4+CXCXR5+PD1+BCL6+FOXP3− TFH (H), 
CD4+CXCXR5+PD1+BCL6+FOXP3+ TFR cells (I) in CD4+ T cells, and FOXP3 MFI in TFR cells (J). Mean ± SEM of N = 5 to 14 3-month-old [graphs in (B) and young] mice and 
8- to 10-month-old (old) mice compared with Dunnett’s multiple comparisons tests. (C) and (D) Mean + SEM of N = 6 mice per group compared with two-way analysis of 
variance (ANOVA) (C) or Dunnett’s multiple comparisons tests (D). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. PD-1, Programmed cell death protein 1.
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of the lung in which Treg cells play a protective role (36). The fre-
quency of total CD4+ T cells as well as GATA3+ CD4+ T (TH2) cells 
was reduced in the lungs of KO mice (fig. S6, C to E). The frequency 
of total Treg among CD4+ T cells was not affected, but there was a 
trend for a reduced expression of GATA3+ in these cells (fig. S6, F 
and G). As for the total Treg cells, the frequency of nTreg and iTreg 
among CD4+ T cells was similar between WT and KO mice (fig. S6, 
H and I). However, although there was still no difference for nTreg, 
the frequency of iTreg cells in CD45+ cells was reduced in KO lungs 
and compared to WT, and there was a reduced iTreg/nTreg ratio (fig. S6, 
J to L). Consistent with a reduced frequency of CD4+ T cells and 
TH2 cells shown by flow cytometry, the lungs of KO mice showed a 
reduced inflammation and immune cell infiltrates (fig. S6M).

PBX1 regulates Treg cell stability
The progressive decreased frequency of Treg cells with Pbx1 deficien-
cy or Pbx1-d expression suggested that PBX1 may promote Treg cell 
stability. The loss of FOXP3 expression leads to the production of 
FOXP3-negative ex-Treg cells that have acquired inflammatory pheno-
types, such as the production of IFN (37). To test whether Pbx1-d 
expression altered Treg cell stability, we crossed Treg cell–specific fate-
mapping mice (B6.Foxp3YFP-Cre.R26RRFP) with Pbx1-d Tg mice. The 
frequency of dTomato+FOXP3neg ex-Treg cells was increased in the 
spleen and mLN from Tg.R26RRFP mice compared with WT.R26RRFP 
mice (Fig. 3, A and B), while there was no difference for the frequency 
of dTomato+FOXP3+ Treg cells (Fig. 3C). The frequency ex-Treg cells 
producing IFN-γ or IL-10 was similar between Tg and B6 mice (Fig. 3, 
D and E). However, since Tg mice produced more ex-Treg cells, their 
frequency of IFN-γ+ and IL-10+ ex-Treg among CD4+ T cells was higher 
than in B6 (Fig. 3, F and G). There was no difference for IFN-γ produc-
tion in Treg cells (Fig. 3H), but Tg Treg cells produced more IL-10, at 
least in the spleen (Fig. 3I). In addition, we observed an increased 
differentiation of TFH cells from FOXP3+ cells in CD4+CD44+PD-1+­
CXCR5+ follicular cells (Fig. 3, J and K). The reporter system does 
not track whether these ex-Treg TFH cells differentiated directly from 
TFR cells (losing FOXP3 and while maintaining BCL-6 expression) or 
from ex-Treg cells (losing FOXP3 and acquiring BCL-6 expression). 
Together, our results indicated that the expression of the DN allele 
Pbx1-d promotes Treg cell instability and the production of TFH cells.

Pbx1 deletion and Pbx1-d sole expression in Treg cells 
increased the humoral response to protein antigens
To determine whether Pbx1 affects the humoral immune response 
to a T-dependent (TD) protein antigen, KO, KO-Tg, and Tg mice were 
immunized with 4-hydroxy-3-nitrophenylacetyl conjugated to key-
hole limpet hemocyanin (NP-KLH) in alum, boosted 6 weeks after 
the first immunization and analyzed 1 week later. All the mice with 
Pbx1-altered Treg cells showed increased frequency and number of 
CD69+CD4+ T cells and TFH cells (Fig. 4, A and B). There was also 
an increased frequency of TFR and Treg cells in KO and KO-Tg 
immunized mice (Fig. 4, C and D), but as in old mice at steady state 
(Fig. 2J), the expression of FOXP3 was reduced in the TFR and Treg 
cells with altered Pbx1 expression. There was a corresponding increased 
frequency and number, to a greater extent, of total GC B cells, NP-
specific GC B cells, plasma cells, and NP-specific plasma cells (fig. S7). 
The production of high affinity NP-specific immunoglobulin G1 
(IgG1), which is the main isotype produced against NP, mirrored 
the results obtained for T cells, with no difference for low affinity 
anti-NP IgG1 (Fig. 4E). KO-Tg mice also produced more high and 

low affinity NP-specific TH1-driven NP-specific IgG2a and IgG2b. 
In addition, KO mice showed an enhanced production of low 
affinity anti NP-IgG2a and IgG2b (Fig. 4E). Overall, these re-
sults suggest that Treg cells with a Pbx1 deletion or Pbx1-d sole 
expression have reduced regulatory functions in TD humoral 
immune response.

Pbx1 deletion or Pbx1-d sole expression in Treg cells 
increased T cell autoimmune responses
We tested the effect of Pbx1 deficiency in Treg cells in two models of 
lupus, one induced by the topical treatment with a Toll-like receptor 
7 (TLR7) agonist (R848) (38) and a cGVHD induced by the transfer 
of MHC class II–disparate bm12 splenocytes (39). Shortly after TLR7 
activation, KO and KO-Tg mice showed an increased frequency of 
CD69+CD4+ T cells, effector-memory CD4+ T (TEM) cells, TFH cells, 
and plasma cells (Fig. 5, A to D). The cGVHD model also showed an 
increased frequency of activated CD69+CD4+ T cells and TEM cells 
(Fig. 5, E and F), as well as an increased level of anti–double-stranded 
DNA (dsDNA) IgG production (Fig. 5G) with an increased specificity 
for dsDNA, as determined by Crithidia staining (Fig. 5H). These 
results suggest that Pbx1 deletion or Pbx1-d sole expression in Treg 
cells expanded autoreactive effector CD4+ T cells during autoimmune 
responses.

Pbx1 deficiency altered gene expression in Treg cells
To gain insights into how Pbx1 regulates Treg cell maintenance and 
function, we performed RNA sequencing (RNA-seq) of CD4+FOXP3+ 
Treg cells and CD4+CD44+FOXP3− Teff cells sorted from KO and WT 
mice (fig. S8A). Principal components analysis (PCA) revealed that 
Pbx1 deficiency in Treg cells resulted in distinct transcriptional profiles 
in both Treg and Teff cells (fig. S8B). Some genes were differentially 
expressed in KO Treg or Teff cells only, and some genes in both (fig. S8C). 
Globally, 173 genes were up-regulated, and 111 genes were down-
regulated in KO compared with WT Treg cells (Fig. 6A). Gene set 
enrichment analysis (GSEA) showed that “positive regulation of 
transcription from RNA polymerase II promoter” was one of the top 
up-regulated pathways in KO Treg cells, suggesting that Pbx1 may act 
mostly as a transcriptional repressor in Treg cells (Fig. 6B). Genes and 
pathways related to apoptosis, cell proliferation, and cell cycle (Fig. 6, 
B and C) were also differentially enriched when Pbx1 was deficient in 
Treg cells. Compared to WT controls, KO Treg cells had an increased 
expression of Il10, which confirmed the results obtained with protein 
expression (fig. S9C) and hyperactivation of Activator protein 1 (AP-1) 
transcription factors, including Jun, Junb, Jund, Fos, and Fosb, con-
tributing to an enhanced transcription activity and cellular signaling. 
In addition, Ascl2 (40) and Runx2 (41), which promote TFH cell differ-
entiation, were also overexpressed in KO Treg cells, potentially corre-
sponding to the increased TFH cells observed in Tg ex-Treg cells. KO 
Treg cells also showed an increased expression of Bcl3, which has been 
associated with defective Treg cell function in colitis (42). Fosl2, a 
TCR-induced AP-1 transcription factor overexpressed in KO Treg 
cells, represses Treg development and promotes autoimmunity (43). 
CCAAT/enhancer binding protein promotes Foxp3 stable expression 
in iTreg cells (44). The increased expression of Cebpa and Ceppb in 
KO Treg cells may correspond to a compensatory mechanism. In 
addition, a differentially expressed gene (DEG) cluster suggested an 
impaired migration of KO Treg cells (fig. S8E), including the up-
regulation of RGS genes, which have been shown to reduce chemoat-
tractant sensitivity and cell migration in B cells (45).
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Fig. 3. Pbx1-d expression promotes Treg instability. Representative FACS plots (A) and frequency of CD4+dTomato+FOXP3− ex-Treg cells and CD4+dTomato+FOXP3+ Treg 
cells analyzed in CD4+ T cells (B and C) in the spleen and mLN from 3-month-old B6.R26RRFP and Tg.R26RRFP mice. Frequency of IFN-γ+ (D) and IL-10+ (E) cells in ex-Treg cells. 
Frequency of IFN-γ+ ex-Treg (F) and IL-10+ ex-Treg (G) in CD4+ T cells. Frequency of IFN-γ+ Treg (H) and IL-10+ Treg (I) in CD4+ T cells. Representative FACS plots (J) and fre-
quency of ex-Treg cells and Treg cells in CD4+CD44+PD-1+CXCR5+ follicular T (TFO) cells (K). The graphs on the left show distributions, and the graph on the right shows the 
comparison between ex-Treg cells. Mean + SEM of N = 8 to 9 mice per group compared with t tests. *P < 0.05 and **P < 0.01.
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Fig. 4. Tregcell–specific Pbx1 deletion or Pbx1-d sole expression enhanced TD-humoral response. Mice were immunized with NP-KLH in alum, boosted 6 weeks later, 
and analyzed at week 7. (A and B) Frequency (top) and absolute number (bottom) of CD4+CD69+ cells (A) and TFH cells (B). (C and D) Frequency (top) and FOXP3 mean 
fluorescence intensity (MFI) (bottom) in TFR (C) and Treg (D) cells. (E) Serum levels of high-affinity anti-NP4 and low-affinity anti-NP25 IgG1, IgG2a, and IgG2b. Optical den-
sity (OD) values were normalized between three cohorts. Mean ± SEM of N = 5 to 10 mice per group performed in three cohorts, compared with Dunnett’s multiple 
comparisons tests. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Positive regulation of osteoblast differentiation, a pathway up-
regulated in KO Treg cells (Fig. 6B), has been associated with both 
Pbx1 deficiency and Pbx1-d expression in a pre-osteoclast cell line 
(21), indicating shared pathways across cell types. The “cellular oxi-
dant detoxification” was the top down-regulated pathway, which is 
informative since oxidative stress reported in Treg cells in autoimmune 
settings, including SLE, promotes cell death and diminishes their 
suppressive function (46, 47). A Hallmark pathway analysis of the 
KO Treg cells also showed increased signaling and inflammatory 
responses with decreased fatty acid metabolism and oxidative phos-
phorylation, the main energy source in Treg cells (fig. S8F), supporting 
that Pbx1 deficiency impaired Treg cell functions.

Teff cells from KO mice showed 334 up-regulated and 114 down-
regulated genes compared to Teff cells from WT mice (Fig. 6D). 
Pathway analyses showed a marked enrichment for immune and 
inflammatory response genes, including Ifng, which was confirmed 
at the protein level (fig. S6, A and B) and Il21, as well as TCR signal-
ing (Fig. 6E and fig. S9A). This confirmed the expansion of activated 
T cells observed at steady state (Fig. 2). The expression of chemokine 
receptors was highly disturbed with the down-regulation of Ccr2, 
Crr4, Ccr5, Ccr6, and Ccr9 and the up-regulation of Ccr8 (fig. S9B), 
suggesting, as for Treg cells, changes in cell migration. In addition, Ccr8 
is critical for the expansion of proinflammatory CD4+CD52lo T cells 
in patients with SLE and mice, which correlated with the frequency 
of circulating TFH cells (48). These results show that Pbx1-deficient 
Treg cells induce the expression of a proinflammatory transcriptional 
program in Pbx1-sufficient Teff cells.

Il10 was one of the genes up-regulated in both Treg and Teff cells 
from KO mice (Fig. 6, A to D). Cebpb and Fosl2, also overexpressed 
in both Treg and Teff from KO mice, promote IL-10 expression across 

T cell subsets (49). IL-10 is of special interest since Pbx1 directly 
regulates its production in macrophages by binding to the Il10 
promoter (50). Moreover, excessive IL-10 production has been 
associated with SLE (51). The frequency of IL-10+ Treg cells was 
increased in KO mice (fig. S9, C and D), whereas there was no 
difference for non-Treg cells (fig. S9E), suggesting Pbx1-independent 
posttranslational controls. Moreover, KO-Tg mice showed an in-
creased frequency and number of both IL-10+ Treg and non-Treg cells 
(fig. S9, C to E), suggesting that Pbx1-​d sole expression in Treg cells 
enhanced IL-10 production both directly and indirectly.

Pbx1 regulates cell proliferation by regulating 
Rtkn2 expression
To better understand the mechanism by which Pbx1 regulates gene 
expression in Treg cells, we focused on the 67 up-regulated and 71 
down-regulated genes uniquely in KO Treg cells (fig. S10, A and B). 
An in silico analysis identified putative Pbx1 binding sites in 113 of 
these genes (fig. S10B). Since cell proliferation and apoptosis were 
two major pathways regulated by Pbx1 in Treg cells (Fig. 6, B and C), 
as it was reported in B cells (19), we focused on Rhotekin2 (Rtkn2), 
which promotes cell cycle progression at the G1 phase (52). Rtkn2 
has three predicted Pbx1 binding sites in the mouse promoter and 
two in the human promoter (fig. S11, A and B). Rtkn2 expression 
was down-regulated in Treg cells not in Teff cells from KO mice 
(fig. S8D), which we confirmed at both the transcript and protein 
levels (Fig. 7, A and B). Next, we cotransfected human embryonic 
kidney (HEK) 293T cells with luciferase constructs containing the 
mouse Rtkn2 promoter region with the two putative Pbx1 binding 
sites (fig. S11A) and expression plasmids for either the normal allele 
PBX1-B or the lupus DN allele PBX1-D. Both PBX1-B and PBX1-D 

Fig. 5. Pbx1 deletion or Pbx1-d sole expression in Treg cells enhanced CD4+ T cell autoimmune responses. (A to D) Mice were treated with R848 for 1 week and sac-
rificed at day 10. (A) Frequency of CD4+CD69+ cells. (B) Representative FACS plot and frequency of CD4+CD44+CD62L− TEM cells. Frequency of TFH cells (C) and IgD−CD138+ 
plasma cells (D). (E to H) cGVHD induced by transfer of B6.bm12 splenocytes into the four strains of recipient mice. Frequency of CD4+CD69+ cells (E) and TEM cells (F). 
Levels of anti-dsDNA IgG (G) and anti-kinetoplast IgG positive Crithidia cells (H). The representative images in (H) show a Crithidia assay for a WT and a Tg recipient mouse 
with the low power showing the entire well, with magnification of the boxed areas. Arrows indicate anti-kinetoplast IgG-positive cells. Mean ± SEM of N = 4 to 12 mice per 
group compared with Dunnett’s multiple comparisons tests. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 6. Transcriptional regulation of Treg and Teff cells in mice with Pbx1-deficient Treg cells. RNA-seq analysis was conducted on CD4+FOXP3+ Treg cells and 
CD4+CD44+FOXP3− Teff cells from WT and KO mice (N = 4). (A) Scatterplot of DEGs in Treg cells. (B) GO biological processes enriched in genes that were up-regulated (top) 
or down-regulated (bottom) in KO Treg cells. (C) Heatmap of DEGs in the apoptosis and cell cycle/proliferation pathways between WT and KO Treg cells. (D) Scatterplot of 
DEGs in Teff cells from WT and KO mice. (E) Database for Annotation, Visualization and Integrated Discovery Gene Ontology (DAVID GO) biological processes that were 
up-regulated or down-regulated in KO Teff cells compared to WT controls. cAMP, cyclic adenosine 3′,5′-monophosphate; MAP, mitogen-activated protein.
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increased Rtkn2 transcription with higher levels obtained for PBX1-D 
(Fig. 7C). This indicated that PBX1 directly regulates Rtkn2 transcrip-
tion. PBX1 either transactivates or represses gene expression depend-
ing of the presence/absence of cofactors (14). Our results suggests that 
while Rtkn2 expression is reduced by Pbx1 deficiency in Treg cells, 
Rtkn2 expression was promoted by the DN allele in HEK293T 
epithelial cells. Chromatin immunoprecipitation–quantitative poly-
merase chain reaction (ChIP-qPCR) analysis of Jurkat T cells over-
expressing PBX1-B or PBX1-D showed that PBX1-B but not PBX1-D 
binds to the upstream putative PBX1 binding site 1 in the promoter 
of human RTKN2 (Fig. 7D and fig. S11B). Putative binding site 2 did 
not show evidence of PBX1 binding, although its sequence similarity 
to the consensus PBX1 binding sequence was equivalent to that of 
binding site 1 (fig. S11C). This suggests that cofactors may be recruited 
at site 1 but not 2. Last, we confirmed that RTKN2 promotes cell 
proliferation by showing that RTKN2 knockdown in Jurkat T cells 
increased the expression of CDKN1A and especially CDKN1B, two 
cyclin kinase inhibitors that enforce G1 phase cell cycle arrest (Fig. 7E). 
Overall, these results strongly support a direct transcriptional regu-
lation of Rtkn2 by Pbx1 in Treg cells. Since Rtkn2 promotes prolifera-
tion, its decreased expression in Pbx1 KO and lupus Treg cells suggests 
that it may be one of the target genes through which Pbx1 regulates 
cell cycle in this cell type.

Pbx1 regulates Treg cell proliferation
To test the hypothesis that Pbx1 regulates Treg cell proliferation, we 
compared Treg cell proliferation ex vivo between the four strains of 

Pbx1 mice. The frequency of Ki-67+ proliferating Treg cells was 
decreased in KO, KO-Tg, and Tg mice as compared to WT, where-
as non-Treg cells showed no difference between strains (Fig. 8, A to C). 
Treg cells from KO mice also showed a greater expression of both 
Cdkn1a and Cdkn1b, while there was no difference in Teff cells 
(Fig. 8D). Last, Jurkat T cells overexpressing PBX1-D also showed 
an increased frequency of cells in G1 phase with a corresponding 
decreased in S phase (Fig. 8, E and F), suggesting that PBX1-D sup-
pressed cell proliferation via G1 phase cell cycle arrest. Overall, our 
results indicate that PBX1 supports Treg cell proliferation through 
RTKN2 by inhibiting the expression of CDKN1A and CDKN1B, 
allowing cell cycle progression.

DISCUSSION
SLE pathogenesis has been associated with defects in Treg cells as well 
as an expansion of TH1 and TFH cells in multiple murine and human 
studies (53). There is strong evidence that Treg cells control the TFH 
cell pool, either directly or indirectly through the TFR population (54), 
which may be one of the mechanisms by which alterations in Treg 
cells contribute to SLE pathogenesis. Regardless of the mechanisms, 
the success of Treg cell adoptive therapy in one SLE patient (55), as 
well as recent clinical trials in which patients with SLE received 
low-dose IL-2 to expand Treg cells (56), indicates their significance as 
therapeutic targets.

Inflammatory cytokines that are common contributors to lupus 
pathogenesis, such as IL-6 or type I IFN, impair Treg functions 

Fig. 7. Pbx1 directly regulates Rtkn2 expression. (A and B) Rtkn2 gene (A) and RTKN2 protein (B) expression in Treg and Teff cells. N = 4. (C) Dual-luciferase analysis of 
murine Rtkn2 expression in HEK293T cells in the presence of PBX1-B or PBX1-D, showing fold change relative to the control expression plasmid [empty vector (EV)]. (D) 
ChIP-qPCR analysis of the human RTKN2 promoter in PBX1-B or PBX1-D overexpressing Jurkat T cells. Results are shown relative to the IgG control. N = 3 to 4. (E) CDKN1A 
and CDKN1B expression normalized to HMBS in Jurkat T cells treated with siRTKN2 or si control. N = 3. Mean + SEM compared with t tests *P < 0.05 and **P < 0.01. Ab, 
antibody. WB, Western blot; RU, relative unit; BS, binding site.
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(57, 58). There is also evidence for a genetic basis for impaired Treg cells 
in lupus (8), including the Esrrg and Pbx1 genes in the Sle1 murine 
susceptibility locus, which has the strongest linkage to lupus nephritis 
and directs the production of autoantibodies through intrinsic 
defects in B and CD4+ T cells (59, 60). The low expression of Esrrg 
in T cells corresponds to the Sle1c2 locus (61), and Esrrg deletion in 
Treg cells impaired their suppressive function and led to the expan-
sion of autoreactive inflammatory Teff cells (62). The overexpression 
of the DN allele Pbx1-d in T cells, which corresponds to Sle1a, im-
paired Treg cell differentiation and maintenance and favored TFH cell 
differentiation (11, 13, 24).

The present study specifically examined the role of Pbx1 in Treg cells. 
We showed that Treg cells express a higher level of Pbx1 as compared to 
non-Treg CD4+ T cells, for reasons that are not yet known. We have 
shown that Pbx1 expression was reduced in both CD4+ T cells and 
B cells upon receptor stimulation (63), which may contribute to a rela-
tively higher expression in Treg cells. Further, Treg cells from both lupus-
prone mice and patients with SLE expressed lower amounts of Pbx1 as 
compared to their healthy counterparts. FOXP3-specific Pbx1 deletion 
or Pbx1-d sole expression in Treg cells reduced Treg cell differentiation 
and immune suppressive functions, leading to a selective accumulation 
of effector CD4+ T cells favoring TH1 at steady state and TFH cells upon 

Fig. 8. Pbx1 regulates cell proliferation in Treg cells. Representative FACS plot (A) and frequency of Ki-67+ cells in Treg (B) and non-Treg (C) cells from WT, KO, KO-Tg, or Tg 
mice. Mean ± SEM of N = 4 to 9 3-month-old mice per group compared with Dunnett’s multiple comparison tests. (D) Cdkn1a and Cdkn1b expression in Treg and Teff cells 
from WT and KO mice. Mean ± SEM of N = 3 to 8 3-month-old mice per strain compared with Mann-Whitney tests. Representative FACS histograms of propidium iodide 
staining relative to cell cycle phases (E) and corresponding frequency (F) in PBX1-B or PBX1-D overexpressing Jurkat T cells as compared to empty vector controls. 
Mean + SEM of N = 3 compared with t tests. *P < 0.05, **P < 0.01, and ***P < 0.001. RMSD, root mean square deviation.



Choi et al., Sci. Adv. 10, eadi4310 (2024)     27 March 2024

S c i e n c e  A d v a n c e s  |  R e s e arc   h  A r t i c l e

12 of 16

challenge, with a relative suppression of TH2 and TH17 cells. The mech-
anism responsible for this selective targeting is unclear. In addition, 
transcriptome analysis identified alterations in cell migration pathways 
for both KO Treg cells and the corresponding Teff cells, which matched 
the altered recruitment of CD4+ T cells to the lung upon inflammation 
as well as to the gut under homeostatic conditions that were observed 
in this study. Tissue specificity, which is known to shape Treg cell pheno-
type and function, may further affect the effect of Pbx1 on Treg cells. 
These multiple layers of complexity warrant additional studies to be 
untangled.

We showed that Pbx1 expression was not required for Treg cells to 
differentiate either in vivo or in vitro. Furthermore, analysis of Treg 
subsets as well as fate-mapping constructs suggested that Pbx1 defi-
ciency or Pbx1-d expression impaired the maintenance of peripheral 
Treg cells. Pbx1 deficiency and Pbx1-d expression, either endogenous 
in mice carrying the NZW-derived Sle1a1 locus or as a Tg, have 
overlapping but not identical effects on Treg cells, and the strongest 
phenotypes were obtained for Treg cells in which Pbx1-d Tg was ex-
pressed in the absence of other isoforms. In addition to functioning 
as a DN isoform, Pbx1-d may bind to regulatory regions indirectly 
through cofactors, which could explain the differences between the 
KO and Tg Treg cells. While the analysis of Pbx1 deficiency unveiled 
the role of Pbx1 in Treg cells, Pbx1-d needs to be characterized relative 
to Pbx1-b as the isoform associated with lupus susceptibility. Only 
unbiased genomic studies comparing the chromatin landscape and 
gene expression under Pbx1 deficiency or the sole expression of 
either isoform in Treg cells will define their role in Treg homeostasis.

Transcriptome analysis identified cell proliferation and apoptosis 
as major pathways altered by Pbx1 deficiency in Treg cells. Rtnk2 was 
one of the genes whose expression was greatly reduced by Pbx1 
deficiency in Treg but not in Teff cells. RTKN2 is a Rho-GTPase 
effector protein that regulates cell survival and cell cycle progression 
(64) and that is highly expressed in human peripheral T cells as 
compared to other immune cells (65). Among human CD4+ T cells, 
Treg cells express the highest RTKN2 expression, and knocking down 
RTKN2 expression impaired Treg functions while RTKN2 overex-
pression protected conventional T cells from Treg suppression of 
proliferation (66). RTKN2 was previously reported to prevent apop-
tosis in CD4+ T cells through nuclear factor κB (NF-κB) activation 
and BCL-2 expression (67). Furthermore, RTKN2 gain-of-function 
variants have been associated with rheumatoid arthritis through 
NF-κB activation (68). The activation of the NF-κB pathway is 
required for the differentiation and function of Treg cells (69). More 
specifically, p65 RelA regulates the expression of Treg gene signature 
(70), and p65-deficient Treg cells are unstable with defective sup-
pressive function (71). A reduced Rtkn2 expression in Pbx1 KO Treg 
cells is predicted to reduce p65 expression, resulting in a partial 
overlap between Pbx1 and p65 KO Treg cells. RTKN2 also promoted 
proliferation (72) and resistance to apoptosis (73) in tumor cells 
through the Wnt/β-catenin pathway. However, since Wnt/β-catenin 
signaling impairs Treg cells by interfering with FOXP3 transcriptional 
activity (74), it is unlikely that Pbx1 regulates Treg cell proliferation 
through Rtkn2 via Wnt/β-catenin signaling.

We showed that Pbx1 directly regulates Rtkn2 expression. As 
previously shown in human Treg cells, we showed here that Pbx1-
deficient Treg cells have an impaired suppressive function, reduced 
proliferation, and stability. These results suggest that Pbx1 has a 
critical role in the homeostatic maintenance of Treg cells, at least par-
tially by maintaining Rtkn2 expression. Pbx1 may regulate Treg cells 

through mechanisms other than proliferation and resistance to apop-
tosis. Pbx1 directly up-regulates Nfil3 expression in CLPs for NK cells 
to differentiate (75), and NFIL3 regulates the expression of Foxp3 and 
other Treg-associated genes (76). Pbx1 may therefore also regulate 
Treg cells through NFIL3. Other direct Pbx1 putative targets differen-
tially expressed the Treg cells of Pbx1 KO mice have also the potential 
to play a critical role. It is noteworthy that, contrary to Treg cells and 
most tumor cells, Pbx1 deficiency in B cells increased their prolifera-
tion, which is associated with lupus phenotypes (19). It is known that 
the interplay with a complex array of cofactors results in Pbx1 func-
tioning either as a transcriptional activator or repressor. Overall, these 
two studies show that the low expression of Pbx1 found in the 
lymphocytes of patients with SLE as well as the expression of its DN 
allele Pbx1-d in T cells contribute to pathogenesis through at least 
two cell types, B cells and Treg cells, in which the cell cycle regulation 
is impaired, although in opposite directions.

MATERIALS AND METHODS
Experimental design
We evaluated the expression of the Pbx1 gene and its Pbx1-d isoform 
in Treg and non-Treg T cells sorted from the peripheral blood of patients 
with SLE and HCs and from the spleen of lupus-prone mice and HCs 
using quantitative reverse transcriptase PCR (qRT-PCR). We produced 
a mouse strain in which Pbx1 was deleted in Treg cells (KO), a strain 
in which Pbx1-d was overexpressed in total T cells (Tg), as well as a 
strain in which Pbx1-d was the only Pbx1 isoform expressed in Treg 
cells (KO-Tg). We used flow cytometry to compare the frequency 
and phenotypes of Treg and Teff cells in the spleen and thymus of 
these mice to that of WT controls. The suppressive function of these 
Treg cells was evaluated in an induced colitis model. The stability of 
the Tg Treg cells was analyzed in mice carrying a fate-mapping con-
struct to track Treg cells that have lost FOXP3 expression. The enhanced 
effector functions of Teff cells that developed in these strains were 
evaluated by flow cytometry and antibody measurements in response 
to protein immunization as well as in two induced models of lupus. 
Gene expression in sorted Treg and Teff cells from the KO and WT 
mice was evaluated by RNA-seq. The specific down-regulation of 
Rtkn2 in KO Treg cells was validated by qRT-PCR and Western blotting. 
Binding of the PBX1-B normal isoform and PBX1-D DN isoform 
on the RTKN2 promoter was compared with a luciferase assay and 
a ChIP assay in Jurkat T cells overexpressing each of these isoforms. 
RTNK2 expression was knocked down in Jurkat T cells with small 
interfering RNA (siRNA), and the expression of cyclin kinase inhibi-
tors CDKN1A and CDKN1B was measured by qRT-PCR. Treg cell 
proliferation was evaluated ex vivo by flow cytometry for KI-67 
staining in the Treg and non-Treg T cells of KO, Tg, KO-Tg, and WT 
mice. Cell cycle analysis was performed in Jurkat T cells overexpress-
ing either the PBX1-B or PBX1-D isoforms by flow cytometry.

Mice
C57Bl/6J (B6), B6.129S-​Pbx1tm3.1Mlc/J (B6.Pbx1f/f), B6.Cg-Tg(Cd4-
cre)1Cwi/BfluJ (CD4-Cre), (NZB x NZW)F1 (BWF1), BXSB.Yaa, 
B6(C)-​H2-​Ab1bm12/KhEgJ (B6.bm12), B6.129(Cg)-​Foxp3tm4(YFP/icre)Ayr/J 
(B6.Foxp3YFP-Cre), B6.Cg-​Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J 
(R26RRFP), B6.SJL-​Ptprca Pepcb/BoyJ (B6.CD45.1), and B6.Rag-1−/− 
mice were originally obtained from The Jackson Laboratory. B6.NZM-
​Sle1NZM2410/AegSle2NZM2410/AegSle3NZM2410/Aeg/LmoJ (TC) congenic 
mice (77) and B6.Cd4-Pbx1-d Tg mice with Pbx1-d overexpression 
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controlled by the Cd4 promoter (24) have been previously described. 
B6.Foxp3YFP-Cre.Pbx1f/f (KO mice) carry a Treg-specific Pbx1 deletion. 
KO-Tg were generated to have Treg cells expressing solely the Pbx1-
d isoform. To control for Foxp3YFP-Cre expression, B6.Foxp3YFP-Cre 
mice were used as WT and B6.Foxp3YFP-Cre.Cd4-Pbx1-d Tg as Tg. 
B6.Cd4-Cre.Pbx1f/f (Pbx1CD4-KO) mice carry a Pbx1 deletion in all T 
cells, with CD4-Cre mice used as controls. Experiments were per-
formed with female mice except for BXSB.Yaa males. “Young” mice 
were 3 months old, and “old” mice were 8 to 10 months old. All mice 
were bred and maintained at the University of Florida (UF) and 
the University of Texas Health San Antonio (UTHSA) in specific 
pathogen–free conditions with Institutional Animal Care and Use 
Committee approval from both institutions.

Human subjects
Female patients with SLE fulfilling at least four 1997 American College 
of Rheumatology criteria for SLE were enrolled at the UF Lupus clinic. 
Peripheral blood was obtained from 10 patients with SLE and 7 female 
HCs after informed consent was obtained in accordance with an 
UF Institutional Review Board approved protocol (UF IRB approval 
201300225). The patients presented with stable disease and low SLE 
Disease Activity Index of 3 to 4, and they were treated with conven-
tional treatments.

Flow cytometry
Single-cell suspensions were prepared from spleen, mLN, thymus, as 
well as lamina propria from the small intestine and the colon using 
standard procedures. After red blood cell lysis, cells were blocked with 
anti-CD16/32 antibody (2.4G2) and stained in fluorescence-activated 
cell sorting (FACS) staining buffer [2.5% fetal bovine serum (FBS) 
(Genesee Scientific) and 0.05% sodium azide in phosphate-buffered 
saline (PBS) (Corning)]. Fluorochrome-conjugated antibodies used in 
this study were listed in table S1. Follicular T cells were stained as pre-
viously described (24) in a three-step process using purified CXCR5 
(2G8) followed by biotinylated anti-rat IgG (Jackson ImmunoResearch 
Laboratory) and then Peridinin-Chlorophyll-Protein (PerCP)-labeled 
streptavidin in a FACS staining buffer on ice. For cell cycle analysis, 
cells fixed with 70% ethanol were stained for DNA content with the 
FxCycle propidium iodide/RNAase staining solution (Thermo Fisher 
Scientific) following the manufacturer’s instructions. For intracellular 
staining, cells were fixed and permeabilized with FOXP3 staining buffer 
(Thermo Fisher Scientific) according to the manufacturer’s protocol. 
NP-phycoerythrin was purchased from Biosearch Technology. Dead 
cells were excluded with fixable viability dye (eFluor780; Thermo Fisher 
Scientific). Data were collected on LSRFortessa (BD Biosciences) at the 
Flow Cytometry Shared Resource at UTHSA and analyzed with FlowJo 
software (Tree Star).

In vivo treatments
Colitis was induced as previously described (12). Briefly, 4 × 105 
CD4+CD25− Teff cells from WT mice were transferred with KO, 
KO-Tg, or WT 1 × 105 Treg cells into 2-month-old B6.Rag-1−/− mice. 
Body weight was recorded at least weekly for 60 days, when the mice 
were euthanized and colon was processed for hematoxylin and eosin 
stain. The number of foci per section was counted in a blind fashion. 
For TD immunization, 8- to 10-week-old mice were intraperitone-
ally injected 100 μg of NP(31)-KLH (Biosearch Technology) in alum 
(1:1), boosted with the same Ag in alum 6 weeks later, and analyzed 
1 week after the boosting immunization. In the TLR7 activation model, 

mice were treated with 100 μg of resiquimod (R488, Tocris) in 
100 μl of acetone (Thermo Fisher Scientific) by topical application 
to the right ear on days 0, 2, and 6, and sacrificed at day 10 to analyze 
the phenotype of splenocytes. cGVHD was induced according to an 
established protocol (39). Briefly, 5 to 8 × 107 splenocytes from 
B6.bm12 mice were intraperitoneally transferred into WT, KO, 
KO-Tg, and Tg mice. Mice were sacrificed 6 weeks later to assess 
serum autoantibodies and splenic CD4+ T cell phenotypes.

To induce OVA hypersensitivity, 2-month-old WT and KO mice 
were sensitized with 50 μg of OVA (Sigma-Aldrich) in 0.1 ml of 2% 
Alhydrogel (InvivoGen) and 0.4 ml of sterile PBS via intraperito-
neal injection. Sensitized mice were exposed for 45 min daily to 
aerosolized solutions of either 1% OVA or PBS from day 15 to 19 
and then were sacrificed on day 21. After a bronchoalveolar lavage 
with 1 ml of PBS, the left main bronchus was clamped, and the left 
lung was excised to be processed for flow cytometry. One lobe was 
digested with the Lung Dissociation Kit (Miltenyi Biotec). Five 
hundred microliters of enzyme solution was injected into the lobe 
before mechanical dissociation in 2.5 ml of enzyme solution using 
the gentleMACS Octo Dissociator with Heaters (Miltenyi Biotec). 
After dissociation, immune cells were collected between a 33 and 
66% Percol (Cytiva) gradient in RPMI 1640 (Corning) containing 
2% FBS. The right lung was infused with 1 ml of 10% neutral-
buffered formalin and fixed for 24 hours before paraffin embedding 
and hematoxylin and eosin staining. Imaging was performed with a 
B-ZX 100 Keyence microscope. The surface area of the infiltrate 
calculated with the same threshold for all samples was expressed as 
percentage of the total tissue area.

In vitro T cell assays
For Treg polarization, total CD4+ T cells isolated from Pbx1CD4-KO and 
CD4Cre mice by negative selection with the CD4+ T Cell Isolation Kit 
(Miltenyi Biotec) were cultured (1 × 106 per well) for 4 days in 24-well 
plates coated with plate-bound anti-CD3e (4 μg/ml; 145-2C11, BD 
Biosciences) and complete RPMI 1640 media supplemented with 
anti-CD28 antibody (1 μg/ml; 37.51, BD Biosciences), TGF-β (3 ng/
ml; PeproTech), IL-2 (50 ng/ml R&D Systems), anti–IFN-γ (10 ng/ml; 
XMG1.2, BioXcell), and anti-IL-4 (10 μg/ml; 11B11, BioXcell).

FOXP3−YFP+ Treg and FOXP3−YFP− Teff cells were sorted from 
negatively selected CD4+ T cells) using a FACSAria sorter, and 
FOXP3−YFP− Teff cells isolated from WT mice were labeled with 
CellTrace Violet (CTV) (Life Technologies, Thermo Fisher Scientific). 
Dendritic cells (DCs) were isolated from B6.CD45.1 mice by positive 
selection with an anti-CD11c isolation kit (Miltenyi Biotec). Treg cells 
were incubated with Teff cells (1 × 105) at a 1:1 to 1:8 ratio in the 
presence of 1 × 104 DCs and soluble anti-CD3e antibody (1 μg/ml; BD 
Biosciences, 145-2C11) for 3 days. The proliferation of Teff cells was 
determined by CTV dilution.

Antibody measurements
Serum NP-specific antibodies were measured by enzyme-linked 
immunosorbent assay using plates coated with NP(4)– or NP(25)–bovine 
serum albumin (high or low affinity, respectively) (Biosearch Tech-
nology), followed by incubation with 1:1000 diluted serum samples, 
and developed with alkaline phosphatase-conjugated goat anti-mouse 
IgG, IgG2a, or IgG2b (Southern Biotech) as previously described (78). 
Anti-dsDNA IgG were measured as previously described (79) in sera 
diluted 1:500, and relative units were standardized using serial dilutions 
of pooled sera from TC mice, setting the 1:100 dilution reactivity to 
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100 U. All samples were run in duplicate. To analyze the specificity of 
anti-dsDNA IgG for dsDNA, serum was diluted 1:10 for Crithidia 
luciliae indirect immunofluorescence test (Bio-Rad) followed by incu-
bation with goat anti-mouse IgG–fluorescein isothiocyanate antibody 
(Southern Biotech) in triplicates. The images were acquired on an 
inverted fluorescence microscope (Olympus). The results were 
quantified as the percentage of Crithidia cells showing a well-
defined kinetoplast in a blind manner and then averaged between 
triplicates.

RNA-seq and RT-PCR
RNA for RNA-seq was extracted from sorted Treg cells (CD4+FOXP3+) 
and Teff cells (CD4+CD44+FOXP3−) of 2- to 3-month-old WT and 
KO mice using the RNeasy Plus Micro Kit (Qiagen) and subsequent 
used for full-length cDNA synthesis using a SMART-Seq HT kit 
(Takara). RNA-seq libraries were prepared, and data were analyzed 
essentially as described previously (80). Briefly, raw sequence reads 
were aligned to the mouse reference genome (GRCm38) using STAR 
v2.7.5c. Normalized counts (FPKM, fragments per kilobase of tran-
script per million mapped reads) values were used for PCA and 
heatmap plotting in R. DESeq2 was used to determine significantly 
expressed genes (DEGs) based on the following criteria: FPKM > 1, 
false discovery rate < 0.05, fold change > 1.5. GSEA was conducted 
using DAVID (https://david.ncifcrf.gov/), and redundant gene on-
tology terms were removed using REVIGO (http://revigo.irb.hr/). 
For qRT-PCR analyses, murine Treg and non-Treg CD4+ T cells were 
sorted from splenocytes of WT and KO mice based on Foxp3-YFP 
expression and from non-Tg mice as CD4+CD25hi cells. Human Treg 
and non-Treg CD4+ T cells were isolated form PBMCs of patients with 
SLE and HCs using the CD4+CD25+CD127dim/− Regulatory T Cell 
Isolation Kit II (Miltenyi Biotec). RNA was extracted with an RNeasy 
Micro kit (Qiagen), and cDNA was synthesized from 200 to 500 ng 
total RNA using the ImProm-II Reverse Transcription system (Pro-
mega). PCR amplification was performed using SYBR Green Super-
mix (Bio-Rad) with primers listed in table S2. Normalization to 
housekeeping gene HMBS (human) or Ppia (mouse) was carried out 
with the 2ΔΔCt method. Primer sequences are listed in table S2.

Chromatin immunoprecipitation–quantitative polymerase 
chain reaction
ChIP was performed on PBX1-B or PBX1-D overexpressing Jurkat 
T cells (21) with a ChIP assay kit (Millipore-Sigma), according to 
the manufacturer’s instructions with an anti-PBX1 polyclonal anti-
body or normal rabbit IgG (both Cell Signaling) as control. Putative 
PBX1 binding sites in the human RTKN2 promoter were identified 
using Jaspar3 (set for 75% accuracy), and primers designed for Chip-
qPCR around these sites (fig. S8) are listed in table S2.

Luciferase assay
Two putative Pbx1 binding sites in the ~1 kb upstream from exon 
1 in the murine Rtkn2 promoter region were identified using Jaspar3 
(fig. S8). We generated a 791-bp luciferase reporter construct cloned 
into the pGL4.25 Luciferase vector (Promega). PBX1-B or PBX1-D 
expression pcDNA3 plasmids were purchased from Origene. HEK293T 
cells were cotransfected with Rtkn2 pGL4.25 with PBX1-B or PBX1-D 
expression plasmids using the Lipojet transfection kit (Ver.II) 
(SignaGen Laboratories). After 48 hours, cells were harvested and 
lysed with passive lysis buffer (Promega), and firefly and renilla 
luciferase activities were measured using a dual-luciferase reporter 

assay system (Promega), according to the manufacturer’s instructions. 
The results were presented as firefly/renilla luciferase activities.

RTKN2 siRNA knockdown and cell cycle analysis
Dharmacon Accell predesigned siRNA for human RTKN2 SMART 
pool with Accell GAPDH control pool was purchased from Horizon. 
Jurkat T cells were harvested and washed twice with Accell delivery 
media. One million cells were mixed with each siRNA SMART pools 
at a final concentration of 1 μM in 24 well-plates and incubated for 
3 days. RNA was isolated to measure RTKN2 expression. For stable 
expression of the PBX1-B and PBX1-D isoforms in Jurkat T cells 
(ATCC), 2 × 105 cells were electroporated with the SE Cell Line 4D-
Nucleofector X Kit S using selected program CL-120 (Lonza). A total 
of 0.4 μg of pcDNA-PBX1-B or pcDNA-PBX1-D expression plasmids 
(Origene) with selectable marker for geneticin (G418) was added to 
cells. An empty plasmid was used as control. After electroporation, 
cells were cultured in complete RPMI with G418 (500 μg/ml) for 3 
days. PBX1 expression was confirmed by Western blotting using a 
PBX1 primary antibody (Cell Signaling). These Jurkat-PBX1-B, Jurkat-
PBX1-D, and control cells were used for cell cycle analysis.

Western blot
FACS-sorted murine Treg and Teff cells were lysed in lysis buffer 
[50 mM tris-Cl (pH 7.4), 150 mM NaCl, 2 mM EDTA, and 0.5% 
Triton X-100 including protease inhibitor cocktail]. Lysates were 
briefly sonicated, incubated for 30 min on ice, and precipitated at 
12,000 rpm for 20 min. Twenty to 30 μg of the soluble fractions was 
run on 4 to 20% Bio-Rad SDS–polyacrylamide gel electrophoresis 
gels and transferred to polyvinylidene difluoride membranes. After 
blocking with 5% nonfat dry milk in tris-buffered saline containing 
0.1% Tween 20 for 1 hour at room temperature, membranes were 
incubated with rabbit anti-PBX1 polyclonal antibody (Cell Signaling) 
or rabbit anti-RTKN antibody (Abcam) overnight at 4°C. Membranes 
were then washed and incubated with horseradish-conjugated IgG 
secondary antibody (Cell Signaling). Immunoblots were developed 
with Western enhanced chemiluminesence substrate (Cell Signaling). 
Bound antibodies were removed with the Restore Western Stripping 
Buffer (Thermo Fisher Scientific), and then membranes were incubated 
with mouse anti–β-actin antibody (Cell Signaling) to normalize 
protein content.

Statistical analysis
Differences between groups were evaluated by two-tailed statistics: 
unpaired t tests and one-way analysis of variance (ANOVA) with 
Dunnett’s multiple comparisons tests when more than two groups 
were compared. Nonparametric tests were used when the data 
were not normally distributed. Two-way ANOVA was used for 
time-course experiments. Unless specified, graphs show means 
and SDs of the mean. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S11
Tables S1 and S2
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