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Abstract

Objective—Tregs need to acquire an effector phenotype to function in inflammatory settings. 

Whether effector Tregs can limit disease severity in lupus is unknown. IRF4 is an essential 

controller of effector Tregs and regulates their ability to express IL-10. In non-Tregs, IRF4 activity 

is modulated by interaction with DEF6 and its homologue SWAP-70. Although mice lacking both 

DEF6 and SWAP-70 (DKO mice) develop lupus they display normal survival suggesting that, in 

DKO mice, Tregs can moderate disease development. Here we investigated whether DKO Tregs 

have an increased capacity to become effector Tregs due to the ability of DEF6 and SWAP-70 to 

restrain IRF4 activity.

Methods—Tregs were evaluated by FACS. The Blimp1-IL10 axis was assessed by crossing DKO 

mice with Blimp1-YFP-10BiT dual reporter mice. Deletion of IRF4 in DKO Tregs was achieved 

by generating Foxp3Cre IRF4fl/fl DKO mice.

Results—The concomitant absence of DEF6 and SWAP-70 leads to increased numbers of Tregs, 

which acquire an effector phenotype in a cell-intrinsic manner. In addition, DKO Tregs exhibit 

enhanced expression of the Blimp-1-IL-10 axis. Notably, DKO effector Tregs survive and expand 
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as disease progresses. The accumulation of DKO Tregs was associated with the upregulation of 

genes controlling autophagy. IRF4 was required for the expansion and function of DKO effector 

Tregs.

Conclusions—This work uncovers the existence of mechanisms that, by acting on IRF4, can 

fine-tune the function and survival of effector Tregs in lupus. These studies suggest that the 

existence of a powerful effector Treg compartment that successfully survives in an unfavorable 

inflammatory environment could limit disease development.

CD4+ Foxp3+ regulatory T cells (Tregs) are critical for the maintenance of peripheral 

tolerance [1]. Defects in Treg numbers and/or function have been observed in autoimmune 

disorders such as Systemic Lupus Erythematosus (SLE), a disease characterized by 

abnormalities in multiple TH subsets, including TH17 and TFH cells, and by a great degree of 

clinical heterogeneity [2–5]. Recent studies have demonstrated the existence of specialized 

Foxp3+ Treg populations, termed effector Tregs, which are recruited to sites of inflammation 

and are critical for the control of inflammatory responses [6, 7]. Effector Tregs exhibit 

enhanced expression of key activation markers such as CD44, ICOS, and GITR and produce 

high-levels of IL-10. Effector Tregs adapt to unique inflammatory environments by 

acquiring specific migratory and functional properties [6, 7]. For instance, follicular 

regulatory T (TFR) cells share the expression of CXCR5 with follicular T helper (TFH) cells 

and localize within the B cell follicles where they control TFH-mediated responses [8, 9]. 

Coordinated development of TH subsets and the corresponding effector Tregs in response to 

TCR engagement and environmental cues is essential for the effective restoration of immune 

homeostasis after an inflammatory response has occurred.

Effector Tregs employ survival mechanisms that are distinct from those utilized by quiescent 

CD44lo CD62Lhi central Tregs. While survival of central Tregs is predominantly controlled 

by IL-2, the abundance of effector Tregs is regulated by ICOS [6, 7]. Effector Tregs are 

furthermore more sensitive than central Tregs to the inhibitory effects of inflammatory 

mediators like interferons and are short-lived due to lower expression of the antiapoptotic 

molecule Bcl-2 [10, 11]. The limited life span of effector Tregs, however, could prove 

counterproductive in chronic inflammatory settings like those encountered in autoimmune 

diseases. Knowledge of the molecular pathways that enable effector Tregs to function and 

survive in complex inflammatory milieus could be of great clinical interest for the success of 

Treg-based therapeutics [12].

At a molecular level, the paired polarization of Treg and TH subsets involves the ability of 

Tregs to co-express Foxp3 and key transcriptional regulators that are normally associated 

with the corresponding TH subset [6, 7]. Interferon Regulatory Factor 4 (IRF4) plays a 

unique role in effector Tregs. Although IRF4 expression in Tregs was initially shown to be 

critical for the inhibition of TH2 responses, IRF4 has now emerged as an essential controller 

of all effector Tregs [10, 13]. Fundamental to the function of IRF4 in effector Tregs is its 

capacity to directly control the expression of Blimp1 and to cooperate with Blimp1 in 

driving the expression of key effector Treg molecules such as IL-10 [10, 13]. The IRF4-

Blimp1 axis is also responsible for the short-lived phenotype of effector Tregs via 

downregulation of Bcl-2 [10]. IRF4 has also recently been shown to be an essential mediator 
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of TCR-dependent Treg activation in the periphery [14, 15]. Whether under chronic 

inflammatory conditions, effector Tregs can modulate the function of IRF4 in order to 

exploit its powerful functional program while lessening its inhibitory impact on their 

survival is not known.

Amongst IRF4 interacting partners, there is a small family of proteins consisting of two 

homologous proteins, DEF6 and SWAP-70, which are differentially expressed in TH cells 

and B cells [16–19]. Both DEF6 and SWAP-70 can interact with IRF4 and selectively 

restrict its ability to bind to specific subsets of target genes [20, 21]. Studies in TH cells have 

demonstrated that the function of DEF6 can be controlled in a TCR-dependent manner [22, 

23]. Mice lacking both DEF6 and SWAP-70 (Double-knockout=DKO mice) develop a 

lupus-like disease characterized by the aberrant expansion of TH17 and TFH cells and robust 

humoral responses ([20] and unpublished observations). Despite displaying many of the 

hallmarks of lupus including autoantibody production, however, DKO mice do not have a 

reduced lifespan. Here we demonstrate that Tregs express both DEF6 and SWAP-70 and that 

the concomitant absence of these two molecules leads to increased numbers of Tregs, which 

acquire an effector phenotype in a cell-intrinsic manner. DKO effector Tregs accumulate as 

inflammation progresses due to an enhanced ability to express genes involved in regulating 

autophagy. We furthermore show that both the function and the expansion of DKO effector 

Tregs are dependent on IRF4. Thus, DEF6 and SWAP-70 represent important regulatory 

proteins controlling the access of effector Tregs to gene expression programs, which can 

maximize their fitness under chronic inflammatory conditions.

Materials and methods

Mice

C57BL/6, B6.SJL (CD45.1), Rag1−/− were obtained from Jackson Laboratory. To generate 

Def6tr/tr Swap-70−/− (DKO) mice, Def6tr/tr mice were crossed with Swap70−/− mice that had 

been backcrossed onto the C57BL/6 background as previously described [20]. Foxp3-IRES-

mRFP (FIR) mice [24] were obtained from the Jackson Laboratory and crossed with DKO 

mice to generate FIR-DKO mice. BLIMP-YFP-10BiT double reporter mice were obtained 

from S. Kaech (Yale University, CT) and have been described previously [25, 26]. BLIMP-

YFP-10BiT mice were crossed with DKO mice to generate BLIMP-YFP-10BiT DKO mice. 

Foxp3-YFP-Cre mice [27] were obtained from A. Rudensky (Memorial Sloan Kettering 

Cancer Center, NY) and IRF4fl/fl [28] were obtained from U.Klein (Columbia University, 

NY). Foxp3-YFP-Cre mice were crossed with IRF4fl/fl to produce Foxp3Cre/+ IRF4fl/fl and 

Foxp3Cre/y IRF4fl/fl mice. These mice were further crossed with DKO mice to produce 

Foxp3Cre/+ IRF4fl/fl DKO and Foxp3Cre/y IRF4fl/fl DKO mice. All mice used in the 

experiments were kept under specific pathogen–free conditions. The experimental protocols 

were approved by the Institutional Animal Care and Use Committee of The Hospital for 

Special Surgery.

Antibodies and flow cytometry

The following monoclonal antibodies were used for multiparameter flow cytometry: anti-

CD4 (RM4-5, Biolegend), anti-CD25 (PC61.5, eBioscience), anti-CCR6 (29-2L17, 
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Biolegend), anti-CD103 (2E7, Biolegend), anti-Ly5.1 (A20, Biolegend), anti-Ly5.2 (104, 

Biolegend), anti-CTLA4 (UC10-4B9, eBioscience), anti-Ki67 (solA15, eBioscience), anti-

Bcl-2 (BCL10C4, Biolegend), anti-ICOS (7E.17G, eBioscience), anti-GITR (DTA-1, 

eBioscience), anti-Helios (22F6, Biolegend), anti-Neuropilin (FAB566A, R&D systems), 

anti-PD1 (J43, eBioscience), anti-CXCR5 (2G8, BD Biosciences). The Foxp3 staining kit 

was used for staining for CTLA-4, Ki67, Helios, Bcl-2 and Bcl6. Stained cells were 

analyzed on FACS Canto (Becton Dickinson) and were sorted on FACS Aria (Becton 

Dickinson). Data were analyzed with Flowjo software.

Real-time RT-PCR

Total RNA was isolated from sorted Treg cells using RNeasy Plus Mini kit (QIAGEN). 

cDNAs were prepared and analyzed for the expression of the gene of interest by real-time 

PCR using a SYBR Green PCR master mix kit (Applied Biosystems). The PCR primers for 

Foxp3, Bag3, and Prdm1 were purchased from QuantiTect Primer Assay (QIAGEN). The 

expression of each gene was normalized to the expression of β-actin or Cyclophilin A. The 

primer sequence of Def6 and Swap-70 are as follows: Def6 forward, 5′-
CAAGGTTACATGCCCTACCTCAA-3′; Def6 reverse, 5′- 
CAGTCAGGGTCCAGCACAACT-3′; Swap-70 forward, 5′-
TCCTTTCCCATAACCTGTGC-3′; Swap-70 reverse, 5′-
ATCTTGTCAAAGTTGTCTTGGAC-3′.

Cell extracts and Western blotting

Whole cell extracts were prepared from FACS-sorted WT and DKO RFP+ CD4+ T cells 

(Tregs) as described previously [20]. Sorted Tregs were incubated for 1 hr at 37°C with or 

without 50nM Bafilomycin A1 (B1793; Sigma) for blockade of lysosome function. Primary 

antibodies used for Western blot analyses were as follows: anti-LC3 A/B (D3U4C, Cell 

Signaling, 12741), anti-actin (I-19, SantaCruz, SC-1616), anti-SWAP-70 (Q-28, Santa Cruz 

Biotechnology, SC-81991), anti-LRG47/IRGM1 (A19, Santa Cruz Biotechnology, 

SC-11075), anti-GBP1-5 (H-300, Santa Cruz Biotechnology, SC-28579), and anti-Tubulin 

(D66, Sigma, T0198). Anti-DEF6 antibody was generated in rabbit as previously described 

[18].

Transmission electron microscopy

0.5×106 CD4+ RFP+ (Treg) cells were sorted from FIR-WT and FIR-DKO mice and fixed in 

1.5 ml eppendorf tubes by gently overlaying the fixative solution (2.5% gluteraldehyde in 

100 mM sodium cacodylate, pH 7.43) and post-fixed in 1% osmium tetroxide in 100 mM 

sodium cacodylate, pH 7.43, followed by 1% uranyl acetate and further processed at Weill 

Cornell electron microscopy facility. All grids were viewed on a JEOL JEM 1400 

transmission electron microscope at 120 kV. Autophagic vacuoles were identified by visual 

inspection of the micrographs using previously established criteria.

Bone–marrow Chimeras

To generate mixed bone marrow chimeras, 8×106 T/B-cell-depleted bone marrow cells were 

injected into Rag1−/− mice, which were lethally irradiated (875 rads). CD45.1+ wild-type 
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bone marrow cells were mixed with an equal number of either CD45.2+ WT or DKO bone 

marrow cells and injected into Rag1−/− recipients via retro-orbital injection. Recipient mice 

were analyzed 8–10 wks after the reconstitution.

In vitro Treg suppression assay

FACS-sorted WT or DKO Treg cells were incubated with various ratios of FACS-sorted 

naive WT CD4+ T cells that were labeled with CFSE (4 μM) in the presence of αCD3 and 

αCD28 coated dynabeads (Invitrogen). After 72 hours the proliferation of effector CD4+ T 

cells was measured by CFSE dilution.

Statistics

Comparisons between different groups were done with unpaired two-tailed Student’s t-tests. 

All P values <0.05 were considered significant. Statistical analysis was performed using 

Graphpad Prism 5.

RESULTS

Accumulation of effector Tregs in mice lacking DEF6 and SWAP-70

DEF6 and SWAP-70 are the only two members of a unique family of molecules that share a 

high degree of sequence and structural similarity [16–19]. SWAP-70 has previously been 

detected in Tregs [29]. To assess whether DEF6 is also present in this compartment we 

utilized Foxp3-IRES-mRFP (FIR-WT) mice in which expression of RFP marks Foxp3+ cells 

[24]. In thymocytes, DEF6 was detected in both Treg and non-Treg populations while 

SWAP-70 was primarily expressed in Tregs (Supplementary Fig. 1A). Analysis of splenic 

CD4+ T cells confirmed that while naïve TH cells express only DEF6, both DEF6 and 

SWAP-70 are present in CD4+ Foxp3+ Tregs (Supplementary Fig. 1B–C).

The distinctive pattern of expression of DEF6 and SWAP-70 in Tregs suggested that these 

molecules might regulate Treg function. To address this possibility we employed mice 

lacking DEF6 and SWAP-70 (termed Double-Knock-out=DKO) [20]. WT and DKO mice 

contained similar frequencies of thymic CD4+Foxp3+ Tregs (Supplementary Fig. 2A–B) 

[30]. DKO mice, however, exhibited an expansion of Tregs in both spleens and lymph nodes 

as compared to WT mice or to mice lacking only DEF6 or only SWAP-70 (Fig. 1A and 

Supplementary Fig. 2C–D). This effect could already be observed in young mice and 

markedly increased with age (Fig. 1B and Supplementary Fig. 2C). Thus, the absence of 

DEF6 and SWAP-70 leads to an expansion of the peripheral Treg compartment.

To assess whether the lack of DEF6 and SWAP-70 alters the phenotype of Tregs we 

analyzed the expression of key Treg molecules. While Foxp3 levels were similar between 

WT and DKO Tregs, DKO Tregs expressed high levels of both Helios and Neuropilin-1, 

markers that are normally associated with thymic-derived Tregs (Fig. 1C). In vitro 
suppression assays demonstrated similar suppressive activities of WT and DKO Tregs 

(Supplementary Fig. 3). An evaluation of the expression of ICOS, GITR, surface and 

intracellular CTLA4, CD103, and CCR6, however, revealed that DKO Tregs in spleens and 

lymph nodes expressed higher surface levels of these effector Treg markers as compared to 
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WT Tregs (Fig. 1D, Supplementary Fig. 4, and data not shown). Consistent with an effector 

Treg phenotype, splenic DKO Tregs expressed lower levels of CD25 than WT Tregs (Fig. 

1D). Thus the lack of DEF6 and SWAP-70 is accompanied by an expansion of effector Tregs 

in the periphery, which can be observed even in young mice.

The Blimp1-IL10 gene module is upregulated in DKO Tregs

One of the hallmarks of all effector Tregs is their ability to produce high-levels of IL-10 [6, 

7, 31]. IL-10 production by effector Tregs is controlled by IRF4 via its dual ability to 

upregulate Blimp1 and to directly bind to the IL-10 regulatory regions together with Blimp1 

[10]. In line with the finding that DEF6 and SWAP-70 regulate the activity of IRF4 in non-

Treg compartments [20, 21], sorted Tregs from DKO mice expressed higher levels of both 

Blimp1 and IL-10 than WT Tregs (Fig. 2A). To further facilitate the evaluation of the 

Blimp1-IL-10 axis in vivo we crossed WT and DKO mice to Blimp1-YFP-10BiT dual 

reporter mice [25]. Blimp1-expressing cells in these mice can be identified by expression of 

YFP while IL-10 competent cells can be detected by evaluating the surface levels of Thy1.1. 

Based on the expression of YFP and Thy1.1, Tregs were classified as Blimp1−IL10− (Q1), 

Blimp1+IL10− (Q2) or Blimp1+IL10+ (Q3). The majority (~85%) of Tregs in WT mice were 

Blimp1−IL10−, indicative of their naïve phenotype, ~10% were Blimp1+IL-10− and very few 

cells were Blimp1+IL10+. In contrast, DKO mice exhibited a marked increase in the 

frequencies of Blimp1+IL10− and Blimp1+IL10+ cells in both spleens and lymph nodes (Fig. 

2B–C and data not shown). Thus the Blimp1-IL-10 gene module is highly upregulated in 

DKO Tregs.

DKO mice exhibit an altered TFH/TFR balance

Amongst effector Treg subsets, TFR cells play a fundamental role in inhibiting TFH-mediated 

responses and the TFH/TFR ratio has been proposed to be a critical predictor of the levels of 

humoral responses [8, 9, 32]. Given that DKO mice spontaneously develop autoantibodies 

and systemic autoimmunity together with an aberrant accumulation of TFH cells, we directly 

assessed the effects of the lack of DEF6 and SWAP-70 on the TFR compartment. 

Splenocytes from WT mice and young unimmunized DKO mice were evaluated for the 

presence of CD4+CXCR5+PD1+cells. We further subdivided this population based on the 

expression of Foxp3 or Bcl6, by performing intracellular staining, to confirm their identities 

as TFH or TFR cells (Fig. 3A). We then assessed the TFH/TFR ratio over time. DKO mice 

exhibited an increased TFH/TFR ratio, which became particularly striking with age (Fig. 3B). 

To determine whether the alterations in the TFH/TFR ratio were associated with defective 

expansion of the TFR compartment, we directly evaluated the number of TFR cells. Unlike 

the striking expansion exhibited by DKO Tregs that had not acquired a TFR phenotype, the 

number of DKO TFR cells displayed only a minimal increase with age (Fig. 3C).

To confirm these findings we also performed immunofluorescence imaging of spleens from 

WT and DKO mice (Fig. 3D). Foxp3+ cells were located both outside and within the small 

GCs that are detected in older WT mice. In contrast, DKO mice exhibited a marked 

accumulation of Foxp3+ Tregs outside the GCs but only few Foxp3+ cells localized within 

the robust GCs that these mice spontaneously develop. Thus, unlike other DKO Tregs, DKO 
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TFR cells do not expand as markedly and fail to accumulate to levels commensurate to those 

of DKO TFH cells, the corresponding TH subset that they need to restrain.

Expansion of effector Tregs in DKO mice is cell-intrinsic

Accumulation of effector Tregs in DKO mice could be observed even in young mice prior to 

the development of systemic autoimmunity suggesting that the expansion of DKO Tregs was 

not simply a response to the inflammation that develops in these mice over time. To directly 

assess whether accumulation of effector Tregs in DKO mice is due to cell-intrinsic effects, 

we generated mixed bone marrow chimeras by transferring a mixture of equal numbers of 

bone marrow cells from CD45.1+ wild-type and CD45.2+ DKO donors into irradiated 

Rag1−/− recipient mice (Fig. 4A). Control chimeras were also generated by transferring a 

mixture of equal numbers of CD45.1+ wild-type and CD45.2+ wild-type bone marrow cells 

(Fig. 4A). Eight weeks after transfer, we evaluated the recipient mice for the presence of 

Tregs in the spleen and peripheral lymph nodes. CD45.2+CD4+ DKO T cells contained an 

increased proportion of CD4+Foxp3+ cells as compared to CD45.1+CD4+ WT T cells. 

CD45.2+CD4+Foxp3+ T cells also demonstrated higher levels of expression of effector Treg 

markers such as ICOS, GITR, and CCR6 (Fig. 4B). The lack of DEF6 and SWAP-70, 

therefore, leads to the cell-intrinsic expansion of effector Tregs.

Accumulation of DKO Tregs is associated with enhanced autophagy

While expression of Blimp1 by Tregs enables them to upregulate a number of important 

effector molecules, it also endows them with a shortened life-span due to the ability of 

Blimp1 to downregulate Bcl-2 [10]. The accumulation of Blimp1-expressing effector Tregs 

in DKO mice was thus surprising leading us to evaluate the expression of Bcl-2 in DKO 

Tregs. Interestingly, DKO Tregs still exhibited markedly lower Bcl-2 levels than WT Tregs 

(Fig. 5A). WT and DKO Tregs furthermore did not exhibit any differences in their 

proliferative capabilities based on the frequencies of CD4+Foxp3+ cells expressing Ki67, a 

cell cycle-associated antigen expressed in proliferating but not quiescent cells (Fig. 5B). 

Thus the accumulation of DKO Tregs occurs despite low levels of Bcl-2 and is not due to an 

increased proliferative capability of these cells.

The ability of DKO Tregs to accumulate over time raised the possibility that these Tregs 

utilize a distinct set of survival mechanisms in order to expand under inflammatory 

conditions. To investigate this possibility we sorted RFP+ Treg cells from WT and DKO 

mice and evaluated their gene expression profile by RNASeq analysis. A total of 114 genes 

(>2 fold) were differentially expressed between WT and DKO Tregs, 31 of those genes were 

upregulated in the DKO Tregs. Gene Ontology analysis revealed that several of the 

differentially expressed genes belong to a group of interferon-induced GTPases [33] that are 

important in vesicular trafficking, phagocytosis and neutrophil activation (data not shown). 

Prominent amongst the transcripts were a number of genes known to be involved in the 

regulation of autophagy, including members of the GBP (Guanylate Binding Proteins) and 

IRG (Immunity-related GTPase) family and Bag3, a gene implicated in Chaperone-assisted 

selective autophagy (CASA) [34, 35]. Differential expression of these genes in WT and 

DKO Tregs was confirmed by Western blotting and/or quantitative real-time RT-PCR (Fig. 

5C).
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In view of the ability of autophagy to promote the survival of cells under stressful conditions 

[36] we next considered the possibility that DKO Tregs might upregulate this critical 

process. TEMs of sorted WT and DKO Tregs indeed exhibited an accumulation of 

autophagic vacuoles in DKO Tregs (Fig. 5D). Furthermore, evaluation of the levels of LC3 

demonstrated that DKO Tregs exhibit higher levels of the lipidated form of LC3 (LC3-II) 

than WT Tregs (Fig. 5D). The increased expression of LC3-II was due to increased 

autophagic flux since DKO Tregs exhibited increased LC3-II expression upon exposure to 

BafilomycinA1 (Fig. 5D). Taken together these studies support the idea that the enhanced 

ability of DKO Tregs to upregulate a transcriptional program controlling autophagy enables 

these Tregs to survive in the inflammatory milieu that accompanies the development of 

lupus.

The function and expansion of DKO effector Tregs are dependent on IRF4

Analysis of overrepresented sequencing motifs using XXMotif [37] in regions surrounding 

the transcription start site (−1kb to +200bp) of 176 genes induced in DKO Tregs (>1.4 fold) 

revealed an enrichment of sequence motif that is strikingly similar to IRF1 and IRF4 binding 

sites reported in the JASPAR database [38]. These motifs were found upstream of Gbp 2,4,6, 

Igtp, Iigp1 and Irgm2, among others (data not shown). Given the ability of DEF6 and 

SWAP-70 to interact with IRF4 and considering the enrichment of IRF-binding sites in DKO 

induced genes we wanted to directly evaluate whether the striking expansion of effector 

Tregs in DKO mice was dependent on this transcriptional regulator. To assess this possibility 

we crossed DKO mice with Foxp3Cre IRF4fl/fl mice to generate DKO mice selectively 

lacking IRF4 in Tregs. We first assessed the effects of the loss of IRF4 in heterozygous 

Foxp3Cre/+ IRF4fl/fl DKO female mice where, because of X chromosome inactivation, Tregs 

that lack IRF4 (Foxp3Cre−YFP+) can be directly compared to Tregs expressing IRF4 

(Foxp3Cre−YFP−) within the same inflammatory milieu. Foxp3Cre/+ IRF4fl/fl female mice 

were used as controls. Appropriate deletion of IRF4 within the Foxp3Cre−YFP+ DKO 

compartment was confirmed by intracellular staining (Fig. 6A). An examination of YFP
+Foxp3+ versus YFP−Foxp3+ populations in spleens and peripheral lymph nodes revealed a 

dramatic reduction in the ratio of YFP+ to YFP− Treg cells in DKO mice (Fig. 6B and data 

not shown). In addition, as compared to YFP−Foxp3+ cells, the remaining YFP+Foxp3+ 

DKO cells expressed much lower levels of effector Treg markers such as ICOS, GITR, 

CD103, and CCR6 (Fig. 6C). Thus, both the expansion and the activation of the DKO 

effector Tregs require IRF4.

An examination of Foxp3Cre/y IRF4fl/fl male DKO mice, which lack IRF4 in all Tregs, 

confirmed that the frequencies of CD4+Foxp3+ T cells were dramatically reduced as 

compared to Foxp3Cre/y male DKO mice (Fig. 6D). Similarly to what had been observed in 

the YFP+ compartment of Foxp3Cre/+ IRF4fl/fl DKO female mice, the remaining Tregs 

expressed lower levels of ICOS (data not shown). In line with a strong requirement for the 

presence of IRF4 in DKO Tregs to limit the inflammatory potential of DKO TH cells, 

Foxp3Cre/yI RF4fl/fl DKO mice exhibited a shortened survival and displayed an expansion of 

cytokine producing TH cells, which, compared to Foxp3Cre/y IRF4fl/fl mice, encompassed 

increases not only in IL-4 but also in IFN-γ production (Fig. 6D and data not shown). Thus, 
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effector Tregs in DKO mice are critical for dampening the function of CD4+ Foxp3− DKO T 

cells.

DISCUSSION

Acquisition of specialized effector programs in the periphery is critical for the ability of 

Tregs to restore homeostasis in response to a wide range of inflammatory conditions [6, 7, 

31]. Despite their phenotypic diversity, all effector Tregs rely on one critical transcription 

factor, IRF4 [10]. Here we demonstrate that the activity of IRF4 in Tregs can be modulated 

by DEF6 and SWAP-70, the only two members of a unique family of immunoregulators. 

Both DEF6 and SWAP-70 contain a number of signaling motifs that could be targeted by 

TCR signaling in Tregs [18, 39–43]. These molecules could thus serve as a useful relay 

system whereby a Treg, by regulating the interaction of these molecules with IRF4, can 

precisely tailor IRF4 activation to the degree of TCR engagement. By ensuring that IRF4 

activity is commensurate to the extent and the chronicity of the inflammatory insult such a 

system can help fine-tune effector Treg function and survival during the development of 

lupus and help limit disease severity.

Our ability to selectively delete IRF4 in Tregs in a spontaneous model of lupus enabled us to 

specifically assess the role of IRF4 in the regulation of effector Tregs in this disease. 

Particularly useful was the analysis of Foxp3Cre−YFP/+ IRF4fl/fl DKO female mice where we 

could directly compare IRF4 sufficient and deficient Tregs exposed to the same 

inflammatory milieu. These studies revealed a marked loss of key effector Treg markers by 

IRF4 deficient Tregs supporting the notion that IRF4 is indeed a crucial regulator of the 

effector Treg program. Deletion of IRF4 in all Tregs in Foxp3Cre/y IRF4fl/fl DKO male mice 

confirmed that its presence in Tregs was necessary to dampen the inflammatory function of 

TH cells in these mice. The shortened survival of Foxp3Cre/y IRF4fl/fl DKO mice was 

accompanied by increased production of both IL-4 and IFN-γ indicating a more complex 

inflammatory environment than that exhibited by Foxp3Cre/y IRF4fl/fl mice whose limited 

lifespan was primarily marked by exaggerated TH2 inflammatory responses as previously 

reported [13].

In addition to acquiring an effector phenotype, DKO Tregs also exhibited a cell-intrinsic 

ability to expand leading to a remarkable accumulation of effector Tregs over time. This was 

surprising in view of the known ability of the IRF4-Blimp1 axis to impart effector Tregs 

with a shortened life span [10]. The expansion of effector Tregs in DKO mice was IRF4-

dependent and was marked by the upregulation of autophagy, a process known to facilitate 

cell survival under stressful conditions [44]. Thus, by restricting the ability of IRF4 to 

upregulate autophagy-dependent pathways, DEF6 and SWAP-70 can regulate the conversion 

of short-lived effector Tregs to more potent and longer-lived regulators. Consistent with a 

direct role for IRF4 in controlling this program, DKO Tregs upregulate a number of genes 

involved in the control of autophagy including members of the IRG and GBP family, which 

have previously been shown to be regulated by IRFs [45–47]. Intriguingly increased 

autophagy has previously been linked to the ability of autoreactive lupus T cells to survive 

[48] suggesting that, in lupus, this pathway can be exploited for both pathogenic and 

protective responses.
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Unlike the remarkable accumulation of most effector Tregs, DKO mice exhibited only a 

minimal expansion of TFR cells resulting in an imbalanced TFH/TFR ratio over time. It is 

possible that the high levels of IL-21 produced by DKO TFH cells may contribute to this 

effect since IL-21 has been reported to decrease the frequencies and numbers of TFR cells 

[49]. Thus although the shared utilization of transcriptional modules should ensure the 

parallel differentiation of TH subsets and the corresponding effector Treg subset [6, 7, 31], 

the unique characteristics of local inflammatory milieus can overwhelm these regulatory 

systems and create selective imbalances in specific TH/Treg subset pairs. These complexities 

are likely to be highly relevant to the pathophysiology of human SLE and are well 

exemplified by the DKO lupus mouse model where the simultaneous defects in TFR cells 

can fuel the aberrant autoantibody production while the marked expansion of non-TFR 

effector Tregs could help limit tissue damage. These findings thus support the idea that the 

cellular and molecular networks that mediate tissue-injury do not fully overlap with those 

driving systemic autoimmunity and that these two components of lupus pathophysiology 

could be differentially targeted. Interestingly, pharmacologic inhibition of CaMK4 (calcium/

calmodulin-dependent protein kinase IV) was recently shown to favor the recruitment of 

Tregs to the kidneys in the MRL/lpr lupus mouse model resulting in decreased kidney 

damage [50] suggesting that therapeutic interventions aimed at promoting the expansion/

recruitment of effector Tregs into tissues could be effective at ameliorating end-organ 

damage.

Our findings carry potentially important clinical implications. Indeed, these studies suggest 

that despite the presence of autoimmune features such as dysregulated humoral responses, 

the existence of a powerful effector Treg compartment that successfully survives in an 

unfavorable inflammatory environment can effectively limit disease development. Such a 

scenario is highly relevant to diseases such as SLE whose clinical heterogeneity could be 

linked, at least in part, to the presence/absence of long-lived effector Tregs. The 

identification of the molecular pathways that endow effector Tregs with increased potency 

and survival may also provide valuable information for the development of appropriate 

therapies aimed at targeting Tregs for the treatment of SLE and, possibly, for a broader range 

of clinical settings including cancer and transplantation where manipulations of effector 

Tregs could also be beneficial.
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Figure 1. Accumulation of effector Tregs in DKO mice
A. Representative flow cytometric analysis of the expression of Foxp3 on CD4+ T cells in 

WT and DKO mice. B. Percentages (top panel) and cell numbers (bottom panel) of 

CD4+Foxp3+ (Treg) cells in the spleen of 8-12 wks old mice (termed 8 wks) and >24 wks 

(termed 24 wks) old WT and DKO mice. Data are pooled from at least five independent 

experiments (8 wks, n=14 and 24 wks, n=9). C. FACS histograms and Mean Fluorescence 

Intensity (MFI) showing the expression of Foxp3, Helios, and Neuropilin on CD4+Foxp3+ 

(Treg) cells in the spleen of 8 wks old WT and DKO mice. Representative plots of at least 

three independent experiments. D. FACS histograms and Mean Fluorescence Intensity (MFI) 

of Treg cell-associated molecules (ICOS, GITR, CD25, CD103 and CCR6) on CD4+Foxp3+ 

(Treg) cells from 8-12 wks old WT and DKO spleens. Data are pooled from at least three 

independent experiments (n=7-10). Each symbol represents an individual mouse. Error bars 

represent the mean ± s.e.m., *P<0.05, **P<0.01, ***P<0.001 (unpaired, two-tailed 

Student’s t-test). ns, not significant.
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Figure 2. Upregulation of the Blimp1-IL10 axis in DKO Tregs
A. Quantitative RT-PCR analysis of the expression of Blimp1 and IL10 mRNA in 

CD4+Foxp3+ (Treg) cells sorted from 8 wks and 24 wks old Foxp3-IRES-mRFP (FIR)-WT 

and FIR-DKO mice. Data are normalized relative to the expression of cyclophilin A and are 

representative of at least two independent experiments. B. Representative flow cytometric 

analysis and gating strategy of the expression of Blimp1 and IL10 on CD4+ Foxp3+ (Treg) 

cells in the spleen of WT and DKO Blimp1-YFP and IL10-Thy1.1 double-reporter mice. C. 
Percentage of WT and DKO Treg cells in Q1 (Blimp1−IL10−), Q2 (Blimp1+IL10−) and Q3 

(Blimp1+IL10+). Data in B and C are pooled from at least three independent experiments, 

each with two to three mice per group. Each symbol represents an individual mouse (n=7). 

Error bars indicate the mean ± s.e.m., *P<0.05, **P<0.01, ***P<0.001 (unpaired, two-tailed 

Student’s t-test). ns, not significant.
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Figure 3. DKO mice exhibit an altered TFH and TFR ratio
A. Representative FACS plots of PD1 and CXCR5 expression (left panel) on CD4+ T cells 

in 8 wks old WT and DKO mice. (Middle panel) CD4+CXCR5+PD1+ cells were further 

fractionated into Foxp3+ (TFR= CD4+CXCR5+PD1+CD44+FOXP3+) and Foxp3− (TFH= 

CD4+CXCR5+PD1+CD44+FOXP3−) cells. (Right panel) Representative histograms showing 

Bcl6 expression in TFH (dotted lines), TFR (black solid line), and naïve (gray shaded, 

CD4+CXCR5−PD1−FOXP3− CD44−) cell populations. Data are representative of at least 

three independent experiments. B. TFH/TFR ratio in spleens of 8 wks and 24 wks old WT 
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and DKO mice. Data are pooled from at least five independent experiments (8 wks, n=11 

and 24 wks, n=8-10). C. Total Treg and TFR cell numbers in 8 and 24 wks old WT and DKO 

mice. Data are pooled from at least five independent experiments (n=8-12). Each symbol 

represents an individual mouse. Error bars indicate the mean ± s.e.m., *P<0.05, **P<0.01, 

***P<0.001 (unpaired, two-tailed Student’s t-test). ns, not significant. D. Representative 

immunofluorescence images of splenic sections from 24 wks old WT and DKO mice (two 

independent experiments, n=2-3). PNA, green: Foxp3, red, scale bar: 100μm. Inset (gray 

box) represents magnified view of PNA+ germinal center.
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Figure 4. Accumulation of effector DKO Tregs is cell-intrinsic
A. Frequency of Foxp3+ (Treg) cells among CD4+ T cells of each genotype in the spleen and 

peripheral lymph nodes (PLN) of mixed bone marrow (BM) chimeric mice generated by 

transferring 1:1 ratio of bone marrow cells from 45.1+ (SJL) WT and 45.2+ DKO mice or 

control 45.1+ (SJL) WT and 45.2+ WT mice. B. Fold changes in the MFI of Treg-associated 

markers (GITR, ICOS, and CCR6) on 45.2+ compared to 45.1+ Treg cells in the PLNs of 

BM chimeric mice. Data are pooled from two independent experiments with at least three 

mice in each group. Each symbol represents an individual mouse (n=7-8). Error bars 

indicate the mean ± s.e.m., *P<0.05, **P<0.01, ***P<0.001 (unpaired, two-tailed Student’s 

t-test). ns, not significant.
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Figure 5. DKO effector Treg cells exhibit enhanced autophagy
A. Bcl-2 expression in splenic Tregs from 8 wks old WT and DKO mice. Data are pooled 

from three independent experiments (n=5). B. Ki67 expression on splenic Tregs from 8 wks 

WT and DKO mice. Data are pooled from at least three independent experiments (n=6). C. 
Western blot of Gbp1-5 (left panel) and IRGM1 (middle panel) in sorted Tregs from 8 wks 

old FIR-WT and FIR-DKO mice. (Right panel) Quantitative RT-PCR analysis of Bag3 
mRNA in sorted Tregs from FIR-WT and FIR-DKO mice. Data are normalized to the 

expression of cyclophilin A. Data are representative of at least two independent experiments. 

D. Electron microscopic images of sorted Tregs from FIR-WT and FIR-DKO mice. Arrows 

denote double membrane autophagosomes. Images are representative of ten cells (at least 

five fields were imaged from single cell) from each group of mice. Scale bar, 500nm. (Right 

panel) Western blot of LC3-I and LC3-II in sorted WT and DKO Tregs treated for 1 hr with 

DMSO or Bafilomycin A1 (BafA1, 50nM). Data are representative of at least two 

independent experiments. Each symbol represents an individual mouse. Error bars indicate 

the mean ± s.e.m., * P<0.05, **P<0.01, ***P<0.001 (unpaired, two-tailed Student’s t-test). 

ns, not significant.
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Figure 6. Expansion of DKO effector Tregs is dependent on IRF4
A. Representative FACS histograms and MFI (right panel) of IRF4 on Foxp3+YFP− and 

Foxp3+YFP+ Treg cells in the spleen of 8 wks old Foxp3Cre/+ IRF4fl/fl DKO female mice. 

Data are representative of two independent experiments (n=3). B. Flow cytometry plots of 

Foxp3 and YFP on CD4+ T cells and ratios of Foxp3+YFP+ versus Foxp3+YFP− Treg cells 

in spleen of Foxp3Cre/+ IRF4fl/fl and Foxp3Cre/+ IRF4fl/fl DKO mice. Data are pooled from at 

least two independent experiments (n=3-7). C. FACS histograms and MFI of Treg cell-

associated molecules (ICOS, GITR, CD103 and CCR6) on Foxp3+YFP− and Foxp3+YFP+ 

Treg cells in the spleens of Foxp3Cre/+ IRF4fl/fl DKO mice. Data are pooled from at least 

two independent experiments (n=3-6). C. Percentages of CD4+Foxp3+ (Treg) cells in the 

spleens of (5-12 wks old) Foxp3Cre/y, Foxp3Cre/y IRF4fl/fl, Foxp3Cre/y DKO and Foxp3Cre/y 

IRF4fl/fl DKO male mice. Data are pooled from at least three independent experiments 
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(n=4-6). D. Percentages showing the intracellular expression of IL-4, and IFN-γ in 

splenocytes from the indicated mice. Data are pooled from at least two independent 

experiments (n=4-5). Each symbol represents an individual mouse. Error bars indicate the 

mean ± s.e.m., * P<0.05, **P<0.01, ***P<0.001 (unpaired, two-tailed Student’s t-test). ns, 

not significant.
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