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ABSTRACT 

Regulatory T (Treg) cells maintain immunological tolerance in steady-state and after immune 

challenge. Activated Treg cells can undergo further differentiation into an effector state that 

highly express genes critical for Treg cell function, including ICOS, TIGIT and IL-10, 

although how this process is controlled is poorly understood. Effector Treg cells also 

specifically express the transcriptional regulator Blimp-1 whose expression overlaps with 

many of the canonical markers associated with effector Treg cells, although not all 

ICOS+TIGIT+ Treg cells express Blimp-1 or IL-10. In this study, we addressed the role of 

Blimp-1 in effector Treg cell function. Mice lacking Blimp-1 specifically in Treg cells mature 

normally, but succumb to a multi-organ inflammatory disease later in life. Blimp-1 is not 

required for Treg cell differentiation, with mutant mice having increased numbers of effector 

Treg cells, but regulated a suite of genes involved in cell signaling, communication and 

survival, as well as being essential for the expression of the immune modulatory cytokine IL-

10. Thus, Blimp-1 is a marker of effector Treg cells in all contexts examined and is required 

for the full functionality of these cells during aging. 
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INTRODUCTION 

Regulatory T (Treg) cells play a critical role in preserving immune tolerance and homeostasis. 

Treg cells also influence the ability of tumor cells or certain pathogens to escape immune 

surveillance by dampening the immune response [1-3]. The transcription factor FoxP3 is 

required for the generation and function of CD4+ Treg cells in mice and humans	
   [4], with 

loss-of-function mutations in FOXP3 triggering fatal systemic autoimmunity in both species. 

Treg cells can be generated via two distinct pathways. The majority of Treg cells are generated 

in the thymus, however FoxP3 expression and Treg cell functionality may also be induced in 

peripheral CD4+ T cells	
   [3]. Thymic and peripheral Treg cells are thought to play 

complementary and non-redundant roles in the regulation of the immune system [5, 6]. 

Naïve Treg cells exit the thymus and migrate to a variety of lymphoid tissues, where they are 

able to undergo further differentiation in response to antigen [7, 8] into a cell type we term 

effector Treg cells	
   [9]. This differentiation process is heavily influenced by the presence of 

environmental cues, notably cytokines, and results in the acquisition of distinct phenotypes 

and effector molecules. For example, seminal studies showed that T-bet is required for Treg 

cells to differentiate in response to T-helper 1 (Th1) stimuli	
  [10], while STAT3 regulated Treg 

cell responses to Th17 stimuli	
  [11]. IRF4 was initially reported to be required for Th2 type 

Treg cells [12]; however, subsequent studies have suggested that IRF4 is required for effector 

Treg cells in all circumstances	
   [13, 14]. Recently, Myb was identified as being essential for 

the differentiation of thymus-derived, but not peripherally-induced effector Treg cells [15]. 

Effector Treg cells express molecules directly involved in their suppressive capacity, 

including the inducible co-stimulator ICOS, the inhibitory receptor CTLA4, Galectin-1, the 

anti-inflammatory cytokine IL-10 [9], as well as the transcription factor, Blimp-1	
  [13]. 

Blimp-1, encoded by the Prdm1 gene, is a multifunctional transcriptional regulator that has 

well established roles in plasma cell development and function	
  [16, 17]. In T cells, Blimp-1 

expression is induced in activated CD4+ and CD8+ T cells where it regulates many aspects of 

effector and memory differentiation [18-28]. Blimp-1 is also expressed in natural killer cells	
  

[29, 30] and dendritic cells	
   [31], although its function in these cell types remains unclear. 

Interestingly, BLIMP1/PRDM1 is a risk allele in systemic lupus erythematosus (SLE) [32] 

and inflammatory bowel diseases [33]. 
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The loss of Blimp-1 in all T cells results in a lethal autoimmune pathology, that is suggestive 

of defective Treg cell function, although isolated assays on Treg cells in vitro and in vivo have 

shown that Blimp-1-deficient Treg cells are functional [22, 34, 35]. Within Treg cells Blimp-1 

expression is restricted to effector Treg cells where it is required for Il10 expression [13], 

which itself is required for immune homeostasis at mucosal surfaces [36]. The functional 

consequences of Blimp-1 loss in Treg cells remain uncertain, as the aforementioned studies 

on Blimp-1 function in T cells have all utilized pan-T cell loss of Blimp-1 or mixed bone 

marrow chimeras between Blimp-1-deficient and -sufficient cells. Here we have addressed 

the function of Blimp-1 specifically in Treg cells and found that the expression of Blimp-1 

defined most effector Treg cells in mouse models and was essential for the full control of 

immune homeostasis in the mouse. 

 

 

RESULTS 

Blimp-1 is expressed in mouse effector Treg cells and TFR cells. 

To examine Blimp-1 expression in mouse Treg cells we made use of Foxp3RFPPrdm1GFP/+ 

dual reporter mice that allow us to monitor Foxp3 and Blimp-1 expression at the single cell 

level via expression of red fluorescent protein (RFP) and green fluorescent protein (GFP) 

respectively	
   [14]. Flow cytometric analysis of splenocytes from naïve 8-week-old mice 

showed that 25.1±2.8% of CD4+Foxp3+ Treg cells expressed Blimp-1/GFP (Fig 1a). The 

percentage of Blimp-1/GFP+ Treg cells varied depending on the age of the mouse and the Treg 

location, with the highest percentage of Blimp-1/GFP expressing Treg cells located in the 

colon and small intestine (Fig 1b). 

We previously reported that Blimp-1/GFP expressing CD4+CD25+ cells isolated from naïve 

Prdm1GFP/+ mice have an effector phenotype [13]. Whilst the majority of CD4+CD25+ cells 

in naïve mice are expected to express Foxp3, we next wanted to confirm whether all Blimp-

1/GFP-expressing CD4+Foxp3+ Treg cells similarly expressed activation markers. Flow 

cytometric analysis of spleen Blimp-1/GFP+ CD4+Foxp3+ Treg cells showed high expression 

of TIGIT, ICOS, CD103, KLRG1, CD44 and GITR and low expression of CD62L, 

consistent with an effector phenotype (Fig 1c). 
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Using quantitative RT-PCR and immunohistochemistry, T follicular regulatory (TFR) cells 

have been shown to express Blimp-1 [37]. To examine the phenotype of Blimp-1 expressing 

TFR cells more closely, we infected Foxp3RFPPrdm1GFP/+ mice with influenza virus (HKx31). 

Nine days post-infection we observed that 18.9±0.87% of CD4+CXCR5hiPD-1hi ‘TFH’ cells in 

the mediastinal (med)LN and 21.9±1.2% of ‘TFH’ cells in the spleen expressed Foxp3 (Fig 

1d and Supp Fig 1a). 22.4±2.1% of these TFR cells in the medLN and 29.5±2.5% in the 

spleen were Blimp-1/GFP+ (Fig 1e and Supp Fig 1b). Blimp-1/GFP expressing TFR cells in 

the medLN and spleen highly expressed TIGIT and ICOS, consistent with an effector Treg 

phenotype, and the majority expressed Neuropilin-1 (Nrp-1), a marker that has been used to 

identify thymus-derived Treg cells (Fig 1e and Supp Fig 1b). Together these data confirmed 

that Blimp-1 is expressed in a subset of Treg cells in all organs examined and that the size of 

the Blimp-1/GFP expressing compartment varies greatly between tissues. 

 

Cell surface markers that identify Blimp-1-expressing Treg cells. 

Given that Blimp-1-expressing Treg cells in the spleen have an effector phenotype (Fig 1c), 

we were interested whether Blimp-1-expressing Treg cells at other sites might possess a 

similar phenotype. Nrp-1 was expressed in the majority of Blimp-1-expressing Treg cells in 

thymus, blood, liver, lung, peripheral (p)LN and spleen, suggesting that they were 

predominantly thymus-derived Treg cells (Fig 2a). The majority of Blimp-1-expressing Treg 

cells in the mesenteric (m)LN, Peyer’s patches (PP), colon lamina propria lymphocytes 

(LPL), small intestine (si) intraepithelial lymphocytes (IEL) and siLPL were Nrp-1-, 

suggesting that these cells were generated in the periphery (Fig 2a, b). The majority of 

Blimp-1-expressing Treg cells highly expressed the inducible T-cell costimulator ICOS, 

though a lower percentage of ICOS expression was found on Blimp-1-expressing Treg cells in 

the gut (Fig 2a). The inhibitory molecule TIGIT was expressed on more than 50% of Blimp-

1-expressing Treg cells in the thymus, blood, lung, mLN, pLN and spleen, in sharp contrast to 

liver and gut Blimp-1-expressing Treg cells, most of which were TIGIT- (Fig 2a, b).  

Although the reporter function of the Prdm1GFP allele can be used to identify the Blimp-1-

expressing Treg cells, we wanted to develop an alternate non-transgenic gating strategy to 

identify this cell population. Using cells isolated from Foxp3RFPPrdm1GFP/+ mice we 

determined that an ICOS+TIGIT+ gate (R1 in Fig 2c) within the CD4+Foxp3+ Treg population 
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encompassed the vast majority of splenic Blimp-1-GFP+ Treg cells; however, the overlap of 

the populations was not absolute, as only half of the ICOS+TIGIT+ Treg cells within this gate 

expressed Blimp-1/GFP (R2 in Fig 2c). This trend was also observed in CD4+Foxp3+ Treg 

cells examined in pLN, mLN, liver, lung, blood and PP (Fig 2d). These data indicate that 

that while all Blimp-1/GFP+ Treg cells fall into the ICOS+TIGIT+ gate, ICOS and TIGIT 

expression appears to precede Blimp-1 as many ICOS+TIGIT+ cells have not yet activated 

Blimp-1/GFP expression. Nevertheless, the use of ICOS and TIGIT was a reasonable 

approximation of the effector Treg cell compartment in absence of the Prdm1GFP reporter 

allele. 

 

Increased activation of Treg cells without Blimp-1. 

To examine the function of Blimp-1 in the Treg compartment we generated 

Prdm1fl/flFoxp3YFP-Cre mice. PCR analysis showed highly efficient inactivation of Prdm1 in 

purified CD4+Foxp3+ cells isolated from Prdm1fl/flFoxp3YFP-Cre mice, but not in genomic 

DNA extracted from the tail of control C57Bl/6 or Prdm1fl/fl mice (Fig 3a). In keeping with a 

previous report of leaky expression of the Foxp3YFP-Cre allele in non-Treg cells [38], we 

observed some Cre activity in purified CD4+Foxp3-, CD8+ and B220+ cells isolated from 

Prdm1fl/flFoxp3YFP-Cre mice (Fig 3a). Although the degree of leakiness of the Foxp3YFP-Cre 

allele differed between individual mice, we observed evidence of deletion in non-Treg cells in 

every individual mouse tested. 

Prdm1fl/flFoxp3YFP-Cre mice developed normally and young adults showed no pathological 

phenotype, suggesting that Treg cell function was grossly intact without Blimp-1. 

Examination of the splenic Treg cell compartment in 8 week old Prdm1fl/flFoxp3YFP-Cre mice 

revealed a greater proportion of Foxp3+ Treg cells (as a proportion of CD4+ cells) compared to 

control mice (Fig 3b). A greater proportion of Blimp1fl/flFoxp3YFP-Cre splenic Treg cells 

expressed ICOS and CD103, with a lower expression of CD62L, consistent with an activated 

phenotype (Fig 3b). The expanded proportion of Foxp3+ Treg cells and ICOS expression was 

also observed in most lymphoid and non-lymphoid tissues (Fig 3c). Thus, loss of Blimp-1 

resulted in perturbed homeostasis of the Treg cell lineage. 
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Immunopathology in aged mice lacking Blimp-1 in Treg cells 

To further examine the effect of Blimp-1-deficiency in Treg cells, we aged 

Prdm1fl/flFoxp3YFP-Cre mice for up to 700 days. Prdm1fl/flFoxp3YFP-Cre mice started to present 

with clinical illness, including weight loss, lethargy and disheveled appearance at around day 

110 and all mice had to be culled for ethical reasons by day 650. As expected, the majority of 

control mice remained healthy during this time period (Fig 4a). Given the role of Treg cells in 

restraining autoimmunity and inflammation, and the genetic association of PRDM1 with SLE	
  

[32], we examined serum of aged mice for the presence of antinuclear antibodies (ANA), a 

characteristic feature of the disease. At 1 year of age, modestly higher amounts of ANA were 

observed in Prdm1fl/flFoxp3YFP-Cre sera compared to controls. Increased serum titers of ANA 

was also observed in aged Prdm1fl/flFoxp3YFP-Cre mice culled for ethical reasons (Fig 4b), 

although it should be noted that the elevated serum ANA titers remained well below that 

measured from Lyn-/- mice, a well characterized model of SLE	
  [39]. 

Autopsy of Prdm1fl/flFoxp3YFP-Cre mice revealed that many mice developed splenomegaly 

and lymphadenopathy with age (Fig 4c and data not shown). Abnormalities were also 

observed in organs including the liver, lung and gastrointestinal tract (Fig 4c and data not 

shown). Histological analysis of multiple organs revealed variable signatures of autoimmune 

pathology in salivary gland, pancreas and gastrointestinal tract, although the exact organ 

targeted varied widely between individual mice (Fig 4d). Adoptive transfer of splenocytes 

from aged Prdm1fl/flFoxp3YFP-Cre mice could transfer pathology to Rag1-/- recipients 

suggesting an autoimmune component. An example of this data is shown in Fig 4c where 

splenocytes from mouse #168 (showing multi-organ pathology) were transferred into a Rag1-

/- recipient. The recipient (P1 Rag #168) was culled due to weight loss after 13.6 weeks and 

showed a similar multi-organ pathology to the founder (Fig 4c).  

Similar to 8 week old Prdm1fl/flFoxp3YFP-Cre mice (Fig 3c), aged Prdm1fl/flFoxp3YFP-Cre mice 

also contained activated Treg cells, expressing high levels of ICOS and TIGIT in a number of 

locations throughout the body (Fig 4e). In keeping with a failure in immune tolerance, 

increased ICOS and TIGIT expression was also observed in conventional CD4+Foxp3- and 

CD8+ cells isolated from aged Prdm1fl/flFoxp3YFP-Cre mice, evidence of abnormally high 

conventional T cell activation (Supp Fig 2). In summary, Blimp-1 function in Treg cells was 

essential to maintain immune homeostasis throughout life. 
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Identification of Blimp-1 regulated genes in Treg cells. 

To systematically identify Blimp-1 regulated genes in Treg cells we have analyzed microarray 

data from Blimp-1 sufficient (Prdm1GFP/+) and Blimp-1 deficient (Prdm1GFP/GFP) Treg cells. 

Importantly, in both samples Treg cells were sorted as GFP+ and thus transcribing the Prdm1-

null allele [13]. Global analysis revealed 744 differentially expressed genes in the absence of 

Blimp-1. 468 genes whose expression increased without Blimp-1 and 276 down regulated 

genes (Figure 5a). We have previously identified a signature of 1769 genes that are 

differentially expressed in effector Treg cells compared to naive or activated phenotype Treg 

cells [15].  Notably, Blimp-1 loss impacted on the expression of only 7.8% (138 genes) of 

the effector Treg cell signature genes, suggesting that effector Treg cells identity is maintained 

normally in the absence of Blimp-1 (Figure 5b). Instead, pathway analysis and manual 

inspection revealed roles for Blimp-1 in controlling signal transduction at various points, cell 

communication, adhesion and death (Figure 5c,d). In keeping with these conclusions, the 

expression of multiple members of the chemokine and chemokine receptor family was 

dysregulated without Blimp-1. Blimp-1 loss also impacted on the expression of multiple 

other transcription factors including Rorc (RORγt), Tbx21 (T-bet), Tcf7, Cebpa, Vdr  

(Vitamin D receptor), Id3 and Irf8, thus linking its activity with multiple components of the 

gene regulatory network of effector Treg cells (Figure 5c). Finally aspects of functionality 

were impacted by the loss of Blimp-1, including reduced expression of Fasl, Havcr2 (Tim-3) 

and Klrg1 and the genes encoding the IL-12 and IL-18 receptors. 

The gene encoding IL-10 was the third most downregulated gene in our dataset (Figure 5c). 

We previously used mixed bone marrow chimeric mice to demonstrate that Il10 is a direct 

target gene of Blimp-1 [13]. To confirm this finding, we used quantitative RT-PCR to 

examine Il10 expression in Treg cells isolated from Prdm1fl/flFoxp3YFP-Cre mice. High Il10 

expression was observed in purified IL-10+ Treg cells isolated from Foxp3RFPIl10GFP mice and 

in Blimp-1/GFP+ Treg cells (Fig 5e). In contrast, Il10 expression was at background levels in 

Treg cells from Prdm1fl/flFoxp3YFP-Cre mice (Fig 5e), thus confirming that Il10 expression in 

Treg cells required Blimp-1. Taken together these data demonstrate that Blimp-1 is not 

required for effector Treg cell formation, survival or identity, but instead Blimp-1 plays a 
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pleiotropic role in Treg cells influencing multiple biological processes, that ultimately are 

required for life long immunological tolerance.  

 

 

DISCUSSION 

Treg cells are essential for immune tolerance and homeostasis, as their absence results in 

catastrophic inflammatory disease and early lethality. Although most aspects of Treg cell 

biology rely on the continued expression and function of FoxP3, it has also become apparent 

that phenotypically mature or “naïve” Treg cells undergo a multi-step differentiation process, 

generating first an “activated” state, followed by an effector Treg cell stage [9]. We have 

previously proposed that the expression of Blimp-1 defines this effector Treg cell stage, and 

that Blimp1 expression is in turn induced by IRF4 that is essential for the development of all 

effector Treg cells	
   [13]. Here we have further characterized the Blimp-1/GFP+ effector Treg 

cell compartment and determined the impact of inactivating Blimp-1 only in Treg cells. 

Similar to the conventional CD4+ T cells, the differentiation and diversification of activated 

Treg cells occurs in response to cytokine signals from the cellular environment [9, 40-43]. 

This diversification generates activated and effector Treg cells with Th1, Th2, Th17 and T 

follicular helper cell like characteristics. Moreover, distinct tissue-resident Treg cell 

populations occur in non-lymphoid organs, including adipose tissue	
  [14, 44]. The evidence to 

date, from this study and others, suggests that the IRF4-mediated induction of Blimp-1 is a 

common feature of effector Treg cells in all these settings	
   [13, 14]. Blimp-1 may however 

impact of subsequent Treg cell diversification as the expression of many transcription factors 

known to be important in Treg cell subsets including Rorc [45], Tbx21 [10, 46], Tcf7 [47, 48], 

Id3 [49, 50], Irf8 [51] and the cell surface marker Klrg1 [52] were dysregulated in the 

absence of Blimp-1. 

Treg cells are known to be either thymus-derived, representing a large proportion of Treg cells 

in steady-state lymphoid organs, or peripherally induced from conventional CD4+ T cells, 

predominating in mucosal sites such as the gastrointestinal tract	
   [3]. We have recently 

reported that the transcriptional control of effector Treg cell differentiation derived from these 

two pathways is distinct, as the loss of the transcription factor Myb in Treg cells blocks 

effector differentiation of thymus-derived, but not peripherally induced, Treg cells	
  [15]. Our 
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current analysis shows that, in contrast to Myb, Blimp-1 is expressed in effector Treg cells 

from both pathways suggesting that it is an important component in a conserved effector Treg 

cell program that is the end-point of all Treg cell differentiation pathways. 

Although Blimp-1/GFP expression discriminates effector Treg cells, the development of a 

non-transgenic approach to identify these cells with surrogate markers is clearly desirable. 

Comparison of Blimp-1/GFP expression with all other known markers of the differentiation 

process, including ICOS, TIGIT, CD103, KLRG1, suggested an imperfect relationship, with 

approximately half of the FoxP3+ICOS+TIGIT+ cells expressing Blimp-1. One model to 

explain this observation is that within the activated (CD62L-CD44+) Treg cell gate are two 

stages of differentiation, the Blimp-1-/GFP-ICOS+TIGIT+ cells and the fully mature Blimp-

1+/GFP+ICOS+TIGIT+ effector Treg cells. Genome wide transcriptomic approaches are 

needed to explore this hypothesis more thoroughly. The situation is reversed for CD103 and 

KLRG1, where approximately 50% of Blimp-1/GFP+ICOS+TIGIT+ effector Treg cells 

express either marker, potentially reflecting the diversity of the effector pool. 

Mice lacking Blimp-1 in either all blood cells or specifically in T cells have a propensity to 

develop autoimmune pathology, characterized by severe inflammation of mucosal surfaces 

[22, 34, 35]. While these studies may suggest a role for Blimp-1 in Treg cells, the many other 

functions of Blimp-1 in differentiation of CD4+ and CD8+ T cells and the regulation of IL-10 

expression in multiple cell types, including Tr1 and Th1 cells, were also potentially involved 

in the phenotype observed	
  [19-21, 23, 25-27]. Moreover, early studies showed that Blimp-1-

deficient Treg cells were able to appropriately regulate conventional CD4+ T cells in in vitro 

and in vivo assays	
   [19, 22], arguing against a profound loss of Treg cell function without 

Blimp-1. In this study, we directly tested the importance of Blimp-1 specifically in Treg cells 

via conditional deletion in Foxp3+ cells. We found increased production of Treg cells that 

displayed a highly activated state. Nevertheless, mice lacking Blimp-1 in Treg cells were 

healthy until approximately day 120, a finding that agrees well with a recent study that found 

only mild intestinal inflammation in younger mice lacking Blimp-1 in Treg cells [18]. 

However upon more prolonged aging, all Prdm1fl/flFoxp3YFP-Cre mice developed clinical 

signs of an inflammatory/autoimmune disease with a half-life of approximately 400 days. 

The moribund mice showed broad inflammatory features, including splenomegaly and 

lymphadenopathy, immune infiltration into liver, lung, salivary glands and pancreas that 
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suggest stochastic or environmental triggers that target particular organs. This disease 

progression is markedly slower than that observed in mice lacking Treg cells entirely	
  which 

show severe symptoms by week 3 [53]. Thus, Blimp-1 plays a role in maintaining Treg cell 

function specifically during the aging process. One notable target gene of Blimp-1 is Il10, 

whose expression was absent in Blimp-1-deficient Treg cells. Treg cell derived IL-10 is known 

to be important for immune tolerance at mucosal sites	
  [36], and it is likely that loss of IL-10 

is one of the major contributors to the pathology observed. 

In summary, this study shows that Blimp-1 is expressed in mouse effector Treg cells 

regardless of their origin. Blimp-1 plays an important role in maintaining effector Treg cell 

function and immune homeostasis in aged mice. As PRDM1 is a risk allele in several 

autoimmune diseases including SLE and inflammatory bowel diseases [32, 33], it will be 

important in the future to assess if BLIMP-1 expression and effector Treg cell function in 

general, is altered in individuals with these conditions. 
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MATERIAL AND METHODS 

Mice 

Prdm1+/GFP [54] and Prdm1fl/fl [19] mice were previously described. C57BL/6 wild-type, 

C57BL/6-Ly5.1 and Rag1-/- mice were from the Walter and Eliza Hall Institute of Medical 

Research (WEHI) breeding facility. Foxp3RFP	
  [55] and Il10GFP [56] mice were from Jackson 
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Laboratory. Foxp3YFP-Cre [36] mice were provided by Alexander Rudensky (MSKCC, New 

York, USA). All mice were bred and maintained on a C57BL/6 background at the WEHI. 

Animal experiments were done according to Animal Experimental Ethics Committee 

guidelines and approval. 

 

Flow cytometry 

Cells were surface stained with various fluorochrome-labelled mAbs (Supp Table 1) in the 

presence of 2.4G2 to block Fc-receptors. SYTOXTM Blue dead cell stain (Life Technologies) 

was added immediately before flow cytometry analysis. For intracellular staining, cells were 

first stained with Fixable Viability Dye eFluor® 506 (eBioscience) according to 

manufacturer’s instruction. After surface staining, cells were fixed with eBioscience 

Transcription Factor Staining Buffer Set (eBioscience). Fixed cells were then stained with 

fluorescently conjugated Foxp3 mAbs as indicated. Labeled cells were examined on a BD 

FACSCanto II or LSR Fortessa x20 (BD Biosciences) flow cytometer and analysis was 

carried out using Flowjo software. 

 

Influenza Infection 

Mice were inoculated intranasally with 1x104 plaque-forming units of HKx31 (H3N2) 

influenza virus. Analysis of the lung-draining mediastinal lymph node and the spleen was 

performed at 9 days after infection at the peak of the anti-viral response.  

 

Genotyping for Prdm1 inactivation 

Single cell suspensions were made from the spleens of Prdm1fl/flFoxp3YFP-Cre and control 

mice as described above, stained with CD4, CD8, and B220 mAb, and sorted into 

CD4+Foxp3-, CD4+Foxp3+, CD8+ and B220+ cells on a BD Influx (BD Bioscience) flow 

cytometer. Cells were then lysed and made into crude DNA using DirectPCR Lysis Reagent 

(Viagen) according to the manufacturer’s protocol. The DNA was then used in a PCR 

reaction with GoTaq Green Master Mix (Promega) to determine the presence of wild type 

(611bp), floxed (765bp), or deleted (646bp) Prdm1 alleles as described previously [19]. 
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Quantitation of Il10 expression 

Total RNA from sorted splenocytes was extracted using a RNeasy Plus Mini Kit (Qiagen), 

and RNA concentration was determined using the Qubit 2.0 Fluorometer (Invitrogen) 

according to manufacturer’s instructions. RNA was reverse-transcribed into cDNA using 

iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad) following the 

manufacturers’ protocols. Real-time PCR for Il10 (Sense: 5’-

GAAGACCCTCAGGATGCGG -3’ and antisense 5’- CCTGCTCCACTGCCTTGCT-3’) 

was performed with SensiFAST SYBR No-ROX kit (BIOLINE) according to the 

manufacturer’s instructions. Results were expressed as normalized expression calculated 

from mean reading of sample triplicates, with Hprt1 as the reference gene (Sense: 5’-

GGGGGCTATAAGTTCTTTGC-3’ and antisense 5’-TCCAACACTTCGAGAGGTCC-3’). 

 

Anti-nuclear antibody ELISA 

RELISA ANA Screening Test System (Immuno Concepts) was used to detect antinuclear 

antibodies (ANA) present in the mouse serum according to manufacturer’s protocol, except 

that goat anti-mouse IgG1, IgG2a and IgG2b conjugated to horseradish peroxidase (HRP) 

(Southern Biotech) were used as the secondary antibody instead of the human specific 

RELISA Enzyme Antibody Reagent provided.  Results were analyzed and expressed relative 

to the serum ANA level from a 48 week Lyn-/- mouse (provided by David Tarlinton, Monash 

University, Melbourne, Australia). 

 

Histopathological scoring of salivary glands, pancreas, colon and small intestine 

Following ethical euthanasia of mouse, the entire gut was removed. Colon was separated 

from the end of cecum and opened longitudinally and rinsed gently with PBS to remove the 

bowel content. Colon is then rolled from the distal end towards the proximal end. Small 

intestine was separated from the end of the stomach to the start of the cecum. 3-4 1cm 

sections were cut from the proximal, middle and distal part. Colon and small pieces sections 

and whole salivary glands and pancreas were fixed in neutral-buffed formalin for a minimal 
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of 24 hours before embedding in paraffin and sectioning. Slides were stained in Hemotoxylin 

and Eosin. Histopathological scoring of the gastrointestinal tract was performed in a blinded 

manner as described previously [57], on a scale of 0 (normal) to 5 (severe). Pancreas: (0) No 

pancreatitis; (1) Perivascular/periductal lymphocyte infiltration; (2) Small patches of 

lymphocyte infiltration in the exocrine tissue; (3) Extensive infiltration in the exocrine 

pancreatic tissue and destruction of <50% of the exocrine acinar tissue; (4) Extensive 

infiltration in the exocrine pancreatic tissue and destruction of 50–90% of the exocrine acinar 

tissue; (5) Extensive infiltration in the exocrine pancreatic tissue and complete absence of 

exocrine acinar tissue. Submandibular salivary gland: (0) No sialoadenitis; (1) Multiple 

small patches of perivascular/periductal lymphocyte infiltration; (2) Small patches of 

lymphocyte infiltration in the supporting tissue, almost complete absence of serous acini, and 

no destruction of mucous acini; (3) Diffuse lymphocytic infiltration, complete absence of 

serous acini, and destruction of less than 50% of the mucous acinar tissue; (4) Diffuse 

lymphocytic infiltration, complete absence of serous acini and destruction of 50– 90% of the 

mucous acinar tissue; (5) Diffuse lymphocytic infiltration, complete absence of serous acini, 

and >90% absence of mucous acinar tissue. 

 

Bioinformatics 

The microarray data comparing the Blimp-1/GFP+ Treg cells from Prdm1GFP/+ and 

Prdm1GFP/GFP mice has been partially described previously [13] and is publicly available at 

the Gene Expression Omnibus  (www.ncbi.nlm.nih.gov/geo) under the accession GSE27143. 

The effector Treg cell RNAseq data (GSE72494) is from [15]. Gene ontology analyses were 

obtained from PANTHER Classification System version 11.0 [58]. Statistical 

overrepresentation test was performed on activated and repressed genes using PANTHER 

GO-Slim Biological Process. Only results with p value<0.05, and positive fold enrichment 

>1 are displayed.  

 

Statistical Analysis 

Statistical analyses were carried out using Graph Pad Prism software. Significant difference 

in mean fluorescence intensity (MFI) or percentage of cells were determined by unpaired t 
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tests, assuming a Gaussian distribution with Welch’s correction.  Values of P < 0.05 were 

considered significant. A one-sample t test was used for normalized data. 
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FIGURE LEGENDS 

Figure 1. Blimp-1 is expressed in a subset of mouse Treg and TFR cells. (a) Flow 

cytometric analysis of splenocytes isolated from an 8-week-old Foxp3RFPPrdm1GFP reporter 

mouse. Histogram shows Blimp-1/GFP expression in CD4+Foxp3+ Treg cells (see R1 gate). 

Data is representative of 5 independent experiments each containing cells isolated from 1-4 

mice. (b) Percentage of CD4+Foxp3+ Treg cells that are Blimp-1/GFP+ at the sites indicated at 

8 weeks and 6 months of age. si (small intestine), IEL (intraepithelial lymphocytes), LPL 

(lamina propria lymphocytes), mLN (mesenteric lymph nodes), pLN (peripheral lymph 

nodes) and PP (Peyer’s patches). Three Foxp3RFPPrdm1GFP mice were analyzed by flow 

cytometry in each group. Data at 8 weeks of age is representative of 2 independent 

experiments, each containing 3-4 mice. Data are the ± SEM. ** P<0.01, *** P<0.001. (c) 

Flow cytometry analysis of CD4+Foxp3+ Treg cells isolated from the spleen of an 8-week-old 

Foxp3RFPPrdm1GFP reporter mouse. Data is representative of 2 independent experiments each 

containing cells isolated from 3-4 mice. (d) PD-1 and CXCR5 expression in CD4+ cells 

isolated from the mediastinal LN of a Foxp3RFPPrdm1GFP mouse 9 days after infection with 

HKx31 influenza virus. Histogram shows Foxp3/RFP expression in CD4+PD-1+CXCR5+ 

cells (see gate on dot plot). (e) Flow cytometry analysis of CD4+PD-1+CXCR5+Foxp3+ TFR
 

cells from (d). Data is representative of 2 independent experiments each containing cells 

isolated from 3 mice (d, e). Numbers on plots represent the percentage of cells in each 

quadrant or gate (a, c, e). 

 

Figure 2. Expression of cell surface markers by mouse Blimp-1+ Treg cells. (a) Percentage 

of Blimp-1/GFP+CD4+Foxp3+ Treg cells that are Nrp-1+, ICOS+ or TIGIT+ at the sites 

indicated at 8 weeks and 6 months of age. Three Foxp3RFPPrdm1GFP mice were analyzed by 

flow cytometry in each group. Data at 8 weeks of age is representative of 2 independent 

experiments, each containing 3-4 mice. Data are the ± SEM. * P<0.05, ** P<0.01. (b) Flow 

cytometry analysis of CD4+Foxp3+ Treg cells isolated from an 8-week-old Foxp3RFPPrdm1GFP 

reporter mouse. SI (small intestine), IEL (intraepithelial lymphocytes), LPL (lamina propria 

lymphocytes), mLN (mesenteric lymph nodes), pLN (peripheral lymph nodes) and PP 

(Peyer’s patches). Data is representative of 2 independent experiments each containing cells 

isolated from 3-4 mice. Numbers in quadrants represent the percentage of cells in each. (c) 
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Flow cytometry analysis of CD4+Foxp3+ Treg cells isolated from the spleen of an 8-week-old 

Foxp3RFPPrdm1GFP reporter mouse. Open histogram shows Blimp-1/GFP expression in 

CD4+Foxp3+ Treg cells in the R1 (ICOS+TIGIT+/low) gate indicated on the dot plot. Grey 

closed histogram shows Blimp-1/GFP expression in CD4+Foxp3+ Treg cells located in the R2 

(ICOS-TIGIT-) gate indicated on the dot plot. Data is representative of 2 independent 

experiments each containing cells isolated from 3-4 mice. (d) Percentage of Blimp-1/GFP+ 

and Blimp-1/GFP- CD4+Foxp3+ Treg cells within the R1 (ICOS+TIGIT+/low) and R2 (ICOS-

TIGIT-) gates of (c) at the tissues indicated. Data show the mean calculated from seven 8-

week-old analyzed in 2 independent experiments. 

 

Figure 3. Characterization of Blimp-1-deficient Treg cells. (a) PCR analysis of Prdm1 

gene deletion in Prdm1fl/flFoxp3YFP-Cre mice. Genomic DNA was extracted from the tail of a 

WT (+/+) or Prdm1fl/flFoxp3YFP-Cre (fl/fl) mouse, or from FACS-sorted populations of 

splenocytes isolated from Prdm1fl/flFoxp3YFP-Cre or Foxp3YFP-Cre mice as indicated. PCR 

products represent the WT allele (+, 611 bp), floxed allele (fl, 765 bp) and deletion of the 

floxed allele (-, 646 bp). The Treg population (CD4+Foxp3+) was sorted and pooled from the 

spleens of 3 Prdm1fl/flFoxp3YFP-Cre mice. Data is representative of 2 independent 

experiments, each containing cells sorted from 1-3 mice. (b) Flow cytometric analysis of 

cells isolated from spleen of 8-week-old Foxp3YFP-Cre and Prdm1fl/flFoxp3YFP-Cre mice. 

Shown is the mean fold change of Prdm1fl/flFoxp3YFP-Cre mice / Foxp3YFP-Cre mice for the 

indicated parameter (x axis). (c) Flow cytometric analysis of cells isolated from the indicated 

organ (x axis) of 8-week-old Foxp3YFP-Cre and Prdm1fl/flFoxp3YFP-Cre mice. Shown is the 

mean fold change of Prdm1fl/flFoxp3YFP-Cre mice / Foxp3YFP-Cre mice of the proportion of 

CD4+ T cells that express FoxP3 (left plot) or the proportion of FoxP3+ cells that express 

ICOS (right plot). Data in (b-c) are from 2 independent experiments each containing cells 

isolated from 3 Prdm1fl/flFoxp3YFP-Cre and 1-3 Foxp3YFP-Cre mice. Each dot represents an 

individual mouse, horizontal lines show the mean ± SEM. * P<0.05, ** P<0.01, *** 

P<0.001. 

 

Figure 4. Characterization of aged Prdm1fl/flFoxp3YFP-Cre mice. (a) Survival graph 

showing percent survival for 24 Prdm1fl/flFoxp3YFP-Cre and 8 wild type C57Bl/6 (WT) mice. 
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(b) Serum antinuclear antibody concentration in 1 year old WT (n=21) and 

Prdm1fl/flFoxp3YFP-Cre (n=10) mice and in aged Prdm1fl/flFoxp3YFP-Cre (n=18) mice at death, 

relative to the concentration in Lyn-/- sera (set to 100). Each dot represents sera from an 

individual. Horizontal lines show the mean ± SEM. ** P<0.01, *** P<0.001, ns, not 

significant P>0.05. (c) Representative photos of affected organs in four aged 

Prdm1fl/flFoxp3YFP-Cre mice (#168, #294, #170, #185), and from a Rag1-/- mouse injected 

intravenously with 1x106 splenocytes isolated from mouse #168 and harvested when 

moribund (at 13.6 weeks post-injection). (d) Graphs depicting lymphocytic infiltration and 

tissue damage in the salivary gland, pancreas and gastrointestinal tract of aged mice at death. 

See Material and Methods for detailed description of the histological scoring. Data are 

representative of 19 aged Prdm1fl/flFoxp3YFP-Cre mice, each harvested the time of culling or 

death. Each dot represents an individual mouse. Horizontal lines show the mean ± SEM. * 

P<0.05, *** P<0.001. (e) Flow cytometric analysis of CD4+Foxp3+ Treg cells isolated from 

an 8-week-old Foxp3YFP-Cre and Prdm1fl/flFoxp3YFP-Cre mice and an aged Prdm1fl/flFoxp3YFP-

Cre mouse at death (69 weeks). Data are representative of 2 independent experiments each 

containing 1-2 aged Prdm1fl/flFoxp3YFP-Cre mice and 1 eight-week-old Foxp3YFP-Cre and 

Prdm1fl/flFoxp3YFP-Cre mouse as well as 1 experiment containing 3 aged Prdm1fl/flFoxp3YFP-

Cre mice and 1 eight-week-old Foxp3YFP-Cre and Prdm1fl/flFoxp3YFP-Cre (spleen and pLN). 

Numbers show the proportion of cells in each quadrant. 

 

Figure 5. Identification of Blimp-1 regulated genes in Treg cells. Microarray data from [9] 

showing the comparison of Blimp1/GFP+ Treg cells from the spleen and lymph nodes of 

Prdm1GFP/+ and Prdm1GFP/GFP mice. (a) Scatter plot of differential expression. Genes with 

significantly increased (red) or decreased (blue) in the absence of Blimp-1 are indicated 

(false discovery rate < 0.05). The number of differentially expressed genes is indicated. (b) 

Venn diagram showing overlap and differences between Blimp-1 regulated genes in Treg 

cells (as in (a)) and a published effector Treg cell gene signature [15]. (c) Graphs show the 

fold change (log2) of the 100 most upregulated (Blimp-1 repressed genes) and downregulated 

(Blimp-1 activated genes) in the analysis presented in (a). (d) Bar chart showing gene 

ontology classification of differentially expressed genes identified in (a) by PANTHER GO-

Slim biological process data set (p value <0.05 and fold enrichment > +1). The numbers of 
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differentially expressed genes in each GO category are indicated. Data in (a-d) derive from 3 

biologically independent samples for each genotype. (e) Quantitative RT-PCR analysis of 

Il10 transcripts. CD4+Foxp3+ Treg cell populations were sorted from the spleens of Foxp3YFP-

Cre, Foxp3RFPIl10GFP, Foxp3RFPPrdm1GFP and Prdm1fl/flFoxp3YFP-Cre mice. Fold change in Il10 

expression is shown relative to that in Foxp3YFP-Cre Treg cells (set at 1). Data shown is mean ± 

SEM from 2 independent experiments with each sample run in triplicate.  
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Supplementary Figure 1. Blimp-1 is expressed in splenic T follicular regulatory cells 

following influenza infection. (a) PD-1 and CXCR5 expression in CD4+ cells isolated from 

the spleen of a Foxp3RFPPrdm1GFP mouse 9 days after infection with HKx31 influenza virus. 

Histogram shows Foxp3/RFP expression in CD4+PD-1+CXCR5+ cells (see gate). (b) Flow 

cytometry analysis of CD4+PD-1+CXCR5+Foxp3+ TFR
 cells isolated as in (a). Data is 

representative of 2 independent experiments each containing cells isolated from 3 

Foxp3RFPPrdm1GFP mice. Numbers indicate the proportion of cells in each gate or quadrant.



Supplementary Figure 2. Increased ICOS and TIGIT expression in CD4+Foxp3- and 

CD8+ cells isolated from aged Prdm1fl/flFoxp3YFP-Cre mice. (a) Flow cytometric analysis of 

CD4+Foxp3- and (b) CD8+
 cells isolated from 8 week old Foxp3YFP-Cre and 

Prdm1fl/flFoxp3YFP-Cre mice and an aged Prdm1fl/flFoxp3YFP-Cre mouse at death (69 weeks). 

Data are representative of 3 independent experiments each containing 1-3 aged 

Prdm1fl/flFoxp3YFP-Cre mice and 1 eight week old Foxp3YFP-Cre and Prdm1fl/flFoxp3YFP-Cre 

mouse (spleen and pLN) and 2 independent experiments containing 1-2 aged 

Prdm1fl/flFoxp3YFP-Cre mice and 1 eight week old Foxp3YFP-Cre and Prdm1fl/flFoxp3YFP-Cre 

mouse (thymus, mLN, liver, lung). Numbers indicate the proportion of cells in each quadrant.



Supplementary Table 1. Flow cytometry antibodies and detection agents

Target/

Detection

Fluorophore/

Conjugate

Clone Supplier

Anti-Rat Biotin Life Technologies

Anti-Rat Cy5 Life Technologies

B220 PE RA3-6B2 eBioscience

CD103 Biotin M290 BD

CD103 PCPeF710 2E7 eBioscience

CD25 PCPCy5.5 PC61.5 eBioscience

CD25 PECy7 PC61.5 eBioscience

CD25 PE PC61 eBioscience

CD4 AF680 GK1.5 Produced in house

CD4 FITC GK1.5 Produced in house

CD4 PB GK1.5 Produced in house

CD4 PECy7 GK1.5 Biolegend

CD44 PECy7 IM7 eBioscience

CD8 A680 53.6.7 Produced in house

CD8 APC 53.6.7 Produced in house

CD8 PE YTS169 Produced in house

CD62L APC MEL-14 BD

CXCR5 Purified 2G8 BD

FoxP3 PB FJK-16s eBioscience

FoxP3 PCPCy5.5 FJK-16s eBioscience

FoxP3 PE FJK-16s eBioscience

GITR APC DTA-1 eBioscience

ICOS (CD278) PE 7E.17G9 eBioscience

ICOS (CD278) PECy7 7E.17G9 eBioscience



ICOS (CD278) PCPCy5.5 15F9 Biolegend

KLRG1 APC 2F1 eBioscience

Neuropilin-1 APC 761705 R&D

PD-1 (CD279) PECy7 RMPI-30 Biolegend

Streptavidin Brilliant Violet 570 Biolegend

Streptavidin PCPCy5.5 eBioscience

Streptavidin PECy7 Biolegend

TCR APC H57-597 BD

TIGIT eF660 GIGD7 eBioscience

TIGIT PCPeF710 GIGD7 eBioscience




