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Abstract

STAT5A and STAT5B are highly homologous proteins whose distinctive roles in human

immunity remain unclear. However, STAT5A sufficiency cannot compensate for STAT5B

defects, and human STAT5B deficiency, a rare autosomal recessive primary immunodeficiency, is

characterized by chronic lung disease, growth failure and autoimmunity associated with regulatory

T cell (Treg) reduction. We therefore hypothesized that STAT5A and STAT5B play unique roles

in CD4+ T cells. Upon knocking down STAT5A or STAT5B in human primary T cells, we found

differentially regulated expression of FOXP3 and IL-2R in STAT5B knockdown T cells and

down-regulated Bcl-X only in STAT5A knockdown T cells. Functional ex vivo studies in

homozygous STAT5B-deficient patients showed reduced FOXP3 expression with impaired

regulatory function of STAT5B-null Treg cells, also of increased memory phenotype. These

results indicate that STAT5B and STAT5A act partly as non-redundant transcription factors and

that STAT5B is more critical for Treg maintenance and function in humans.
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1. Introduction

The signal transducers and activators of transcription (STAT) family of proteins mediate a

number of biological activities including immune cell regulation and responsiveness to

growth factors. STAT5A and STAT5B are highly homologous proteins encoded by separate

genes located on chromosome 17q11.2. Human STAT5A and STAT5B proteins differ by 7

amino acids in the DNA binding domain and 20 amino acids in their carboxy termini in

addition to 6 amino acids at the beginning of the transactivating domain [1,2]. While

STAT5A and STAT5B may bind the same targets, differential effects may arise due to

differential expression or differences in kinetics of DNA binding [3].

Murine studies have highlighted the role for both STAT5A and STAT5B in cytokine

signaling and T cell homeostasis [4–7], whereas the roles of STAT5A and STAT5B in

regulating human immune responses in vivo remain poorly understood. Previous studies

have examined the immune phenotype of human STAT5B-deficiency, a rare severe primary

immunodeficiency characterized by growth failure, chronic lung disease, atopic dermatitis,

infections of the skin and respiratory tract and/or autoimmune disease [8]. STAT5B

homozygous deficient patients have high T cell activation, hypergammaglobulinemia, high

IgE levels and marked deficiency in insulin-like growth factor (IGF)-1 production [8,9].

Additionally, IL-2 signaling directly targets the human FOXP3 gene in CD4+ CD25hi Treg

requiring the binding of STAT5 proteins [10]. Indeed, in one patient with a homozygous

STAT5B mutation resulting in undetectable STAT5B but normal STAT5A expression, we

previously showed a decreased numbers of Treg with low levels of FOXP3 expression and

impaired suppressive function in vitro [11]. This single case study demonstrated a role for

STAT5B in IL-2-mediated CD25 regulation of Treg that is non-redundant with a role for

STAT5A. The finding of a reduced number of Treg implies that human Treg require the

activation of at least STAT5B; it is unclear at present whether there is a role for STAT5A in

human Treg development.

Treg comprise a population of T cells that suppress T cell function and attenuate immune

responses against self and non-self antigens. Naturally arising Treg are produced in the

thymus, whereas adaptive Treg are induced from naïve T cells after antigen exposure in the

periphery. Although a marker unique to Treg populations has not been identified, Treg

typically are composed of CD4+ CD25hi T cells that express the transcription factor FOXP3,

which is necessary and sufficient for Treg suppressive function [12]. Vukmanovic-Stejiv et

al. demonstrated that human CD4+ CD25hi Treg can also be induced by rapid turnover from

the memory T cell pool [13]. Whether there is differential regulation between STAT5A and

STAT5B of human Treg in the periphery vs. Treg development in the thymus has not been

determined. Because STAT5B-deficient patients have been found to have normal levels of

STAT5A protein expression but reduced Treg numbers and function, short stature and

reduced IL-2R expression (reviewed in [14]), we hypothesized that human STAT5B could
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function non-redundantly with human STAT5A to regulate FOXP3, IGF-1, and IL-2R, and

possibly act separately on thymic Treg development or peripheral Treg induction and

maintenance.

To begin to address these questions, we utilized two different approaches: in vitro siRNA-

mediated knockdown of STAT5A or STAT5B in human primary T cells and ex vivo

analysis of transcriptional profiling, immunophenotyping, functional assays and thymic

origin of Treg cells purified from STAT5B−/− patients with diverse mutations leading to

STAT5B deficiency with different severity of symptoms and clinical phenotypes.

The current study demonstrates at the molecular level in human cells a differentiation

between STAT5A and STAT5B-dependent regulation of genes relevant for immune

homeostasis and specifically shows that FOXP3, and consequently Treg suppressive

function, is downstream of STAT5B signaling, whereas peripheral Treg induction from

memory CD4+ T cells is STAT5B-independent.

2. Materials and methods

2.1. Patients

All subjects consented under Stanford approved IRB according to ICH/GCP guidelines.

Peripheral blood mononuclear cells (PBMCs) were isolated as in [8] from 6 STAT5B

homozygous deficient patients ranging in age from 6 to 31 years of age, 1 heterozygote

(A630Pwt/−), and healthy controls age-matched within 6 months. Healthy controls were

obtained from Stanford Hospital and Clinics. The STAT5B-deficient patients have one of

the following genotypes: 1× p.A630P−/−, 1× c.1103insC−/−, 2× c.1680delG−/−, 1×

SNPs3′UTR and c.424_427del. Absolute numbers of CD3+ T cell, CD4+ T cells, CD8+ T

cells, NK cells and Treg, as well as total IgG, IgE, were determined when possible for each

patient and are noted in Table 1. No subject had an acute infection and/or was medicated

with antiproliferative or immunosuppressive agents within 1 week of the blood draw. This

study was approved by the Stanford Administrative panel on Human Subjects in Medical

Research Institutional Review Board.

2.2. Cell purification

PBMCs and CD4+ T cells were isolated from whole blood using Ficoll separation and

RosetteSep CD4+ enrichment kit (StemCell Technologies). CD4+CD25hiCD127low cells

were separated using antigen-coated immunomagnetic bead cell separation (Miltenyi Biotec)

and had >90% purity. For Treg suppression assays, CD4+ T cells were incubated with

antibodies recognizing CD127 and CD25 (BD Biosciences), and subsequently sorted by

flow cytometry on a FACS Aria (BD Biosciences) into CD4+CD25hiCD127low/− Treg and

CD4+CD25− effector T cells.

2.3. Quantitative PCR

RNA was isolated from 200,000 peripheral blood cells using RNeasy kits (Qiagen)

according to the manufacturer's protocol. For cDNA synthesis, 500 ng of total RNA was

transcribed with cDNA transcription reagents (Applied Biosystems) using random
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hexamers, according to the manufacturer's protocol. Gene expression was measured in real

time using primers and other reagents purchased from Applied Biosystems and SuperArray.

All PCR assays were performed in triplicate. Data were presented as relative fold expression

of the candidate gene to the expression of the housekeeping gene β-glucuronidase.

2.4. RNA interference and Western blot

CD4+ cells were resuspended at 2 × 105 cells/10 μL in T buffer (Invitrogen) with a 2 nmol

cocktail of equal volume Stealth Select siRNA for STAT5A or STAT5B (Invitrogen). Cells

were transfected on a Neon Transfection System (Invitrogen) at a preoptimized square pulse

condition for STAT5A siRNA (1700 V, 25 ms, 1 pulse) or for STAT5B siRNA (1700 V, 30

ms, 1 pulse). To assess stability of the microporation transfection and long-term cell

viability, cells were incubated in a flat-bottom 24-well plate in 490 μL RPMI 1640

supplemented with 10% fetal bovine serum (FBS) per well at 37 °C with 5% CO2 for 1, 3, 5

or 7 days. No further stimulation was used. Viability was also assessed with or without 100

U/mL rhIL-2 (PeproTech). Data were normalized to those from cells transfected in T buffer

with 2 nmol Negative Control Medium GC (Invitrogen). To assess knock-down by protein

analysis, protein (15 μg/lane) from T cell blasts was electrophoresed, blotted, and probed

with antibodies recognizing STAT5A (clone L20) or STAT5B (clone G-2,Santa Cruz

Biotechnology) as described [15].

2.5. Flow cytometry and immune phenotyping

The following antibodies and cognate isotypes were purchased from BD Biosciences, unless

otherwise indicated, and were used as per manufacturer's instructions: Live/dead, CD4

(SK3), CD25 (BC96), CD31 (MEC13.3), CD45RA (HI100), CD45RO (UCHL1), CD127

(HIL-7R-M21), FOXP3 (eBioscience, PCH-101), Ki67 (eBioscience, 20Raj1), and pSTAT5

(Cell Signaling, 9359). Cells were stained with surface markers, then fixed and

permeabilized followed by a blocking step with 2% normal rat serum, and stained with

intracellular Ki67 (eBioscience), FOXP3 (eBioscience), or isotype control mAb for 30 min.

Cells were acquired with a FACS-calibur or LSRII flow cytometer (BD Biosciences) and

analyzed using FlowJo software (Tree Star). As per our previously published methods [16],

Treg were defined as live, CD4+CD25hiCD127low cells.

2.6. sjTREC content

Total cellular DNA was isolated from CD4+ T cells using a QIAamp DNA Mini kit

(QIAGEN) and used in 20 μL real-time PCR reactions in 384-well plates analyzed in a

7900HT Fast Real Time PCR instrument (Applied Biosystems). Reactions included

oligonucleotide primers and a TAMRA-FAM labeled internal probe for the δRec-ψJα signal

joint [17]. Internal standards that were cloned from human thymocyte DNA by PCR

included a 381-bp segment containing the δRec-ψJα signal joint (primers 5′-

GAAAACAGCCTTTGGGACAC-3′ and 5′-GTGAC ATGGAGGGCTGAACT-3′; designed

based on the homology of a rhesus macaque sjTREC sequence with human genomic

sequences) and a 496-bp segment of the Cα region that is not affected by V(D)J

recombination (primers 5′-ATCACGAGCA GCTGGTTTCT-3′ and 5′-

CCATTCCTGAAGCAAGGAAA-3′). These products were used in standard curves ranging
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from 1.0 × 101 to 1.0 × 105 copies per reaction. A TAMRA-FAM labeled internal probe for

the Cα region of the TCR-α gene locus was used for detection of Cα copy number [17].

sjTREC values for samples were calculated using ABI 7700 software and samples were

analyzed in triplicate experiments excluding results varying by about 10%. Results were

averaged. Data are expressed as the number of TRECs per DNA equivalent in 105 input

cells.

2.7. T cell suppression assays

T cell suppression assays were preformed as in [18]. Specifically, in round-bottom 96-well

microtiter plates, effector CD4+CD25− T cells (3.7 × 103/well) were incubated in either a

1:1 or 4:1 ratio with CD4+CD25+ regulatory T cells and magnetic beads (StemCell

Technologies). Control conditions lacked either CD4+CD25+ or CD4+CD25– T cells. T cells

were cultured for 7 days at 37 °C in RPMI 1640 medium supplemented with 10% fetal

bovine serum. In the last 16 h of the incubation, [3H]-thymidine (1.0 μCi/well) was added,

and cellular incorporation was determined by liquid scintillation counting using a Perkin

Elmer scintillation counter.

2.8. Statistical analyses

Paired t tests or ANOVAs were used for analysis of significance. Analysis was carried out

with GraphPad Prism statistical software (GraphPad Software, Inc.). P values ≤0.05 were

considered significant and are indicated on the figures accompanying this article.

3. Results

3.1. siRNA-induced inhibition of STAT5A/B and subsequent reduction in FOXP3, IL-2R,
Bcl-X and IGF1 mRNA

To determine the distinct effect of STAT5A vs. STAT5B, we initially transfected primary

human CD4+ T cells with siRNA specific to STAT5A, STAT5B, or a scrambled control,

and quantified STAT5A and STAT5B mRNAs in these unstimulated T cells. When compared

with control siRNA-transfected T cells, STAT5A siRNA-transfected CD4+ T cells showed a

33% and 45% reduction in STAT5A gene expression after 24 h and 72 h, respectively (Fig.

1A, P < 0.001). Similarly, we observed a 40% and 58% reduction in STAT5B mRNA in

STAT5B siRNA-transfected CD4+ T cells 24 and 72 h after transfection, respectively (Fig.

1B, P < 0.001). Protein analysis of transfected CD4+ T cell lysates confirmed the efficiency

of the specific gene knockdowns at the corresponding protein level (Fig. S1). Interestingly,

at 72 h after siRNA silencing for STAT5A, there was reappearance of small amounts of

STAT5A. However, this protein expression was still significantly less compared to the sham

control.

On transfected STAT5Alow or STAT5Blow CD4+ T cells, we then tested the expression of

IL-2R, BCL-X, and IGF1 genes that have been reported as regulated by STAT5 proteins

[19–21]. As assessed by RT-PCR and compared to control siRNA-transfected cells,

knockdown of STAT5B reduced IL-2R expression by 15% after 24 h and 25% after 72 h (P

< 0.001) and reduced IGF1 expression by 25% after 72 h (P < 0.001, Figs. 2 A and C), while

it did not interfere with BCL-X expression at both time points. On the contrary, silencing of
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STAT5A significantly reduced BCL-X expression by 41% after 24 h and 61% after 72 h (P <

0.001, Fig. 2B). Therefore, STAT5B appeared to influence transcription of IL-2R whose

high level is very important for Treg cell function, whereas activation of the anti-apoptotic

protein BCL-X was rather STAT5A-mediated.

Both Stat5A and Stat5B have been implicated in stimulating transcription of Foxp3 in

murine CD4+ T cells [22]. We found that knockdown of STAT5B in CD4+ T cells reduced

FOXP3 mRNA expression by 50% after 24 h and by 75% after 72 h (Fig. 2D). Transfection

with control siRNA or STAT5A siRNA did not change the level of FOXP3 transcript

neither at 24 nor at 72 h post-transfection. Similarly, the relative median fluorescent

intensity (MFI) of FOXP3 protein expressed in gated CD4+CD25+ cells was significantly

reduced by 43% in STAT5B siRNA-transfected cells (P < 0.005, Fig. 2E) when compared to

control siRNA-transfected cells or STAT5A siRNA-transfected T cells. Overall, siRNA

knockdown experiments demonstrate differential regulation of target genes by STAT5A

(BCL-X) versus STAT5B (FOXP3, IGF1, and IL-2R).

3.2. Reduced FOXP3 expression in Treg from STAT5B−/− patients is associated with
decreased Treg function

We have previously observed a reduced number of Treg with low FOXP3 expression and

suppressive function in one STAT5Bnull patient (patient #1) [11]. To determine the

consistency of the effect of STAT5B on Treg development and function, we assessed Treg

populations in six patients with different mutations and impairment of the STAT5B protein

expression, but with normal STAT5A expression. Demographics and immune phenotype of

the patients are outlined in Table 1. STAT5Bnull/low patients varied in NK cell, CD8 T cell

and CD4 T cell absolute counts and overall lymphopenia was seen in many of the patients

(Table 1). The percent of CD4+CD25hi Treg within the T cells was reduced in five out of six

of the STAT5B mutated patients (1% compared to 2–6% in healthy individuals) whereas it

was normal in patient #6 who had detectable but low levels of STAT5B transcript

expression, as compared to age matched healthy controls (Fig. S3). The absence of STAT5B

protein expression in the STAT5Bnull patients was confirmed using a NanoPro

Immunoassay (Fig. S2). Additionally, PBMCs from the 6 STAT5Bmutated patients had

normal STAT5A expression (Table 1). Additionally, Treg function was tested with

CD4+CD25+CD127low T cells purified by FACS sorting (for gating strategy, see Fig. S4A).

Treg function in patients varied from 13% to 72% of normal Treg function. Of note, patient

#5 (STAT5Bnull) and #6 (STAT5Blow) had the highest percent of Treg function (72 and

77% of normal, respectively) and Treg numbers (3 and 6%, within normal range) and had no

clinical signs of immune dysfunction (Table 1).

A linear regression analysis between Treg function (expressed as percentage of suppression

of proliferation of CD4+ T cells) and percentage of Treg expressing FOXP3 from

STAT5B−/− patients #1, 2, 5 and 6, a patient heterozygous for STAT5B, and 1 healthy

control (r2 value of 0.87) was performed. These data indicate that Treg from STAT5B−/−

patients have reduced FOXP3 expression that directly correlates with decreased Treg

suppressive function (Fig. 3). In addition to the immunological defects STAT5B-deficient

patients all showed severe growth failure. Patient #1 showed a severe chronic pulmonary
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fibrosis [15]. Patient #5 had, except for a history of hemorrhagic varicella after immigration

to the Netherlands, no clinical signs of immune dysfunction [23]. Patients #3 and #4 were

siblings and along with patient #1 and #2 have chronic pulmonary disease [14].

3.3. FOXP3+ Treg cells from STAT5B-deficient patients are of the memory subset

Previous studies have positively correlated FOXP3 expression with de novo T cell

development, as revealed by the assessment of excision circles in the TCR gene

rearrangement (TRECs) [24]. Additionally, TRECs have been used as a possible

measurement of recent thymic emigration (RTE) [13]. We anticipated that reduced FOXP3

expression in Treg of STAT5B-deficient patients could be due to reduced thymic output and

would correlate with reduced TREC measurements. Purified CD4+CD25+ T cells (for gating

strategy, see Fig. S4B) from 4 of the STAT5B−/− subjects [1–4] or age-matched healthy

controls were assessed for FOXP3 expression by flow cytometry and single joint T cell

receptor rearrangement excision circle (sjTREC). CD4+CD25+ Treg from STAT5B−/−

subjects had consistent lower levels of sjTRECs (mean 2.5, sjTRECs per 105 cells) as

compared with CD4+CD25+ Treg from healthy controls (mean 6, sjTRECs per 105 cells, P

≤0.03) (Fig. 4A). When compared to the level of FOXP3 expression, the numbers of

sjTRECs in CD4+CD25+ T cells from STAT5B−/− subjects inversely correlated with the

level of FOXP3 expression. (Fig. 4B, r2 = 0.95). Previous studies have demonstrated that

TREC measurements in the periphery can be a marker of thymic output (if high), with

limitations, or indicate that peripheral T cells have undergone division (if low) (reviewed in

[25]). Therefore, these data could imply that CD4+CD25+ T cells expressing FOXP3 in

STAT5B−/− subjects are likely not recent thymic emigrants and may be of a memory Treg

subset.

To better define the Treg populations present in STAT5B−/− patients and confirm their

memory phenotype, CD4+CD25hi FOXP3+ T cells were further phenotyped into memory

(CD45RO+) or naïve (CD45RA+CD31+) and dividing/non-dividing (Ki67+/Ki67neg) [26]

by flow cytometry. As shown in Fig. 4C, dividing, memory Treg preferentially expressed

FOXP3 as compared to other subsets of Treg analyzed in the STAT5B−/− subjects. This is in

contrast to the age-matched controls in which the majority of CD4+CD25hi FOXP3+ Treg

were made up of naïve, non-dividing (CD45RA + CD31+ Ki67neg subset) cells. Therefore,

the majority of FOXP3-expressing Treg from STAT5B−/− subjects are dividing, memory

Treg. Finally, we determined if the Treg dysfunction observed in STAT5B−/− patients was

restricted to particular Treg populations. Treg function of memory and naïve Treg subsets

from STAT5B−/− and healthy subjects were assessed by standard suppression assays. The

data in Fig. 4D show that both memory and naïve Treg subsets from STAT5B−/− patients had

reduced suppressive capabilities as compared to controls, with naïve STAT5B−/− Treg

demonstrating the lowest Treg function (P < 0.05). These data indicate that in the absence of

STAT5B expression, in addition to impairment of Treg suppressive function, there is less

Treg thymic output and at the same time Treg are more prone to switch to a memory

phenotype. Whether these memory Treg are truly thymic derived Treg or are adaptive Treg

peripherally induced remains to be clarified.
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4. Discussion

Previous mouse knock-out studies demonstrated that Stat5A and Stat5B are collectively

essential regulators of lymphoid development and peripheral tolerance with both redundant

and non-redundant roles [6]. In humans, the identification of STAT5B mutations associated

with the complex clinical syndromes of growth hormone insensitivity and immune

deficiency revealed that STAT5B and STAT5A have certain distinct and non-redundant

roles, despite sharing >90% identity at the amino acid residue level.

In the present study, we provide evidence in human primary T cells for a distinctive role of

STAT5B and STAT5A in immune function, showing that STAT5B, but not STAT5A,

regulated the expression of FOXP3 and IL-2R, and that STAT5A, but not STAT5B,

regulated the transcription of the pro-apoptotic factor BCL-X. We further demonstrate that in

the absence of STAT5B, despite normal expression of STAT5A, Treg cell number and

function are impaired, as consistently observed in STAT5B-deficient patients, independently

from the mutations. In addition, we report that peripheral naïve STAT5B-deficient Treg

cells in these patients are particularly decreased and have low TREC, whereas the memory

STAT5B-deficient Treg predominate and have increased proliferative potential in vivo

compared to age matched controls. These results not only confirm our previous preliminary

observation of Treg insufficiency in STAT5B-deficient patients [11], but also highlight the

critical importance of STAT5B for Treg development and maintenance. This suggests that

STAT5B, not STAT5A, can directly interact with FOXP3, therefore influencing Treg

development and/or function. Further studies are necessary to confirm this.

Notably, we also show that reduced FOXP3 expression in Treg, detected in 4 additional

STAT5B−/− patients, correlated with the level of impairment of suppressive function. We

observed that patients with more preserved FOXP3 expression and Treg function did not

have autoimmune manifestations, proving the causative effect of the Treg deficiency in the

development of autoimmunity, as observed in patients with FOXP3 mutations [27].

Previous mouse studies and our current cell culture studies demonstrate the role for

STAT5B in regulating FOXP3 expression and to a lesser extent IL-2R expression. Thus,

these results imply that STAT5B regulates Treg function through regulation of FOXP3 and

possibly IL-2R. Since IL-2R signaling plays an important role in Treg survival and

differentiation, the decrease in IL-2R expression in STAT5B knockdown T cells may be

indicative of decreased responsiveness to IL-2 and subsequent reduced proliferation/

maintenance and FOXP3 expression. High FOXP3 expression is due to strong IL-2-IL-2R-

STAT5 signaling.

However, it is also possible that the reduced expression of these two molecules that are

essential for Treg development and maintenance in vivo, affects Treg cell generation and/ or

alters their ability to remain “fitted” in the peripheral environment. The demonstration of

reduced naïve Treg cells and higher memory Treg cells could sustain this hypothesis.

Conversely, studies have shown that even in the absence of optimal IL-2R signaling, Treg

thymic development and peripheral homeostasis effectively occurs (reviewed [28]).
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Alternatively, the reduced FOXP3 naïve and increased memory FOXP3 phenotype could be

associated with conventional T cell activity rather than suppressor Treg [29,30]. The

markers we used for Treg selection, including FOXP3hiCD127lowCD25hi, are considered

standard and sufficient to identify nTreg cells and to distinguish them from T conventional

cells, including activated T cells and induced Treg. However, further characterization of the

induced Treg compartment and of the state of activation of T effector cells in these patients,

could clarify the reason for the low naïve/high memory FOXP3+ T cells.

Indeed, human CD4+CD25hi Treg do not arise solely from thymic generation but can also be

induced by rapid turnover from the memory T cell pool [31]. We determined that a dividing

memory Treg subset (CD45RO+Ki67+) expressed FOXP3 preferentially over other subsets

of Treg in STAT5B−/− patients, sharply contrasting with age-matched controls in which a

naïve, non-dividing subset was the most enriched in FOXP3 expression (Fig. 4). These data

show that the majority of Treg from STAT5B−/− subjects are dividing, memory Treg that

may be compensating for a lack of de novo FOXP3+ Treg production. It could also be

hypothesized that FOXP3 expression in Treg from STAT5B−/− patients is regulated via

STAT5B-independent and STAT5A-independent pathways. This hypothesis is further

supported by the difference in Treg cell number and function in STAT5B−/− patients with

different STAT5B mutations. For example, patient #5 (1102−/−) has relatively normal Treg

number (3% of normal) and cell function (72% of normal) that we found to be associated

with FOXP3 expression and reduced TREC; this is compared to patient #1 (A630P−/−),

whom has sub-normal Treg number (1% of normal) and function (13% of normal) with

reduced FOXP3 and increased TREC (Table 1, Figs. 3 and 4). All of the STAT5B mutations

in the STAT5B−/− patients reported herein are null mutations, thus our data suggests that

there is a compensatory pathway, independent of STAT5, which is regulating FOXP3

expression and Treg development.

We believe that the high proportion of memory Treg in STAT5B−/− patients may have

contributed to their auto-immune disease severity. Previous work has shown that memory

Treg have reduced suppressive functionality, as indicated by their very high turnover in vivo,

high susceptibility to apoptosis, and critically short telomeres [13]. Consistent with these

findings, we observed that all Treg subsets from STAT5B−/− patients had reduced

suppressive capabilities as compared to controls, and that naïve Treg had the lowest levels of

Treg function. Finally, a recent study demonstrates a role for STAT5 in negative regulation

of follicular helper T cell differentiation [32] via Blimp-1 and it would be of interest to study

this population of immune cells in the STAT5B−/− patients along with the effects of siRNA

studies in STAT5A vs. STAT5B in Blimp-1-mediated functions.

5. Conclusion

In conclusion, our data demonstrate that despite being highly homologous proteins, some

functions of STAT5A and STAT5B are non-redundant. Further ChIP-Seq studies more

widely delineating the regulation and differential roles of STAT5A vs. STAT5B in human T

cells will increase our understanding of the mechanism(s) of human immune dysregulation.
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Figure 1.
Efficient knockdown of STAT5A and STAT5B in human primary CD4+ T cells. STAT5A

and STAT5B were silenced in vitro using siRNA. Purified CD4+ T cells from healthy

subjects (n = 3) were transfected with STAT5A siRNA (gray bars), STAT5B siRNA (black

bars), or control siRNA (white bar). Relative mRNA expression of (A) STAT5A or (B)

STAT5B was assessed by QT-PCR at 24 and 72 h post transfection and calculated on fold-

change values over those of β-glucuronidase. ***P < 0.001, data represent mean ± SEM.
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Figure 2.
STAT5A and STAT5B differentially regulate T cell mRNA. (A–D) Human primary CD4+ T

cells from healthy subjects were transfected in triplicate and assessed by QT-PCR at 24 or

72 h post transfection with STAT5A siRNA (gray bars), STAT5B siRNA (black bars), or

control siRNA (white bars) for mRNA expression of (A) IL-2R, (B) BCL-X, (C) IGF1 and

(D) FOXP3. Relative mRNA expression was calculated on fold-change values over those of

β-glucuronidase. Data are expressed as mean ± SEM, *P < 0.001. (E) FOXP3 protein

expression in CD4+ T cells was assessed by flow cytometry at 72 h post transfection with

control siRNA (n = 4), STAT5A siRNA (n = 2) or STAT5B siRNA (n = 6) and graphed as

mean fluorescence intensity (MFI). Levels of FOXP3 from non-electroporated T cells are

shown as a control. **P < 0.005.
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Figure 3.
Reduced Treg FOXP3 expression in STAT5B-deficient patients correlates to reduced Treg

function. Treg were purified from 4 subjects with STAT5B mutations, 1 heterozygote

patients (A630Pwt/−) and 6 healthy controls. CD4+CD25hi Treg were assessed for FOXP3

expression via flow cytometry and suppressive capability was assayed by [3H]-thymidine

incorporation, in which cells were cultured in a 1:1 ratio of CD4+ effector T cells to Treg.

Data were recorded as mean cpm, and representative data are reported as fold differences

compared with unstimulated healthy control. Linear regression analysis was preformed

comparing % of Treg expressing FOXP3 and % Treg suppressive function (r2 = 0.87).
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Figure 4.
Memory Treg with low sjTREC account for FOXP3+ Treg in STAT5B-deficient patients. A)

Purified CD4+CD25hi Treg from age-matched healthy control (n = 3) and STAT5B−/−

patients (n = 4, patients #1–4) were assessed for sjTREC. B) Linear regression analysis was

preformed comparing the number of TRECs/105 cells and FOXP3 expression (as assessed

by flow cytometry) in CD4+CD25hi Treg from 4 STAT5B−/− patients. C) Phenotypes of

CD4+CD25hi Treg from PBMCs from age-matched healthy controls (n = 6) or STAT5B−/−

patients were identified by flow cytometry for CD45RA+CD31+ Ki67neg (white bars),
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CD45RA+CD31+ Ki67+ (gray bars), CD45RO+Ki67neg (black) and CD45RO+Ki67+

(dashed) Treg. D) Suppressive function of naïve or memory Treg from STAT5B-deficient

patients or healthy control subjects age-matched (n = 6) was assessed. CD3-depleted

irradiated antigen presenting cells were incubated with purified Treg

(CD4+CD25hiCD45RO+, black bars) or CD4+CD25hiCD45RA+, white bars) and were

incubated with autologous CD4+CD25low effector T cells. Proliferation was measured by

[3H]-thymidine incorporation during the last 18 h of a 5-day culture. Cell proliferation is

expressed as mean cpm ± SEM for triplicate wells from two separate experiments. Data is

shown as mean ±SEM, *P < 0.05, n.s.; not significant.

Jenks et al. Page 17

Clin Immunol. Author manuscript; available in PMC 2014 September 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Jenks et al. Page 18

T
ab

le
 1

C
ha

ra
ct

er
is

tic
s 

of
 S

T
A

T
5B

-d
ef

ic
ie

nt
 p

at
ie

nt
s.

C
ha

ra
ct

er
is

ti
cs

#1
 (

A
63

0P
−
/−

)
#2

 (
p.

R
15

2X
−
/−

)
#3

 (
16

80
de

lG
−
/−

)a
#4

 (
16

80
de

lG
−
/−

)a
#5

 (
11

02
−
/−

)
#6

 S
N

P
s3

′U
T

R
H

ea
lt

hy
 c

on
tr

ol
s 

N
= 

6

G
en

de
r

F
F

F
F

M
F

50
%

 M
, 5

0%
 F

A
ge

 (
ye

ar
s)

16
.5

15
10

12
31

6.
5

A
ge

 m
at

ch
ed

 w
ith

in
 6

 m
on

th
s

M
ea

n 
15

 y
ea

rs
 (

ra
ng

e 
6–

31
 y

ea
rs

)

A
ut

oi
m

m
un

e 
di

se
as

e
+

 A
bs

 to
 B

E
C

+
A

bs
 to

 p
la

te
le

ts
 a

nd
 to

 B
E

C
SJ

IA
 th

yr
oi

di
tis

T
hy

ro
id

iti
s

N
o

N
o

N
o

Im
m

un
ol

og
ic

al
 e

va
lu

at
io

n

   
 P

B
M

C
 p

ro
te

in
 e

xp
re

ss
io

n
ST

A
T

5A
 y

es
ST

A
T

5A
 y

es
ST

A
T

5A
 y

es
ST

A
T

5A
 y

es
ST

A
T

5A
 y

es
ST

A
T

5A
 y

es
ST

A
T

5A
 y

es

ST
A

T
5B

 n
o

ST
A

T
5B

 n
o

ST
A

T
5B

 n
o

ST
A

T
5B

 n
o

ST
A

T
5B

 n
o

ST
A

T
5B

 lo
w

ST
A

T
5B

 y
es

   
 I

gG
, m

g/
dL

25
00

25
30

30
15

18
74

24
50

18
60

M
ea

n 
95

0 
(r

an
ge

 6
70

–1
02

5)

   
 I

gE
, I

U
/m

L
87

4
63

1
29

8
19

2
27

9
24

5
13

 (
0.

35
–2

0)

   
 C

D
3+

 (
to

ta
l T

 c
el

ls
 p

er
 μ

L
)

28
0

12
74

59
1

40
5

62
0

54
0

41
00

 (
37

00
–4

40
0)

   
 C

D
4+

 (
T

 h
el

pe
r 

ce
lls

 p
er

 μ
L

)
16

0
78

3
34

2
27

6
45

6
36

0
25

00
 (

21
00

–2
70

0)

   
 C

D
8+

 (
T

 s
up

. c
el

ls
 p

er
 μ

L
)

10
5

47
3

11
4

12
0

27
5

18
4

16
00

 (
15

00
–1

70
0)

   
 C

D
16

+
56

+
 (

N
K

 c
el

ls
)

23
3

18
37

41
11

5
21

3
20

9 
(1

96
–2

40
)

   
 A

bs
ol

ut
e 

co
un

t T
re

g 
pe

r 
μL

2
8

3
2

12
24

35

   
 (

%
 T

re
g 

fr
eq

ue
nc

y)
(1

)
(1

)
(1

)
(1

)
(3

)
(7

)
(1

)

   
 %

 T
re

g 
fu

nc
tio

n
13

50
45

47
72

77
99

 (
97

–1
00

)

A
bb

re
vi

at
io

ns
: A

bs
, a

nt
ib

od
ie

s;
 B

E
C

, b
ro

nc
hi

al
 e

pi
th

el
ia

l c
el

ls
; S

JI
A

, s
ys

te
m

ic
 ju

ve
ni

le
 id

io
pa

th
ic

 a
rt

hr
iti

s;
 N

D
, n

ot
 y

et
 d

et
er

m
in

ed
.

a In
di

ca
te

s 
pa

tie
nt

s 
ar

e 
si

bl
in

gs
.

Clin Immunol. Author manuscript; available in PMC 2014 September 19.


