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Abstract
Autocrine granulocyte macrophage-colony stimulating factor (GM-CSF) sequentially activates
intracellular components in monocyte/macrophage production of the pro-inflammatory and
immunoregulatory prostanoid, prostaglandin E2 (PGE2). GM-CSF first induces STAT5 signaling
protein phosphorylation, then prostaglandin synthase 2 (COX2/PGS2) gene expression, and finally
IL-10 production, to downregulate the cascade. Without activation, monocytes of at-risk, type 1
diabetic (T1D), and autoimmune thyroid disease (AITD) humans, and macrophages of nonobese
diabetic (NOD) mice have aberrantly high GM-CSF, PGS2, and PGE2 expression, but normal levels
of IL-10. After GM-CSF stimulation, repressor STAT5A and B isoforms (80–77 kDa) in autoimmune
human and NOD monocytes and activator STAT5A (96–94 kDa) and B (94–92 kDa) isoforms in
NOD macrophages stay persistently tyrosine phosphorylated. This STAT5 phosphorylation persisted
despite treatment in vitro with IL-10, anti-GM-CSF antibody, or the JAK2/3 inhibitor, AG490.
Phosphorylated STAT5 repressor isoforms in autoimmune monocytes had diminished DNA binding
capacity on GAS sequences found in the PGS2 gene enhancer. In contrast, STAT5 activator isoforms
in NOD macrophages retained their DNA binding capacity on these sites much longer than in healthy
control strain macrophages. These findings suggest that STAT5 dysfunction may contribute to
dysregulation of GM-CSF signaling and gene activation, including PGS2, in autoimmune monocytes
and macrophages.
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1. Introduction
Both overexpression and knock-out deletion of GM-CSF in mice have been shown to lead to
dysregulation of myeloid differentiation and autoimmune disease [1]. Though GM-CSF is best
known for its role in myeloid differentiation, it is also a factor in mature monocyte and
macrophage activation and function [2,3]. Activation stimuli such as LPS exposure, CD40/
CD40L engagement, or TNFα stimulation promote autocrine GM-CSF production in
monocytes, macrophages, and granulocytes [4–6].
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GM-CSF uses Janus kinase 2 (Jak2) activation of STAT5A and STAT5B proteins to regulate
gene expression [2,6–13]. STAT5A and B signal transduction proteins are transcribed by two
closely related genes on Chromosome 11 in mice and on Chromosome 17 in humans [1,14].
These gene products have both shared and independent functions in development and activation
of the immune system [1,4,5,8,10,14–16].

STAT5 proteins are activated in early myeloid differentiation by GM-CSF and by IL-3 [2,5].
These cytokines can induce signaling through both full-length STAT5A (94–96) and B (94–
92) isoforms, as well as through truncated isoforms (77 and 80) that lack the transcriptional
activator motif [2,11–13,17,18]. Truncated STAT5 isoforms are not derived from splice
variations as seen in other STAT proteins, but are produced post-translationally by the actions
of a myeloid-specific nuclear serine protease [13,17]. As these cells mature and become
activated, they down-regulate the protease so that most signaling involving STAT5 in matured,
activated monocytes, macrophages, and granulocytes occurs only through the full-length
isoforms [3,6,13]. However, in matured but unactivated monocytes, GM-CSF can activate
truncated 80 kDa STAT5 isoforms to selectively temper the expression of specific genes [2,
18]. Thus in differentiation and in mature unactivated monocytes, GM-CSF-induced truncated
STAT5 isoforms predominately act as repressors of gene transcription in immature/unactivated
cells, while full-length STAT5 isoforms induced in mature/activated cells act as gene
transcription activators [11–13].

We previously reported that unactivated monocytes from diabetic/at-risk humans aberrantly
express the normally inducible cyclooxygenase, prostaglandin synthase 2 (PGS2/COX2) [19,
20]. This early monocyte dysfunction seen in at-risk individuals correlates with low first phase
insulin responsiveness (FPIR) and risk for diabetes [19,20]. PGS2 overexpression, through its
overproduction of prostaglandin E2 (PGE2), may promote the microenvironment favorable for
chronic inflammation and immune dysregulation in at-risk and autoimmune individuals. Our
analysis of trans acting factors affecting PGS2 expression revealed that autoimmune monocyte/
macrophage PGS2 expression is highly resistant to IL-10 suppression, and that these cells have
high autocrine GM-CSF production [21].

Yamaoka et al. [5] have suggested that autocrine GM-CSF is a key component of PGS2
expression activation in LPS-stimulated monocytes and macrophages, as well as its subsequent
immunosuppression by IL-10. In this study, we used unactivated monocytes from established
autoimmune patients and their at-risk relatives, and monocytes and macrophages from NOD
mice to examine the potential for GM-CSF-induced STAT5 activation and function to affect
IL-10 and GM-CSF regulation of PGS2 expression in unactivated autoimmune myeloid cells.

2. Materials and methods
2.1. Human cell samples

Heparinized peripheral blood monocytes were from at-risk relatives, new onset and established
T1D patients, established Autoimmune Thyroid Disease (AITD, both Graves Disease (GD)
patients and Hashimotos thyroiditis (HT) patients), and non-autoimmune healthy controls.
Autoimmune (AI) subject samples were obtained during their participation in one of three
clinical Type 1 diabetes trials: Diabetes Prevention Trial-1 (DPT-1), Gainesville Subcutaneous
Injection Trial (SQ), and Natural History (NH) studies (IRB approved protocol #372-96, Table
1) [19–21]. In these trials, ‘at-risk’ for Type 1 diabetes was defined by production of
autoantibodies (IAA+, GAD+, and/or IA-2+), family history of the disease, and/or low first
phase insulin response (FPIR). We remained blinded to the intervention status to DPT
participant intervention status throughout our studies; and therefore, treatment subgroups were
not considered in our studies. No attempt was made to match samples for age or gender in this
study, as these factors found were not significant in our previous studies of PGS2 expression

Litherland et al. Page 2

J Autoimmun. Author manuscript; available in PMC 2008 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in these populations [19–21]. Due to limited blood sample volume available, not all assays
could be run on any one sample. Table 1 contains a breakdown of the number of samples
analyzed in each major assay system.

2.2. Mouse cell culture
Peripheral blood mononuclear cells and peritoneal macrophages were collected from 6- to 10-
week-old NOD and C57BL/6 female or male mice by cardiac puncture and peritoneal lavage,
respectively (IACUC-approved protocol #B083). Tissues were pooled from three to six
animals per strain for each analysis, though cells from different genders were not mixed in any
experiment. Peripheral blood monocytes were purified using Lympholyte Mgradients
(Woodland Technologies, Accurate Chem, Westbury, NY) and adherence-to-plastic. Mouse
peritoneal macrophages were adherence-purified prior to analysis.

2.3. GM-CSF activation timecourse and inhibition studies: IL-10, anti-GM-CSF, and Jak
Inhibitor, AG490

Monocytes and macrophages were cultured with IL-10 (500 ng/ml, Pierce-Endogen, Rockford,
IL), 2 μg/ml anti-GM-CSF blocking antibodies (Pierce-Endogen), 100 μM AG490
(Calbiochem, San Diego, CA) in DMSO (Sigma, St. Louis, MO), 2 μl/ml DMSO or in media
alone (RPMI with 10% fetal bovine serum, 1% penicillin, streptomycin, amphiterin or
neomycin, Mediatech-Cellgro, Herndon, VA) for 1 h. The media and non-adherent cells were
then washed out, and the cultures activated with medium containing GM-CSF (4 nM for human,
1000 U/ml for mouse; Pierce-Endogen) for timecourses of 0–30 min at 37 °C/5%CO2. The
cultures were washed with media again and re-cultured for 24 h at 37 °C/5%CO2, with or
without the re-addition of the inhibitory agents (IL-10, anti-GM-CSF, AG490). Cell-free
culture supernatants were collected for GM-CSF and PGE2 analysis by ELISA (GM-CSF, BD
Biosciences-Pharmingen, San Diego, CA and PGE2, Amersham, Piscataway, NJ). Treated
cells were collected for immunohistochemical analysis by flow cytometry and deconvolution
microscopy, or extracted for RNA, protein, and/or protein–DNA interaction analyses.

2.4. RT-PCR of PGS2 expression
PGS2 mRNA from human monocytes and NOD macrophages was extracted with Ambion
(Austin, TX) RNAqueous Isolation kits, converted cDNA using Ambion RT reagents, and
amplified by PCR with Ambion Relative Quantitative RT-PCR Primer sets. Primers for 18S
RNA or β-actin RNA (Ambion) were used as internal standards, following the manufacturer’s
protocols. PCR products were analyzed on 2% agarose gels (SeaKem, Cambrex, Fisher
Scientific, Hampton, NH or Gibco, Invitrogen, Carlsbad, CA) by electrophoresis in 0.5× TBE
with 10 μg/ml EtBr (Sigma). Visible band pixel densities were compared using a Stratagene
(La Jolla, CA) EagleEye imaging system.

2.5. Flow cytometric analysis of PGS2 expression and STAT5 phosphorylation
Intracellular flow cytometric analysis of human CD14+ monocyte PGS2 expression and
STAT5 phosphorylation was done as previously described [19–21]. For human monocyte
analyses, PE- and FITC-conjugated anti-PGS2 monoclonal antibodies (Cayman Chemical,
Ann Arbor, MI) were used in conjunction with FITC-conjugated anti-STAT5 polyclonal
antibodies (Santa Cruz Biotech, Santa Cruz, CA) or PE-conjugated anti-STAT5 tyrosine
phosphorylated specific monoclonal antibodies [anti-STAT5Ptyr, Upstate Biotech
(Charlottesville, VA) conjugated with Prozyme (San Leandro, CA) PE-modification kit].
Matched isotype conjugates (BD Biosciences-Pharmingen, Cal-Tag, Burlingame, CA) were
used to set the background fluorescence for percentage of cells and mean fluorescence data
collected on BD Biosciences FACS Calibur flow cytometers.
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For similar flow cytometric analysis of STAT5 and phosphorylated STAT5 in mouse cells,
anti-CD11b conjugates (BD Biosciences-Pharmingen) were used for identification of
monocytes and macrophages. Mouse monocyte and macrophage PGS2 was detected in whole
cell extracts by Western blot analysis as described below.

2.6. Immunoprecipitation (IP), subcellular fractionation (SF), and Western blot analysis for
PGS2 expression, STAT5 phosphorylation, and STAT5 subcellular localization

Protein extracts were made from whole cell (WC) or nuclear (N)/cytoplasmic (C) subcellular
fractionation, as indicated in the figure legends. For WC extract, PBS-washed adherent cells
were lysed in situ using STAT5 Lysis Buffer [10 mM HEPES pH 7.3 (Gibco), 1 mM
dithiothreitol (Sigma), 2 mM EDTA (Sigma), 400 mM KCl (Sigma), 0.1% Triton X100
(Sigma), 10% glycerol (Sigma); with 5 μg/ml each of aprotinin, leupeptin, pepstatin, (Sigma)
and pefabloc (Roche Molecular Biochemicals/Boehringer-Mannheim, Indianapolis, IN) added
immediately before use]. For subcellular fractionation, cells were washed in situ with
Cytoplasmic Lysis Buffer (2 mM HEPES pH 7.6, 10 mM KCl, 1 mM MgCl2, 0.5 mM DTT,
0.1% Triton X100, 20% glycerol; with 5 μg/ml of each aprotinin, pepstatin, leupeptin, and
pefabloc added just prior to use). Lysates were then centrifuged at 5000×g, 4 °C for 5 min to
pellet nuclei. The supernatant was clarified by an additional centrifugation at 15 000×g, 4 °C
for 15 min, to make the cytoplasmic fraction. Nuclear pellets were extracted with STAT5 Lysis
Buffer. All protein extracts were stored at −80 °C and thawed only once for analysis.

Ten micrograms of extract protein was used in each IP or directly separated on 7.5% SDS
PAGE gels (BioRad Criterion system, Hercules, CA) and transferred to Hybond P membranes
(Amersham) for Western blot analysis. PGS2 expression was detected using anti-PGS2 specific
mono- or polyclonal antibodies (Cayman) in Western blot analysis. STAT5 proteins in the
extracts were immunoprecipitated with anti-STAT5 polyclonal antibodies (Santa Cruz)
coupled to Protein G agarose beads (Sigma) prior to Western blot analysis with anti-STAT5Ptyr
(Upstate Biotech) or anti-phosphotyrosine (Upstate Biotech) specific antibodies.

Specific antibody binding was detected using an HRP-conjugated secondary antibody (mouse,
rabbit, goat; Upstate Biotech) followed by ECL plus chemiluminescent substrate reagents
(Amersham). Bands were visualized on ECL Plus Biofilm (Amersham) and/or using a STORM
phosphoimaging system (Amersham). Blots were stripped of antibody using the ECL Plus
manufacturer’s recommended protocol, and re-probed with anti-STAT5 antibodies (Santa
Cruz) and antibodies to PGS2 (Cayman).

2.7. Deconvolution microscopy for STAT5 phosphorylation and subcellular localization
For immunohistochemical analysis, fresh or cultured cells were stained with fluorescent dye-
conjugated antibodies to STAT5 or STAT5Ptyr, or with unlabeled antibody followed by anti-
mouse Ig antibodies conjugated with Fluorescein or Cy5, using the same staining protocols as
for intracellular flow cytometry [18–21]. Anti-CD14+fluorescent conjugates (-FITC, -PE, or
-APC, Beckman-Coulter, Miami, FL or BD Biosciences- Pharmingen) surface staining was
for identification of human monocytes, and anti-CD11b fluorescent conjugates (-FITC, -PE,
or -APC, BD Biosciences-Pharmingen) for mouse monocytes and macrophages. Suspension
cells were transferred to slides by cytocentrifugation (Statspin Cytofuge 2, Norwood, MA).
Nuclei were then counter-stained with DAPI (Sigma) and the stained slides were coverslip-
mounted with anti-fade Gel Mount (Biomeda, Fisher).

Delta Vision Deconvolution microscopy system with an Olympus OMT inverted microscope
(Applied Precision, Issaquah, WA) were used for image analysis. Images were processed
through with 15 reiterations of the deconvolution algorithm and presented as 3-dimensional
(3D) reconstructions of 10–36 optical slices at 0.01 to 0.2 μm thicknesses. Images in figures
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are representative of experiments with paired control and subject/NOD samples (2–5 random
fields viewed/slide).

2.8. Electrophoretic mobility shift analysis (EMSA) for STAT5 DNA binding
STAT5 DNA binding capacity was analyzed in conventional EMSA using DNA sequences
labeled with 32P-dATP (Amersham) added by T4 kinase (Promega, Madison, WI) or FITC-
UTP (Amersham) added by TdT transferase or Klenow (Amersham) target. GAS target
sequences used were from the PGS2 enhancer (mouse and human, 5′-TTCCAAGAA-3′
(sp3), and human, 5′-TTCTGTTGAA-3′ (sp4) [5]) and the CIS enhancer/promoter region IV
(5′-TTCCGGGAA-3′ [22]). Commercially available binding sequences for Akt and NFκB
proteins (Promega) and poly(dI·dC) (Sigma) were used as non-specific binding controls.
EMSA reaction mixtures contained 10 μg of lysate protein, 16 fmol of 32P-dATP labeled oligos,
50 mM Tris–HCl pH 7.5, 5 mM MgCl2, 2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl, 0.25
μg/μl poly(dI·dC) (Promega, Sigma, Amersham). Reactions were incubated for 30 min at room
temperature (rt) before being run on 6% non-denaturing PAGE gels in 0.5× TBE at 200 V for
4–5 h, 4 °C. Radioisotope-labeled DNA bands in Shift and Supershift complexes were
visualized by autoradiography, and fluorescently labeled DNA by STORM Phospho Imager
after UV crosslinking (short-wave transilluminator, 15 min, rt). Specific binding of STAT5 to
fluorescent DNA was detected on Western blots using anti-FITC antibodies (Amersham),
followed by stripping and re-probing with anti-STAT5 and/or anti-STAT5Ptyr antibodies as
described above for IP–Westerns.

To confirm specificity of binding, parallel reactions were set with an excess of unlabeled
specific (same) or other oligonucleotides (as described in the figure legend) added 10 min prior
to the addition of the labeled oligonucleotide, and anti-STAT5A/B (1 μg/reaction, Santa Cruz)
or non-specific isotype antibodies (1 μg/ reaction, anti-PGS2, Cayman) were added after the
specific oligo for supershift reactions.

2.9. DNA affinity precipitation (DAP)–Western blot analysis for STAT5 DNA binding
Cell protein extracts (10 μg) were reacted with FITC-UTP- labeled mouse and human PGS2
and CIS GAS sequences, as well as a consensus STAT5/STAT6 GAS sequence (5′-
GTATTTCCCAGAAAAGGAAC- 3′, Santa Cruz) in binding reactions as described for
EMSA. Protein G agarose (Sigma) and anti-FITC antibody (Amersham) were used to
precipitate out protein–DNA complexes. Proteins were released from the complexes by boiling
in 1× Leammli buffer for analysis as described above for STAT5 IP/Western blot analysis.

2.10. Statistical analyses
Where possible, data were analyzed by one-way ANOVA for multiple timepoint analysis, and
using Student t test or nonparametric Mann–Whitney U tests for pairwise analyses. The results
of these analyses are listed with appropriate p values and statistical parameters (n, mean, SD
and/or SEM) in Table 2, on the figures, in figure legends and/or in Section 3. The designation
‘ns’ is listed where statistical analysis was applied and no statistical significance between the
groups was obtained.

3. Results
3.1. Persistent STAT5 phosphorylation in autoimmune human monocytes

STAT5A and STAT5B proteins in unactivated, freshly isolated peripheral blood human
monocytes were analyzed by flow cytometric, Western blot, and immunohistochemical
analyses (Fig. 1). There was an overall marked increase in the basal level of STAT5 tyrosine
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phosphorylation in 70% (88/126) of T1D, AITD, and at-risk subjects (collectively called
‘autoimmune’ (AI) subjects) compared with 7% (6/85) of healthy controls (Table 2).

Flow cytometric analysis showed a higher percentage of unactivated monocytes with
phosphorylated STAT5 (Table 2 and Fig. 1a, p = 0.0444, Mann–Whitney U test) in AI subjects
and an overall higher mean fluorescence (MF) of STAT5Ptyr staining compared with controls
(p = 0.009, Mann–Whitney U test, Table 2 and Fig. 1b). The highest percentage of STAT5Ptyr
+ monocytes within the AI subject population was contributed by the T1D subgroup. Whereas,
all subgroups (at-risk, T1D, and AITD) showed significantly higher STAT5Ptyr per cell (MF
of STAT5Ptyr, Fig. 1b and Table 2). In IP–Western blot analyses, the majority of this
persistently phosphorylated STAT5 was found as truncated isoforms, though there was
variability between individuals as to which isoform was most prevalent (77 kDa or 80 kDa)
(Fig. 1c). Deconvolution analysis suggests that the majority of the phosphorylated STAT5
found in AI monocytes is cytoplasmic and aggregated in discrete areas after GM-CSF (Fig.
1d–f).

STAT5 phosphorylation was enhanced when human AI monocytes were activated with GM-
CSF for 15 min; a timeframe in which GM-CSF activation of STAT5Ptyr could be also detected
in control cells (Fig. 1c, e, f). Removal of exogenous GM-CSF after 15 min caused a loss of
STAT5 phosphorylation in healthy control monocytes within 24 h, but little to no diminution
of STAT5 phosphorylation in human AI monocytes (Fig. 1c). These data suggest that human
AI monocytes have an abundance of persistently activated STAT5 protein without exogenous
stimulation. In contrast, control monocytes do not activate STAT5 until treated with GM-CSF
and deactivate it quickly once the stimulus is removed.

3.2. IL-10 resistance and GM-CSF independence of PGS2 expression and STAT5 activation
in AI human monocytes

We had previously reported that autoimmune human monocytes have significantly higher GM-
CSF production without stimulation than that seen in control monocytes [21]. However, we
found no correlation between subject GM-CSF production levels and their PGS2 expression
levels or PGS2 resistance to IL-10 suppression. High levels of IL-10 added to human AI
monocyte cultures could completely block their GM-CSF production while still allowing their
PGS2 expression to go unchecked [21].

To determine if the high endogenous GM-CSF in autoimmune monocytes was promoting their
persistent STAT5 activation, we blocked GM-CSF production in vitro with IL-10 (Fig. 1c),
blocked its ability to bind its receptor with anti-GM-CSF antibodies (Fig. 1f), or blocked Jak2
phosphorylation of STAT5 with AG490, a potent inhibitor of both Jak2 and Jak3 kinase
activities (Fig. 1f). Like PGS2 expression [21], STAT5 phosphorylation was resistant to IL-10
suppression in autoimmune human monocytes, while both were sensitive in control cells.
However, unlike PGS2 expression, IL-10 resistance of autoimmune monocyte STAT5
phosphorylation appears dependent on at least a brief GM-CSF exposure (Fig. 1c). Anti-GM-
CSF antibodies or AG490 Jak inhibition had little to no effect on STAT5 phosphorylation in
AI monocytes (Fig. 1f), suggesting that STAT5 phosphorylation in autoimmune monocytes
can become GM-CSF and kinase independent.

In 5/7 (71%) autoimmune human subjects without high levels of PGS2 in their freshly isolated
monocytes (i.e., PGS2 negative [19]), GM-CSF could directly activate modest amounts of
PGS2 mRNA and protein expression (Fig. 2a and 2b, respectively). However, in monocytes
from human AI subjects who had high PGS2 expression ex vivo (i.e., PGS2 positive [19]),
GM-CSF did not increase their PGS2 mRNA or protein expression (Fig. 2a and data not
shown).
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These findings taken together suggest that GM-CSF induces persistence of IL-10 resistant
STAT5 activation that can become GM-CSF/Jak independent and, may influence the IL-10
resistance of PGS2 expression in autoimmune monocytes and macrophages.

3.3. Aberrant DNA binding capacities of STAT5 in AI human monocytes
To begin to look at the function of persistently phosphorylated STAT5 isoforms in human AI
monocytes, we examined their ability to bind GAS recognition sequences derived from the
PGS2 gene enhancer region [5] and from the promoter/enhancer region of STAT5 activated
gene, CIS [22] (Fig. 3). Truncated STAT5 isoforms from healthy control monocytes had
specific and strong DNA binding, with their binding to CIS sequences being the strongest and
PGS2 sequences the weakest signals seen. However, we were unable to detect any DNA
binding of STAT5 truncated isoforms from autoimmune monocytes on PGS2 enhancer
sequences and only very low levels on CIS sequences.

3.4. STAT5 dysfunction in NOD mouse monocytes
We similarly examined STAT5 dysfunction in peripheral blood monocytes isolated from NOD
and C57BL/6 mice. As seen in AI human monocytes, unactivated NOD mouse monocytes
show prolonged truncated STAT5 isoform phosphorylation, but no STAT5 DNA binding
capacity in vitro on GAS sequences derived from PGS2 gene enhancer (Fig. 4 and data not
shown).

These data indicate that in both autoimmune human and NOD mouse monocytes, truncated
repressor STAT5 isoforms can bind DNA in vitro compared to controls. If a similar lack of
STAT5 DNA binding capacity is true in vivo, STAT5 dysfunction might allow inappropriate
gene transcription in GM-CSF activation of autoimmune monocytes.

3.5. Prolonged STAT5 phosphorylation and function in NOD mouse macrophages
In contrast to monocytes, GM-CSF activation of mature macrophages primarily elicits
phosphorylation full-length transcriptional activator STAT5 isoforms [2,3,6,13,18]. Thus,
similar lack of STAT5 DNA binding capacity in autoimmune macrophages might cause a
decrease in GM-CSF-induced gene expression. To test this possibility, we repeated our
analyses of STAT5 phosphorylation, activation by GM-CSF, and DNA binding capacity in
unelicited peritoneal macrophages of NOD and C57BL/6 mice.

As seen in human and NOD monocytes, we found that unelicited NOD mouse peritoneal
macrophages had a higher overall STAT5 phosphorylation (97% (37/38), when compared with
macrophages of age-gender matched C57BL/6 mice in flow cytometric and deconvolution
analyses (18% (7/38); Table 2 and Fig. 5).

STAT5 phosphorylation was markedly enhanced in both control and NOD macrophages after
15 min GM-CSF exposure (Fig. 5c). As seen in human monocytes, inhibition of GM-CSF
binding with anti-GM-CSF antibodies or Jak kinase activity with AG490 diminished STAT5
phosphorylation in C57BL/6 macrophage but not NOD macrophages (Fig. 5c and data not
shown).

As predicted, IP–Western blot analyses showed that full-length STAT5 (96–92 kDa) and 80
kDa truncated proteins were the predominant isoforms found phosphorylated in GM-CSF-
stimulated mouse macrophages. However, anti-STAT5 positive bands of size predicted for
full-length, phosphorylated STAT5B (94 kDa) isoforms persisted for 24 h after stimulation
only in GM-CSF-activated NOD macrophage nuclei, not in C57BL/6 nuclei (Fig. 6d).
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When we analyzed STAT5 DNA binding in NOD and C57BL/6 mouse control strain peritoneal
macrophages, we found opposite results as to that seen in AI human and NOD monocytes.
STAT5 from NOD macrophages bound avidly to the PGS2 enhancer GAS sequence even 24
h in culture after GM-CSF was removed (Fig. 5e).

These data suggest that NOD mouse macrophages have persistent full-length activator STAT5
isoforms DNA binding after GM-CSF stimulation. Similar DNA binding in vivo could lead to
aberrantly persistent gene expression in macrophages.

3.6. GM-CSF effects on NOD macrophage PGS2 expression
Direct GM-CSF treatment of NOD mouse macrophages did not affect their PGS2 mRNA or
protein expression (Fig. 6). However, we find that like PGS2+ human monocytes, the PGS2
expression of unactivated NOD macrophages is very resistant to IL-10 suppression, despite
the complete suppression of GM-CSF with IL-10 (Fig. 6b and data not shown).

These data suggest that the persistence of IL-10-resistant STAT5 activation can become GM-
CSF/Jak independent after a brief activation sometime in its past, and may be influencing the
persistence and stability of PGS2 expression in both autoimmune monocytes and macrophages.

4. Discussion
We have found that unactivated monocytes from autoimmune T1D, AITD, and at-risk human
subjects, and monocytes and macrophages of the NOD mouse have three potential interrelated
phenotypes in cytokine induced activation: 1)PGS2 overexpression, generating high levels of
the pro-inflammatory prostanoid, PGE2 [19,20]; 2) high autocrine GM-CSF production in vitro
[21], and 3) STAT5 dysfunction. We hypothesize that these phenotypes may contribute to a
pro-inflammatory milieu underlying immunopathogenesis of autoimmune disease.

Davoodi-Semiromi et al. [23] recently reported a unique single base pair polymorphism within
NOD DNA binding domain of STAT5B DNA. However, no similar defect has been reported
for T1D or AITD human STAT5. Due in part to limitations associated with the lack of useful
truncated and specific isoform specific antibodies, we cannot definitively detect differences
between STAT5A and STAT5B dysfunction in our macrophage phenotypic studies. However,
we did detect differentiation stage (i.e., monocyte versus macrophage), and activation state
differences in truncated and full-length STAT5 isoform activation and DNA binding capacities
in our analyses.

4.1. Persistence of STAT5 phosphorylation
STAT5 proteins in unactivated autoimmune human and mouse monocytes are found primarily
in the cytoplasm as persistently phosphorylated dominant negative truncated isoforms that are
unable to bind GAS recognition sequences. In more mature myeloid cells, represented in our
studies by unactivated NOD peritoneal macrophages, we see persistent phosphorylation of the
full-length activator isoforms of STAT5A and B. These isoforms remain in the nucleus of NOD
macrophages longer and have prolonged DNA binding capacities compared with C57BL/6
control macrophages.

We noted that STAT5 phosphorylation in autoimmune cells could be or become GM-CSF
independent and Jak2/3 independent after activation. However, some component of STAT5
dephosphorylation/deactivation in these cells remains IL-10 sensitive without GM-CSF
stimulation. Our data suggest that STAT5 persistent phosphorylation in autoimmune
monocytes and macrophages is not dependent on persistent kinase activity; thus, leaving
dephosphorylation and recycling/degradation as potential mechanisms for its dysregulation.

Litherland et al. Page 8

J Autoimmun. Author manuscript; available in PMC 2008 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In angiotensin II signaling, calcineurin dephosphorylates STAT5 in the nucleus, but whether
this is the mechanism used in GM-CSF-stimulated myeloid cells is unknown [24]. In the
cytoplasm, STAT5 can be dephosphorylated by PTP1B, SHP-1, and SHP-2, with the choice
of phosphatase varying with cell type and in response to different hormones and cytokines
[25–33]. SHP-2 is activated by GM-CSF, IFNα, prolactin, IL-2, and IL-6, but not G-CSF or
M-CSF [28–33]. SHP-2 can bind STAT5 in conjunction with the Jak inhibitory protein SOCS-3
[30,33]. This interaction dephosphorylates and re-activates Jak 2 in response to IL-6 and
possibly prolactin [29,30,33]. SHP-1 activity, which can be activated by M-CSF [27], appears
to dephosphorylate STAT5 after activation by any of the three CSF cytokines [26–28]. In light
of the GM-CSF-induced STAT5 activation IL-10 resistance we observe in autoimmune
monocytes, it is interesting to note that IL-10 can also activate SOCS-3 [34]. Thus, the role of
GM-CSF in the persistence of STAT5 phosphorylation in autoimmune monocytes and
macrophages may encompass whether or not it can be dephosphorylated by SHP-1 or re-
activated by SHP-2/SOCS-3 mechanisms as seen in IL-6.

The residence time and half-life of truncated versus full-length isoforms of phosphorylated
STAT5 in healthy cells is still debated [35]. Dephosphorylated truncated isoforms maybe
rapidly degraded or recycled [36,37]; or as proposed by Wang et al. [35], the loss of the COOH
terminus may prohibit ubiquitination of these short forms, causing them to collect in the
cytoplasm over time.

4.2. Dysregulation of STAT5–DNA interactions
Changes in STAT5 DNA binding capacities in autoimmune monocytes and macrophages could
result from defects in its translocation or its inhibition by trans acting regulatory proteins.
Serine/threonine phosphorylation of nuclear translocated STAT5 dimers may support its
binding of DNA or facilitate its dephosphorylation and export [36,38]. STAT5 interactions
with CRM-1, the nuclear export protein that binds the NES sequence embedded in STAT5’s
DNA binding motif, allows for normal recycling and translocation of STAT5 proteins [36].
However, our preliminary data do not support defects in either of these mechanisms. We
observed no changes in STAT5 serine/threonine phosphorylation or in its interactions with
CRM-1. Additionally, we see STAT5 proteins return to the cytoplasm after activation and
translocation to the nucleus in autoimmune monocytes [Litherland, unpublished data].

PIAS3, a STAT regulatory protein that has or associates with a SUMO-1 ligase protein
modification activity [39,40], may be a better candidate for STAT5 dysregulation in
autoimmune monocytes and macrophages. STAT5 interactions with PIAS3 can prohibit
phosphorylated STAT5 binding to DNA as well as target unphosphorylated STAT5 for
degradation [39]. Our preliminary IP studies have indicated that NOD macrophage and
autoimmune human monocyte STAT5 has decreased interactions with this important
regulatory protein [Belkin et al., manuscript in preparation].

4.3. Relating STAT5 dysfunction with GM-CSF, PGS2, and dysfunction of autoimmune
monocytes and macrophages

Piazza et al. [13] have shown that GM-CSF-induced STAT5 isoform changes can act as key
regulatory ‘switches’ for myeloid differentiation and activation, with truncated STAT5
isoforms acting as repressors of gene transcription in immature/unactivated cells and full-
length STAT5 isoforms induced in mature/activated cells act as gene transcription activators
[11,13,17]. Previous studies in the NOD have suggested that myeloid APC differentiation and
function are defective at a point or points during the immunopathogenesis of its autoimmune
diabetes where the determination of specific cell lineage decisions and activation state are made
based on the cytokine microenvironment [41–44]. Our data suggest that dysregulation of GM-
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CSF signaling through STAT5 may be a prime candidate for the cause of these defects, due to
its pivotal role at such divergent decision junctions.

Bringing our studies full circle, we have sought to find if there is a link between
immunopathology and the GM-CSF, PGS2, and STAT5 autoimmune phenotypes in the
monocytes of at-risk/T1D/AITD subjects and in the monocytes and macrophages of the NOD
mouse. Overexpression of PGS2 by these cells helps to establish the pro-inflammatory milieu
that can promote auto-reactive T cell escape from tolerance and their activation to damage self
tissues. GM-CSF overproduction can alter the responsiveness of unactivated autoimmune
monocytes and macrophages to itself and other differentiation signals, and thus interfere with
their normal progression through differentiation and activation, including regulation of their
PGS2 expression. STAT5 dysfunction may be the link between the GM-CSF and PGS2
phenotypes and a mechanism for the unique resistance of PGS2 to IL-10 suppression in
autoimmune monocytes and macrophages.

The prolonged STAT5 phosphorylation and cell type/isoform-specific alterations in DNA
binding we see in vitro may be indicative of STAT5 dysregulation and/or dysfunction in
autoimmune myeloid cells. These data suggest that GM-CSF- and STAT5-induced dysfunction
in myeloid differentiation and monocyte/ macrophage activation has the potential to hinder the
development and function of myeloid cells as antigen presenting cells (APC) and their role in
maintaining immune self-tolerance.
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Fig. 1.
STAT5 phosphorylation in human monocytes. Flow cytometric analysis of STAT5
phosphorylation in unactivated at-risk/T1D subject PBMC monocytes showed that at-risk/T1D
subjects had (A) higher number of cells with detectable STAT5 expression (%CD14+/
STAT5Ptyr+ cells, p = 0.0444; Mann–Whitney U test) and (B) higher STAT5 phosphorylation
levels per cell (mean fluorescence (MF) CD14+/STAT5Ptyr+ cells, p = 0.009; Mann–Whitney
U tests) than seen in healthy controls. Means of controls (grey bars) and subjects (white bars)
are shown with SEM error bars. (C) Anti-STAT5 IP/phosphotyrosine Western blot analyses
of whole cell lysates show high phosphorylated truncated STAT5 present in control monocytes
only after 15 min (15′) exposure to 4 nM GM-CSF (GM), while at-risk subject monocytes have

Litherland et al. Page 13

J Autoimmun. Author manuscript; available in PMC 2008 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



detectable phosphorylated truncated STAT5 without stimulation and 24 h (24 h) after GM-
CSF exposure. STAT5 phosphorylation in at-risk monocytes appears sensitive to
downregulation by IL-10 (100 ng/ml), unless previously stimulated by GM-CSF. Arrows
indicate the position of truncated STAT5 isoforms (77, 80 kDa) on the same blots re-probed
with anti-STAT5 A/B (data not shown). (D) Immunohistochemical analysis of STAT5
phosphorylation in unactivated PBMC cells from a healthy control (top panels) and from an
established T1D patient (bottom panels). The 3-dimensional composites of 20 deconvolved
0.2-μm optical slices depict DAPI (blue), anti-CD14-APC (pseudo-colored green)), and anti-
STAT5Ptyr-PE staining (red). (E) Intense anti-STAT5Ptyr staining (shown as red or green
staining over blue DAPI-stained chromatin) is also seen in both Graves Disease (GD) and
Hashimotos thyroiditis (HD) patient monocytes, before and after GM-CSF exposure (4 nM,
15 min). (F) Deconvolution composite images (Anti-STAT5Ptyr-anti-mouse IgG-FITC, green;
DAPI, blue) of monocytes after 1 h culture in media with DMSO (‘0’), 2 μg/ml anti-GM-CSF
blocking antibody (‘anti-GM’) or with 100 μM Jak2/3 kinase inhibitor, AG490 (‘Jak
Inhibitor’), or 15 min activation with 4 nM GM-CSF (‘GM’). GM-CSF stimulation appears to
cause rapid aggregation of STAT5Ptyr staining in cytoplasm of AI monocytes.
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Fig. 2.
PGS2 mRNA and protein expression in human monocytes. (A) Adherence-isolated monocytes
from PGS2+[19] at-risk subject, PGS2− [19] at-risk subject, and control human subjects were
cultured without (‘0’, 15 min) or with GM-CSF (‘GM’, 4 nM, 15 min), LPS (‘LPS’, 5 μg/ml,
90 min) or dexamethasone (‘Dex’, 1 μmol/ml, 90 min), then extracted for mRNA extracts and
analyzed for PGS2 expression by relative quantitative RT-PCR. 18S RNA and/or β-actin were
used as experimental controls (‘Std’). The 18S RNA and/or β-actin internal and external
standards were used for the calculation of densitometric ratios (PGS2/standard (Std) RNA RT-
PCR product band) which showed that GM-CSF stimulation of PGS2 mRNA expression in
both PGS2 positive and PGS2 negative at-risk/T1D subject monocytes 15 min after the
stimulus was removed was significantly higher than detected at the same time point in healthy
control monocytes [(p = 0.0136, ANOVA, data from timecourse analysis of nine control and
15 subject samples (nine PGS2 negative and six PGS2 positive)]. (B) At-risk/T1D and healthy
control monocytes were stimulated with 4 nM GM-CSF for 15 min, washed, and held 24 h
without GM-CSF prior to PGS2 protein expression flow cytometric analysis. Grey peaks
represent isotype control and unfilled peaks anti-PGS2 conjugate fluorescence; representative
of six independent assay runs with nine at-risk/T1D and six control samples.
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Fig. 3.
STAT5 DNA binding capacities in human monocytes. (A) Monocytes were analyzed after
exposure to 4 nMGM-CSF for 15 min or 24 h after GM-CSF exposure. EMSA analysis of
human whole cell using 32P labeled sp3 or sp4 STAT5 [5] or CIS IV [22]GAS binding sequences
alone or with excess unlabeled (‘cold oligo’) specific sp3 or consensus STAT5 GAS
oligonucleotide sequence show specificity of bind. Supershift reactions were run using 2 μg/
reaction of anti- STAT5A/B antibody to specifically identify STAT5 in the binding complex.
Arrows indicate the position of STAT5 GAS specific bind (black arrows for PGS2, white arrow
for CIS IV) and supershift bands (hatched arrows). O = unbound oligo position. (B) The
presence and isoform size of STAT5 available for binding DNA in these extracts was confirmed
by DNA affinity precipitation analysis (DAP) using a commercially available (Santa Cruz)
consensus GAS sequence and 10 μg protein extracted from control (C) and at-risk subject (S)
monocytes after 15 min exposure to 4 nM GM-CSF (‘15′GM’). Protein bound to DNA was
identified by Western blot using anti- STAT5A/B or anti-STAT5Ptyr antibodies. ‘T’ =
molecular size of truncated STAT5, ‘FL’ = full-length STAT5, and ‘+’ = extract from Jurkat
cell as a positive control. ‘−’ = sham DNA binding/precipitation reaction run without extract
added.
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Fig. 4.
Phosphorylated STAT5 DNA binding in mouse monocytes. DAP analysis of unactivated NOD
and C57BL/6 (B6) peripheral blood monocytes. B = DNA bound fraction of DAP; U = unbound
fraction of DAP. No specific phosphorylated STAT5 GAS DNA binding was seen in NOD
nuclear extracts despite an abundance of phosphorylated STAT5 (seen in unbound fraction).
Nuclear extracts from C57BL/6 gave low but detectable phosphorylated truncated STAT5
isoform DNA binding. DAP with activated Jurkat cell extracts (+ control) were included as
positive control for STAT5 isoform band localization (A, B, 77 kDa, 80 kDa). Sham (no extract)
DAP were run in parallel as negative control. Gels are representative of data obtained in two
separate DAP runs.
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Fig. 5.
STAT5 phosphorylation and function in mouse macrophages. Flow cytometric analysis of
STAT5 phosphorylation in unactivated NOD and C57BL/6 peritoneal macrophages showed
that NOD macrophages had (A) two-fold higher % of cells with detectable STAT5 expression
(%CD14+/ STAT5Ptyr+ cells; p = 0.0370, Mann–Whitney U test), and (B) higher levels of
STAT5 phosphorylation per cell (mean fluorescence (MF) CD14+/ STAT5+cells; p = 0.0347,
Mann–Whitney U tests) than seen in C57BL/6macrophages. Graphs depictmean and SEM of
four independent experiments (four sets of pooled samples from three mice each per stain,
statistics are listed in Table 2). (C) Immunohistochemical staining of STAT5 phosphorylation
in unactivated macrophages fromC57BL/6 (left panels) and from NOD(right panels) mice are
shown as 3-dimensional composite images derived from 20 deconvolved 0.2 μmoptical slices.
DAPI (blue), anti-STAT5A/B(pan)-FITC (green)), and anti-STAT5Ptyr-PE staining (red)
shown are representative of nine separate experiments. (D) Subcellular fractionation/anti-
STAT5 IP-Western blot analyses indicate that phosphorylated truncated (80kDa) and
fulllength STAT5A and B isoforms (92–96kDa) are detectable in the nuclei of both NOD and
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C57BL/6 macrophages after 15minGM-CSF exposure (data not shown). However, 24 h after
GM-CSF was removed, full-length STAT5 isoforms (96–94 kDa) remain phosphorylated and
in the nuclear fractions only in NOD macrophages. Truncated isoforms (80 kDa) were still
visible in all 24 h control and AI fractions. Lane key: Nucl = Nuclear fraction IP; Cyto =
Cytoplasmic fraction IP; IP were done using anti-STAT5A/B, and Western blots were probed
with anti-STAT5Ptyr. Blots shown are representative of 12 independently run IP–Western blot
analyses. (E) Nuclear extracts were made from GM-CSF-activated (1000 U GM-CSF/ml, 15
min), and 24 h post GM-CSF exposure cultures of adherence-isolated peritoneal macrophages
from NOD and C57BL/6 mice. EMSA was performed using fluorescently labeled DNA for
mouse PGS2 [5] and CIS IV [22] GAS sequences, followed by Western blot analyses with anti-
FITC-DNA (shown) and then with anti-STAT5A/B antibodies (not shown). Data presented
are representative of nine independent analyses.
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Fig. 6.
PGS2 mRNA and protein expression in mouse macrophages. (A) Adherence-isolated
peritoneal macrophages from NOD and C57BL/6 mice were cultured without (0, 15 min, 24
h) or with GM-CSF (GM, 1000 U/ml, 15 min) followed by 24 h culture without GM-CSF (GM
24 h). mRNA extracts from these cultures were analyzed for PGS2 expression (PGS2) by
relative quantitative RT-PCR. Primers for 18SRNAwere used as the internal experimental
control (18S). Little to no PGS2 mRNA was detectable in the C57BL/6 cultures compared to
NOD, but no detectable change in PGS2 mRNA expression was seen between the treatments
in the NOD. Data shown are representative of two independent experiments. (D)NODand
C57BL/ 6 peritoneal macrophages were also cultured with and without 500 ng/ml IL-10, 1 mg/
ml LPS, IL-10+LPS, or 1000 U/ml GM-CSF for 24 h, prior to Western blot analysis with anti-
PGS2 anti-sera. NOD macrophages had higher PGS2 protein detectable in all treatments than
C57BL/6. Arrows indicate the location of PGS2 protein band in purified standard (lane not
shown). Data shown are representative of three independent experiments.
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