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Abstract
Experimental allergic encephalomyelitis (EAE) is a T cell-mediated autoimmune disease model of
multiple sclerosis (MS). Signal transducer and activator of transcription 4 (Stat4) is a transcription
factor activated by interleukin 12 (IL-12) and IL-23, two cytokines known to play important roles in
the pathogenesis of EAE by inducing T cells to secrete IFN-_ and IL-17 respectively. We and others
have shown earlier that therapeutic intervention or targeted disruption of Stat4 was effective in
ameliorating EAE. Recently, a splice variant of Stat4 termed Stat4β has been characterized that lacks
44 amino acids at the C-terminus of the full length Stat4α. In this study we examined whether T cells
expressing either isoform could impact the pathogenesis of EAE. We found that transgenic mice
expressing Stat4βon a Stat4-deficient background develop an exacerbated EAE compared to wild-
type mice following immunization with MOGp35–55 peptide, while Stat4α transgenic mice have
greatly attenuated disease. The differential development of EAE in transgenic mice correlates with
increased IFNγ and IL-17 in Stat4β-expressing cells in situ, contrasting increased IL-10 production
by Stat4α-expressing cells. This study demonstrates that Stat4 isoforms differentially regulate
inflammatory cytokines in association with distinct effects on the onset and severity of EAE.
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Introduction
Multiple Sclerosis (MS) is an inflammatory demyelinating disease of the central nervous
system (CNS) that afflicts more than one million people worldwide (1,2). The disease usually
begins in young adults and affects women more frequently than men (3). About 30% of MS
patients develop clinical paralysis and become wheel chair-bound for the rest of their lives
(1,2). There is currently no medical treatment available that can cure MS. The destruction of
the oligodendrocyte myelin sheath and axonal loss in the CNS are the pathological hall-marks
of MS (4). Although the etiology of MS remains unknown, it is generally viewed as an organ-
specific autoimmune disease, mediated by myelin-reactive T cells in the CNS. Activation of
immune cells, secretion of inflammatory cytokines and differentiation of encephalitogenic T
cells are key processes associated with the pathogenesis of MS (1–4). Experimental allergic
encephalomyelitis (EAE) is a CD4+ Th1/Th17 cell-mediated inflammatory demyelinating
autoimmune disease of the CNS (5). EAE can be induced in susceptible animals by
immunization with whole brain homogenate and purified neural antigens such as myelin basic
protein (MBP), proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein (MOG) or
adoptive transfer of neural antigen-specific T cells. The clinical and pathological features of
EAE show close similarity to human MS and therefore it has commonly been used as an animal
model to study the mechanisms of MS pathogenesis and to test the efficacy of potential
therapeutic agents for the treatment of MS (5,6).

The pathogenesis of EAE/MS is a complex process involving activation of antigen presenting
cells (APCs), differentiation of neural antigen-specific T cells and secretion of inflammatory
cytokines in the CNS (4–6). Interleukin-12 is a 70 kD heterodimeric cytokine composed of
IL-12p40 and IL-12p35 subunits (7). IL-23 is a related heterodimeric cytokine composed of
IL-12p40 and IL-23p19 subunits (8). IL-12 and IL-23 are produced by APCs which play critical
roles in the pathogenesis of EAE/MS (9–11). Signaling through specific receptors that share
the IL-12Rβ1 chain, IL-12 and IL-23 induce tyrosine phosphorylation and activation of Janus
kinases, Jak-2 and Tyk-2, and Signal Transducer and Activator of Transcription, including
Stat3, Stat4 and Stat5, resulting in the generation of effector T cells and production of
inflammatory cytokines (12–14). We and others have shown earlier that the inhibition of IL-12/
IL-23 production or IL-12/IL-23 signaling was effective in preventing the differentiation of
Th1/Th17 cells and pathogenesis of EAE (9–11,15–21). Gene targeting studies have
demonstrated an essential role for Stat4 in mediating IL-12/23-induced differentiation of Th1/
Th17 cells and pathogenesis of EAE (22–24). Thus Stat4 remains a central target for altering
the downstream effects of IL-12 and IL-23 and the effector functions of Th1 and Th17 cells in
autoimmune diseases.

Many of the Stat proteins exist as alternatively spliced isoforms which vary at the C-terminal
domain (25). The full-length proteins are referred to as _, while the forms lacking the putative
transactivation domain are designated _. While the _ isoforms of Stat1 and Stat5 have been
shown to function as dominant-negative factors, Stat3β and Stat4β are capable of activating
gene transcription (26–29). In a recent study, we generated mice that express either Stat4α or
Stat4_, an isoform that lacks 44 amino acids at the C-terminus, as a T cell specific transgene
on a Stat4-deficient genetic background. Purified CD4+ T cells from these mice were capable
of generating IFNγ-secreting Th1 cells in vitro (26). However, the role of Stat4 isoforms in the
pathogenesis of organ-specific autoimmune diseases has not been examined.

In this study we used Stat4−/− transgenic mice expressing Stat4α or Stat4β to study their distinct
roles in the pathogenesis of EAE. We found that the Stat4β transgenic mice develop an
exacerbated EAE in association with an increased expression of inflammatory cytokines. The
Stat4α transgenic mice remain resistant to EAE, suggesting that Stat4β is more efficient than
Stat4α in mediating the pathogenesis of EAE.
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Materials and Methods
Animals

The C57BL/6 mice were purchased from Harlan (Indianapolis, IN). The Stat4−/− mouse in
C57BL/6 background was generated as described earlier (26,30). The transgenic mice
expressing Stat4α or Stat4β genes were generated as described earlier (26). The mice were
maintained in the animal care facility at Methodist Research Institute. All animal protocols
used in the experiments were approved by the Institutional Animal Care and Use Committee.

Reagents
The 21 amino acid peptide [MEVGWYRSPFSRVVHLYRNGK] corresponding to mouse
MOGp35–55 was obtained from Genemed Synthesis. Inc. (San Francisco, CA). Murine
recombinant IL-17, IFNγ and IL-10 were purchased from R&D Systems, Inc. (Minneapolis,
MN). The biotin/FITC-conjugated anti-IL-17, anti-IFNγ and anti-IL-10 antibodies were
purchased from e-Bioscience. All reagents for qRT-PCR were purchased from Applied
Biosystems (Foster City, CA).

Induction of EAE
To induce EAE, 4 to 6 weeks old female mice (5 per group) were immunized (s.c.) with 100
μg of MOGp35–55 peptide antigen in 150 μl emulsion of Incomplete Freund’s Adjuvant
containing 50 μg/ml heat-killed Mycobacterium tuberculosis (H37Ra, Difco Laboratories,
Detroit, MI) in the lower dorsum on days 0 and 7. The mice also received (i.p) 100 ng of
pertussis toxin (Sigma Chemicals, St Louis, MO) on days 0 and 2. The clinical symptoms were
scored every day from day 0 to 30 in a blinded manner as follows; 0, normal; 0.5, stiff tail; 1,
limp tail; 1.5, limp tail with inability to right; 2, paralysis of one limb; 2.5, paralysis of one
limb and weakness of one other limb; 3, complete paralysis of both hind limbs; 4, moribund;
5, death. Mean clinical score (MCS) was calculated by adding every day clinical score for all
mice in a group and then divided by total number of mice. Mean maximum clinical score
(MMCS) was the MCS at the peak of disease. Average mean clinical score (AMCS) was
calculated by adding the MCS for all days (from day 0 to 30) and then divided by number of
days. The mean clinical score more than one (MCS>1) was obtained by counting the number
of days with MCS more than one (20). The area under the curve (AUC) was calculated using
GraphPad Prism 5.0 Software.

Histological analysis
The mice induced to develop EAE were euthanized on day 30 by CO2 asphyxiation and
perfused by intracardiac infusion of 4% paraformaldehyde and 1% glutaraldehyde in PBS.
Brain and spinal cord samples were removed and fixed in 10% formalin in PBS. Tissues were
processed and transverse sections from cervical, upper thoracic, lower thoracic and lumbar
regions of the spinal cord were stained with Luxol Fast Blue or hematoxylin and eosin.
Inflammation and demyelination in the CNS were assessed under microscope in a blinded
manner. The spinal cord sections were viewed as anterior, posterior and two lateral columns
(4 quadrants). Each quadrant displaying the infiltration of mononuclear cells or loss of myelin
was assigned a score of one inflammation or one demyelination, respectively. Thus, each
animal has a potential maximum score of 16 and this study represents the analysis of spinal
cords from 5 mice per group. The pathological score from each group is expressed as percent
positive over total number of quadrants examined (20).

Quantitative real-time polymerase chain reaction
The quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) was
performed using the ABI Prism 7900 Fast Sequence Detection System (Applied Biosystems,
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Foster City, CA) according to manufacturer’s instructions. The brain and spleen samples were
isolated on day 14 following induction of EAE. Spleen cells were cultured in 24 well tissue
culture plates in RPMI medium with 10 μg/ml MOGp35–55 antigen or 5 μg/ml Con A for 24
hrs. Total RNA was extracted from brain, spleen, and cultured spleen cells using TRIzol reagent
(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. The RNA samples (5
μg/100 μl reaction) were reverse transcribed into cDNA (RT-PCR) using random hexamer
primers and TaqMan reverse transcription kit (Applied Biosystems, Foster City, CA). The
cDNA (2 _l/sample) was subjected to qPCR analysis in triplicate using forward and reverse
primers, TaqMan Universal Master Mix and probe (10μl/reaction) in fast optical 96-well plate.
Controls include RT-PCR in the absence of RNA and real-time PCR in the absence of cDNA.
The data were analyzed using the ABI Prism 7900 relative quantification (delta-delta-Ct) study
software (Applied Biosystems, Foster City, CA). In this study we have used primer sets for 10
selected inflammatory genes with GAPDH (Applied Biosystems, Foster City, CA) as internal
controls. The expression levels of inflammatory genes normalized to GAPDH are presented
as arbitrary fold changes compared to control samples.

T cell proliferation assay
T cell proliferation was measured by WST-1 assay (Roche, Indianapolis, IN). The spleen cells
were isolated on day 14 following induction of EAE and cultured in 96 well tissue culture
plates in RPMI medium (1×105/200 μl/well) with 0, 1, 5 and 10 μg/ml MOGp35–55 peptide.
WST-1 reagent (10 μl/well) was added after 72 hrs of culture and the absorbance was measured
at 450 nm using 2100 microplate reader (Alpha Diagnostics Inc., San Antonio, TX) as a
measure of viable cell count.

Intracellular cytokine staining
Spleen, lymph node and brain cells isolated on day 14 following induction of EAE were
cultured in 24 well tissue culture plates in RPMI medium (1×106/ml) in the presence of 10
μg/ml MOGp35–55 antigen or 5 μg/ml Con A for 24 hrs. Monensin (2 μM) was added during
the last 4 hrs to block protein secretion. The cells were isolated fixed and permeabilized by
incubating in PBS containing 1% paraformaldehyde and 0.02% Triton X-100 at 4°C for 15
min. After washing in PBS, the cells were stained with fluorochrome conjugated IL-17 and
IFNγ antibodies at 4°C for 30 min and analyzed using a three color FACSCanto flow cytometer
to determine the percentage of cells expressing cytokines.

ELISA for IFNγ, IL-17 and IL-10
To determine the cytokine response, spleen cells from MOGp35–55-sensitized mice were
cultured in 24 well plates in RPMI medium (1×106/ml) in the presence of 0 and 10 μg/ml
MOGp35–55 or 5 μg/ml Con A. The culture supernatants were collected after 48 hrs and the
levels of IFNγ, IL-17 and IL-10 measured by ELISA. Briefly, 96-well ELISA plates were
coated with 2 μg/ml of anti-IL-17 or anti-IFNγ capture antibody in 100 μl/well of 0.06 M
Carbonate buffer, pH 9.6. After overnight incubation at 4°C, the excess Abs were washed off
and the residual binding sites blocked by the addition of 100 μl/well of 1% BSA in PBS for 1
h. The test samples (culture supernatants) and standards (rIL-17, rIFNγ, rIL-10) were added
and incubated at 4°C overnight. Plates were washed with PBS containing 0.05% Tween-20
and 0.2 μg/ml of biotin-conjugated anti-IL-17, anti-IFNγ or anti-IL-10 added as detection
antibody. After incubation at room temperature for 1 h, the plates were washed three times and
avidin-alkaline phosphatase added followed by 1 mg/ml of p-nitrophenyl phosphate. After 30
min incubation at room temperature, the absorbance was read at 405 nm and the concentrations
of IL-17, IFNγ and IL-10 in the culture supernatants were calculated from the standard curve.
For some experiments, CD4+ T cells were cultured under Th1 conditions as described earlier
(23).

Mo et al. Page 4

J Immunol. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Statistical analysis
All the experiments were repeated two or three times and the values are expressed as mean ±
SD. The differences between groups were analyzed by ANOVA and the values of p<0.05 were
considered significant.

Results
Stat4β transgenic mice develop an exacerbated EAE

To study the distinct roles played by Stat4 isoforms in autoimmune disease, we examined the
development of EAE in transgenic mice that express Stat4α and Stat4β directed by the CD2
locus control region backcrossed to a Stat4-deficient background (26) and compared with wild
type and Stat4−/− mice. As shown in figure 1A, Stat4β transgenic mice developed an
exacerbated EAE compared to wild type mice. The day of onset and MCS in Stat4β transgenic
mice was similar to wild type mice in the early phase of EAE, but the MCS continued to worsen
in Stat4β transgenic mice in the later phase of EAE. In contrast, Stat4 deficient mice remained
resistant to EAE and Stat4α transgenic mice developed mild EAE with delayed onset and earlier
remission than the Stat4β transgenic and wild type mice (Fig. 1A). The Stat4β transgenic mice
also showed a significant increase in AUC, MMCS and AMCS than the wild type and
Stat4α transgenic mice (Table 1). These results show that Stat4β transgenic mice develop an
exacerbated EAE compared to Stat4α transgenic or wild type mice and suggest the distinct
abilities of Stat4 isoforms to mediate the pathogenesis of EAE.

To confirm that Stat4α transgenic and Stat4−/− mice were sensitized to MOGp35–55 peptide,
we measured the antigen-induced T cell proliferation ex vivo. As shown in figure 1B, in vitro
culture of spleen cells from wild type, Stat4-deficient, Stat4α transgenic and Stat4β transgenic
mice showed a dose-dependent proliferation in response to MOGp35–55 antigen with the
Stat4β transgenic mice displaying a slightly decreased proliferation compared to cells from
mice of the other genotypes. These results suggest that the lack of disease in Stat4α transgenic
and Stat4−/− mice is not due to the lack of development of MOG-specific T cell responses.

Stat4β transgenic mice develop severe inflammation and demyelination in the CNS
To further establish the differential regulation of EAE by Stat4 isoforms, we examined the
pathology of CNS inflammation and demyelination. As shown in figure 2, the wild type mice
with EAE showed extensive myelin loss (demyelination) associated with infiltration of immune
cells (inflammation) in the spinal cord. When compared with wild type, the Stat4β transgenic
mice with EAE showed a significant increase in the extent of inflammation and demyelination
inthe spinal cord. However, the Stat4−/− and Stat4α transgenic mice induced to develop EAE
showed no sign of inflammation or demyelination in the CNS. Therefore, T cells expressing
Stat4β caused more CNS pathology compared to T cells lacking Stat4 or those expressing
Stat4α.

Histological analyses revealed that wild type mice with EAE display 18% and 21% spinal cord
quadrants positive for demyelination and inflammation, respectively (Fig. 2). When compared
with wild type mice, the Stat4β transgenic mice developed severe pathology with 71% (4 fold
increase; p<0.01) and 61% (3 fold increase; p<0.01) spinal cord quadrants positive for
demyelination and inflammation, respectively. The Stat4α transgenic mice developed very
mild CNS pathology with 3% and 1.47% spinal cord quadrants positive for demyelination and
inflammation respectively. The Stat4−/− mice failed to show any symptoms of CNS pathology
(Fig. 2). These results suggest that the clinical symptoms of EAE correlate with the pathology
of CNS inflammation and demyelination in Stat4α and Stat4β transgenic mice.
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Stat4β transgenic mice with EAE express elevated levels of effector T cell-derived
inflammatory cytokines in the CNS and lymphoid organs

We next wanted to define the mechanism in the differential regulation of EAE in Stat4α and
Stat4β transgenic mice. As mice that are deficient in Stat4 have multiple defects in Th1
differentiation (22), Th17 function (23), migration and adhesion of T cells to inflamed sites
(31–33), we focused our analysis on comparing the Stat4α and Stat4β transgenic immune cells
where differences likely reflect specific effects of the isoforms. We have previously shown
that Th1 differentiation in vitro is largely similar in Stat4α and Stat4β transgenic cells (26),
and we did not observe consistent differences between these cells on the expression of Ccr5,
Ccr7, Gcnt1, St3gal6, or α4 or β1 integrin (data not shown). We then examined the expression
of effector T cell-derived inflammatory cytokines in the CNS, spleen and spleen cells cultured
with antigen. The levels of IFNγ and IL-17 mRNA detected in the brain and spleen of mice
with EAE were significantly increased over unimmunized naïve mice and largely correlated
to disease severity with tissues from wild type or Stat4β transgenic mice having the highest
levels (Fig. 3). Expression of the Th1 transcription factor T-bet also correlated with IFNγ
expression in tissues from Stat4β transgenic mice though less well in tissues from wild type
mice. The mRNA levels of cytokines from antigen stimulated spleen cells were somewhat
different with higher levels of IFNγ observed in wild type and Stat4β transgenic cultures but
higher IL-17 in Stat4α transgenic cultures (Fig. 3). Thus, while the expression of IFNγ and
IL-17 in the CNS correlated with disease severity, differences in cytokine profile between
Stat4α and Stat4β transgenic mice suggest that Stat4 isoforms may differentially regulate
cytokine production in EAE.

Stat4β transgenic mice with EAE express elevated levels of APC-derived inflammatory
cytokines in the CNS and lymphoid organs

To further define the mechanism in the differential regulation of EAE in Stat4α and Stat4β
transgenic mice, we examined the expression of antigen presenting cell-derived inflammatory
cytokines in the CNS and lymphoid organs. As shown in Figure 4, the wild type and Stat4β
transgenic mice with EAE showed an increased expression of IL-12p35, IL-12p40 and
IL-23p19 in the brain and spleen compared to naïve mice. Stat4α transgenic mice with EAE
showed little or no increase in the expression of IL-12p35, IL-12p40 or IL-23p19 in the brain
and spleen. Interestingly, the levels of IL-12p35 mRNA correlated well with IFNγ mRNA
levels and the levels of IL-12p40 and IL-23p19 mRNA correlated with IL-17 mRNA levels in
both brain and spleen (compare Fig. 4 to Fig. 3) and with the clinical and pathological symptoms
of EAE in Stat4α and Stat4β transgenic mice.

IFNγ production in the periphery correlates with the severity of EAE in Stat4β transgenic
mice

To determine if the differences observed in mRNA expression in figure 3 and 4 results in
differential cytokine production, we examined IFNγ and IL-17 production by intracellular
cytokine staining (Fig. 5) and ELISA (Fig. 6). Cells isolated from CNS, spleen or draining LN
were stimulated with PMA and ionomycin before intracellular staining with anti-IL-17 and
anti-IFNγ antibodies in CD4+ cells. Early cytokine production in WT, Stat4α and Stat4β
transgenic cells were not dramatically different, with Stat4β transgenic cells having a slightly
greater propensity for IFNγ production (Fig. 5). Moreover, while there was decreased
inflammation in the Stat4α transgenic CNS (Fig. 2), Stat4α transgenic T cells in the CNS were
capable of producing IL-17 and IFNγ at levels similar to wild-type cells (Fig. 5). In response
to antigen stimulation, spleen cells from wild type and Stat4β transgenic mice produced higher
levels of IFNγ than Stat4α transgenic cells, while, Stat4α transgenic cells produced more IL-17
than either wild type or Stat4β transgenic cells (Fig. 6). We did not detect IL-12 or IL-23
production from antigen-stimulated spleen cells (data not shown). These results highlight that
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the decreased disease in Stat4α transgenic mice is not due to an inability to develop
inflammatory cell types in vivo.

To identify other genes that demonstrate Stat4-dependence, we performed a Stat4 ChIP-on-
chip experiment that will be described in detail elsewhere.5 Il10 was identified in this analysis
and bound by Stat4 in the second and third introns (Fig. 7A). Wild type and Stat4−/− Th1
culture stimulated with either IL-12 or anti-CD3 demonstrated Stat4-dependence in the
induction of IL-10 production (Fig. 7B). As IL-10 is an important regulatory cytokine that
inhibits the development of EAE (34), we examined the regulation of IL-10 by Stat4 isoforms.
Wild type, Stat4α transgenic and Stat4β transgenic cells re-stimulated with anti-CD3 after
culture under Th1 conditions demonstrated similar production of IFNγ (Fig. 7C). In contrast,
Stat4β transgenic cells had decreased IL-10 production in these cultures (Fig. 7C). To test if
this phenotype was reflected in vivo during disease, we tested RNA from wild type, Stat4α
transgenic and Stat4β transgenic mice for Il10 expression in situ. Three-five fold more Il10
mRNA was detected in Stat4α transgenic samples than in wild type or Stat4β transgenic
samples (Fig. 7D). We further examined splenic cultures from wild type, Stat4α transgenic and
Stat4β transgenic to assay for IL-10 production following stimulation as in Fig. 6. While wild
type and Stat4β transgenic cells had similar IL-10 production, Stat4α transgenic cells produced
2-3-fold higher levels of IL-10 (Fig. 7E). Thus, Stat4α-expressing T cells have an increased
propensity for IL-10 production and this is associated with decreased CNS inflammation and
pathology in Stat4α transgenic mice, compared to wild type or Stat4β transgenic mice.

Discussion
Stat proteins are expressed as multiple isoforms; alpha forms that are full length and beta forms
that lack the C-terminal transactivation domain of the alpha form and rather have a novel C-
terminal domain resulting from the lack of splicing of the last exon. Although the isoform
phenomenon is well documented, the biological role of these isoforms is not entirely clear. For
Stat1 and Stat5, the beta isoforms are dominant negatives (35,36). The functions of Stat3 are
more context dependent, where the beta isoform may interfere with transcription of some genes
but activate others (28,29,37). Indeed, Stat3β can mediate some aspects of liver inflammation
and rescue the embryonic lethality of Stat3-deficiency (28,29). We have described that Stat4
also exists as alpha and beta isoforms and that each is able to mediate Th1 differentiation in
vitro (26). In this report we have used Stat4α and Stat4β transgenic mice to define the ability
of Stat4 isoforms to mediate CNS inflammation and demyelination in the EAE model of MS.
We found that the Stat4β transgenic mice develop exacerbated EAE compared to wild type
mice, while the Stat4α transgenic mice develop mild EAE. The exacerbation of EAE in
Stat4β transgenic mice associates with lower levels of IL-10 production and increased
expression of inflammatory cytokines including IFNγ and IL-17 compared to Stat4α transgenic
mice. These findings highlight the fact that Stat4 isoforms play distinct roles in the pathogenesis
of EAE.

EAE is an extensively studied T cell- and Stat4-dependent model of inflammatory disease
(24). Our results indicate that T cells expressing Stat4β are much more efficient in mediating
inflammation than T cells expressing the Stat4α isoform. Stat4β transgenic mice develop much
more severe disease with greater levels of demyelination than those observed in Stat4α
transgenic mice or wild type mice. The mechanism for this increased disease likely includes
the altered cytokine environments observed in the transgenic mice. While Stat4α and Stat4β
transgenic cells are equally capable of becoming IFNγ- or IL-17-secreting cells in vitro,
Stat4α transgenic cells have increased levels of IL-10 production (Fig. 7 and data not shown)

5Good, S. R., Thieu, V. T., Mathur, A. N., O’Malley, J. T., Perumal, N. B. and Kaplan, M. H. Temporal induction patterns of STAT4
target genes defines potential for Th1 lineage-specific programming. In preparation.
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(26). We similarly observed increased IL-10 production in Stat4α transgenic mice with EAE
in vivo and ex vivo (Fig. 7). The lower levels of IL-10 produced in Stat4β transgenic mice are
associated with increased IL-12 and IL-23 mRNA levels in CNS and spleen tissue, and
increased IFNγ expression in tissue and from antigen-stimulated Stat4β-expressing cells
compared to those observed in Stat4α-expressing cells (Fig. 3–7). The lower levels of IFNγ
produced by Stat4α transgenic cells compared to Stat4β transgenic cells may, at least in part,
be responsible for the observed increases in IL-17 from Stat4α transgenic cells in the periphery
(Fig. 4 and 6) as has been described (38,39). The ability of Stat4 to promote IL-10 production
is consistent with other reports of Stat4-dependent IL-10 production in Th1 and NK cell
cultures (40–42). We provide data from a ChIP-on-chip assay that Stat4 directly binds Il10,
and show that acute stimulation of Th1 cells with IL-12 results in IL-10 production from wild
type but not Stat4−/− cells (Fig. 7). Moreover, Stat4α, but not Stat4β, can mediate the
programming of the Il10 gene for increased expression in Th1 cultures. Thus, while Stat4α can
rescue Stat4-deficiency in vitro and compensates for some in vivo Stat4 functions (30), altered
cytokine profiles from these cells limit their ability to promote the development of EAE. As
IL-10 is critical regulator of inflammation in EAE (34), the increased IL-10 production in
Stat4α transgenic mice (Fig. 7) provides a mechanism how Stat4 isoforms differentially
regulate the pathogenesis of EAE. These results also suggest that modulating the splicing
between the alpha and beta isoforms of Stat4 could be therapeutic for inflammatory diseases.

It is also possible that other Stat4α- or Stat4β-specific functions might be important for the
pathogenesis of EAE. While we previously observed that both isoforms could mediate Th1
development in vitro, we did notice that Stat4β-expressing cells produced slightly less IFNγ
in response to IL-12 (26). Since there was more severe disease in Stat4β transgenic mice, it
seems unlikely this contributes to the level of disease. We also observed that Stat4β transgenic
cells had much higher proliferation than Stat4α or wild type cells in a pattern that paralleled
the severity of disease. However, MOGp35–55-specific proliferation suggests that there is no
significant increase in the overall number of antigen-reactive T cells in EAE (Fig. 1). Similarly,
intracellular cytokine staining did not show dramatic differences among the percentages of
cytokine-positive cells, though IFNγ was increased in the Stat4β transgenic cells. As noted
above, this is more likely to result from changes in the balance of IL-10 and IFNγ production,
and their resulting effects on IL-17 production. However, there may be additional genes that
are differentially regulated by Stat4 isoforms which may also contribute to the development
of inflammatory diseases.

The importance of Stat4 in mediating inflammation has been extensively studied in mouse
models of infectious and inflammatory diseases (22). We have recently shown that Stat4 is
also required for IL-12 responses in human cells (43), suggesting that much of what we have
learned will be applicable to understanding human inflammatory responses. Our model further
demonstrates that Stat4 expression in T cells is sufficient to mediate inflammatory immunity.
The Stat4α and Stat4β transgenes are expressed from a CD2 locus control region that promotes
transcription primarily in T cells, with considerably lower expression in other lymphoid cells
(26). The transgenic mice have been backcrossed to the Stat4−/− background so that the Stat4
isoforms are expressed in T cells but not other cells in the mouse. Previous work has shown
that Stat4 can be expressed in myeloid cells following an appropriate stimulus (44). However,
as the transgenic mice in this study lack Stat4 in any myeloid compartment, our results indicate
that Stat4 expression in non-lymphoid cells is not required for the development of EAE. While
targeting Stat4 using small molecule inhibitors has proven difficult, it may be possible to alter
Stat4 function by modulating the splicing of Stat4 isoforms and thus altering the ability of
immune cells to mediate disease.
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FIGURE 1.
Development of EAE in Stat4α and Stat4β transgenic mice. A, C57BL/6 wild type (WT), Stat4
deficient (Stat4−/−), Stat4α transgenic (Stat4α) and Stat4β transgenic (Stat4β) mice were
induced to develop EAE by immunization with MOGp35–55 antigen. The clinical symptoms
were scored every day in a blinded manner. The mean clinical score of all 10 mice from two
different experiments is shown. The figure is representative of three independent experiments.
B, Neural antigen-induced proliferation of spleen T cells from Stat4α and β transgenic mice
in vitro. Spleen cells were isolated from C57BL/6 wild type (WT), Stat4 deficient (Stat4−/−),
Stat4α transgenic (Stat4α), and Stat4β transgenic (Stat4β) mice on day 14 following induction
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of EAE. The cells were cultured with MOGp35–55 for 48 hrs and the proliferation measured
by WST-1 assay.
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FIGURE 2.
Histology of CNS inflammation and demyelination in Stat4α and Stat4β transgenic mice with
EAE. The spinal cord samples were isolated from C57BL/6 wild type (WT), Stat4 deficient
(Stat4−/−), Stat4α transgenic (Stat4α) and Stat4β transgenic (Stat4β) mice on day 30 following
induction of EAE. The transverse sections of cervical, upper thoracic, lower thoracic and
lumbar regions of spinal cord were obtained and stained with LFB/PAS (luxol fast blue/
periodic acid scriff) along with H&E (hematoxylin and eosin). The pathology of demyelination
(left) and inflammation (right) in the spinal cord sections were visualized by microscopy and
the representative 10X pictures are shown. The number of positive quadrants with
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inflammation and demyelination were scored and expressed as percentage over the total
number of quadrants examined in the histogram.
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FIGURE 3.
Expression of effector T cell-derived inflammatory cytokines in the CNS, spleen and cultured
spleen cells from Stat4α and Stat4β transgenic mice with EAE. Brain and spleen samples were
isolated from C57BL/6 wild type (WT), Stat4α transgenic (Stat4α), and Stat4β transgenic
(Stat4β) mice on day 14 following induction of EAE by immunization with MOGp35–55
antigen. Total RNA was extracted from brain, spleen or spleen cells cultured with neural
antigens and the expression of IFNγ, IL-17 and T-bet analyzed by qRT-PCR using GAPDH
as internal control. The fold changes in the expression of cytokines in EAE mice were
calculated based on naïve mice as control.
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FIGURE 4.
Expression of APC-derived inflammatory cytokines in the CNS and spleen of Stat4α and β
transgenic mice with EAE. Brain and spleen were isolated from C57BL/6 wild type (WT),
Stat4α transgenic (Stat4α) and Stat4β transgenic (Stat4β) mice on day 14 following induction
of EAE by immunization with MOGp35–55 antigen. Total RNA was extracted from brain and
spleen and the expression of IL-12p35, IL-12p40 and IL-23p19 analyzed by qRT-PCR using
GAPDH as internal control. The fold changes in the expression of cytokines in EAE mice were
calculated based on naïve mice as control.
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FIGURE 5.
Intracellular IFNγ and IL-17 in immune cells from Stat4α and β transgenic mice. Spleen, lymph
node and brain cells were isolated from C57BL/6 wild type (WT), Stat4α transgenic (Stat4α)
and Stat4β transgenic (Stat4β) mice on day 14 following induction of EAE. The cells were
cultured with PMA + ionomycin for 6 hours before staining with IFNγ and IL-17 specific
antibodies and analyzed by flow cytometry.
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FIGURE 6.
Neural antigen-induced secretion of IFNγ and IL-17 from Stat4α and β transgenic spleen cells
in culture. Spleen cells were isolated from C57BL/6 wild type (WT), Stat4α transgenic
(Stat4α) and Stat4β transgenic (Stat4β) mice on day 14 following induction of EAE. The cells
were cultured with MOGp35–55 or Con A for 36 h, and the release of IFNγ (A) and IL-17 (B)
was analyzed by ELISA.
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FIGURE 7.
Differential regulation of IL-10 by Stat4 isoforms. A, Affymetrix Integrated Genome Browser
analysis of Stat4 binding across the Il10 locus using data from a Stat4 ChIP-on-chip dataset.
Bars indicate the intensity of Stat4-bound DNA hybridizing to oligonucleotides spanning −7.5
kb to +2.5 kb relative to the Il10 transcriptional start. The exon-intron structure of Il10 is
indicated below the graph. B, Naïve, wild type and Stat4−/− CD4+ T cells were cultured under
Th1 conditions for five days before re-stimulation with IL-12 (left) or anti-CD3 (right) for 24
hrs. IL-10 levels were examined in supernatants using ELISA. C, Naïve, wild type, Stat4α
transgenic and Stat4β transgenic CD4+ T cells were cultured under Th1 conditions for five
days before re-stimulation with anti-CD3 for 24 hours. IL-10 and IFNγ levels were examined

Mo et al. Page 20

J Immunol. Author manuscript; available in PMC 2009 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in supernatants using ELISA. D, Il10 mRNA levels were assessed in total RNA from spleens
isolated from C57BL/6 wild type (WT), Stat4α transgenic (Stat4α) and Stat4β transgenic
(Stat4β) mice on day 14 following induction of EAE by immunization with MOGp35–55
antigen by qRT-PCR using GAPDH as internal control. The fold changes in the expression
levels were calculated based on naïve spleen. E, Spleen cells were isolated from C57BL/6 wild
type (WT), Stat4α transgenic (Stat4α) and Stat4β transgenic (Stat4β) mice on day 14 following
induction of EAE. The cells were cultured as in Fig. 6 and the production of IL-10 was analyzed
using ELISA.
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