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IL-23 is a member of the IL-12 cytokine family that drives a highly pathogenic T cell population involved in the 
initiation of autoimmune diseases. We have shown that IL-23–dependent, pathogenic T cells produced IL-17A, 
IL-17F, IL-6, and TNF but not IFN-g or IL-4. We now show that T-bet and STAT1 transcription factors are not 
required for the initial production of IL-17. However, optimal IL-17 production in response to IL-23 stimula-
tion appears to require the presence of T-bet. To explore the clinical efficacy of targeting the IL-23 immune 
pathway, we generated anti–IL-23p19–specific antibodies and tested to determine whether blocking IL-23 
function can inhibit EAE, a preclinical animal model of human multiple sclerosis. Anti–IL-23p19 treatment 
reduced the serum level of IL-17 as well as CNS expression of IFN-g, IP-10, IL-17, IL-6, and TNF mRNA. In 
addition, therapeutic treatment with anti–IL-23p19 during active disease inhibited proteolipid protein (PLP) 
epitope spreading and prevented subsequent disease relapse. Thus, therapeutic targeting of IL-23 effectively 
inhibited multiple inflammatory pathways that are critical for driving CNS autoimmune inflammation.

Introduction
MS is a chronic autoimmune disorder affecting an estimated 
2.5 million people worldwide. The pathological hallmarks for 
MS include perivascular T cell inflammation and disseminated 
demyelinating lesions. EAE is an inflammatory autoimmune 
disease, inducible in mice, that resembles human MS. As in MS, 
autoaggressive T cells traffic to the brain and spinal cord and 
induce CNS demyelination, leading to paresthesia, paraparesis, 
neuritis, and ataxia (1, 2). Because of its similarity to human MS, 
EAE has been used as an animal model for proof of concept stud-
ies for MS therapy.

Cytokines play a pivotal role in the establishment and main-
tenance of autoimmune diseases. Numerous studies have estab-
lished IL-12 as an important factor for the differentiation of 
naive T cells into IFN-g–producing Th1 cells, which are essential 
for cell-mediated immunity, including antimicrobial responses 
and tumor suppression (3–5). Over the past decade, IL-12–driv-
en Th1 cells were also shown to be essential for the induction of 
autoimmune diseases, primarily through investigations using 
IL-12p40–/– mice and IL-12p40–neutralizing antibodies (6–13). 
However, mice lacking certain components of the Th1/IFN-g 
pathway (IL-12p35–/–, IL-12b1–/–, IFN-g–/–, IFN-gR–/–, and STAT1; 
R, receptor) are highly susceptible to inflammatory autoimmune 
diseases, indicating that these regulatory factors are not always 
required for disease induction (14–19). Yet other Th1 signaling 

components, such as STAT4 and T-bet, are essential for autoim-
mune pathogenesis (19, 20). These findings suggest that another 
T cell population in addition to the IFN-g–producing T cells may 
also play a role in CNS autoimmune pathogenesis. The recent 
discovery of IL-23 — a cytokine that shares the p40 subunit with 
IL-12 — has since prompted reevaluation of the role of IL-12/Th1 
response in autoimmunity (21, 22). Using genetic approaches, 
studies have demonstrated that IL-23 rather than IL-12 is required 
for the development of spontaneous as well as adjuvant-induced 
autoimmune diseases such as EAE, collagen-induced arthritis (16, 
17, 23–25), and inflammatory bowel disease (26). It has recent-
ly been shown that while IL-12 is required for the development 
of IFN-g–producing T cells, IL-23 promotes the expansion of a 
population of encephalitogenic T cells that produces IL-17A,  
IL-17F, IL-6, and TNF but not IFN-g or IL-4, suggesting that these 
cells represent a novel T cell subset (25). We now show that these 
IL-17–producing cells are not dependent on T-bet and STAT1 
transcription factor and that functional blockade of IL-23 can 
prevent induction of EAE and reverse established disease. We also 
studied the mechanisms of protection of IL-23–specific blockade 
during multiple stages of disease pathogenesis. Our results show 
that early anti–IL-23p19 treatment reduces encephalitogenic T 
cell and inflammatory myeloid cell invasion into the CNS and 
that treatment during active disease prevents epitope spreading 
of CD4+ T cells and inhibits subsequent disease relapse.

Results
Anti–IL-23 treatment prevents acute and relapsing EAE. IL-23–deficient 
mice are highly resistant to autoimmune diseases, including EAE, 
collagen-induced arthritis, and inflammatory bowel disease (23–25).  
However, this genetic resistance to autoimmune inflammation 
does not predict whether neutralizing the function of IL-23 can 

Nonstandard abbreviations used: DLN, draining lymph node; MOG, myelin oligo-
dendrocyte glycoprotein; PLP, proteolipid protein; R, receptor.
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ameliorate ongoing disease. To determine the therapeutic efficacy 
of IL-23 blockade, we developed neutralizing anti–IL-23p19 anti-
bodies that specifically inhibit the function of IL-23 but not IL-12 
(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI25308DS1) and tested the capac-
ity of these mAbs to inhibit EAE. We also compared the efficacy 
of anti–IL-23p19 mAbs with anti-p40 mAbs, which neutralize the 
function of both IL-12 and IL-23. SJL mice were immunized with 
proteolipid protein139–151 (PLP139–151) peptide in CFA and injected 
with anti–IL-23p19 mAbs or anti-p40 mAbs at 1 day before and 
6 days after immunization. Anti–IL-23p19 treatment effectively 
blocked both acute disease and EAE relapse, and histopathology 
showed absence of inflammatory cells in the spinal cord (Figure 
1 and Table 1). Consistent with previous reports, anti-p40 treat-
ment was also remarkably effective (6, 8, 27). Isotype treatment 
groups showed 100% EAE incidence and severe inflammatory cell 
infiltration into the spinal cord. This result is consistent with our 
previous studies demonstrating that targeted genetic disruption 
of IL-23 results in complete resistance to inflammatory autoim-
mune diseases (23–25).

Anti–IL-23 therapy inhibits T cell and inflammatory macrophage inva-
sion of the CNS. To understand how IL-23 regulates inflammatory 
T cell and macrophage recruitment into the CNS, we analyzed 
the cytokine production profiles of mononuclear cells isolat-
ed from the brain and spinal cord before and after EAE onset. 
A normal CNS has undetectable to very few CD4+ T cells and 
CD45hiCD11b+ myeloid cells (28, 29). During the course of EAE, 
T cells and inflammatory macrophages invade the CNS and pro-
duce a range of inflammatory cytokines (23, 28). Ex vivo analysis 
of T cells infiltrating the CNS showed that, in addition to IFN-g– 
producing Th1 cells, IL-17–producing CD4+ T cells were also 
present (Figure 2A and Table 2) (25). To elucidate the roles of 
IFN-g, IL-17, and IL-23 in CNS inflammation, mice were treated 
with neutralizing antibodies at day –1 and day 6 after PLP-CFA 
immunization. Anti–IFN-γ–treated mice had a severe form of the 
disease, with a 43% mortality rate. Anti–IL-17 treatment partially 
ameliorated EAE while anti–IL-23p19 completely protected mice 
from disease (Figure 2, B and C). Just before disease onset, the 
IL-17 serum level was highly elevated in EAE-susceptible IFN-g– 
treated mice. In contrast, the IL-17 level was near the limit of 

detection in the anti–IL-23p19–treated mice (Figure 2D). Even 
though IFN-g mRNA can be detected in the CNS during acute 
EAE (days 12 to 16) (30), our assay was not sensitive enough to 
detect serum IFN-g at this time point (not shown).

Histopathology of lumbar spinal cords from an anti–IL-23p19– 
treated group had undetectable or a few scattered leukocytes, 
as assessed by hematoxylin staining. Anti–IFN-g–treated mice 
showed intense inflammatory infiltration (Figure 2E). The anti–
IL-17 antibody–treated mice showed an intensity of CNS-infil-
trating cells similar to that of the isotype control group. In order 
to determine the number and the cytokine profile of CNS-infil-
trating cells during EAE, we isolated mononuclear cells from the 
brain and spinal cord of mice before and after disease onset. Flow 
cytometric analysis showed that 7 days after myelin oligodendro-
cyte glycoprotein (MOG) priming (3 to 4 days before expected 
onset of clinical disease), anti–IL-23p19–treated mice showed 
a number (7000 to 9000) of IFN‑g–producing cells similar to 
that of the isotype controls (Table 2). In contrast, the number of  

Table 1
Administration of anti–IL-23 prevented myelin  
antigen–induced EAE

	 Clinical EAE
	 Incidence	 Mean day 	 Mean maximal 
	 	 of onset	 score
Anti–IL-23p19A	 4/50 (8%)	 23.25 ± 1.49	 0.32 ± 0.16B

mIgG1	 27/31 (87%)	 11.37 ± 0.31	 3.53 ± 0.34
Anti–IL-12p40	 6/29 (21%)	 20.50 ± 3.0	 1.03 ± 0.40C

rIgG2a	 10/10 (100%)	 11.20 ± 0.2	 4.3 ± 0.54

Mice were immunized with PLP139–151 and treated with pertussis toxin 
at day 0. Assessment of clinical EAE includes the number of mice that 
developed disease, the mean day of disease onset ± SEM among mice 
with EAE, and the mean clinical disease grade ± SEM of each treatment 
group. The results of 4 separate experiments are shown. AMice were 
injected with 1 mg of indicated anti-cytokine mAbs 1 day before and 
6 days after EAE priming. BP < 0.01, comparing anti–IL-23p19 versus 
mIgG1 isotype mAb–treated group by Mann-Whitney U test; CP < 0.01, 
comparing anti–IL-12p40 versus rIgG2a isotype mAb–treated group by 
Mann-Whitney U test.

Figure 1
Anti–IL-23 treatment inhibits acute EAE. (A) Average clinical score of 
mice treated with 1 mg of anti–IL-23p19 (clone MB74) or anti–IL12p40 
(clone C17.8) injected at day –1 and day 6 of EAE priming. One of 4 
experiments is shown. Disease incidence and average disease onset 
of all mice are shown in Table 1. (B) Routine H&E histology of spinal 
cords from antibody-treated mice taken at days 30–40 of immuniza-
tion. Original magnification, ×200. Representative micrographs of anti–
IL-23p19 and -p40 treated groups show no inflammation in the white 
matter of the CNS. Rat IgG2a (rIgG2a) isotype control group shows infil-
tration of inflammatory cells in the lumbar region of the spinal cord. 
Mouse IgG1 (mIgG1) controls showed similar levels of CNS inflamma-
tory cellular infiltration (not shown).
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IL-17–producing cells was reduced in the anti–IL-23p19 treatment 
group (1800) compared with isotype controls (4000–6000). By day 
9 after MOG priming (1 day before expected disease onset), the 
total number of CD4+ T cells and inflammatory macrophages in 
the EAE-resistant anti–IL-23p19 treatment group was less than 
that of isotype controls (Figure 3A and Table 2). Accordingly, the 
number of IL-17, IFN-g, and TNF producers was also reduced by 
2- to 5-fold compared with isotype controls (Table 2). By day 12 
after MOG priming (2 days after onset of clinical disease in control 
antibody groups), the EAE-resistant anti–IL-23p19–treated group 
had 6-fold fewer IL-17–producing T cells (15,000) and 2-fold fewer 
IFN-g (30,000) and TNF (210,000) producers (Table 2 and Figure 
3, b–D). In contrast, the EAE-susceptible anti–IFN-g–treated group 
had dramatically more inflammatory cells than the control group. 
There were 340,000 IL-17–producing cells, 190,000 IFN-g–produc-
ing cells, and 1,100,000 TNF-producing CD4+ T cells per CNS of 
anti–IFN-g–treated mice (Table 2). It is likely that this large-scale 
proinflammatory T cell invasion may correlate with increased dis-
ease severity. These results suggest that IL-23 may promote expan-
sion and/or recruitment of inflammatory cells into the CNS. On 

the other hand, although IFN-g does 
contribute to disease during the initia-
tion of CNS inflammation, this cytokine 
also appears to play a critical feedback 
regulatory role by reducing the number 
of pathogenic cells within the CNS. This 
is consistent with studies demonstrat-
ing the proapoptotic function of IFN-g 
(31). The anti–IL-17–treated group had 
a number and percentage of cytokine-
producing cells similar to those of the 
isotype control groups, suggesting that 
neutralizing the function of IL-17 does 
not alter the capacity of T cells and 
inflammatory macrophages to invade 
the CNS but that IL-17 might serve as an 
effector cytokine working downstream 
of IL-23. Taken together, these results 
suggest that the mechanism of protec-
tion of anti–IL-23 therapy is associated 
with decreased serum levels of IL-17 
and a reduced number of CNS-infiltrat-
ing inflammatory macrophages as well 
as IL-17–, IFN-g–, and TNF-producing 
T cells. Thus, targeting the function of 
IL-23 results in profound inhibition of 
multiple inflammatory pathways.

IL-23 drives a different signaling pathway. 
We have shown that IL-23 appears to 
induce a T cell population that shares 
many functional characteristics with 
IFN-g–producing Th1 cells. As few 
as 100,000 IL-17–producing cells are 
capable of inducing CNS inflamma-
tory responses leading to autoimmune 
encephalomyelitis (25). To explore the sig-
naling pathways of IL-12– versus IL-23– 
dependent T cells, we analyzed the 
function of T-bet and STAT1, which 
are known to promote type I immune 

responses. Lymph node cells from naive T-bet–deficient or WT con-
trol mice were cultured with anti-CD3 in the presence or absence of 
IL-23. IL-23p19–deficient lymph node cells do not produce IL-17  
following antigenic or anti-CD3 stimulation (data not shown) 
(24). In contrast, T-bet–deficient cells produced substantial levels 
(3000 to 4800 pg) of IL-17 following anti-CD3 stimulation. How-
ever, exogenous IL-23 did not further enhance IL-17 production, 
suggesting that T-bet may enhance IL-23–mediated IL-17 secre-
tion (Figure 4A). Next, we compared the expression of T-bet in 
IL-12–driven Th1 cells and IL-23–driven IL-17–producing T cells. 
Cells cultured in the presence of IL-12 expressed higher levels of 
T-bet mRNA than IL-23 cultured cells (Figure 4B). In addition, 
IFN-g–producing Th1 cells expressed 5-fold more T-bet and 100-
fold more TIM3, a Th1-specific membrane protein that regulates 
autoimmunity (32), compared with IL-17–producing cells (Figure 
4C). These results indicate that T-bet is present in IL-17–produc-
ing cells. However, during differentiation of IL-17–producing cells, 
T-bet expression and function are reduced compared with Th1 
cells. To determine whether STAT1 is also required for IL-23 to 
drive IL-17 production, lymph node cells from naive STAT1-defi-

Figure 2
Blockade of IL-23 and IL-17 but not IFN-g protects from EAE. (A) Phenotypic and intracellular 
cytokine analysis of CNS-infiltrating cells in the brain and spinal cord of WT mice before and after 
EAE onset. Intracellular IL-17 and IFN-g production by CD4+ CNS-infiltrating cells isolated from 
PLP-immunized SJL mice immediately following ex vivo stimulation with PMA/ionomycin for 4 
hours prior to analysis. Data are representative of at least 5 independent experiments. (B) Average 
clinical score of mice (n ≥ 5) treated with 1 mg of indicated mAbs injected at day –1 and day 6 of 
immunization. Data are representative of at least 3 experiments. (C) Filled circles represent peak 
severity of clinical disease for individual mice of the indicated antibody treatment group. Data for 
the anti–IFN-g treatment group are compiled from 3 separate experiments whereas data from the 
anti–IL-23p19 and anti–IL-17 groups are from at least 5 experiments. (D) Mice were treated with 
anti–IL-23p19 or anti–IFN-g at day –1 and day 6 of immunization. Serum was prepared for IL-17 
ELISA 2 days before expected onset. The limit of detection for serum IL-17 is 10 pg/ml. Results 
shown are averages of 5 mice per treatment group ± SEM and are representative of 2 experiments. 
(E) Routine H&E histology of spinal cords from antibody-treated mice taken at peak disease. Rep-
resentative micrograph of anti–IL-23p19 treated mice shows no inflammation in the white matter of 
the CNS. Isotype control mAb–, anti–IL-17–, and anti–IFN-g–treated mice show intense infiltration 
of inflammatory cells in the lumbar region of the spinal cord.
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cient or WT control mice were cultured with anti-CD3 in the pres-
ence or absence of exogenous IL-23. Surprisingly, STAT1-deficient 
cells produced high levels of IL-17 following anti-CD3 stimulation 
(Figure 4A). Addition of exogenous IL-23 further enhanced IL-17 
production in the STAT1-deficient cells. These results suggest 
that, while STAT1 is important for IFN-g signaling, it is not a criti-
cal factor for the IL-23/IL-17 immune pathway.

Therapeutic targeting of IL-23 inhibits spreading of PLP epitopes and 
prevents EAE relapse. We have demonstrated that administration of 
anti–IL-23p19 mAbs blocked the invasion of inflammatory cells 
into the CNS and prevented EAE. Next, we determined whether 
targeting IL-23 can suppress and reverse ongoing disease. Anti–
IL-23p19 treatment given just before (not shown) or on the day 
of disease onset (Figure 5A and Table 3) did not inhibit the sever-
ity of acute disease but completely prevented EAE relapse. Anti-
p40 treatment given on the day of disease onset also blocked EAE 
relapse but not acute disease. These results suggest that targeting 
IL-23 may influence regulatory mechanisms affecting develop-
ment and/or recruitment of inflammatory cells to the CNS but 
cannot inhibit ongoing inflammatory effector mechanisms with-
in the CNS. To understand how anti–IL-23 therapy inhibited dis-
ease relapse, we determined whether IL-23 blockade impeded PLP 
epitope spreading. In SJL mice, recent studies have shown that 
following PLP139–151 immunization, 1 of the T cell epitopes that 
arises during disease relapse is directed against PLP178–191 (33). 
Therefore we tested T cell responses to PLP139–151 and PLP178–191 
during initial EAE (day 11) and disease relapse (day 30). Mice were 
treated with anti–IL-23p19 or control mAbs just before disease 

onset. Draining lymph node (DLN) cells and CNS-infiltrating 
cells isolated from both the anti–IL-23p19 and isotype control 
mAb-treated groups showed PLP139–151 but not PLP178–191 response 
during the initial EAE attack (Figure 5B). In contrast, during 
disease relapse, the dominant response of CNS-infiltrating T 
cells from the isotype control group was PLP178–191 whereas the 
DLN–T cell response was specific for PLP139–151 but not PLP178–191 
(Figure 5B). This indicates that epitope spreading was restricted 
to the CNS and did not occur in the periphery, consistent with 
previous results (33). Strikingly, mice treated with anti–IL-23p19 
mAbs (day 8) showed a vigorous CNS PLP139–151 response during 
the initial acute disease (day 11) but a complete lack of PLP139–151  
response and epitope spreading to PLP178–191 (day 30). Thus, ther-
apeutic targeting of IL-23 suppressed reactivation of the local 
response to PLP139–151 as well as epitope spreading to PLP178–191, 
resulting in complete inhibition of disease relapse.

To further demonstrate the efficacy of anti–IL-23p19 therapy for 
relapse-remitting CNS inflammation, we initiated antibody treat-
ment during recovery from acute EAE. Anti–IL-23p19 treatment 
at this time point significantly prevented disease relapse whereas 
isotype-treated mice had multiple rounds of EAE relapse (Figure 
6A and Table 3). Anti-p40 treatment, which inhibits both IL-12 
and IL-23, also completely prevented disease relapse. In addition, 
anti–IL-17 treatment also delayed EAE relapse and reduced dis-
ease incidence and severity. Fifty days after immunization, spinal 
cord histopathology showed that both anti–IL-23p19– and anti-
p40–treated groups had significantly fewer inflammatory foci 
than the isotype control groups (Table 3). However, even though 
anti–IL-17 treatment blocked EAE relapse, it did not significantly 
reduce the number of infiltration foci, suggesting that this treat-
ment does not alter inflammatory cell migration and/or expan-
sion but may downregulate the effector function of inflammatory 
cells within the CNS.

We also analyzed proinflammatory gene expression of spinal 
cords following anti–IL-23p19, anti–IL-12/23p40, and anti–IL-17 
therapy. Both anti–IL-23p19 and anti–IL-12/23p40 antibody treat-
ment significantly blocked the induction of IFN-g, IL-1b, IL-6,  
IL-17, TNF, CCL6, MIG, and IP-10 gene expression compared with 
isotype-treated mice (Figure 6B). Anti–IL-17 treatment specifical-
ly reduced expression of IL-1, IL-6, and CCL6. Anti–IL-12/23p40 
treatment but not anti–IL-23p19 treatment reduced mRNA 
expression of osteopontin (OPN). Specific blockade of IL-23 also 
resulted in a 10- to 100-fold reduction of macrophage- and den-
dritic cell–associated genes such as MDC, MCP-1, CXCL1, CXCL2, 
CCR1, MHC class II, CD11b, Mac 2, F4/80, CD86, CD14, TREM2, 
MYD88, and NADPhox gp91 compared with spinal cords of con-
trol-treated mice (not shown). These results suggest that targeting 
the IL-23/IL-17 immune pathway can prevent disease relapse in 
mice that already have active CNS lesions.

Discussion
The study of IL-12 and IL-23 regulation of immune responses 
has yielded important clues to identifying additional players in 
cellular immunity. We now know that, in addition to the IFN-g– 
producing Th1 cells, there is a second population of T cells that 
can drive autoimmune pathologies. Due to its prominent produc-
tion of IL-17 and its proinflammatory nature, this novel T cell 
population has been termed ThIL-17 (25, 34), Th17 cells (35, 36), 
or inflammatory Th cells (37). An important question that needs 
to be addressed is the lineage relationship between the IFN-g– 

Table 2
Number of cytokine-producing CD4+ cells per CNS  
of EAE-primed mice

	 Treatment	 IL-17	 IFN-g	 TNF
Before EAE onset
Day 7A	 rIgG1	 4,100 	 7,600 	 107,200
	 mIgG1	 6,000 	 6,500 	 118,000
	 anti-p19	 1,800 	 9,000 	 58,200
	 anti–IL-17	 9,600 	 1,550 	 48,500
	 anti–IFN-g	 2,250 	 2,250 	 49,750
Day 9	 rIgG1	 50,935 	 23,350 	 140,000
	 mIgG1	 19,900 	 23,980 	 112,500
	 anti-p19	 6,150 	 12,050 	 63,500
	 anti–IL-17	 31,200 	 32,200 	 156,000
	 anti–IFN-g	 22,400 	 21,050 	 90,500
After EAE onset				  
Day 12B	 rIgG1	 110,200 	 76,950 	 535,800
	 mIgG1	 88,000 	 72,450 	 510,300
	 anti-p19	 15,300 	 30,600 	 216,900
	 anti–IL-17	 55,050 	 65,650 	 434,900
	 anti–IFN-g	 338,500 	 192,400 	 1,128,500

The total number of cytokine-producing cells in the brain and spinal cord 
of mAb-treated mice was determined by intracellular cytokine FACS 
analysis. CNS-infiltrating cells from 3–4 mice from each treatment group 
were pooled and stimulated ex vivo with PMA/ionomycin for 4 hours 
prior to intracellular cytokine analysis. Results are representative of 
2 independent experiments. No cytokine-producing CD4+ cells were 
detected in the CNS of naive mice. Mice were injected with 1 mg of 
indicated anti-cytokine mAbs 1 day before and 6 days after MOG-CFA 
priming. ADays after MOG-CFA immunization. BDisease onset occurred 
on days 10 to 11 after immunization.
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producing Th1 and ThIL-17 cells. There is agreement that IL-12 
activation of STAT4 is necessary for optimal differentiation of 
naive T cells into IFN-g–producing Th1 cells. IFN-g then activates 
the STAT1 transcription factor, which enhances T-bet expression.  
T-bet activation is required for optimal IL-12Rb2 expression and 
IL-12 responsiveness in Th1 cells (19, 38–40). One crucial question 
is why STAT4 and T-bet appear to be important for autoimmune 
disease induction while IL-12, IFN-g, and STAT1 signaling are not 
always required. The discovery of the IL-17–producing T cell popu-
lation that does not depend on IL-12–IFN-g–STAT1 signaling has 
provided a partial explanation for the observed discrepancy in 
autoimmune disease models. We now know that STAT1 activa-
tion is not required for T cell response to IL-23 and subsequent 
IL-17 production (Figure 4). As the cells mature in the presence of 
IL-23, both T-bet and TIM3 — a potent Th1 cell–associated regula-
tory molecule (32, 41) — may be repressed due to the absence of 
IFN-g and STAT1 signaling. While IL-23p19–deficient mice do not 
produce detectable levels of IL-17 (24, 25), lymph node cells from 
both T-bet–deficient and WT mice produce similar levels of IL-17 
(Figure 4A), consistent with a recent report that IL-17–producing 
cells are present in T-bet–deficient mice (37). The observation that 
IL-17–producing cells are present in EAE-resistant T-bet–deficient 
mice suggests that ThIL-17 cells are not sufficient to induce disease 
and that other T-bet–dependent factors and/or cell populations 
have important roles in disease pathogenesis.

We also observed that addition of IL-23 to T-bet–deficient lymph 
node cell cultures did not further increase IL-17 production (Fig-
ure 4), consistent with the notion that T-bet may influence IL-23 
responsiveness during early development (42). In addition, the 

presence of T-bet in cells is reminiscent of the discovery that both 
T-bet and GATA-3 are present in T cells during early differentiation 
and that T-bet interferes with the function of GATA-3, leading to 
preferential Th1 lineage commitment (43). These findings suggest 
that T-bet may have complex regulatory roles — both positive and 
negative effects — during ThIL-17 development. Future work will 
elucidate how T-bet regulates transcription factors that promote 
ThIL-17 lineage development.

The current study suggests that one of the mechanisms of pro-
tection of anti–IL-23p19 therapy is associated with inhibition of 
encephalitogenic T cells. Intracellular cytokine analysis of drain-
ing lymph node cells from PLP-primed mice indicated that anti–
IL-23p19 treatment reduced the number of IL-17–producing cells 
but not IFN-g–producing cells. Addition of anti–IL-23p19 mAbs to 
PLP139–151–stimulated DLN cell cultures also specifically reduced 
the percentage of IL-17–producing cells (Supplemental Figure 2). 
During the early phase of EAE (3 to 4 days before clinical disease 
onset), there were fewer IL-17–producing cells entering the CNS of 
anti–IL-23p19–treated mice (Table 2). At this time point, similar 
numbers of IFN-g–producing cells were found in both groups of 
mice. This specific reduction of CNS-infiltrating IL-17–produc-
ing cells may be explained by the hypothesis that anti–IL-23p19 
treatment directly inhibited the expansion of IL-17–producing T 
cells. This is consistent with recent studies showing that IL-23 is 
required for the expansion of pathogenic IL-17–producing T cells 
(25). Furthermore, the IFN-g/STAT1 signaling pathway is a potent 
negative regulator of IL-23/IL-17 immune responses (36, 37).

Although CNS antigen-specific IFN-g–producing Th1 cells can 
transfer EAE to naive recipient mice, administration of anti–IFN-g  

Figure 3
Anti–IL-23p19 mAbs inhibit CNS infil-
tration of IL-17–, IFN-g– and TNF-pro-
ducing CD4+ T cells. The total num-
ber of CD4+ T cells, CD45hiCD11b+ 
macrophages, and CD45loCD11b+ 
microglia in the brain and spinal cord 
of antibody-treated mice was deter-
mined by FACS analysis. CNS mono-
nuclear cells were isolated either (A) 
2 days before expected EAE onset or 
(B) 2 days after disease onset. (C) 
Intracellular expression of IL-17 and 
IFN-γ in CD4+ T cells isolated from 
the CNS at peak disease. IL-17 and 
IFN-γ production by CD4+ CNS-infil-
trating cells were determined follow-
ing immediate ex vivo stimulation with 
PMA/ionomycin for 4 hours prior to 
intracellular cytokine analysis. Data 
are representative of 2 independent 
experiments. (D) Cells isolated from 
the brains and spinal cords of 3 mice 
were pooled for intracellular cytokine 
analysis. Data are the average num-
ber of IL-17–, IFN-g–, and TNF-pro-
ducing CNS-infiltrating T cells per ani-
mal. All cell samples were stimulated 
with PMA/ionomycin for 4 hours prior 
to analysis. All plots were gated on 
live CD4+ T cells and are representa-
tive of 2 independent experiments.
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mAbs paradoxically induced EAE exacerbation (Figures 2 and 
3) (44), suggesting that IFN-g could have a downregulatory role 
during chronic autoimmune inflammation. IFN-g has been 
shown to decrease IL-1 and IL-8 production and increase IL-1Ra,  
IL-18BP, and SOCS expression (45). The current study suggests that 
blocking the function of IFN-g results in an increased number of  
IL-17, IFN-g, and TNF-producing cells in the CNS, leading to dis-
ease exacerbation. This result is consistent with the requirement of 
IFN-g for activation-induced cell death of Th1, Th2, and probably 
ThIL-17 cells. Refaeli et al. showed that IFN-g and STAT1 transcrip-
tion factor are required for caspase-8–dependent apoptosis and 
suggest that the IFN-g signaling pathway is critical for controlling 
the expansion and persistence of T cell responses (31). Novelli et al. 
demonstrated in the human system that both Th1 and Th2 cells 
express IFN-g receptor and are sensitive to apoptosis mediated 
by IFN-g–induced FasL expression (46). More recently, 2 studies 
demonstrated that IFN-g strongly suppresses the development of  
ThIL-17 cells (36, 37). Thus, IFN-g has a number of important regu-
latory roles during chronic inflammation.

We observed that therapeutic targeting of IL-23 during active 
EAE inhibited subsequent disease relapses. Two possible mecha-

nisms that may explain this observation include inhibition of 
encephalitogenic epitope spreading and enhanced generation of 
Tregs. Miller and coworkers have recently demonstrated that local 
APC and/or dendritic cell activation of naive T cells within the 
CNS is required for encephalitogenic epitope spreading (33). Our 
study showed that anti–IL-23p19 treatment during active disease 
did not ameliorate acute EAE; instead, it blocked PLP139–151–spe-
cific T cells within the CNS and epitope spreading to additional 
encephalitogenic epitopes such as PLP178–191. Interestingly, the 
protected mice still had PLP139–151–reactive cells in the periph-
eral lymphoid tissues. This finding suggests that the therapeutic 
action of anti–IL-23 for ongoing EAE is likely to occur within the 
target organ. We also determined whether Tregs are enhanced in 
anti–IL-23p19 mAb–treated mice. Analysis of lymph node cells 
and CNS-infiltrating cells showed little or no difference in the 
number of CD4+CD25+FoxP3+ cells in anti–IL-23p19 or isotype 
control mAb-treated mice (data not shown). Passive transfer of 
cells isolated from anti-p19–treated mice to PLP peptide–immu-
nized mice did not confer protection from EAE, suggesting that 
anti–IL-23p19 treatment in the SJL model of EAE did not increase 
the number of FoxP3+ Tregs capable of inhibiting EAE relapse. 

Figure 4
T-bet and TIM3 expression in IFN-g– and IL-17–producing T cells. (A) Lymph node cells from naive C57BL/6 WT mice and T-bet– or STAT1-
deficient mice were stimulated with soluble anti-CD3 for 48 hours in the presence or absence of IL-23. IL-17 levels in the culture supernatant 
were measured by ELISA. Data are mean cytokine production ± SD of separate lymph node cultures from 3 mice and are representative of 
3 independent experiments. (B) SJL mice were immunized with PLP139–151, and DLN cells were cultured with 20 mg/ml PLP peptide either in 
Th1-promoting conditions (IL-12 with blocking anti–IL-17 and anti–IL-23p19) or Th17-promoting conditions (IL-23 with blocking anti–IFN-g and 
anti–IL-12p35). Cells were collected at 0, 4, 12, 24, 48, 72, 96, and 120 hours after culture. mRNA for T-bet was quantified by real-time PCR 
(TaqMan) and normalized to ubiquitin. Data are representative of 3 independent experiments. (C) At 96 hours, IL-17– and IFN-g–producing CD4+ 
T cells were identified by intracellular cytokine staining. T-bet and TIM3 expression were determined by costaining of cytokine-positive cells for 
T-bet (clone 4B10) or TIM3 (clone 8B.2C12).
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Thus, these studies suggest that anti–IL-23p19 therapeutic inhibi-
tion of EAE relapse is mainly due to inhibition of encephalitogenic 
epitope spreading and recruitment of newly activated pathogenic 
T cells, possibly from the naive thymic emergent pool.

Other mechanisms of action of anti–IL-23p19 therapy are reduc-
ing the number of inflammatory myeloid cells invading the CNS 
and dampening the levels of monokines derived from macrophage 
and dendritic cells (e.g., IL-1, IL-6, TNF, MCP-1, MDC, CXCL1, 
CXCL2, CCR1, MHC class II, CD11b, Mac 2, F4/80, CD86, CD14, 
TREM1, MYD88, and NADPhox gp91). This myeloid cell invasion 
and the production of proinflammatory mediators are the driving 
forces behind CNS edema and demyelination — the pathological 
hallmarks of EAE and MS. Recent studies have demonstrated that 
the IL-23 receptor complex is expressed on a subset of inflamma-
tory macrophages and dendritic cells (22). IL-23 can induce ex 
vivo production of IL-1 and TNF by peritoneal macrophage (23) 
and enhance DTH responses mediated by the passive transfer of 
peptide-pulsed dendritic cells (47). The direct effect of IL-23 on 
myeloid cell function was confirmed by our recent study demon-
strating that anti–IL-23p19 treatment of T cell–deficient Rag KO 
mice completely prevented colitis induced by activated dendritic 
cells and macrophages (D.J. Cua and B. Mckenzie, unpublished 
observations). In addition, this myeloid cell–mediated colitis 
was only inducible in IL-12p35 × Rag double–KO mice but not 
IL-23p19 × Rag KO mice. This T cell–independent colitis model 
showed that IL-23 but not IL-12 directly regulates the capac-
ity of dendritic cells to induce inflammatory bowel disease–like 
lesions. These findings have important implications as both Th1 

and ThIL-17 cells can initiate CNS auto-
immune pathologies, yet IL-23p19– but 
not IL-12p35–deficient mice remain fully 
resistant to EAE. This indicates that 1 of 
the key differences of IL-12 versus IL-23 
contribution to autoimmunity lies within 
the myeloid compartment. The current 
hypothesis is that the combined actions 
of IL-23 on ThIL-17 cells as well as dendritic 
cells and/or macrophages shape the role 
of IL-23 in immunopathology.

We have demonstrated that anti– 
IL-23p19 therapy is as effective as anti-
p40 therapy for treatment of autoim-
mune inflammation of the brain. There 
was no difference in blocking IL-23 alone 
or blocking both IL-12 and IL-23 for the 
treatment of acute or relapsing EAE. 
One concern with targeting these potent 
immune regulatory cytokines for treat-
ing patients with autoimmune diseases 
is the potential risk of infections and 
tumor development. While IL-12 is an 
important cytokine for host defense and 
immune surveillance, the precise role of 
IL-23 in host protection is not yet known. 
Recent studies have indicated that resis-
tance to different types of infections may 
require different cell-mediated immune 
responses associated with IL-12 or IL-23. 
Indeed, IL-23–deficient mice are resistant 
to Toxoplasma, Mycobacterium, Listeria, and 

Leishmania infections whereas p35- or p40-deficient mice, which 
lack IL-12, are very susceptible to these pathogens (48, 49) (D.J. 
Cua, unpublished observations). However, other studies have 
indicated that resistance to Klebsiella pneumoniae infections may 
require the IL-23/IL-17 immune pathway. IL-17R–deficient mice 
are highly susceptible to Klebsiella pneumoniae. Infecting mice lack-
ing IL-17R with Klebsiella pneumoniae caused acute bacteremia and 
early death, associated with a delay in neutrophil recruitment (50, 
51). Anti–IL-17 administration prevented neutrophil accumula-
tion in the lung following pulmonary LPS challenge (52). In addi-
tion, administration of anti–IL-23p19 mAbs reduced LPS induc-
tion of IL-17 and lowered the number of circulating neutrophil 
(D.J. Cua, unpublished observations), consistent with the recently 
described neutrophil turnstile hypothesis proposed by Ley and 
coworkers (53), which suggests that the IL-23/IL-17 immune 
axis is important for maintenance of neutrophil homeostasis. 
Thus, targeting IL-12 could affect IFN-g–mediated macrophage 
and CTL activation as well as induction of subclasses of antibody 
responses important for host defense. In contrast, targeting IL-23 
will likely affect IL-17–dependent rapid neutrophil recruitment to 
sites of injury and inflammation.

It is well recognized that anti-p40 treatment is highly efficacious 
for inflammatory autoimmune disease models. Recent clinical 
data also indicate that anti-p40 therapy may be effective for the 
treatment of human autoimmune diseases such as psoriasis and 
Crohn disease (54, 55). One potential issue with anti-p40 therapy 
is that it may inhibit both the classical IL-12/IFN-g and the newly 
described IL-23/IL-17 immune pathways as discussed above. Con-

Figure 5
Anti–IL-23 therapy inhibits PLP epitope spreading and relapsing EAE. (A) Average clinical score 
of mice treated with anti–IL-23p19 (clone MB490) or anti-p40 antibody on the day of EAE onset. 
The first antibody dose was given by the i.v. route at the first sign of clinical disease and the 2 
subsequent doses by the s.c. route at days 7 and 14 after EAE onset. One of 3 experiments 
is shown. Disease relapse incidence and histopathology scores are shown in Table 3. Arrows 
indicate the day of initial mAb treatment (day of disease onset). (B) Epitope spreading was deter-
mined by analysis of DLN cells or purified CNS mononuclear cells for response to PLP139–151 or 
PLP178–191 on either the day of disease onset or during disease relapse. Purified CNS mono-
nuclear cells from mice treated with anti–IL-23p19 or isotype control mAbs were stimulated for 4 
days with PLP peptides then pulsed with 3[H] 16 hours before proliferation assay. Cells from 3 to 
4 mice of each treatment group were pooled and cultured at indicated PLP peptide concentration 
in triplicate wells. Results from 1 of 2 experiments are shown.
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sequently, anti-p40 therapy may affect a broad range of immune 
responses. Studies in the mouse suggest that specific inhibition of 
the IL-23/IL-17 immune axis is sufficient to block organ-specific 
autoimmune inflammation. If the IL-23/IL-17 immune path-
way operates in humans as in mice, then specific blockade of the  
IL-23 immune pathway may be an effective and safer therapy 
for immune-mediated inflammatory diseases.

Methods
Mice. Female SJL, C57BL/6, and T-bet–deficient mice on the C57BL/6 
background were obtained from Jackson Laboratory. Stat-1 KO mice 
on the C57BL/6 background were originally obtained from David 
Levy (New York University School of Medicine, New York, New York, 
USA). All animal procedures were approved by the DNAX Research Inc. 

Institutional Animal Care and Use Com-
mittee or the University of Pennsylvania, 
in accordance with the American Associa-
tion for Accreditation of Laboratory Ani-
mal Care International.

EAE. Female SJL mice (8–12 weeks old) 
were immunized subcutaneously with 80 
mg of PLP139–151 peptide (Bio-Synthesis 
Inc.) emulsified in CFA supplemented 
with 2 mg/ml of Mycobacterium tubercu-
losis (BD Diagnostics — Difco). The mice 
received 100 ng of pertussis toxin i.v. (List 
Biological Laboratories Inc.) at the time 
of immunization. Clinical disease onset 
occurred from days 8–10 after immuniza-
tion. Clinical status of mice was evaluated 
as follows: grade 0, normal; grade 1, limp 
tail; grade 2, hind limb weakness; grade 3, 
inability to right and hind limb paresis; 
grade 4, single hind limb paralysis; grade 5, 
bilateral hind limb paralysis; and grade 6, 
moribund. For histopathology, mice were 
euthanized with CO2. The spinal cords 
were removed and embedded in paraffin. 
Sections of 5 mm were stained with H&E.

Generation of anti–IL-23p19 mAbs. IL-
23p19–/– mice were immunized with 25–50  

mg of recombinant murine IL-23 in CFA i.p. (×1); IL-23 in IFA i.p. (×3); 
and IL-23 in PBS i.v. (×4) over a 6-month period. The animals were sacri-
ficed and hybridomas created by fusion with the mouse myeloma SP2/0 
(ATCC). Hybridomas were cloned and screened for anti-p19 reactivity 
and then counter-screened for absence of anti-p40 reactivity by ELISA. 

Table 3
Anti–IL-23p19 therapeutic treatment inhibits EAE relapse

	 Relapse Clinical EAE 	 Histological EAE

	 Relapse 	 Mean day 	 Mean maximal 	 Mean no. of 
	 (%)	 of relapse	 relapse score	 inflammatory foci
Treatment on the day of onset
Anti–IL-23p19	 3/9 (33%)	 40.33 ± 4.37	 0.56 ± 0.33	 20.67 ± 2.91A

mIgG1	 7/8 (88%)	 33.43 ± 3.72	 2.63 ± 0.56	 68.4 ± 8.61
Anti–IL-12p40	 2/9 (22%)	 27.0 ± 1.0	 0.33 ± 0.24	 10.67 ± 1.76B

rIgG2a	 4/5 (80%)	 39.5 ± 4.37	 2.4 ± 1.12	 43.33 ± 8.97
Treatment during remission
Anti–IL-23p19	 2/11 (18%)	 40.5 ± 13.5	 0.64 ± 0.47	 13.57 ± 5.14C

mIgG1	 8/10 (80%)	 28.5 ± 2.43	 2.9 ± 0.62	 79.64 ± 20.74
Anti–IL-12p40	 2/13 (15%)	 47.0 ± 7.0	 0.46 ± 0.31	 29.71 ± 20.00D

rIgG2a	 10/11 (91%)	 34.6 ± 1.46	 4.0 ± 0.47	 129.67 ± 27.60
Anti–IL-17	 7/13 (54%)	 46.86 ± 1.61	 1.92 ± 0.65	 74.63 ± 24.92E

rIgG1	 7/7 (100%)	 26.0 ± 1.39	 4.6 ± 0.80	  87.67 ± 17.73

Mice were immunized with PLP139–151 and treated with pertussis toxin at day 0. Mice received mAb treat-
ment on the day of clinical paralysis onset or during remission from acute disease. Assessment of relapse 
clinical EAE includes the number of mice that develop disease relapse, the mean day of relapse onset 
among mice with clinical relapse ± SEM, and the mean clinical disease grade ± SEM of each treatment 
group. Spinal cord samples for histopathology were taken on days 52–54. Data shown are mean number 
of parenchymal and perivascular inflammatory foci ± SD. AP < 0.006, comparing anti–IL-23p19 versus 
mIgG1 by 2-tailed Student’s t test; BP < 0.02, comparing anti–IL-12p40 versus rIgG2a by Student’s t test; 
CP < 0.02, comparing anti–IL-23p19 versus mIgG1 by Student’s t test; DP < 0.01, comparing anti–IL-12p40 
versus rIgG2a by Student’s t test; EP < 0.69, comparing anti–IL-17 versus rIgG1 by Student’s t test.

Figure 6
Anti–IL-23 therapy during disease remission inhibits CNS expres-
sion of proinflammatory cytokines and prevents EAE relapse. (A) 
Average clinical score of mice given the first treatment dose of 
anti–IL-23p19 (clone MB490), anti–IL-17 (clone 1D10), or anti-p40 
(clone C17.8) during disease remission. The first antibody dose (1 
mg) was given by the i.v. route at day 18 after immunization and 
the 2 subsequent doses (1 mg/dose) by the s.c. route at 7 and 14 
days after the initial treatment. Results from 1 of 2 experiments are 
shown. Details on incidence of disease relapse and histopathology 
scores are shown in Table 3. Arrows indicate day of initial mAb 
treatment (during disease remission). (B) Quantitative analysis 
of proinflammatory gene expression levels of spinal cords taken 
at peak disease relapse of the isotype control groups (day 30–40 
after immunization). Note the log10 scale on the x axis. Error bars 
show SD of 4–5 representative animals from each treatment group. 
TaqMan gene expression results were normalized to ubiquitin, a 
housekeeping gene. Results are representative of 2 experiments. 
OPN, osteopontin.
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Anti–IL-23p19 reactive mAbs were screened for antagonist activity by a  
Ba/F3–IL-23R–Fas assay. Ba/F3 cells expressing the extracellular domain 
of murine IL-23R fused to the intracellular domain of murine Fas were 
treated with a fixed concentration of recombinant murine IL-23 protein. 
IL-23 binding to Ba/F3–IL-23R–Fas cells induced Fas signaling, result-
ing in cell death measured by Alamar Blue incorporation assays. Two 
antagonist IL-23 mAbs were used in this work (clone MB74 and MB490). 
Further in vivo assays confirmed that these anti–IL-23p19 mAbs inhib-
ited IL-23–dependent serum IL-17 production and neutrophilia but not  
IL-12–dependent IFN-g production.

Anti-cytokine treatment of EAE. SJL mice were treated with indicated 
doses of anti–IL-23p19 (clone MB74 or clone MB490, mouse IgG1), anti– 
IL-12p40 (clone C17.8, rat IgG2a), anti–IL-17 (clone 18H10 and clone 
1D10 rat IgG1), anti–IFN-g (clone XMG1.2, rat IgG1), or relevant isotype 
controls during the course of EAE. All anti-cytokine antibodies were gener-
ated at DNAX Research Inc. with less than 4 EU/mg of mAbs. Anti–IL-17, 
anti–IL-12p40, and anti–IFN-g mAbs were also obtained from BD Biosci-
ences — Pharmingen, SouthernBiotech, and Upstate USA Inc.

Isolation of CNS-infiltrating cells and CNS antigen-specific proliferative response. 
Mice were perfused via the left atria with glucose containing PBS and the 
brain and spinal cord removed. T cells, macrophages, and microglia were 
isolated by digestion of the brain and spinal cord homogenate with colla-
genase and DNAse, followed by Percoll gradient centrifugation (28). CNS 
homogenates were pooled for each treatment group prior to analysis. In 
the CNS, the number of CD45hiCD4+ T cells, CD45hiCD11b+CD4– inflam-
matory macrophages, and CD45loCD11b+CD4– resident microglia was 
determined by surface staining with antibodies against CD11b-FITC, CD4-
PE, and CD45-APC, then multiplying the frequency of each population by 
the total number of cells isolated per treatment group.

CNS or DLN cell suspensions were cultured at 2 to 5 × 105 cells per well 
in a final volume of 200 ml RPMI-10 in round-bottomed 96-well plates 
(Costar; Corning Inc.). Cells were stimulated with indicated quantity of 
PLP139–151 or PLP178–191 for 96 hours and pulsed with 2 mCi of [3H]TdR per 
well for the last 16 hours of culture. Incorporation was measured by liquid 
scintillation spectroscopy and data are expressed as mean count per min-
ute of triplicate wells.

Intracellular cytokine flow cytometry and cytokine ELISA. Isolated CNS-
infiltrating cells were stimulated with 50 ng/ml PMA and 500 ng/ml 
ionomycin (Sigma-Aldrich) in the presence of GolgiPlug (BD Bioscienc-
es) for 4 hours, prior to intracellular cytokine staining. Cells were surface 
stained with anti-CD4–FITC in the presence of Fc-blocking antibodies. 
Then they were washed, fixed, and permeabilized with Cytofix/Cytoperm 
buffer and intracellular cytokines were stained with antibodies against 
IL-17–PE and IFN-g–APC (BD Biosciences). T-bet was detected using 
mAb clone 4B10 from Santa Cruz Biotechnology Inc., and TIM3 was 
detected using mAb clone 8B.2C12 from eBioscience. Samples were read 
using a FACScalibur flow cytometer and data analyzed using Cytomics 
version 2 (Beckman Coulter).

For serum cytokine ELISA, blood was taken during the course of EAE via 
the tail vein, and serum samples were prepared using Z-Gel Micro Tubes 
(Sarstedt). Mouse IL-17 was detected with Quantikine Immunoassay kit 
(R&D Systems) or in-house ELISA assays.

IL-17 production of Stat-1–/–, T-bet–/–, and WT C57BL/6 mice. Naive lymph 
node cells were plated at a density of 4 ×105 cells per well in a final volume 
of 200 ml in round-bottomed 96-well plates (Costar; Corning Inc.). The 
cells were stimulated with soluble anti-CD3 antibody (1 mg/ml) (clone 
145-2C11, prepared from hybridomas) in the presence or absence of  
IL-23 (10 ng/ml). The plates were incubated at 37°C in 5% CO2 for 48 
hours. IL-17 levels in the culture supernatant were measured by ELISA 
after the 48-hour incubation period.

Real-time quantitative PCR for gene expression. For TaqMan analysis, total 
RNA was isolated using RNA STAT60 (Tel-Test Inc.) according to manu-
facturer’s instructions. After isopropanol precipitation, total RNA was reex-
tracted with phenol/chloroform/isoamyl alcohol (25:24:1) (Sigma-Aldrich) 
using Phase Lock light tubes (Eppendorf). Total RNA (5 mg) was subjected 
to treatment with DNase (Roche Molecular Biochemicals) according to 
manufacturer’s instructions to eliminate possible genomic DNA contami-
nation. DNase-treated total RNA was reverse-transcribed using Superscript 
II (Invitrogen Corp.) according to manufacturer’s instructions. Primers 
were designed using Primer Express (Applied Biosystems) or obtained com-
mercially from Applied Biosystems. Real-time quantitative PCR on 10 ng of 
cDNA from each sample was performed using either of 2 methods. In the 
first method, 2 gene-specific unlabeled primers were utilized at 400 nM in a 
PerkinElmer SYBR green real-time quantitative PCR assay utilizing an ABI 
5700 instrument. In the second method, 2 unlabeled primers at 900 nM 
each were used with 250 nM of FAM-labeled probe (Applied Biosystems) 
in a TaqMan real-time quantitative PCR reaction on an ABI 7700 sequence 
detection system. The absence of genomic DNA contamination was con-
firmed using primers that recognize the genomic region of the CD4 pro-
moter. Ubiquitin levels were measured in a separate reaction and used to 
normalize the data. Using the mean cycle threshold (Ct) value for ubiquitin 
and the gene of interests for each sample, the equation 1.8 (Ct ubiquitin 
minus Ct gene of interest) × 104 was used to obtain the normalized values.

Statistics. Two-tailed Student’s t test was used to analyze the significance 
of results. In addition, Mann-Whitney U test was performed for nonpara-
metric analyses. Differences were considered significant at P ≤ 0.05.
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