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Inhibition of phosphoinositide 3-kinase delta attenuates 
experimental autoimmune encephalomyelitis in mice
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Abstract: The phosphoinositide 3-kinase delta (PI3Kδ) has been implicated in multiple signaling pathways involved 
in autoimmune diseases. We here aimed to test the hypothesis that selective inhibition of PI3Kδ may promote anti-
inflammatory effects by inhibiting Th1 and Th17 cells. We investigated the therapeutic efficacy of a selective PI3Kδ 
inhibitor IC87114 in experimental autoimmune encephalomyelitis (EAE), a murine model of multiple sclerosis (MS). 
The efficacy was evaluated based on clinical scores, histopathology, serum cytokines and inflammatory infiltrations 
in the central nervous system (CNS). Treatment of EAE mice with IC87114 reduced the clinical symptoms, histo-
pathology and cellular infiltration into the CNS. And treatment of EAE with IC87114 suppressed the Th1 and Th17 
cell ratios. Consistently, the serum levels of IL-1β, IL-6, IL-17 and INF-γ were markedly reduced by IC87114. Taken 
together, our studies demonstrate that inhibition of PI3Kδ may serve as novel therapy to suppress neuroinflamma-
tion seen during EAE.
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Introduction

Multiple sclerosis (MS) is a chronic, demyelinat-
ing disease of the central nervous system (CNS) 
and multiple lines of evidence indicate that it is 
an autoimmune disease [1, 2]. Following break-
down of immunological tolerance to CNS anti-
gens, immune cells invade the CNS and lead to 
activation of inflammatory signaling, resulting 
in CNS demyelination caused by oligodendro-
cyte loss and cytotoxic effects on myelinated 
axons [1]. The resulting paralysis and other 
neurological symptoms in MS patients are dif-
ficult to manage and are a major health and 
socioeconomic burden in many countries [3]. 
Experimental autoimmune encephalomyelitis 
(EAE) is the best studied model of MS in the 
mice. In EAE, CNS-autoreactive CD4+ T cells are 
activated or introduced, then invade the CNS 
and the resulting inflammatory cascade resem-
bles human MS in many aspects of clinical and 
cellular pathogenesis. Recent evidence has 
revealed that the T cell lineage most likely to be 
driving EAE pathogenesis are Th17 cells, a pro-

inflammatory helper T cell type characterized  
by expression of the cytokine IL-17 [4]. Th17 
cells differentiate down a separate lineage 
commitment pathway from Th1 and Th2 cells. 
Numerous studies in mice have now shown that 
Th17 cells drive organ-specific autoimmune 
inflammation and IL-17 has been strongly impli-
cated in human autoimmune disease [5, 6]. 
Therefore, understanding the mechanisms con-
trolling the generation of Th17 cells is an impor-
tant step to study MS.

B cells produce plenty of autoantibodies, and 
proinflammatory cytokines, which play major 
roles in a number of autoimmune diseases  
[7]. Phosphoinositide 3-kinase (PI3K) signaling 
pathways regulate many essential functions of 
B cells and are therefore a promising target for 
preventing aberrant B cell response [8]. PI3Kδ 
inhibition has now been shown to reduce the 
incidence and severity of autoimmune arthritis 
and autoimmune diabetes in non-obese dia- 
betic in mice [9, 10]. In this study, we aimed  
to investigate whether selective inhibition of 
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PI3Kδ, using IC87114, attenuates CNS disease 
in EAE mice.

Materials and methods

Mice and EAE induction

Female C57BL/6 mice (6-8 weeks old) were 
purchased from the Shandong Provincial Ani- 
mal Center. EAE induction was conducted as 
described previously [11, 12]. In brief, each 
mouse received subcutaneous injection of 100 
µl of complete Freund’s adjuvant containing 
300 µg of MOG35-55 and 400 µg of heat-inac-
tivated Mycobacterium tuberculosis H37RA. 
Pertussis toxin (200 ng/mouse) was given 
intraperitoneally on the day of immunization 
and again two days later. The experimental 
study was approved by the Animal Institutional 
Review Board of our Hospital.

IC87114 administration

EAE was induced in naïve mice and 10 days 
later, these mice were completely randomized 

into groups that received treatment with the 
selective PI3Kδ inhibitor IC87114 (50 mg/kg/
day, Santa Cruz) or the equivalent volume of 
vehicle control intraperitoneally as previously 
reported [10]. This treatment was continued 
every day throughout the remainder of the 
study. Clinical scores (0, no symptoms; 1, limp 
tail; 2, partial paralysis of hind limbs; 3, com-
plete paralysis of hind limbs or partial hind and 
front limb paralysis; 4, tetraparalysis; 5, mori-
bund; 6, death) were recorded on a daily basis. 
The mean score was calculated for each group 
every day. 

H&E and luxol fast blue staining

Fifteen days post treatment, ten animals per 
group were euthanized by exposure to CO2 and 
perfused with sterile PBS. Spinal cords were 
removed, post fixed in 10% formalin (Thermo 
Fisher Scientific, Waltham, MA, USA) and then 
embedded in paraffin. Sections were cut at  
6 μm thickness on a microtome and stained  
for H&E (Thermo Fisher) to reveal perivascular 
inflammatory infiltrates and luxol fast blue 
staining (Thermo Fisher) for myelin detection. 
Histological analysis was performed on a Nikon 
Eclipse E800 (Nikon, Melville, NY, USA) micro-
scope, acquired with Slidebook version 5.0 
software (Olympus, Center Valley, PA, USA) and 
analyzed using Fiji/Image J software. Quanti- 
fication for each stain was performed on nine 
random sections per animal and five animals 
per group. All images were analyzed by investi-
gators that were blinded to the status of the 
animal. The percent of inflammatory infiltrates 
was measured by the number of total cells.

Cytokine analysis and flow cytometry

EAE-induced mice were given vehicle, or IC- 
87114 as indicated above. On day 15, blood 
was collected and serum was isolated for cyto-
kine analysis. All ELISA kits used in cytokine 
analysis were purchased from Biolegend and 
used according to the manufacturer’s instruct- 
ions.

Spleens were excised prior to perfusion. Mice 
were then perfused with 10 mL heparinized 
PBS, and whole brain tissue was isolated. 
Tissues were homogenized separately into a 
single-cell suspension and subjected to red 
blood cell lysis. Mononuclear cells from whole 

Figure 1. IC87114 attenuated EAE progression. A. 
IC87114 treatment significantly reduced mean clini-
cal score of EAE mice. Inset denoted average clinical 
score of EAE mice. B. IC87114 treatment prevented 
against body weight loss of EAE mice. All data are pre-
sented as mean ± SD of the mean (n=10). *P<0.01.
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brain homogenates were isolated using 33% 
Percoll. Cells were counted and stained with 
fluorescently tagged mAbs. The following mAbs 
were purchased from Biolegend (San Diego, 
CA, USA): Fluorescein isothiocyanate (FITC)-
conjugated anti-mouse CD4 mAb, Phycoeryth- 
rin (PE) conjugated anti-mouse CD25, PE-con- 
jugated anti-mouse IL-17 and PE-conjugated 
anti-mouse IFN-γ).

Western blot

Brain cortices of mice were homogenized in 
CellLytic™ MT mammalian tissue lysis reagent 
supplemented with protease inhibitor cocktail 

(Sigma). Afterwards, the homogenate was cen-
trifuged at 15,000 rpm and 4°C for 10 min. 
Protein concentration of the supernatants was 
quantified by BCA method. Thirty microgram of 
each samples were loaded to a 12% SDS-PAGE 
gel. After electrophoresis, proteins were trans-
ferred to PVDF membranes (Millipore) by an 
electrophoretic transfer system (Bio-Rad). The 
membranes were blocked with 5% skim milk in 
PBST for 1 hr and then incubated with respec-
tive primary antibodies at 4°C overnight. After 
thoroughly washed by PBST, the membranes 
were further incubated with horseradish peri-
oxidase conjugated secondary antibodies and 

Figure 2. IC87114 alleviated CNS infiltrates and demyelination in EAE mice. (A) H&E staining and (B) Luxol fast blue 
staining of paraffin sections of spinal cords isolated from naive (N), vehicle (V), or IC87114 (I)-treated EAE mice. 
Scale bar, 100 μm. (C and D) Quantification of CNS infiltrates and demyelination in (A and B). n=10, data are Mean 
± SD. #P<0.01, compared with naive mice; *P<0.01, compared with vehicle-treated group.
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visualized with enhanced chemiluminescence 
reagents (Qiagen, China).

Statistics

Results are expressed as mean ± SD. Statistical 
analysis was performed using SPSS16.0. One 
Way ANOVA was used to compare data among 
groups and Student t test was used to compare 
data between groups. A P-value of ≤0.05 was 

2A). EAE mice treated with IC87114 showed 
dramatically reduced levels of infiltration and 
altered tissue morphology compared to vehi-
cle-treated EAE mice (Figure 2A, 2B).

To further examine whether IC87114 treatment 
could lessen demyelination of CNS, luxol fast 
blue staining was conducted on spinal cord 
sections. As shown in Figure 2B and 2D, com-
pared with naive mice, EAE mice displayed 

Figure 3. IC87114 treatment reduced the number of total Th1 and Th17 cells. 
A. Cells in the spinal cords were analyzed by flow cytometry. B. Levels of cyto-
kines in the serum. Values are the mean ± SD from n=10 mice per group in 
each experiment). *P<0.01, compared with vehicle-treated group.

considered to be statistically 
significant.

Results 

IC87114 treatment mitigated 
the clinical symptoms of EAE

First, we investigated the 
effects of IC87114 after im- 
munization with MOG (post-
treatment), on the clinical 
course of EAE. Clinical scores 
revealed that IC87114 treat-
ment markedly delayed the 
onset of EAE and reduced the 
clinical symptoms compared 
to vehicle-treated EAE mice 
(Figure 1A).

To confirm the results of clini-
cal score, we monitored the 
body weight of mice weekly. 
As shown in Figure 1B, mice 
showed persistent body wei- 
ght loss with the progression 
of EAE. However, IC87114 
treatment prevented against 
body weight loss of EAE mice, 
which indicated the thera-
peutic effect of this com- 
pound.

IC87114 attenuated neuro-
inflammation and demyelin-
ation of EAE Mice

Spinal cords taken from vehi-
cle-treated EAE mice display- 
ed cellular infiltration, partic-
ularly within the myelinated 
regions, and the accumula-
tion of these inflammatory 
cells was accompanied by im- 
mense tissue damage com-
pared to naïve mice (Figure 
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severe demyelination (Figure 2C). In contrast, 
those mice treated with IC87114 exhibited sig-
nificantly improved demyelination of EAE Mice 
by the enhanced luxol fast blue staining (Figure 
2C, 2D).

Th1 and Th17 cells were reduced in CNS of 
IC87114-treated mice with EAE

To evaluate the effect of IC87114 on T cell 
responses, we examined the frequencies of 
Th1 and Th17 cell numbers in the spinal cords 
in vehicle- and IC87114-treated mice with EAE. 
The percentage of INF-γ-producing CD4+ Th1 
cells was obviously decreased in the spinal 
cords of IC87114-treated mice with EAE (Figure 
3A). Similarly, the number of IL-17-producing 
Th17 cells showed a marked reduction in the 
spinal cords of IC87114-treated mice with EAE 
(Figure 3A).

Furthermore, the related cytokine levels at the 
immediate sites of inflammation including the 
serum of IL-1β, IL-6, IL-17 and INF-γ were signifi-
cantly decreased in IC87114-treated mice with 
EAE compared with vehicle-treated mice, with a 
statistically significant difference (Figure 3B).

Akt and NF-κB activation was inhibited in CNS 
of IC87114-treated mice with EAE

Akt and NF-κB are downstream molecules of 
PI3K activation. We assessed the Akt and 
NF-κB activation after treatment with IC87114 
(Figure 4). Elevated Akt and NF-κB activation 
was observed in EAE mice in comparison with 
naïve mice. In IC87114-treated mice, p-Akt and 
NF-κBp65 protein expression was significantly 
reduced compared with controls.

Discussion

In this study, we investigated the efficacy of the 
selective PI3Kδ inhibitor IC87114 in mouse 
models for EAE. IC87114 reduced clinical 
symptoms of EAE and prevented brain and spi-
nal cord inflammation. Interestingly, we found 
that IC87114 treatment suppressed the pro-
duction of Th1, Th17 cells and cytokine produc-
tion. These findings suggest that the PI3Kδ is 
responsible for EAE progression and PI3Kδ 
inhibitors are effective in EAE treatment.

PI3Kδ also plays an important role in TCR-
induced T-cell activation [13] and PI3Kδ inhibi-
tion blocks TCR-induced cytokine production by 
both naïve and memory human T cells in vitro 
[14]. In particular, PI3Kδ signaling is important 
for IL-17 production by mouse and human T 
cells [14]. Th17 cells have been implicated in a 
number of autoimmune diseases including EAE 
[15]. Enhanced phosphoinositide 3-kinase δ 
activity is a frequent event in systemic lupus 
erythematosus that confers resistance to acti-
vation-induced T cell death [16]. These data 
show that PI3Kδ over-activation is implicated in 
autoimmune diseases.

As a selective PI3Kδ inhibitor, IC87114 has 
been shown to suppress the severity of autoim-
mune arthritis in mice [17], and inhibit the pro-
gression of mouse autoimmune diabetes [18]. 
The ability of PI3Kδ inhibitors to reduce the 
severity of these autoimmune diseases results 
not only from their actions on B cells, but also 
from inhibitory effects on other immune cells 
that contribute to autoimmune disease [19]. 
IC87114 inhibits the trafficking of neutrophils 
into inflamed tissues [20] and prevents the 
activation of mast cells [21]. In the present 
study, we show that treatment of EAE mice with 
IC87114 reduced the clinical symptoms, histo-
pathology and cellular infiltration into the CNS.

Figure 4. Akt and NF-κB activation was inhibited in 
CNS of IC87114-treated mice with EAE. A. Represen-
tative Western blots of Akt and NF-κB p65 in spinal 
cords. GAPDH was used as internal control. B. Quan-
tification of the NF-κBp65 and p-Akt/GAPDH ratio. In 
the histograms, the data are the mean ± SEM for 10 
mice per group. #P<0.01, compared with naive mice; 
*P<0.01, compared with vehicle-treated group.
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Notably, AKT and NF-κB were demonstrated to 
be critical in the context of systemic autoimmu-
nity. Inhibition of PI3K signaling and Akt path-
ways have been proposed as therapeutic tar-
gets in autoimmune diseases [22, 23]. In addi-
tion, PI3K/Akt was implicated in the Th17 cell 
differentiation [24]. Our data in the present 
study indicated that Akt and NF-κB activation 
was reduced by PI3K inhibitor, suggesting that 
IC87114 appears to be as a particularly attrac-
tive target via inhibiting the AKT/NF-κB axis. 
Consistently, treatment of EAE with IC87114 
suppressed the Th1 and Th17 cell ratios. And, 
the serum levels of IL-1β, IL-6, IL-17 and INF-γ 
were markedly reduced by IC87114.

In summary, these present data support that 
PI3Kδ inhibition could have an therapeutic 
potential for EAE. Further studies in other 
strains of EAE animal models and humans will 
be needed to explore the effects and mecha-
nism of IC87114, in order to provide its clinical 
application for human MS.
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