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Abstract. Sarcoidosis is a multisystem inflammatory disease 
characterized by the development of Th1/Th17/regulatory T cells 
(Tregs)‑related non‑caseating granulomas. Phosphoinositide‑3 
kinases δ/γ (PI3Kδ/γ) play an important role in the mainte‑
nance of effective immunity, especially for Tregs homeostasis 
and stability. In the present study, superoxide dismutase A 
(SodA) stimulation was used to establish the sarcoidosis mouse 
model. The second immune stimulus was accompanied by 
CAL‑101 (PI3Kδ inhibitor) or AS‑605240 (PI3Kδ/γ inhibitor) 
treatment. To detect the effect of the PI3Kδ/γ inhibitor on the 
morphology of pulmonary granuloma and the activation of 
the PI3K signaling pathway, hematoxylin and eosin staining 
and immunofluorescence and western blotting was used, 

respectively. Fluorescence‑activated cell sorting analysis 
and reverse transcription‑quantitative PCR were adopted to 
detect the effect of the PI3Kδ/γ inhibitor on the SodA‑induced 
sarcoidosis mouse model in respect to immune cell disorder 
and the function of Treg cells, with CD4+CD25‑ T cells and 
CD4+CD25+ T cells sorted by magnetic cell sorting. The results 
demonstrated that the inhibition of PI3Kδ/γ by transtracheal 
CAL‑101/AS‑605240 administration facilitated pulmonary 
granuloma formation. These therapeutic effects were associ‑
ated with certain mechanisms, including suppressing the 
aberrantly activated PI3K/Akt signaling in both pulmonary 
granuloma and Tregs, particularly rescuing the suppressive 
function of Tregs. Notably, CAL‑101 was more effective in 
immune modulation compared with AS‑605240 and could 
overcome the aberrantly activated Akt in the lung and Tregs. 
These results suggest that PI3K/Akt signaling, especially the 
PI3Kδ subunit, can play a key role in optimal Tregs‑mediated 
protection against pulmonary sarcoidosis. Therefore, transtra‑
cheal usage of PI3Kδ/γ inhibitors is an attractive therapy that 
may be developed into a new immune‑therapeutic principle for 
sarcoidosis in the future.

Introduction

Sarcoidosis is a chronic inflammatory disease characterized 
by granuloma formation and a gradual loss of lung func‑
tion (1). Sarcoidosis can affect any organ, but most commonly, 
it affects the lungs and the intrathoracic lymph nodes (2). The 
granuloma is distinguished by a core of epithelioid histiocytes 
and multinucleate giant cells, interspersed by CD4+ T lympho‑
cytes with a Th1 immuno‑phenotype, as well as a minority 
of CD8+ T lymphocytes, fibroblasts and B lymphocytes (3‑5). 
It is difficult to tailor treatment to specific disease pheno‑
types or disease mechanisms. Thus, at present, the treatment 
relies primarily on immunosuppression with steroids and/or 
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steroid‑sparing drugs to palliate symptoms, switch off acute 
inflammation and prevent end‑organ disease (6).

Regulatory T cells (Tregs)/Th17 and Th1/Th2 paradigms 
play a role in the pathogenesis of sarcoidosis  (7,8). The 
population of Tregs act as the key controllers for limiting 
immunopathology and maintaining immune homeostasis (9). 
The lymph nodes and granulomas of sarcoidosis patients are 
flooded with Treg cells (10), whereas their presence in blood 
demonstrates conflicting results. Even by the same team of 
researchers, patients with sarcoidosis have been reported to 
have various amounts of Tregs, which are sorted into higher, 
lower and normal groups (9,11). These controversial numbers of 
Tregs may be associated with the stage of the disease. Patients 
with active sarcoidosis have increased numbers of Tregs, while 
patients with inactive sarcoidosis and spontaneous remission 
have normal or decreased numbers of Tregs (3,12‑15). Our 
previous superoxide dismutase A (SodA)‑induced sarcoidosis 
models showed changes in Treg numbers correlated with 
disease phases (16,17). This demonstrates that, compared with 
the function of Tregs in healthy individuals, the function of 
Tregs in patients with sarcoidosis is severely impaired (3). 
Due to this impairment, Tregs fail to inhibit the persistent 
and excessive inflammatory responses of sarcotic lesions and 
immune homeostasis cannot be maintained (9). In addition, 
without the ability to actively regulate reactive T cells, Tregs 
can only partially inhibit early granuloma formation and have 
no positive effects on the formed granulomatous lesions (12).

In our previous study, patients and mice with sarcoid‑
osis both showed phosphoinositide 3‑kinase (PI3K)/Akt 
signaling pathway activation, affecting FoxP3 expression in 
Tregs (14,16,17). It has been reported that controlling PI3K 
signaling in Tregs is critical for maintaining their homeostasis, 
function and stability (18). Previously, we reported that inhibition 
of PI3K/Akt signaling by BKM120 (an inhibitor of pan‑class I 
PI3K) or LY294002 (an inhibitor of PI3Kα, δ and β) reverses 
the disturbance of Th1/Th17/Tregs and improves the function 
of Tregs in SodA‑induced sarcoidosis. Notably, BKM120 
is more effective compared with LY294002 in restoring the 
immunosuppressive function of Tregs, which demonstrates 
that PI3K/Akt signaling in Tregs may be associated with the 
PI3Kp110γ subunit in SodA‑induced sarcoidosis (17). Thus, 
understanding its intrinsic effects in Sarcoidosis is necessary 
to formulate future therapies that favor homeostasis of Tregs in 
the disease. Therefore, the present study examined the impact 
of the effects of PI3Kp110γ/δ inhibition on the function of 
Tregs in SodA‑induced sarcoidosis, especially at the chosen 
time point when the number of Tregs is normal.

Materials and methods

Animals. First, six‑week‑old female C57BL/6J mice (n=30) 
weighing 20‑25 g were purchased from the Shanghai Lab. 
Animal, Research Center. Mice were maintained under a 
specific pathogen‑free environment (temperature, 22±1˚C; 
relative humidity, 50±5%; and 12‑h light/dark cycle). Water 
and food were supplied ad libitum. All in vivo manipulations 
were performed under protocols approved by the Institutional 
Animal Care and Use Committee of Nanjing University 
Medical School (approval no.  SCXK‑Jiangsu‑2019‑0056). 
Mice were acclimated for at least one week before use. Mice 

were euthanized using cervical dislocation following carbon 
dioxide inhalation according to according to the American 
Veterinary Medical Association guidelines (19). Euthanasia 
was performed in a dedicated box with CO2, using a gradual 
30% vol/min displacement rate. The percentage of CO2 and 
O2 used was 6:4. Based on the humane end point criteria, the 
distress of the animals was constantly monitored. The condi‑
tion of the mice were checked daily. Mice were sacrificed when 
they developed hypothermia, inability to stand and wounds 
that did not heal. None of the mice developed symptoms 
requiring sacrifice during the experiment.

SodA‑induced sarcoidosis model. Sarcoidosis was induced 
based on a method provided by Swaisgood  et  al  (20). In 
brief, on the first day, mice were pretreated with 20 mg of 
mycobacterial SodA peptide (Ala‑Ala‑Ala‑IIe‑Ala‑Gly‑Ala‑
Phe‑Gly‑Ser‑PheAsp‑Lys‑Phe‑Arg; GenBank accession 
no. DQ768096) dissolved in 0.25 ml of incomplete Freund's 
adjuvant (MilliporeSigma) by subcutaneous injection. 
Subsequently, 14 days later, the SodA‑sensitized mice were 
challenged with 6000 N‑hydroxysuccinimide‑activated 
Sepharose 4B naked beads [in 0.5 ml of phosphate‑buffered 
saline (PBS)] covalently coupled to SodA by tail vein injection. 
After 28  days, lung tissues were collected to establish 
sarcoidosis.

CAL‑101/AS‑605240 treatment. SodA‑induced sarcoidosis 
mice were randomly divided into five groups the day after 
tail vein injection. A total of 2 mg/kg of CAL‑101 (PI3Kδ 
inhibitor; TargetMol Chemicals, Inc.) or AS‑605240 (PI3Kγ 
inhibitor; TargetMol Chemicals, Inc.) were respectively 
given to the mice via airway on days 15, 16, 29, 30, 36 and 
37 (Fig. 1A). DMSO was applied to group sarcoidosis. As the 
positive control group, dexamethasone was administered to 
mice by intraperitoneal injection at 5 mg/kg. The other healthy 
mice were kept as the control group.

Histopathology and immunofluorescence. Right upper lung 
tissues were fixed in 4% paraformaldehyde at 4˚C overnight, 
dehydrated and cut into 4‑µm thick sections after being 
embedded in paraffin. Tissue sections were routinely stained 
with hematoxylin and eosin (H&E) for conventional morpho‑
logical evaluation under the light microscope (Olympus 
Corporation). The specific methods were as follows: First, the 
sections were placed in an oven and heated at 60˚C for 1 h. The 
following steps are all performed at room temperature; the 
paraffin sections were immersed in xylene solution for 10 min, 
and then immersed in a new xylene solution for another 10 min; 
Then the tissue sections were immersed in 100, 95, 90, 80, 
75, and 50% alcohol solution for 2 min, respectively. Finally, 
the tissue sections were immersed in ddH2O for 5 min. The 
sections were placed in hematoxylin and stained for 15 min. 
After staining, the sections were washed with ddH2O for 
5 min to turn blue. Then the sections were placed in 1% hydro‑
chloric acid ethanol solution for about 5 sec, as soon as the 
sections turned red, they were placed in ddH2O to restore the 
blue color. After this, the rinsed sections were soaked in 50, 70 
and 80% alcohol for 3 min in turn, and then counterstained in 
0.5% eosin ethanol solution for 1‑3 min. The excess red color 
was washed off with 95% alcohol, and the sections soaked in 
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100% alcohol for 5 min, then the excess ethanol washed off 
with ddH2O, and the sections soaked in xylene for 5 min, and 
new xylene replaced for another 5 min. Finally the neutral 
gum was diluted with xylene to the appropriate viscosity and 
the slide sealed.

Immunofluorescence was performed by using p‑PI3K 
p85 antibody (cat. no.  4228S; Cell Signaling Technology, 
Inc.), p‑Akt (ser473) rabbit monoclonal antibody (cat. 
no. 4060; Cell Signaling Technology, Inc.), Alexa Fluor 488 
goat anti‑rabbit IgG (cat. no.  FMS‑MSAF48801; Nanjing 
Fcmacs Biotechnology Co., Ltd.) and Alexa Fluor 647 goat 
anti‑mouse IgG (cat. no. FMS‑RBAF64701; Nanjing Fcmacs 
Biotechnology Co., Ltd.). The dilution ratio of all primary 
antibodies was 1:500 and the dilution ratio of secondary anti‑
bodies was 1:1,000. The specific method was as follows: The 
prepared paraffin sections of lung tissue are placed on a shelf 
and heated in a 60˚C oven for 30 min. Tissue sections were 
soaked in xylene for 20 min and then soaked in 100, 95, 90, 
80, 75 and 50% alcohol solutions for 3 min, respectively. The 
sections were soaked in ddH2O for 5 min, then re‑soaked after 
changing the water and repeated three times. 0.5% TritonX‑100 
was prepared with PBS, preheated in advance, and added into 
the tissue section for 10 min, so that the antibody could fully 
enter the cell for reaction. The antigen repair solution was 
heated in the microwave oven until it boiled slightly and the 
sections were put into the heated antigen repair solution. The 
microwave oven was turned to medium heat for 2 min, then 
to medium heat for 2 min, then to medium heat for 7 min. 
After the heating stopped, the antigen recovery solution was 
returned to room temperature. The sections are placed flat on a 
shelf in a box of water to keep the culture moist and prevent the 
sections from drying out. Then, ~200 µl of blocking solution 

(PBS containing 5% BSA) was dropped on and around the 
tissue surface and incubated at room temperature for 1 h. 
Then, 100 µl diluted primary antibody solution was added and 
incubated at 4˚C overnight. Dilute fluorescent secondary anti‑
body (100 µl) was added and incubated at room temperature 
and dark for 1.5 h. DAPI was diluted with PBS at a dilution 
ratio of 1:1,500 and 100 µl was added to each section and incu‑
bated at room temperature and away from light for 10‑15 min. 
Finally, the sections were sealed with anti‑fluorescence 
quencher. Fluorescence images were obtained using confocal 
microscopy (cat. no. FV3000; Olympus Corporation). All 
analysis was performed by a pathologist who was independent 
of this study, blindly.

Western blotting. The total protein from lung tissues was 
collected using chilled RIPA lysis buffer (Beyotime Institute 
of Biotechnology), and protein concentration was measured 
according to the BCA kit (Takara, Bio, Inc.) instruction method. 
Equal lysates (50  µg) were resolved on 10% SDS‑PAGE 
and transferred to PVDF membranes with transfer buffer 
(25 mM Tris‑base, 0.2 M Glycine, 20% Methanol, pH 8.5). 
Membranes were blocked in 5% bovine serum albumin (BSA) 
for 2 h at room temperature and then subjected to primary 
antibodies against PI3 Kinase p85α (6G10) mouse monoclonal 
antibody (cat. no. 13666; Cell Signaling Technology, Inc.), 
Human/Mouse/Rat Akt pan specific antibody (cat. no. 4691; 
Cell Signaling Technology, Inc.), p‑PI3 Kinase p85 antibody 
(cat. no.  4228S; Cell Signaling Technology, Inc.), p‑Akt 
(ser473) rabbit monoclonal antibody (cat. no.  4060; Cell 
Signaling Technology, Inc.) and GAPDH Human/Mouse/Rat 
polyclonal antibody (cat. no. BS65529, Bioworld Technology). 
Membranes were incubated overnight at 4˚C with primary 

Figure 1. Histomorphometrical analysis and cytologic examination of SodA‑induced sarcoidosis. (A) Modeling diagram and PI3K inhibitors interventions. 
(C) Hematoxylin and eosin staining of the lung. Magnification, x100. The ratios of CD4+/CD8+ T cells in (B) BALF and (D) lymph nodes were tested using 
flow cytometry (n=6). **P<0.01. SodA, superoxidase A; BALF, bronchoalveolar lavage fluid.
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antibodies. The membranes were then incubated with 
HRP‑labeled goat anti‑rabbit IgG(H+L) (A0208, Beyotime 
Institute of Biotechnology) or HRP‑labeled goat anti‑mouse 
IgG(H+L) (A0216, Beyotime Institute of Biotechnology) 
for 2 h at room temperature, depending on the species. All 
primary and secondary antibodies were diluted 1:1,000. For 
visualization, chemiluminescence was performed with ECL 
Western Blotting Substrate (Tanon Science and Technology 
Co., Ltd.). Quantification of western blots was performed with 
Image J (ImageJ 1.49; National Institutes of Health).

Fluorescence‑activated cell sorting analysis (FACS). To 
obtain bronchoalveolar lavage fluid (BALF), the lungs were 
flushed via the trachea using 1 ml PBS. BALF was recollected, 
and cells were stained using 0.25 µl fluorescein isothiocya‑
nate‑conjugated anti‑mouse CD4 (Miltenyi Biotec GmbH) 
and 0.625 µl APC conjugated anti‑mouse CD8a (eBioscience; 
Thermo Fisher Scientific, Inc.). The antibody was added and 
incubated for 0.5 h. Mononuclear cells (MNCs) were obtained 
by grinding the mediastinal lymph nodes and then suspending 
them in RPMI 1640 (Thermo Fisher Scientific, Inc.). For 
MNCs staining, the following antibodies were used: FITC CD4 
monoclonal antibody (cat. no. GK1.5), PE CD8a monoclonal 
antibody, APC CD25 monoclonal antibody (cat. no. PC61.5), 
APC IFNγ monoclonal antibody (cat. no. XMG1.2), PE IL‑4 
monoclonal antibody (cat. no. 11B11), PE FoxP3 monoclonal 
antibody (cat. no. FJK‑16s) and PE IL‑17A monoclonal anti‑
body (cat. no. eBio17B7; all from eBioscience; Thermo Fisher 
Scientific, Inc.). For CD4+ and CD8+ cells, the staining was 
performed as above. For Th1, Th2, and Th17 cells, we first 
stimulated at 37˚C for 4 h using a Stimulation Cocktail, then 
added 0.25 ul CD4 antibody and incubated at 4˚C for 0.5 h. The 
membrane was then broken according to the fixed membrane 
breaking kit instructions (cat. no. FMS‑FP0100; fmacs Inc.). 
Finally, 0.625 µl of the corresponding IFN‑γ, IL‑4, and IL‑17A 
antibodies were added and incubated at 4˚C for 0.5 h. For Treg 
cells, 0.25 µl of CD4 antibody was first added and 0.625 µl 
of CD25 antibody and incubated for 0.5 h 4˚C. Membrane 
rupture was then performed according to the instructions 
of the membrane rupture kit (eBioscience; Thermo Fisher 
Scientific, Inc.). Finally, Foxp3 antibody was added at 4˚C for 
0.5 h. Tests were performed using a FACSCalibur system (BD 
Biosciences). Flow cytometry data were analyzed using the 
FlowJo software (V10.6; FlowJo LLC.).

Suppression assays. Spleens were gently ground into homog‑
enate and filtered using 200 mesh filters to prepare MNCs. 
The MNCs were incubated in PBS, PH 7.2, containing 0.5% 
BSA and 2 mM EDTA. Isolation of CD4+CD25+ T cells was 
performed with microbeads magnetic separation provided 
by magnetic cell sorting (Miltenyi Biotec GmbH) from 
each group. CD4+CD25‑ T cells (Teff) were collected from 
the control group. To investigate the suppression capacity, 
CD4+CD25‑ T cells were first labelled with carboxyfluorescein 
diacetate succinimidyl ester (CFSE) dye (Invitrogen; Thermo 
Fisher Scientific, Inc.). Then CFSE+ T cells were co‑cultured 
with CD4+CD25+ T cells in RPMI 1640 containing 10% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) in a 
1:1 or 2:1 ratio under the stimulation of IL‑2 (1 µg/106 cells) 
and anti‑CD3/CD28 antibody (1 µg/106 cells). The cells were 

cultured in 24‑well plates for 72 h at 37˚C. CFSE+ T cells were 
detected using FACS as described above.

Relative mRNA expressions detection. Shock‑frozen lung 
tissue was homogenized in RNAiso Reagent (Takara Bio, Inc.). 
RNA was isolated using RNAiso Reagent (Takara Bio, Inc.) 
according to the manufacturer's instructions. Equal amounts 
of RNA were converted to cDNA using the Primerscript RT 
reagent kit (Takara Bio, Inc.) according to the manufacturer's 
protocol. Levels of mRNA were determined using Power 
SYBR Green PCR Master Mix (Applied Biosystems; Thermo 
Fisher Scientific, Inc.) with a StepOnePlus™ Real‑Time PCR 
System (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The thermocycling conditions are listed in Table SII. Relative 
expression levels of mRNA were normalized to GAPDH. All 
of the values were expressed as 2‑ΔΔCq (21). Each sample was 
analyzed in triplicate. The primers pairs are listed in Table SI.

Statistical analysis. Data were analyzed using GraphPad Prism 
8 (Dotmatics). Comparisons between cohorts were performed 
using an unpaired t‑test. The t‑test was used to calculate 
statistical differences between two populations. For multiple 
group comparisons, one‑way ANOVA was used followed by 
Tukey's post‑hoc analysis for group size ≥3. Data are expressed 
as the mean ± SEM (standard error of the mean). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Establishment of experimental sarcoidosis with overactivated 
PI3K signaling. Histological examination confirmed the pres‑
ence of a granulomatous group in the mouse model consisting 
of epithelioid cells and lymphocytes. This phenomenon is 
similar to granulomas in patients with sarcoidosis (Fig. 1B). 
Tested by FACS, the ratios of CD4+/CD8+ T cells in BALF 
in group sarcoidosis were increased significantly compared 
with the control group (P=0.0012). At the same time, no 
significant difference was observed in those in lymph nodes 
(Fig. 1C and D).

CAL‑101/AS‑605240 ameliorates pulmonary granuloma in 
sarcoidosis. Similar to those in group dexamethasone, granu‑
lomas in the lungs were significantly alleviated after treatment 
of CAL‑101 (Fig. 2A). Notably, the alleviation of granulomas 
was more obvious in group CAL‑101 compared with that in 
group AS‑605240. To determine the mechanisms of these 
therapeutic effects of CAL‑101/AS‑605240, the balance of 
Th1/Th17/Tregs was then tested among groups at the selected 
time point (28 days following tail vein injection) when the 
number of Tregs was normal in disease phase. CD4+IFNγ+ 
T lymphocytes decreased after treatment of AS‑605240 
compared with the control, sarcoidosis, dexamethasone 
or CAL‑101 groups (P=0.001, P<0.0001, P=0.00125 and 
P=0.0003, respectively) (AS‑605240 vs. CAL‑101) (Fig. 2B). 
Meanwhile, both CD4+IL‑4+ and CD4+IL‑17+ T lymphocytes 
showed no changes among groups (Fig.  2C  and  D). On 
day 53 after sensitization, when the number of Tregs showed 
no difference between group sarcoidosis and group normal, 
neither CAL‑101 nor dexamethasone changed the Tregs ratio, 
whereas AS‑605240 significantly decreased Tregs compared 
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with those in the sarcoidosis group (P=0.0039; Fig. 2E). 
When examining Th1/Th2/Th17/Tregs related mRNA 
markers, CAL‑101 was much more effective in normal‑
izing relative expression levels of RORγt, FoxP3, IL‑6 and 
IL‑23 in sarcoidosis (P=0.0002, P=0.0293, P=0.0031 and 
P=0.0019, respectively) (Fig. 3C, D, F and G). Compared 
with AS‑605240, CAL‑101 was more effective in regulating 
the mRNA expression of Th1, Th2, Th17 and Treg (Fig. 3A, 
B, E and H). Collectively, AS‑605240 showed obvious effects 
on decreasing Th1 and Tregs in SodA‑induced sarcoidosis, 
suggesting the important role of PI3Kγ, rather than PI3Kδ, in 

modulating Th1 and Tregs differentiation in SodA‑induced 
sarcoidosis.

PI3K inhibitors suppress activated PI3K/Akt signaling in 
both lungs and Tregs. The immunofluorescent assay demon‑
strated that there was increased p‑PI3K and p‑Akt expression 
in granulomas of the group sarcoidosis compared with 
control. Administration of CAL‑101/AS‑605240, as well as 
dexamethasone, significantly suppressed these activations, 
while CAL‑101 showed a more profound effect compared 
with AS‑605240 (Fig.  4A  and  B). Specifically, CAL‑101 

Figure 2. Histomorphology and cytological characteristics of SodA‑induced sarcoidosis after treatments with CAL‑101, AS‑605240 or dexamethasone. 
(A) Histological images of lungs stained with hematoxylin and eosin. The yellow arrows indicate the pulmonary sarcoidosis granuloma. Magnification, 
x100. (B‑E) The frequencies of (B) Th1, (C) Th2, (D) Th17 and (E) Tregs in lymph nodes from each group (n=6). *P<0.05, **P<0.01, ***P<0.0002. SodA, 
superoxidase A; IFNγ, interferon‑gamma; IL‑4, interleukin 4; IL‑17, interleukin; FoxP3, forkhead box protein P3.
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normalized p‑PI3K and downregulated p‑Akt (P<0.0001). 
By contrast, AS‑605240 only downregulated p‑PI3K but was 
less effective in suppressing p‑Akt compared with CAL‑101 
(P<0.0001), suggesting the unique role of the PI3Kδ inhibitor 
in regulating PI3K/Akt signaling in the granuloma. On the 
other hand, CD4+CD25+ T cells also demonstrated high PI3K 
expression levels and Akt activity levels (P<0.0001). Upon 
CAL‑101/AS‑605240 treatment, the abnormal activation of 
PI3K/Akt signaling in CD4+CD25+ cells was also significantly 
recovered, with a stronger effect of CAL‑101 compared with 
AS‑605240 (P<0.05; Fig. 4C and D).

Inhibition of PI3K signaling rescues the suppressive func‑
tion of Tregs in sarcoidosis. CAL‑101 and AS‑605240 
inhibited the abnormal activation of PI3K/Akt signaling in 
Tregs, especially the former. To determine whether these 
inhibitions induced immune homeostasis in SodA‑induced 
sarcoidosis, CD4+CD25+ cells (Tregs) were co‑cultured 
with CFSE‑labeled Teff in the presence of IL‑2 and 
anti‑CD3/CD28. As shown in Fig. 5, the proliferated CFSE+ 
T cells were significantly increased in group sarcoidosis 
compared with the control group [P=0.0007 (1:1) and 
P=0.0131 (2:1), respectively], demonstrating an impaired 
suppressive function of Tregs in sarcoidosis. Similar to 
those in group dexamethasone, CAL‑101 induced significant 
decreases of CFSE+ T cells when CD4+CD25+ T cells were 
incubated with Teff at a ratio of 1:1 or 2:1 [P<0.0001 (1:1), 
and P=0.0004 (2:1), respectively] (Fig. 5A and B). Notably, 
AS‑605240 was less effective than CAL‑101 in inhibiting 
proliferation of CFSE+ T cells in sodium‑induced sarcoid‑
osis when CD4+CD25+ T cells were incubated in a 1:1 ratio 

with Teff cells (P=0.0003; Fig.  5A and C). Furthermore, 
AS‑605240 still showed no effects on rescuing the function 
of Tregs when CD4+CD25+ T cells were incubated with Teff 
at a high ratio of 2:1 (Fig. 5B and D). By contrast, the effects 
of CAL‑101 on suppressing CFSE+ T cells proliferation were 
relatively steady.

Discussion

Altogether these results demonstrated that inhibition of 
PI3Kp110δ/p110γ by transtracheal CAL‑101/AS‑605240 
administration ameliorated pulmonary granuloma in 
SodA‑induced sarcoidosis. Therapeutic effects could be 
attributed to the inhibition of PI3K/Akt signaling both in 
granulomas and Tregs, particularly in rescuing Treg suppres‑
sion. CAL‑101 was more effective compared with AS‑605240 
in helping maintain the homeostasis of both Th1 and Tregs 
and in overcoming the aberrantly activated Akt in lungs and 
Tregs, which underlined that PI3Kδ played a more impor‑
tant role compared with PI3Kγ in immune modulation in 
SodA‑induced sarcoidosis.

Class I PI3K is a heterodimeric enzyme consisting of a 
regulatory unit and a catalytic unit (p110α, p110β, p110γ or 
p110δ) (22,23). The expression of the p110δ and p110γ subunits 
is mainly restricted to leukocytes, whereas p110α and p110β are 
expressed by all cell types (9). Clinical trials with PI3K inhibi‑
tors in breast cancer, leukemia and lymphoma are showing 
encouraging results (24‑27), highlighting the potential of PI3K 
inhibitors in cancer immunotherapy. PI3K/Akt signaling is 
usually dysregulated and increased, having multifaceted regula‑
tory functions in the immune system, producing an autoimmune 

Figure 3. Th1, TH2, Th17 and Tregs‑related mRNAs expression levels in each group. (A‑H) reverse transcription‑quantitative PCR was performed to determine 
relative expression levels of (A) T‑bet, (B) GATA3, (C) RORγt, (D) FoxP3, (E) TGF‑β, (F) IL‑6, (G) IL‑23 and (H) STAT3 (n=6). GAPDH served as internal 
control and three times repeats were performed. *P<0.05, **P<0.01, ***P<0.0002. FoxP3, forkhead box protein P3; IL, interleukin.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  25:  225,  2023 7

Figure 4. CAL‑101/AS‑605240 rescues the overactivation of the PI3K/AKT pathway in SodA‑induced sarcoidosis. (A) Representative images showed the 
expression levels of p‑PI3K (green) and p‑AKT (red) in granulomas in each group. Magnification, x100. Summary of the mean fluorescence intensities of 
(B) p‑PI3K, (C) p‑AKT (top) and DAPI (bottom) in each group. (D) Western blot analysis (E) detecting expression levels of PI3K, p‑PI3K, AKT and p‑AKT 
in CD4+CD25+ T cells purified by MACS in each group. **P<0.01, ***P<0.002, ****P<0.0001 vs. the control group; ###P<0.002, ####P<0.0001 vs. the sarcoidosis 
group; ^P<0.05, ^^P<0.01, ^^^^P<0.001 compared with the dexamethasone group; &P<0.05, &&&&P<0.001 vs. the CAL‑101 group. SodA, superoxidase A; PI3K, 
Phosphoinositide 3‑kinases; p‑, phosphorylated‑; MACS, magnetic cell sorting.
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phenotype in immune disorders (28,29). Aberrantly activated 
PI3K pathway leads to loss of tolerance, aberrant immune 
activation and production of autoantibody (19,30). Although 
p110γ and p110δ are preferentially expressed in immune 
cells, p110γ/p110δ inhibitors targeting these isoforms are 
reported to inhibit inflammatory activity in autoimmune and 
inflammatory diseases models by affecting the adaptive and 
innate immune response, such as collagen‑induced arthritis, 
ovalbumin‑induced asthma, microbiota‑dependent colitis 
and systemic lupus erythematosus models  (31,32), leading 
to potential therapeutic effects in multiple inflammatory and 
autoimmune diseases. Furthermore, clinical trials have also 
shown promising effects of PI3Kδ/γ inhibitors on immune 
disorders such as asthma, Sjögren's syndrome and allergic 
rhinitis (33‑35), showing significant potential of PI3K inhibi‑
tors for clinical use.

Despite this, not all PI3K inhibitors can produce a good 
response in treatment. The effect of PI3K inhibitors targeting 
various subtypes differ in different autoimmune diseases. 
To the best of our knowledge, there are few studies on the 
use of PI3K inhibitors in the treatment of sarcoidosis. In the 
treatment of other autoimmune diseases, it has been revealed 
that not all PI3Kγ/δ inhibitors can produce a good response 
in treatment  (36‑38). In the experimental autoimmune 
encephalomyelitis (EAE) mouse model, the PI3Kδ‑selective 
inhibitor does not affect the progression of T cell‑mediated 
autoimmune inflammation or disease severity  (36). By 
contrast, PI3Kγ inhibitor significantly alleviates the severity 
of EAE, and significantly reduces leukocyte infiltration in 
the central nervous system (37). For the experimental epider‑
molysis bullosa acquisita, a PI3Kβ‑selective inhibitor is more 
effective compared with a PI3Kδ‑selective one in inhibiting 
neutrophil‑driven inflammation (38). Whether other selective 

Figure 5. CAL‑101/AS‑605240 recovers the function of Tregs in SodA‑induced sarcoidosis mice by regulating the PI3K pathway. CD4+CD25+ cells (Tregs) 
and CD4+CD25‑ T cells (Teff) were separated from the spleen. CD4+CD25+ cells (Tregs) were co‑cultured with CD4+CD25‑ T cells (Teff) labeled with CFSE 
in the presence of IL‑2 and anti‑CD3/CD28 for 72 h. (A and B) The frequency of CFSE+ T cells when Tregs and Teff were co‑cultured at a ratio of (A) 1:1 and 
(B) 2:1 (n=6). (C and D) Representative histograms depicting proliferated CFSE+ T cells when Treg and Teff were co‑cultured at a ratio of (C) 1:1 and (D) 2:1. 
*P<0.05, **P<0.01, ***P<0.0002, ****P<0.0001. SodA, superoxidase A; CFSE, carboxyfluorescein diacetate succinimidyl ester.
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PI3Kγ/δ inhibitors have the same therapeutic effect remains to 
be verified, and further experiments will be conducted in the 
future. Thus, discussing the most effective PI3K subtypes in 
treating sarcoidosis is reasonable.

In sarcoidosis, PI3K signaling is one of the most aber‑
rantly activated pathways. Our early study demonstrated that 
inhibition of PI3K/Akt signaling by BKM120 or LY294002 
can ameliorate granuloma (14,17). Previous results implied 
that co‑inhibiting the PI3Kγ subunit is more efficient in 
augmenting therapies when using non‑selective PI3K inhibi‑
tors (17). The current study aimed to determine the selective 
PI3K inhibitors that would optimize therapy. Although the 
distinction is not absolute, PI3Kγ is functionally dominant in 
myeloid cells (19). It plays a key role in chemokine‑mediated 
recruitment and activation of innate immune cells at sites of 
inflammation, whereas PI3Kδ is highly expressed in leuko‑
cytes and is crucial in antigen receptor and cytokine‑mediated 
B and T cell development, differentiation and function (39). 
They may be capable of modulating the Th1/Tregs/Th17 para‑
digm due to their diverse roles in diverse immune functions. 
In that case, the present study tested whether the presence of 
PI3Kδ or PI3Kγ inhibition by CAL‑101 or AS‑605240 would 
benefit SodA‑induced sarcoidosis on the selected time point 
when the number of Tregs was normal. The results turned out 
to be more complex than anticipated. When PI3Kδ inhibitor 
induced more profound therapeutic effects compared with 
the PI3Kγ inhibitor, PI3Kδ and PI3Kγ may work together to 
generate a functional output in SodA‑induced sarcoidosis.

Overall, studies suggest that sarcoidosis is considered a 
model of persistent inflammation caused by abnormalities in 
Th1/Th2 and Treg/Th17 paradigms and impaired the function 
of Tregs (7,8). The homeostatic ratio of circulating Tregs/Th17 
inversely trends with sarcoidosis activity, decreasing in the 
relapsed patients and increasing back to normal ranges in 
non‑active sarcoidosis or with treatment with corticoste‑
roids  (15,40). In addition, the increase in the function of 
Tregs is associated with improvements in clinical measures 
of sarcoidosis  (1,11). In our previous study, inhibition of 
PI3Ks by BKM120 or LY294002 was show to significantly 
improve pulmonary granuloma, ameliorate both Th1/Th2 and 
Tregs/Th17 disorders and restore the suppressive function of 
Tregs in SodA‑induced sarcoidosis at the time point when there 
was a Tregs/Th17 imbalance (17). Furthermore, the present 
study showed the effects of CAL‑101 and AS‑605240 on 
rescuing the suppressive functions of Tregs at the selected time 
point with normal Tregs ratios. However, notably, AS‑605240 
adversely affected the balance between Th1 and Treg in a less 
potent manner compared with CAL‑101. These findings are in 
line with the key role of the Th1/Tregs/Th17 paradigm in the 
pathogenesis of sarcoidosis (7,8,15,40), though the question of 
how PI3K inhibitors slow the development of granuloma in 
this setting remains unsolved.

Mechanistic studies highlight the potential importance 
of the PI3K/Akt signaling on the activation, differentiation 
and function of both Tregs and T effector cells, while PI3K 
signaling has been identified as a nodal control point for 
Tregs homeostasis and stability  (18,41,42). Tregs seem to 
respond more easily to cancer immunotherapy compared 
with other T cell populations, even though the mechanism of 
action is still unclear (43,44). Inhibition of PI3Kγ and PI3Kδ 

both restrict the expansion of alloreactive T cells in a mouse 
allograft transplantation model. However, PI3Kδ inhibition 
instead of concurrent p110γ deficiency detrimentally affects 
the function of Tregs (41). In addition, PI3Kγ inhibition may 
compensate for the negative effect of PI3Kδ inhibition on 
long‑term allograft survival (41). PI3Kγ and PI3Kδ inhibition 
may synergistically modulate immune responses. While selec‑
tive inhibition of only PI3Kδ is weakly anti‑inflammatory, 
dual inhibition of PI3Kγ and δ has superior anti‑inflammatory 
effects  (45,46). Moreover, PI3Kδ/γ inhibition yields an 
anti‑inflammatory signature distinct from pan‑PI3K inhibition 
and known anti‑inflammatory drugs (46). Consistent with the 
findings of these reports, the present study demonstrated that 
PI3Kδ inhibition could overcome the aberrantly activated Akt 
in the lungs and Tregs, thus maintaining the function of Tregs. 
By contrast, PI3Kγ inhibition was less effective in recovering 
PI3K/Akt signaling in granuloma and Tregs but even damp‑
ened Th1/Tregs balance. Considering that BKM120 was 
previously found to have a more profound effect on granuloma 
improvement compared with LY294002  (17), synergistic 
effects of PI3Kγ and PI3Kδ may occur in immune modulation 
in SodA‑induced sarcoidosis.

In conclusion, these results indicated that pharmaco‑
logical inhibition of PI3Kδ by CAL‑101 may be an effective 
immunoregulatory strategy in treating diseases with deficient 
suppressive functions of Tregs, such as sarcoidosis. Moreover, 
it appears that inhibition of PI3Kδ is more efficient compared 
with PI3Kγ, despite the possibility that synergism of these 
two PI3K subunits may occur. Although it remains unknown 
whether dual inhibition of PI3Kγ and PI3Kδ has an improved 
effect on immune modulation under the distinct pathophysi‑
ological processes, PI3Kγ/δ inhibitors may be developed into a 
new therapeutic principle for sarcoidosis.
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