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Abstract

Chloroquine (CQ) and amodiaquine (AQ) have been used for treating or preventing malaria for
decades, and their application has expanded into treating inflammatory disease in humans. CQ and
AQ are applicable for controlling rheumatoid arthritis, but their molecular mechanisms of anti-
inflammatory activity remain to be elucidated. In this study, we examined the effects of CQ and
AQ on T cell activation and T cell-mediated immune response. CQ had no significant effect on T
cell numbers, but decreased the population of T cells with a high division rate. However, AQ
treatment significantly increased the number of cells with low division rates and eliminated cells
with high division rates, resulting in the inhibition of T cell proliferation triggered by T cell
receptor stimulation, of which inhibition occurred in developing effector T helper and regulatory T
cells, regardless of the different exogenous cytokines. Interestingly, the cyclin-dependent kinase
inhibitor p21 was significantly and dose-dependently increased by CQ, and more potently by AQ,
while other cell cycle regulators were unchanged. Both CQ and AQ elevated the transcription level
of p21 though the activation of p53, but also blocked p21 protein degradation in the presence of
cycloheximide, causing p21 protein accumulation mainly in the nucleus. Sustained treatment of
developing T cells with either CQ or AQ suppressed IFN-y production in a dose dependent
manner and potently inhibited the differentiation of IFN-y-producing Th1 cells. These results
demonstrate that CQ and AQ increase the expression level of p21 and inhibit T cell proliferation
and the development of IFN-y-producing Th1 cells, thereby revealing beneficial roles in treating a
wide range of chronic inflammatory diseases mediated by inflammatory T cells.
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1. Introduction

Malaria is a life-threatening infectious disease caused by parasites, mainly Plasmodium
falciparum and Plasmodium vivax [1]. Chloroquine (CQ) is one of the antimalarial agents
and this is extensively used in the treatment or prevention of malaria from £, vivax,
Plasmodium ovale, and Plasmodium malariae [2,3]. The anti-malarial activity of CQ is
explained by the inhibition of heme degradation in lysosomes, which occurs in red blood
cells infected with malaria parasites [4—6]. The appearance of a CQ-resistant strain, 2
falciparum sparked the development of more potent and efficient antimalarial drugs, which
produced amodiaquine (AQ) by modifying the core structure of CQ and for treating CQ-
resistant 2. falciparum malaria infections [7,8]. In addition, CQ and AQ have beneficial roles
in controlling cancer through the activation of p53 and the inhibition of autophagy [9-12], as
well as chronic inflammatory diseases such rheumatoid arthritis, colitis, and multiple
sclerosis via its immune suppression activity [13-18]. However, the detailed molecular
mechanisms underlying the immunesuppressive effects of CQ and AQ have yet to be
characterized.

CDA4+ T helper (Th) cells play key roles in the regulation of immune responses against
pathogenic infections including bacteria, viruses, and malaria parasites [19,20] by
differentiating into effector T helper (Th) cells such as Th1, Th2 and Th17 cells [21]. In
particular, dysregulated overproduction of IFN-y by Th1 cells is responsible for the
development of inflammatory diseases. As IFN-y deficiency inhibits the development of
bleomycin-induced lung inflammation and DSS-induced colitis [22,23], suppression of pro-
inflammatory IFN-y may be crucial for treating inflammatory diseases.

In this study, we have investigated whether anti-malarial agents CQ and AQ could affect the
proliferation and differentiation of CD4+ T cells. Our results indicate that CQ and AQ
suppresses T cell proliferation by increasing the p21 expression level, which is controlled at
the level of transcriptional activation and post-translational protein stabilization, and thus
inhibits the production of pro-inflammatory IFN-y by Th1 cells.

2. Materials and methods

2.1. Materials and mice

Chloroquine (CQ, MW = 515.86) and amodiaquine (AQ, MW = 464.81) were purchased
from Sigma—Aldrich (St. Louis, MO). Chloroquine was dissolved in PBS and amodiaquine
was dissolved in DMSO. All cytokines were purchased from BD Biosciences (San Diego,
CA). C57BL6 mice were housed under specific pathogen-free condition and sacrificed for
primary T cell culture in accordance with IACUC guidelines at Ewha Womans University
(IACUC No. 2012-01-071, 2014-01-011).
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2.2. Primary CD4+ T cell culture and proliferation assay

CD4+ T cells were isolated from lymph node and spleen using CD4 mini MACS beads
(Miltenyi Biotec, Auburn, CA) and stimulated with plate-bound anti-CD3/anti-CD28 Ab (2
pg/ml, BD Biosciences) in the presence of recombinant human IL-2 (rhIL-2, 10 U/mL) for
24 h. Cells were additionally treated with either CQ or AQ for an additional 24 h and 48 h.
For cytotoxic assay, cells were incubated with water soluble tetrazolium salt reagent in EZ-
CYTOX assay kit (DOGEN, Seoul, Korea) for 3 h and subjected to measure the absorbance
at 450 nm. For proliferation assay, cells were labeled with 5 uM carboxyfluorescein
diacetate, succinimidyl ester (CFSE, Sigma—Aldrich) before TCR stimulation, followed by
flow cytometry. In addition, IL-12 (2 ng/mL), IL-4 (10 ng/mL), TGF-B (5 ng/ml) and IL-6
(10 ng/ml), or TGF-B (5 ng/ml) was added to the activated cells.

2.3. Cytokine measurement

Culture supernatants were harvested at 48 h for cytokine measurement using ELISA. EIA
plate was coated with IFN-y antibody (BD Biosciences) and incubated with culture
supernatants, followed by incubation with biotinylated anti—-IFN—y antibody and
measurement using an ELISA reader (Molecular Devices, Sunnyvale, CA). For intracellular
cytokine staining, developing CD4+ T cells were stimulated with anti-CD3 antibody and
incubated with monensin (4 uM) for 4 h before harvest. Cells were incubated with PE-
conjugated IFN-y (2 pg/ml, BD Biosciences) and then analyzed by FACS Calibur and a
CellQuest software (BD Biosciences).

2.4. Real-time PCR

Cells were harvested at 48 h after TCR stimulation and subjected to total RNA preparation
using TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA was synthesized from mRNA using
reverse transcriptase (Promega, Madison, WI) and used for quantitative real time PCR
analysis (Applied Biosystems Inc., Foster City, CA). Specific primers were as follows; p21-
FWD 5’-cgagaacggtggaactttgac-3” and p21-REV 5’-tcccagacgaagttgecct-3”; IFN-y-FWD
5’-agcaa-cagcaaggcgaaaa-3” and IFN-y-REV 5’-ctggacctgtgggttgttga-3”; actin-FWD 5”-
agagggaaatcgtgegtgac-3” and actin-REV 5’-caa-tagtgatgacctggeegt-3. Relative expression
level was calculated after normalization to the level of actin.

2.5. Immunoblotting

Whole cell extracts were prepared from either CQ- or AQ-treated cells and resolved by SDS-
PAGE. Expression of cell cycle-and autophagy-related proteins was analyzed using
antibodies against p21, p27, PCNA, p53, LC3-I, LC3-Il, ATG5, and actin (Santa Cruz
Biotech, Santa Cruz, CA)

2.6. Statistical analysis

All experiments were performed at least three times. A set of data is given as mean + SD.
The statistical significance of results was calculated using a one-way analysis of variance
(ANOVA) and was set at p< 0.05. *, p < 0.05; **, p < 0.005; ***, p < 0.0005.
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3. Results
3.1. Attenuation of T cell division by CQ and AQ

In order to determine the immunosuppressive effect of CQ and AQ, we treated TCR-
triggered CD4+ T cells with either CQ or AQ for 24 h and analyzed its effect on CD4+ T
cell activation and proliferation. CQ and AQ were similar in chemical structure to 4-
amino-7-chloroquine, except for the side chain linked to an amine group (Fig. 1A). Although
CQ and AQ had no significant cytotoxic effect, the number of CD4+ T cells was decreased
by treatment with 10 uM CQ, and was more potently decreased by AQ at the same
concentration (Fig. 1B). Further analysis using a CFSE-based assay confirmed that 10 uM
CQ attenuated cell division rates. Interestingly, the number of developing T cells in divisions
1 and 2 was drastically elevated by AQ, whereas cell populations in divisions 3 and 4 were
decreased by treatment with AQ (Fig. 1C). Quantitative analysis demonstrated that AQ
increased the population of cells with low division rates in a dose-dependent manner and
also decreased the number of cells with high division rates (Fig. 1D). Sustained treatment
with CQ decreased cell populations at divisions 4 and 5, and AQ treatment more drastically
inhibited the cell cycle progression of developing T cells (Fig. 1E).

3.2. Anti-proliferative activity of CQ and AQ in effector Th and Treg cells

Since the suppression of Th cell proliferation by CQ and AQ was observed under non-
skewing conditions, we thus examined the anti-proliferative effect of CQ or AQ on
developing Thi, Th2, Th17, and Treg cells in response to different cytokines. The addition
of IL-12 and IL-4 induced highly proliferative Th1 and Th2 cell development respectively.
Strong cell division in developing Th1 and Th2 cells was inhibited by treatment with CQ,
and more drastically by AQ (Fig. 2A and B). Furthermore, TGF-g with IL-6 or TGF-p alone
promoted activated CD4+ T cells to differentiate into Th17 or Treg cells. Under Th17 and
Treg-skewing conditions, CQ and AQ also increased the population of cells with lower
division rates, but decreased the population of cells with higher division rates (Fig. 2C and
D). AQ was more potent than CQ in the suppression of cell proliferation of developing Th1,
Th2, Thl7, and Treg cells. AQ treatment also resulted in an increase in apoptotic cell death
(Fig. 2E).

3.3. Induction of nuclear p21 protein by CQ and AQ

We then investigated the molecular mechanisms underlying the anti-proliferative functions
of CQ and AQ. We first checked the expression level of cell cycle regulators including p21,
p27, and PCNA. While p27 and PCNA were not changed at all by treatment with CQ or AQ,
the p21 expression level was significantly increased by AQ and moderately increased by CQ,
as evidenced by the densitometry data for band intensities in different sets (Fig. 3A and B).
We next examined whether p21 induction was mediated by the inhibition of autophagy-
induced protein degradation after treatment with CQ or AQ [24-26]. As previously reported
[27,28], CQ treatment increased the level of the autophagosome membrane-bound form of
LC3B. AQ also strongly increased the level of LC3B degradation via autophagy but had no
effect on ATG5 expression (Fig. 3A). In addition, an increased expression of p21 was mostly
observed in the nucleus of developing T cells, not in the lysosomal compartment, which was
evidenced by the staining of lysosome associated membrane protein-1 (LAMP-1) (Fig. 3C).
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CQ and AQ sustained the p21 protein level in the presence of a protein synthesis inhibitor,
cycloheximide (Fig. 3D), indicating p21 protein stabilization by CQ and AQ. We have also
found that p21 expression was remarkably increased at the transcriptional level after
treatment with CQ or AQ (Fig. 3E). The p53-induced p21 promoter activity was
significantly enhanced by treatment with CQ and AQ, although the expression level of p53, a
transcriptional activator of p21, was unchanged (Fig. 3A and F). These results suggest that
CQ and AQ increased p21 expression at both the transcriptional and post-translational level.

3.4. CQ or AQ suppressed IFN-y production and Th1 cell differentiation

We lastly analyzed the effect of CQ and AQ on inflammatory cytokine IFN-y production by
developing T cells. IFN-y production was dose-dependently suppressed by both CQ and
AQ, even at concentrations lower than 10 uM (Fig. 4A). However, the mRNA level of the
IFN-y gene was not changed by treatment with either CQ or AQ (Fig. 4B). Sustained
treatment with CQ and AQ substantially decreased IFN-y production by differentiated T
cells (Fig. 4C). Under Thl-skewing conditions, CQ and AQ suppressed IFN-y-producing
Th1 cell development as evidenced by analysis of intracellular cytokine staining of IFN-vy.
Both CQ and AQ dose-dependently suppressed Th1 cell differentiation, but AQ was more
likely to suppress it than CQ (Fig. 4D), implying an anti-inflammatory activity of CQ and

AQ.

4. Discussion

Our results demonstrated that CQ and AQ suppressed T cell proliferation through the
induction of cyclin-dependent kinase inhibitor p21, which was controlled at the
transcriptional level by CQ- and AQ-induced p53 activation and also at the post-translational
level by CQ- and AQ-mediated inhibition of protein degradation. Suppression of T cell
proliferation resulted in a significant IFN-y reduction and an inhibition of Th1l cell
differentiation. These results support that CQ and AQ play beneficial roles in suppressing
chronic inflammatory and autoimmune disease [13-18], as well as identified their molecular
mechanisms of p21-dependent inhibition of inflammatory Th1 cell development.

AQ was more potent than CQ in the induction of p21 expression and in the suppression of
cell proliferation. While CQ substitutes 2-amino-5-diethylaminopentate in the 4-amine
position of 4-aminoquinoline, AQ contains 2-[(diethylamino)methyl]phenol; this
substitution reveals stronger anti-inflammatory functions, which provides an informative
basis for the further development of promising anti-inflammatory drugs. Although CQ and
AQ activate the p53-induced transcription of p21, it still needs to be clarified how these
small molecules stimulate p53 activity and whether they directly bind to the p53 protein.
Very recently, AQ has been shown to function as a direct agonist of nuclear receptor 4 A 1
(NR4AL, also referred to as Nurrl) and suppress macrophage activation, thereby suppressing
Parkinson’s disease [29]. It would be interesting to identify the proteins that directly interact
with CQ or AQ and control the inflammatory disease. In addition, CQ and AQ maintain p21
protein level in the presence of cycloheximide, since CQ and AQ function as inhibitors of a
lysosomal degradation pathway that controls the quality of the cytoplasm by eliminating
protein aggregates and damaged organelles [30].

Biochem Biophys Res Commun. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ohetal.

Page 6

Suppression of T cell proliferation by CQ and AQ resulted in the suppression of IFN-y
production by T cells and the inhibition of Th1 cell differentiation /in vitro. T cell
proliferation is essential for their development into effector Th cell, as well as Treg cells, and
CQ and AQ suppress the early proliferation of CD4+ T cells, suggesting the potential roles
of CQ and AQ in the regulation of effector Th- and Treg-mediated immune responses.
Although this study reveals immune suppression by CQ and AQ treatment through the
inhibition of Th1 cell development restraining cell proliferation, more detailed analysis of
CQ and AQ on immune modulation is required for the proper application of CQ and AQ in
human diseases [16].
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Suppression of T cell division by CQ and AQ. (A) Structure of CQ and AQ. (B) CD4+ T

cells were activated with anti-TCR antibodies for 24 h and treated with CQ and AQ for an

additional 24 h. Cell viability was assayed using an EZ-CYTOX assay kit. Data are

expressed as the mean + SD of three independent experiments. *, p < 0.05; ***, p< 0.0005.
(C) CDA4+ T cells were labeled with CFSE and treated with CQ or AQ for 24 h under non-
skewing conditions. Cells were assayed at day 2 after TCR stimulation by flow cytometry

analysis. (D) The cell population at divisions #1, #2, #3 and #4 was quantitatively
determined using the CellQuest software. Data are expressed as the mean + SD of four

independent experiments. (E) CFSE-labeled cells were treated with CQ and AQ for 48 h and

subjected to flow cytometry analysis.
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Ar?ti-proliferative activity of CQ and AQ in developing effector Th and Treg cells. CD4+ T
cells were isolated using MiniMACS CD4 microbeads and stimulated with anti-CD3 (2
pg/mL) and anti-CD28 (2 pg/mL) antibodies for 24 h. Cells were then treated with either 10
UM CQ or 10 pM AQ for 48 h in the presence of I1L-12 (2 ng/ml) and anti-IL-4 (5 pg/mL)
for Thl (A), IL-4 (10 ng/ml) and anti—-IFN—y (5 ug/mL) for Th2 (B), TGF-p (5 ng/ml), IL-6
(20 ng/ml), anti-IFN—y (5 ug/mL), and anti-IL-4 (5 pg/mL) for Th17 (C), or TGF-p (10 ng/
ml), anti-IFN—y (5 pg/mL), and anti-1L-4 (5 pg/mL) for Treg cells (D). The cell population
at low divisions (division 1 through 3) and high divisions (division 4 through 6) was
determined by flow cytometry and the CellQuest software. Data are expressed as the mean +
SD of three independent experiments. (E) Developing Thl cells in the presence of either 10
UM CQ or 10 uM AQ were subjected to annexin V staining and flow cytometry analysis.
Annexin V-positive apoptotic cell populations were determined and a representative image is
shown from three independent experiments.
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Fig. 3.

Inguction of p21 protein expression by CQ and more prominently by AQ. (A-B) TCR-
triggered CD4+ T cells were incubated with different amounts of CQ or AQ for 24 h. Whole
cell extracts were resolved by SDS-PAGE and subjected to immunoblotting with antibody
against p21, p27, PCNA, p53, LC3B, ATGS5, or actin (A). The intensity of the p21 protein
band was quantitatively analyzed by a densitometry scan (B). (C) CQ- or AQ-treated T cells
were fixed in 4% paraformaldehyde and stained with antibody against p21 and LAMP1,
followed by subsequent incubation with Alexa Fluor 594- and Alexa Fluor 488-conjugated
secondary antibody. The nuclei were blue counterstained with DAPI. (D) Activated CD4+ T
cells were treated with cycloheximide (+CHX) in the presence of either CQ or AQ and
harvested for immunoblotting analysis. (E) Total RNA was obtained from CQ- or AQ-
treated T cells and subjected to reverse transcription and real time-PCR analysis. The
relative level of p21 mRNA was calculated after normalization to the actin level. *, p < 0.05;
** p<0.005; ***, p<0.0005. Three independent experiments were performed and data are
given as the mean + SD. (F) Highly transfectable 293T cells were transfected with the p21
promoter reporter gene with or without p53 expression vector and additionally treated with
CQ (50 uM) or AQ (50 uM) for 24 h. Reporter activity was measured using luciferase assay
kit and the relative luciferase unit was calculated after normalization. The activity under
vehicle-treated conditions was set to 1. *, p < 0.05. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4.

Inﬁibition of IFN-y production and Th1 cell development by CQ and AQ. (A) Activated
CDA4+ T cells were treated with CQ or AQ under non-skewing conditions. Cell supernatants
were collected at day 2 and subjected to ELISA for determining IFN-y production. *, p<
0.05; **, p< 0.005; ***, p< 0.0005. (B) Total RNA was harvested from the cells and
subjected to quantitative real-time PCR analysis. (C) CD3+ T cells were induced to
differentiate into Th1 cells and incubated with CQ or AQ for an additional 4 days. Cells
were re-stimulated with an anti-CD3 antibody (1 pg/ml) for 24 h and cell supernatants were
collected for measuring IFN-y by ELISA. Data are given as the mean + SD of at least four
independent experiments. *, p< 0.05; **, p< 0.005. (D) Differentiated Th1 cells in the
presence of CQ or AQ were re-stimulated with PMA and ionomycin for 6 h and incubated
with PE-conjugated anti—-IFN—y antibody, followed by flow cytometry analysis.
Representative images are shown from four independent experiments.
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