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ABSTRACT

CD4™ T helper (Th) cells are a crucial player in host defense but under certain conditions can contribute to the
pathogenesis of inflammatory and autoimmune diseases. Beside the Th1/Th2 subset, several additional Th
subsets have been identified, each with a distinctive transcription factor, functional properties, signature cy-
tokine profile, and possible role in the pathophysiology of diseases. These newer Th subsets include Th17,
regulatory Th cells (Tregs), and more recently, Th9, Th22, and follicular T helper cells. Interestingly, imbalance
of Th subsets contributes to the immunopathology of several disease states. Therefore, targeting the imbalance of
Th subsets and their signature cytokine profiles by a safe, effective and inexpensive nutraceutical agent such as
curcumin could be helpful to treat autoimmune and inflammatory diseases. In this study different Th subsets and
how the imbalance of these subsets could promote pathology of several diseases has been reviewed.
Furthermore, the role of curcumin in this process will be discussed and the impact of targeting Th subsets by

curcumin.

1. Introduction

Immune system mounts an effective and appropriate response to-
wards several pathogens such as viruses, bacteria, fungi, parasites, tu-
mors, allergens, and other immune stimulants [1]. T cells, the cellular
base of cell-mediated immunity (CMI), are the main subtypes of lym-
phocytes [2]. The 2 main subtypes of T lymphocytes are CD4* and
CD8" T [2]. T helper (Th) cells are the subpopulations of CD4* T
lymphocytes that is crucial in adaptive immune responses [2]. They
exert distinct biological functions such as recruiting neutrophils, eosi-
nophils, basophils, and mast cells to sites of stimulations, inducing
macrophages to enhanced anti-microbial activity, helping B cells to
makes antibodies, and production of chemokines and cytokines for
shaping and orchestrating of various immune responses [2]. Activated
CD4™" Th lymphocytes based on their function, transcription factors and

signature cytokines are differentiated and classified into various distinct
subsets such as Th1l, Th2, Th9, Th17, Th22, T-regulatory (Tregs), and
follicular T helper (Tfh) cells [2].

Undoubtedly, the balance between Th cytokine secretion and their
responses are necessary for orchestrating the normal immune responses
against intracellular and extracellular pathogens, tumor cells, tolerance
to autoantigens and alteration in Th1-Th2 and Th17-Treg balance re-
sults in several diseases such as allergic and atopic disease, tumors and
autoimmune and inflammatory states such as Parkinson's disease,
Alzheimer's disease, inflammatory bowel disease (IBD), and rheumatoid
arthritis (RA) [2]. Therefore, tending to rebalance Th imbalance may be
a therapeutic way for manipulating immune responses.

Nowadays, 25% of current drugs are made from herbal medicine
and also 10% of all medications are produced from microbial sources
[3,4]. Several herbal medications such as curcumin act as an
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immunomodulator, thus, could be a benefit for changing the immune
response [5-8]. Curcumin is used since time immemorial as a dietary
spice for the management of inflammatory conditions [9]. Curcumin
has shown various biological and pharmacological actions including
immunomodulatory, anti-oxidant and anti-inflammatory properties [9].
Based on various in-vitro and in-vivo studies curcumin has shown
therapeutic potential in several Th cells-mediated conditions [9].

Therefore, here we review the different Th subsets and how the
imbalance of these subsets could promote the pathology of diseases and
the potential role of curcumin in modulating these imbalances.

2. The role of CD4 Th lymphocyte subsets

CD4% T cells have a central role in defending the body against
pathogens, however, they could also be pathogenic and driving in-
flammation. Activated CD4" Th lymphocytes were classified into dif-
ferent subsets including Th1, Th2, Th9, Th17, Th22, Tth and Tregs cells
[10-12]. Thl cells produce mainly interleukin (IL)-2 and interferon-
gamma (IFN-y). It also secretes a number of cytokines such as granu-
locyte-macrophage-colony-stimulating factor (GM-CSF), tumor necrosis
factor-beta (TNF-3) and lymphotoxin as well as various factors which
trigger Thl differentiation [10-12].

IFN-y-secreting Thl cells increases toll-like receptors (TLRs) ex-
pression [13], promotes class switching of immunoglobulin G (IgG) and
pathogenic autoantibody production [14], increases antigen presenta-
tion through major histocompatibility complex (MHC) [15], as well as
suppression and induction of over 200 genes whose functional sig-
nificance remains unknown [15]. Thl cells also stimulate the bacter-
icidal activity of phagocytes, activate macrophages, increased phago-
cytosis, and responsible for cell-mediated immunity [15]. IFN-y, the
signature cytokine of the Th1 subset, is a potent pro-inflammatory cy-
tokine which plays crucial roles in immunopathology [16]. IFN-y is
associated with the immunopathology of different autoimmune states
[16].

By contrast, Th2 cells subset produce IL-4, IL-5, IL-6, IL-9, IL-10, IL-
13, IL-25, and Amphiregulin [2]. Th2 cells cause antibody production,
eosinophil activation and recruitment, and inhibition of various mac-
rophage functions [2,17]. They also defense host against extracellular
parasites including helminths as well as involves in the induction and
persistence of various allergic and atopic diseases [2,17].

The dichotomy of the Th1/Th2 cells axis was broken down after the
identification of Th17 and Tregs cells [2]. Th17 cells are characterized
by expression of the transcription factor retinoid-related orphan re-
ceptor-yt (RORyt) and secrete potent pro-inflammatory cytokines [18].
TGF-f and inflammatory cytokines have pivotal roles in the production
of Th17 cells [19]. However, under certain states, these cells are re-
sponsible for the central nervous system (CNS) inflammatory demyeli-
nation and several inflammatory and autoimmune diseases, including
asthma and allergy, RA, SLE, MS, IBD and psoriasis. [19].

The other subset of CD4™ T lymphocytes is Tregs cells which is
characterized by a CD4*, CD25%, and Forkhead box P3 (FoxP3%)
transcription factor (CD4*CD25*FoxP3™") expression [20-22]. Treg
cells suppress inflammation and autoimmunity by inhibiting immune
responses and autoreactive effector T cells. A reduction in function and/
or frequency of these cells contributes to conditions such as entero-
pathy, polyendocrinopathy, immune-dysregulation and X-linked syn-
drome (IPEX) [23-25]. Treg and Th17 cells are potentially associated
with protection, pathogenesis, and progression of autoimmunity
[26,27]. Tregs have a protective role in autoimmune conditions,
whereas Th17 cells enhance the progression of autoimmune diseases
[26-28]. The Th cells subpopulation balance is critical for modulation
of the immune system. Targeting the Th cells imbalance by safe and
effective nutraceuticals may provide clinical efficacy in the conditions
such as autoimmune diseases, asthma and allergy, inflammation, and
organ transplantation.
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3. An overview of the immunomodulatory properties of curcumin

Interest in the use of nutraceuticals and phytochemicals are growing
nowadays so that 25% of current drugs are made from herbal medicines
[29,30]. Curcumin is a polyphenolic compound which first described in
1910 [29,30]. Multiple studies have demonstrated that curcumin is safe
and effective in humans [30-34]. Curcumin possesses diverse phar-
macological functions such as immunomodulatory and anti-in-
flammatory activities [30-34]. The immunomodulatory activities of
curcumin which protect against immune-mediated diseases are due to
its interaction with immune system cells [35-44]. Curcumin also in-
teracts with several transcription factors and signal transducers
[44,45]. Curcumin reduces the numbers of neutrophils and eosinophils
and increases the lymphocyte and NK cells count [35-44]. Curcumin
also increases macrophage migration and infiltration as well as inhibits
the activation of NF-kB [44,45]. Moreover, curcumin reduces M1
macrophage polarization and induces M2 macrophage polarization
[44,45]. The functional properties and multiple pharmacological ac-
tivities of curcumin on the immune system originate from NF-kB sup-
pression and preventing the nuclear translocation of NF-kB p65 subunit
[44,45]. NF-xB has a crucial role in producing proinflammatory cyto-
kines [44-46]. Therefore, curcumin and other NF-kB inhibitor agents
are able to modulate and decreases the production of pro-inflammatory
mediators. [45-47]. Curcumin also modulates immune responses by
modulating IgG, IgM, and sIgA production.

Therefore, curcumin modulates the immune system by interacting
with immune cells and potentially might have a therapeutic role in
various inflammatory and autoimmune conditions. We have reviewed
the therapeutic effect of curcumin by restoring the balance between
various Th subsets.

4. Effects of curcumin on Th subset balance

There is growing evidence that curcumin regulates the function and
proliferation of immune cells (Fig. 1). Investigation of curcumin on
modulating the immune response [37] showed that the development of
CTLs and the proliferation of splenic lymphocytes is significantly re-
duced by curcumin [37]. Curcumin inhibits the activation of NF-kB
irreversibly, thereby impairing the expression/production of TNF-a and
IL-12 by peritoneal macrophages and IFN-y and IL-2 by splenic T
lymphocytes [37]. Curcumin significantly reduced IL-12 production by
heat-killed Listeria monocytogenes (HKL)-stimulated macrophages or li-
popolysaccharide (LPS). Curcumin administration inhibited IL-12 pro-
duction by HKL or LPS mediated macrophages stimulation which leads
to Thl cytokine profile inhibition [48]. This suggests that curcumin
suppresses Thl cytokine production by inhibiting IL-12 production
thereby demonstrating its potential in the Thl-mediated disease states.

It is also a powerful inhibitor of T-lymphocytes proliferation
(Fig. 1). Curcumin inhibited IL-2-dependent DNA synthesis by mouse
CD4* T-lymphocytes, IL-2 and CD25 expression, demonstrating a
suppressive effect on the IL-2 receptor (IL-2R) signaling. In addition,
CD4"CD25" regulatory T-cells treatment with curcumin down-regu-
lated FoxP3 expression as well as Treg cells suppressor function [49].

Evidence suggests that curcumin shifts the Th1/Th2 balance to-
wards Th2-type response in human peripheral mononuclear cells
(PBMCs) [50]. Curcumin supplementation impairs Th1/Th17 cells dif-
ferentiation during encephalomyelitis whilst induces Th2 cells differ-
entiation. Feeding with 2% curcumin produced an anti-inflammatory
phenotype in DCs [51]. These findings demonstrate that curcumin si-
lences Th17/IL-23-mediated immunopathology through enhancing
STAT-3 interaction in DCs.

When human CD4"* T cells were stimulated with anti-CD2/CD3/
CD28 and treated with curcumin, it inhibited cell proliferation, differ-
entiation, and cytokine production suppressed CD4* T cell activation
(Fig. 1). In addition, curcumin increased CCR7, L-selectin, and TGF-f3
expression at the late phase of T cell activation. Moreover, TGF-§ is
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Fig. 1. Effect of curcumin on T helper cells differentiation, survival, proliferation, polarization, and functions. Curcumin has potent immunosuppressive and im-
munomodulatory effects on T helper cells in-vitro and in-vivo. Curcumin has the potency to selectively enhance Tregs percentage and function and suppress
macrophages and DCs maturation-mediated Th1l and Th17 differentiation. Therefore, curcumin may be an effective therapeutic agent for Thl-, Th2-, and Th17-
driven inflammatory and autoimmune diseases and its use may thus be useful as a good strategy to treat inflammatory and autoimmune diseases. The effects of

curcumin on Th9 and Th22 in unclear and need investigations.

involved in curcumin-mediated late-phase Treg cells generation and the
regulation of T cell activation (Fig. 1). Curcumin trough augmenting
CCR7, CD69, TGF-B and L-selectin expression followed by Treg cells
generation not only blocks but regulates CD4* T cell activation [52]
(Fig. 1).

CD4"CD25" Treg cells have a pivotal role in regulating the im-
mune responses and critical to the maintenance of immunological tol-
erance to peripheral self-antigens and suppressing deleterious immune
responses to the host [27], whereas Th17-cells contribute to the de-
velopment, induction and progression of auto-inflammatory disorders
[53]. Breaking the balance between Treg cells and Th17-cells was fa-
voring the pro-inflammatory Th17 responses and recently implicated in
several autoimmune diseases [53] raising the possibility of discovering
orally available small molecules which can modulate the function of
Th17 cells or the downstream signaling of the IL-17 receptor [54].
Therefore, inhibiting the master regulator of Th17 cells, RORvt, is a
potential therapeutic target for the treatment of inflammatory and au-
toimmune disorders [54]. The role of Thl7 cells in the im-
munopathology of neuroinflammatory disorders such as MS, AD, PD,
and schizophrenia has been clarified recently [55]. The expression of
the IL-17A and RORyt, a Th17 cell related cytokine profiles, was sig-
nificantly reduced in curcumin-treated groups. These findings showed
that curcumin inhibited the induction, differentiation, development,
and progression of Th17 cells in Th17-related disorders [56] (Fig. 1).

Curcumin supplementation inhibits the suppression of CD4*CD25™
Treg cells [57]. According to the role of curcumin in modulating Treg
cells populations and function, it may be feasible in some cases to use
curcumin as an immunotherapeutic agent for Treg-mediated diseases,
such as sepsis and tumors. These results collectively indicate that
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curcumin is an immunomodulatory and immunosuppressive agent
which inhibits cell-mediated cytotoxicity (CMC), cell proliferation, and
pro-inflammatory cytokines production through inhibiting NF-kB acti-
vation and its nuclear translocation (Fig. 1).

5. Curcumin on Th balance in autoimmune disease

Autoimmune diseases are mainly caused by the immunological in-
tolerance to self-antigens [27]. Myasthenia gravis (MG) is mainly
caused by loss of self-tolerance, which allows the development of au-
toreactive lymphocytes [58]. The exact mechanisms involved in the
failure of self-tolerance in autoimmune diseases have not been fully
elucidated, one possible mechanism is deficits in numerical, functional,
and migratory properties of Tregs cells [58]. When the safety and ef-
ficacy of curcumin in experimental autoimmune myasthenia gravis
(EAMG) were investigated, curcumin administration ameliorated the
clinical manifestation of EAMG, down-regulated the expression of MHC
class IT and CD80 and CD86 co-stimulatory molecules, suppressed the
levels of pro-inflammatory cytokines and up-regulated the levels of
anti-inflammatory cytokines [59]. Curcumin administration shifted the
balance of Th1/Th17 towards Th2/Treg and promoted the differentia-
tion of B cells into a subset of B10 cells [59]. Therefore, curcumin ef-
fectively ameliorates the clinical score of EAMG and is a potential
management option for the treatment of MG.

IPEX syndrome is an autoimmune disease in boys which is lethal
and is caused by mutations in the FoxP3 gene scurfin (scurfy) [60,61].
The product of the Scurfin gene is required for the development of
CD4*CD25" Treg cells [61]. Currently, there are no effective therapies
for IPEX and immunosuppressive therapy in patients is generally



o]
¥
m (28pd 1x2u UO panunuU0)
N L'YITMVAL SI[99 91T
m [oT1C8] -98eydoorw suLmMW pajenWns SJT 10D " Ul - Sum014d Arojeuwrurefjui-oxd jo uononpoid sy payqryup S[OTT] 1Y 2T wm oG ‘ST ‘T L 79TMVH S[192 ay1[-o3eydoidewr sauLmiy
S [821] ‘uonjeAnoe g-IN sossaxddns urumoiny SIY $T wrl 0T B G ‘ST e 1L
x UTWNIND M JIND Ul §-dINIAL Jo uorssaiddns juapuadop-asop ajensuowrsp
g [£Z1] M "qI-TI peonpal pue (T-T[ padueyusd sa1sdoIq [ESOINUI PaIBAN-UNNDIND Ul UONBATIOR YJVIN 8€d paonpay sy g ‘Ui Qg url 0g pue Q1 ‘s s)Se[qOIqOAUI DIUO[0D)
£ “A-NAI 10 ‘SdT
< [9z1] ‘soprsol8ues yiim pajeAnde er[SoIIu Ul g pue V[ Se [[om Se ¢ pue T LV.LS Jo uonejAioydsoyd ayy paziqryuy wrl QT pue g aur[ 1[92 AL
m, smoy S[RD
m [os] Ayrunwiat 2d43-gy L, spremoy sduefeq sunwwl 2dA-gYI-TUL oY) YIYS sy gy  8p 10jwrl 0T B S ‘T “T°0 10°0 JO ISOP YIM Jea[onuouow poolq [ereyduad uewmy
.m S[e2 TOLD ur skemyjed
5 [901] Sureudis qy-AN pue ¢-LV.LS Jo uonensaIumop a3 y3im uonemnosse ur sisojdode saonpur A[2ANI[9S UIINIINY smoy gy wuw 0g-5 sauy| [[o0 ewoydwAf [[o2-1,
< S[[od 1A
[£01] 9say) ur QT-TI pue q-g9 I jo uononpoid ay3 SunemSasumop Aq s[[ad 8a1], Jo A11a130R 2AIssaxddns a3 payiqryuy sIY 7 wuw O] sa1AdoyduiA] I, 91x010140 8D
[sz1] SIS01420pua pue uoneiduw yjoq Surnpal pue UoIssaIdxe UROURYD pue JUNR0ILD urrlpg 1o wrlgg sa1foouowt +4 0D
[99] ‘suorssaxdxa gg pue 1gy Z1-T1 pue ‘vononpoid A-NJ[ ‘uonejAioydsoyd 4 V.S PoINpul-g[-TI S9seaIda( sIq 8T 8 oz S[[d L
Z1-T1 Surssaxddns £q s[[e2 I + D Ul d[goid aunjolAd TYJ, IIqIYul AeWI UTWNDIND Jey] }so33ns s3urpuyy
9SAYL S[[2 I + D ul (uononpoid -] pasealdur pue A-NAJ paseardap) a[yoid aunjolfd Y[, jJo uoniqryur
[8¥] U1 01 BuIpes] “IH 10 ST LWL YIIM onia ul pajenums sageydosdewr 4q uononpoid -1 Jo UONIqIYU] SIq 8 3w 0'G ‘SC ‘0'T ‘S0 S[[®2 L ++dD
[b21] S[[99 I PRIBATIOR 014 Ul WOIJ SAUD0IAD A1ojeururejur-oid Jo UOTIDINAS JY) PIseaIdd s1y 8 UTWNDIND-OURU WG 610 PUe ‘€€HO ‘Sul] [0 DVA
pasnpai sem AJIATIOR QY-IN
[ez1] payqIyur sem §-7] s1y g wrl 0oT pue ‘wrl oG ‘wrl QT ‘wrl o 2-1INS
[zz1] *asuodsal SUNWIWI PajeIpaw-[[3 [EULIOU B pue sasuodsal TYJ, JO UoTdNpuy urw G wrl Gz pue 01 G ‘T 0 S[[9d dNLIpUSq
‘UOTJBATIOR
DI 10] PIpasu ‘P JO UOTIBANIDR SANNITISUOD PAIIqIYUI os[e urwmnomy ‘God pue gy jo uonejLioydsoyd
[1z1] pue ‘ODRII) 9seuny| gyI dATR A[PANMNSUOD Y} PAIQIYUI pue qY-IN SANDE dANMNSU0D pajen3aIumoq 'SIy § wrrl 00T pue 0S ‘ST ‘0T ewoydwA] [[20 spuew uewNy
uonerdjrjoxd
[0Z1]  ININ jo uoissaxddns a3 ur 901 e sAe[d s1yy pue ‘uonejAroydsoyd ¢1V.IS Jo 10J1qIyul Juajod € sem UIINDINY SIY § ‘Ut Og wrl 00T pue wr QT S[[92 BWO[IAIN
0-04D Pue (8
[611]1 -1DXD) 8-TI ‘O-TI ‘JI-dIN ‘PI-drwdurpnpour ‘uonanpoid SunoIAd padnpul-§dT IIQIYUT 0} PUNOJ SeM UTNIMY sIq 9 w6/ pue 0§ ‘Sg srrydonnaN
‘T-dv
pue qy-AN jo uoneande padnpur-areydsoydoirAd [Ausjuadost payoo[q os[e urundny) "SELNVY pue - pue o1
[8T1] -urejoxd Arojewrurerjur 93eydoIdew SSUROWAYD 1) JO dsed[a1 padnpul-ajeydsoydoidd [Ausjuadost payiqryuy sIy $Z ‘9T wrrl Gz pue g wrl T urd 1 S[[@d L QA
sadeydooewr IR[OIATR PUR S9IAd0UOUT
[£11]  paveuns-ST 10 -VINd Aq e-ANL PU® ‘qI-TI ‘I-dDIN ‘BT1-dIIN ‘8-TI Jo uononpoid oy uo 310952 A1031qIyul 3y, SIq ¢ wrl QT pue [ w G wg'Q sogeydoIoeul Te[0dA[E PUR S3)AD0UOI
[26] *IouuRW Juspuadap-uonenuaduod e ur uondnpoid 4-I1 pue 4SD-AD ‘G-TI PAIIQIYUIT UTWNIIND skep ¢ Ad 0T 1D sa1hooydwd
[s01] uonelAioydsoyd [VIS Pue YV Ul 3sea109p Juapuadop-asop & pasnpuy urur g /31 gz pue ‘01 ‘s ‘5°Z ‘0 S[[@ I,
[911] *z-1°d uraoid onoidode-nue a1 jo uoissaidxy sImoy 9 0} O wrl 0z pue 01 ‘S ‘0 S99 I,
[s11] S[[99 TYL jo o[yoid uorssaidxa Yy} saJeNPOAl wur 9'¢T pue G'1 S[[99 1eaPNUOUOW poo[q [eroydired uewny
SISOLI}QWIOPUD
[r11l “T-dDIN Pue §-T[ ‘9-TI JO UOTAIdAS padnpul-e-gNI, PIIGIYu] SIq $¢ wur 0G 10 0g ‘0T ‘T M USUWIOM WOIJ PIIB[OST S[[90 [ewIonS
Burreurs
[6+] UZ-T1 PIM SULIRYIUL Sk [[PM Se “Yg-TI ANuyye-ysiy pue g-11 d[qe[leAe Supnpar 4q Surfeusrs g- SIqIYu q0z1 wr g pue 01 ‘S a1f00ydwiAl-L,
Aande Surpuiq YNQ 9-IN pasnpur
[erT] -oUD[OIAD “S[[3D Z-00D PUB ‘6Z-LH ‘9-DHI Ul UoIssa1dxo uad §-T pue [-INVDI PaIeIpaul-q -l pa3qryuy umu G (ww 0S1-0) S[[92 Terpyiida [eunsaug
[29] suonendod [[22 £TYL/YL/TYL Y3 JO [[B Pasearddq skep 526 UInoIn %1 S[[®2 .L
[z11] anssT) 3unj dNeWISE Y} U UONRATIE qY-IN JO UOnIqryu] Byy/3w 00g S[[®d Lv9emeyd
[101] 311, pue (1yl) 1 1d[ay I jo uonemssy skep § 031 O url O pue g ‘g'g 1 L
uoneAndR
g-IN paonpul-g -] "g-osedsed jo uoneAnde pajuaadxd pue (T 101dej pajerdosse-103dadal v-INI pue
“IX-1og ‘g-199) sisordode payiquyur ‘(1039ej y3Mo0I13 [eI[oYIOpPUD JBNIseA ‘6-dININ ‘€-(dININ) dseurajoidofrelour
[111l XLIJRW ‘Z-9SeUua8AX00[24d) uoneuwrurefjur ur paajoaur synpoid suad pajendar-gs-gN passarddns joneroasay SIY T B ¥ urumndInd i 0g $914201pUOYd UBWNY
0T-TI SUN01£D AI0jeUIUIR[JUI-[IUE I} JO S[2AI] (dnoi8 ssop-y3ry) urumond
[651 a1y parendai-dn pue (0 -INI PUe 0 -NAI ‘ZT-TI) SOUR[0IAD A1ojeururejui-oid Jo S[9AS] 3} paje[n3ai-umoq Aepgy 01 11 3/3w 9T 10 (dnoid asop-moy) 3y/3w og S99 I,
ouURIJY [ShEYi| uonenq 9SOp UTWMdIND saul| [[9D

K. Rahimi, et al.

*9dUe[Rq U], UO UWNIIND JO SID9JJ9 9} PAjenfesd dAey Jey) SaIpnis ONIA-U]

I 3lqeL

741



Autoimmunity Reviews 18 (2019) 738-748

Pa1e21391d-UTWMOIND YIIM PIININI0D USYM PIseaIdu]
Apuedyrudis sem UONBALIOR [[99-],

[60T1] 8dD SIY ¢ T/owut 09 11e9-1
UOTIE[NWTIS UIMDIMD J2)Je SSIL, UQ
pasnpai os[e sem uoissaidxs gdxoq
[£5] uondnpouid g-1 ssaxddng simoy 9¢ M 02 ‘0T ‘S S[[®2 L +S2dd++¥AddD
uonerauald [2d I, A101e[n8ax1 £q pamor[oj uoissardxs 1q-4D ] pue UndIRs-T ‘L¥DD ‘69dD urumomy
[zs] Sunuswdne Aq uoneande [[39 I, + D PAIBNIUI-8ZAD/EAD/TAD SAIBM32I INg ‘SY20[q A[9I9UW JOU UIWMIINY skep ¢ Jjo qu/8wr g 10 Z°0 S[[32 I + D uewny
DA pare[npow-urumdmnd £q paonpoid poe dloural pue q-4o],
‘0T-T1 paambax uononpur 3a1y, yons "s[[32 11 Supnpoxd -01-T1 pue 3a1L, 1gdxod 1SZADTHAD Woq Surpnput
[9c1]  ‘ounsajur ot ur 8a1], Surjquiasal 831, 0IUI S[[3D [, TH@D SATIEU JO UOTIRNUSISYIP PIdNPUI D PRIESN-UIWNIIND sIY ¢ wur (oG 10 QT S[[d dNUIpUSq
[001] Ay1oeded aanesjijoidofe Juanbasqns pasnpai pue s3a1], + gdxoj jo Juswdo[aaaq wu Gg S[[92 dNLIpUSq
[£2] VL1-T1 9onpay sIY g/ [u/3n 1 pue 170 syuaned IS JO SO [[92 I + HAD
[9s] €2-TI pue 9-T[ paonpay SIY ¢ umr 6z S[[2 dNUIpUSq
'S[[99 LVOVH Pa1ean-0-ANL Ul g3-AN pue (31gd pue MdvIA 8€d MNC)
SAVIA JO UOTIBATIOR 9} PAIQIYUI UTWNIIND ‘UONIPPE U] ‘Uolssaidxa J UIPAD paonpul-o-gNL Yl Se [[9m se
[SET]  SI[99 LVDVH Paiean-n-NL Ul ‘g-T[ 10U INq “O-IN.L PUB ‘9-T[ ‘g 1-TI PaoNpuI-o-INL JO Uoissaxdxa syl paliqryuy sIYy g ur og LVDVH aul[ [[92 314d0uneiay uewny
‘9 DB OUOJA] ‘DUI] [[3D
[ve1] a8eydooewr onkdouowr uewny e £q [-TI pue 4N jo uononpoid pasnpur-(SdT) aprreydoesAjodod] paiqryuy uru -9-0g wr g pue G°Z ‘€0 aury [92 28eydordew snLdououl UBWINH
“(9-upmapILIuL
pue ‘J1-unnapIalul “0-10]19ej SIS0IdU Joum)) urajoid pue eurw sunjolfd Arojeururepjui-oxd Surpnpur
[ec1] SI0]JBIPAW AIOJRUILIR[JUI WIBIIISUMOP JO UOTIINPUI 3} SE [[9M SB UOTEIO[SURL) JBI[INU gi-IN JO UONIqIyu] sIy T urlpo1-1 sadeydorew £ y9ZMVY 9SNOIN
passaxddns Apuesyrusis st sa1£ooydwA] I,
[ze1] 21010140 jo Juswdofaaap pue ‘salhdoyduwA] o1uaids jo uonerdjioid paonpur-uadnueo[e 10 (g-1) g-UNNI[Iau] sy g /10wt 0g-S°Z1 sa14d0yduA] [, 91x01014D)
S92 T-dHL Ul 3sed[3y
[1e1] Qum014> pue Surpuiq gi-gN passaxddng SIY g/ ulg g I-6'1 sa1Ad0uow ueWINH
/10w
[oe1] 59d g~4N jo uorssaidxe oy ssaxddng SIY 4T /002 ‘00T ‘0S ‘ST ‘ST ‘ST ‘9 ‘S¢I '€ ‘0 sa1ho0ydwA| ussrds suLmpy
(z-uede) pue 1-ueden
‘I-DNVJ ‘1-odse
‘199L-SH PUB L00.-SH ‘€-2dXq) seamued
[621] 1001qIyUl gy-gN ‘(FUeyIawAo[nIajIp) UrundIny wr 00T pue 0T ‘T ‘T°0 ) JO SsauJ] [[90 BWOUIRD)
ERlIEICIEN | [NREY i uoneinq 9SOp UTWNIIND saul| [[9D

K. Rahimi, et al.

(panupu0d) 1 dqeL

742



m ‘sonssn) TerPyIIde
& [e6] 21U0[0d UT ZTDXD PUB TTDXD ‘O-TI ‘JT-TI “0-ANL Jo uoissardxa yNYu [esoonur passaiddns skep £ urumoand JpnIedoueN IsnoN
R pareanaid UTWNIIND YIIM PIININI-0d USYM PIseaIdu]
m].u [601] Apuedyrudis sem UOTIBATIOR [[99-1, 8D dr skep g Tui/3ury, ASNON
m [ot1] Q-1 pue ‘g-TI ‘g1-T1I Jo uoissaxdxa oy payqryur Apuedyrudis Jusuneanjard urwmdiny o8eaed skep £ 3y/8ur of 1’y
@ Q01w orewsy 14 M/AZN
W [SpT] ursatpoqnue H3[ YNASP-DUe pue egHS] ‘THS] JO S[9AS] WINISS PUE [9AS] BLINUI0Id 3} PIaseaIddp 191p a3e yoom gg pue g1 %1 asnop
3 [15] ‘'DEZII PUe qZ ]I Jo uoissaidxa passaiddns pue uonejAroydsoyd gLy 1S padueyua 191p skep gz % ASNOA
M [+9] UTWNDIND YIIM JUSUNEDI] Jo}Je PaseaIdap Jey) -1 pue g1-1I skep 1 31 001 ENO
2 [66] 'S[[99 891, paseasour Apuedyudis pue s[9d L1YL dr skep 8¢ ‘(83/8w 00z “B/3wr 00T “8¥/3w 0G) 9sno
g [68] MdVIA 8€d Jo uoneAnde a3 Ul UOONPAI B pue ‘uoissaidxa SONI pue g-XxQD jo uonemndarumop aSeaed [e1Q Yoam g (Aep/3y/3u1 0OT-0S) ey
m [861 douereq gyL/1ylL Sururejurewr [e1o skep 91 /8w gg 10 3y /8w ¢ IN
m pajuswdne Apuesyruds Qorur
< [16] SeM 9D1W (/T[S JOU INq 30TW d/gTve Jo sakdoydwA] +4ad 4q G-I pue y=TI JO UONLIIAS Jorp skep £ % T [/7T0S Pue d/qTvd d[ew
*9Sea[aI B
[96] -ANL pue s3unjay) 03 syuaunmidal rydonnau pue [rydoursos 1oy 9[qIsuodsal ST G-I QUDJ0OIAD ZYL, ul Aep Y1y 1 01 6 3y/8w T pue g SSNOAI
"LVO pue ‘6-dINIAl ‘d'ISL Se yons
sanodow Jo uorssardxa ySnoiyy uopewurefyur Suny jo uonenuale pue ‘sduny Ay ur sprydoursod
[s6] jo uonardsp pue uononpoid ¢1-T[ Pue {-T[ padnpal £q paduapIad se sasuodsalr gy, jo uoissaiddns  drnseSenur 31 osz 9SNON
dJt
[¥+1]  -TI pue 0-N.I JO S[A9] wnias passaiddns pue ‘sowAzus JUBPIXOTIUR Y} JO SANIANDOE pajen3ai-dn di skep 8z asnowr/T Q0T ‘AW OT asniy
[evT] S[[99-L Ty D PareAnde ur uonedo[suen reapnu od @-AN (50°0 ‘d) passaiddns 91p Jyedm g %2070 10 1D %T ey
S[[93 YN ur uonendaidn
[z+1] 1y} pue ‘sadeydordewr £q uononpoid QN pue asuodsal aun0IAd Y], Jo uonen3arumop d1 skep 0g 3w 07 plopty
adi
Jo Jusunean ay) ur spoadsoad JySiiq sey 11 1ey) 1s933ns apyoid L1vyes parealIun s) pue gy-AN ‘A-NAI syjuour 9.}
[£8] “O-ANL ‘XOT ‘Z-XOD I SWSIUBY9W AIOJRWWR[JUI JO[eW UO UIWINIIND JO S}192JJ2 AI10J1qIyul Y], J0J Aep/sawin) ¢ 10 € asop/3wQ9g QuLIA
*@dI Jo JuauneaIl 3} ul [NJasn aq ‘910Ja1aY) ‘AW pue SHI[0d [RIUSWLIAAXD UT S109JJo
[BIDYIUaq S1I9Xd OLIDULIN I0AR[J POOJ 9y} Jo Jusuoduwiod Jofeuwr B ‘QUBYIdW]AO[NISJIP 10 UTWNIIND
et 159383ns s3urpuy 9say], *9seIUAS QN S[qIoNpul pue saUN{0IAd YL pue TYJ, Jo uolssardxa
[1¥1] 9[qeIOAR] 3] (IIM PIIRIOSSE-ZO PUB (ON) SPIXO JLNTU JO S[IAI] Y} PIdNPII OS[B UTWINDIND skep 0T /8w 00g pue 00T ‘0S Isnop
HdVIN 8€d Jo uoneanoe
9} U UONINPaI B PUe ‘Uoissaidxs SONI pue g-XOD JO UONEB[N32IUMOP pasnpul pue S[9A] dIUO[0D
S9)LIIU 9ONPAI 0) J[(E SeM UWNIIND ‘0S[y "0O-(IN.L) eyd[e J010ejJ SISOIdU Joum) pue AIANde OdIN
[68] ur 3sLI 9] JO SUONONPaI [BIIULISqNS PIsNed pue aSewep ay) palenuane ANuedyrusis urumnany [e10 Yoam g Kep/3y/3w 001-0S ey
'syuanied B2 Ul paseasoul Apuedyrudis sem s[@d 1YL, Jo Aouanbaiy oy ‘padnpai Afpayrewr
[oT1] sem Aduanbaiy 3a1], aanisod ¢ (dxoy) ureloid xoq peaypyiod 3y} ‘Aderay) UTUINDIMD Y} 1YY sAep 0g wrl 01 uewNy
[+8] uononpoid ANAT Sunem3a-umop A[3021Ip Aq UOTIBWWRJUI PAdNPUI-Y ], SUIAdIeY skep 1 108 urwmoInd ISNON
CylL o
1YL woiy Prys a3 Sunemnda1 £q sn1jod uo s199)J9 dnnaderday) palisxs my -T1/A-NAT Jo uoniodoid
QU pue SAUNR0IAD g, JO UOIssaIdxa 1) 9SeaIdUI JOU P[NOD NG SIUN{0IAD Y], JO uoIssaidxa
[88] PaseaIdap Xa( +InD pue X3 "UONBMDID pue sa)kdouayds ur $-T1/A-NAI Jo uontodoxd paseardup dr skep g1 8w og Yy
[94] $1010€] JUISHIP jo uonem3arumop pue uonemsaidn ySnoxy sduereq gyIL/TYL [e1o skep 1g Aep/1ySrom Apoq 3y/3uwr 08 ey
[ov1] S[9A] 9-TI PUB O-N WNIdS dNpay  dlnsedenur skep 9 3/3w 001 ey
[06] Q01w -/-Q T~ UI SHI[0D PIJRIPAW [-U, UO SSIUIATIIDIID PAIIUII] SIIRISUOWIP UIWNIIND 1P1a (%T-1°0) UTWNIIND Isno
‘uononpoid zz-11/V.41-T Sunemsal "8 00T 01 s'D 1orem pafmsIp pue 8 LT (%96)
[e8] -umop Apdairpur uayl pue 9-[/qT-TI Suniqryur £q sTxe v/ I-T1/£2-TI 243 Sunoedur jo sjqeded sepy sAep 01 Toueyls ‘3 1 suoze ‘@ ¢ DH @ T UrWMOIND) [98 UrwNdINY ASNON
S9SBISIP AI0JRWWR[JUT PAIRIPAW-[[9D T, I9YI0
[S9] pue SIA Jo Jusuneax) Ay} ul asn si1 1sa83ns pue s[[ad [, ut Surreudis g1-T1 Sundolq £Aq Ay SIqIyUL Gg 01 0 sAep 81 00T 10 05 ey
[6€1] SDINING Ul g3-AN Jo rungns god o jo uonejAroydsoyd a3 pajiqryuy [e1o 9s0[N[[ad [AyIawAx0qIed 01 ul (Bwis) urumoind 31 0og JISNON
(dnoi8 asop
[8¢1] UOIBNUDUO0D V-IN.IL SunemaIn Suremo dr sfep 6 -ydy) urwndmd /8w 01 10 (dnoid asop-mor) 3y/3w g 1’y
6-oseurajoxdo[elow XIIjeuw pue
[£e1] ‘9-UD[NR[IAIUI “0-I0]0BJ SISOIIAU JOUWM] JO JUSU0D Ur)oid pue S[9A3] YNY I03Uassaul UT ISBAIdUL d SITY9R T 3y/8w 00T ey
[88] SaUN01AD T JO UOIssaIdxa 9y} 9SeIIdUT SAUR0IAD Y] JO uoIssaIdxa ay) paseardaq dr skep G skep g1 10§ (d1 ‘1-p-1-8¥-8uwr og) 'Y
ERlIEICIEN| 3911, ZTYL YL TYL oy uoneinq 9S0p UIWNdIND Tewruy

K. Rahimi, et al.

"9dUe[Rq U], UO UTWNIIND JO

S)09JJ3 9} PAJeN[eAd dARY JBY) SIIPNIS [EIIUI[D PUE OAIA U]

T J1qeL

743



K. Rahimi, et al.

ineffective and causes several side effects [60,61]. Curcumin adminis-
tration via suppressing the Th1/Th2/Th17 responses in mice attenuated
the scurfy-induced immune disorder, a model of IPEX syndrome [62].
Curcumin administration reduced all of the Th1/Th2/Th17 cell popu-
lations and attenuated clinical symptoms of scurfy mice.

A good animal model for MS is an experimental autoimmune en-
cephalomyelitis (EAE). It is a Thl cell-mediated autoimmune demye-
linating disease of the nervous system [63]. IL-12 trough inducing Ag-
specific Thl cells has a crucial role in the pathogenesis of CNS de-
myelination in EAE model and MS patients. Curcumin exhibits an in-
hibitory effect on the generation of pro-inflammatory cytokines by
human macrophages and monocytes ages and has inhibited the STAT-4
activation and IL-12 production in the EAE model [44]. Curcumin by
reducing the IL-12 production from macrophage/microglial cells and
suppressing the neural Ag-specific Thl cells differentiation significantly
reduced the clinical severity and duration of EAE [44]. The EAE mice
express higher levels of IFN-y, IL-12, IL-17, and IL-23 in the CNS and
lymphoid organs which significantly decreased following curcumin
treatment. Curcumin treatment resulted in a decrease in the secretion of
IFN-vy, IL-12, IL-17, and IL-23 in-vitro and in-vivo [64] (Tables 1 and 2).
Curcumin also up-regulates the CD4*CD25" FoxP3™" Treg cells popu-
lations, peroxisome proliferator-activated receptor y (PPARy) and IL-10
expression in the lymphoid and CNS organs of EAE mice [64] (Fig. 1).
The Janus kinase-STAT pathway inhibition by curcumin markedly de-
creased Thl differentiation and T cell proliferation by inhibition of IL-
12 [65-67] (Fig. 1).

Effects of nanocurcumin supplementation on Th17 cells frequency,
transcription factor expression, and Th17-related cytokines expression
in healthy controls and patients with relapsing-remitting multiple
sclerosis (RRMS) and also from patients whose received placebo at
baseline and after 6 months of treatment were investigated [68]. Re-
sults showed that Th17 cells population in MS patients when compared
with the healthy control group significantly increased. The nano-
curcumin group showed a significant reduction in Th17 associated
parameters such as Th17 proportions, RORyt, and IL-17 expression and
also IL-17 secretion, but mRNA expression and protein levels of IL-23
were not significantly changed. While, in the placebo group, there are
no significant changes in these parameters. Results imply that the in-
crease in Th17 cells proportion might contribute to the pathogenesis of
RRMS and nanocurcumin is able to restore these Th17 cells dysregu-
lated populations in MS patients [68]. These findings showed that
curcumin differentially regulates CD4 " T helper cell responses, reduced
the duration and clinical severity of EAE by inhibiting IL-12 signaling in
T cells and suggest its use in the treatment of MS and other Th1l and
Th17-mediated autoimmune conditions [67-70]. Therefore, curcumin
by influencing the Thl and Th17 balance and secretion of pro-in-
flammatory mediators is a novel potential natural therapeutic agent for
MS treatment.

Curcumin as a natural immunosuppressant agent has a bright pro-
spect for preventing periodontitis and RA [71]. Periodontitis is a rising
public health problem as well as a risk factor for the development of
RA. It is mainly triggered by Porphyromonas gingivalis [72]. P. gingivalis
in humans and animal models is able to induce experimental auto-
immune arthritis through its unique bacterial peptidyl arginine deimi-
nase [73,74]. Curcumin appears to be an effective anti-bacterial agent
against P. gingivalis biofilm formation and infection [71]. Curcumin also
exerts unique immunosuppressant properties through the promotion of
Treg cells population and inhibition of Thl7 pro-inflammatory re-
sponses suppressing autoimmunity [71] (Fig. 1). Results affirmed that
curcumin as a natural product is a potent protective compound for the
management of both periodontitis and also RA.

Curcumin has been shown to ameliorate various nicotine-induced
chronic inflammatory disorders [75]. The cytokines profile of Th1l and
Th2, mRNA and protein expression of cytokines, transcription factors
(AP-1), regulatory molecule (P53), growth factors (GM-CSF; TGF-3) in
female Wister rats were determined to understand the mechanisms of
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curcumin action in this area. Data showed that the nicotine through up-
regulation and down-regulation of different factors induces Th1/Th2
balance disruption. The study demonstrated that this Th1/Th2 im-
balance was safely and effectively restored by curcumin administration
[76].

The Th subsets imbalance is implicated in the pathogenesis of SLE
[12]. Curcumin was added after stimulating CD4* T cells from un-
treated SLE patients and healthy volunteers with Th17 differentiating
factors. After curcumin administration Th17 percentages decreased, IL-
17A productions reduced, Treg cells populations and subsequently TGF-
1 productions increased. These findings were not observed in CD4* T
cells cultures of individuals without SLE [77]. This shows that curcumin
could rebalance Th17/Treg imbalance of SLE patients.

6. Effects of curcumin on Th subset balance in psoriasis

Psoriasis is an inflammatory disease of the skin which is char-
acterized by keratinocytes hyper-proliferation and leukocytes infiltra-
tion [78,79]. Recent evidence showed that several cytokines are in-
volved in their pathogenesis [78-81]. It was suggested that the IL-17A/
IL-23 cytokine axis have an important role in the pathophysiology of
psoriasis [80,81]. Curcumin besides its anti-bacterial and antioxidant
activity is also able to decrease the expression of pro-inflammatory
cytokines in keratinocytes [82-84]. Results showed that the curcumin
gel formulation when used topically effectively suppressed imiquimod
(IMQ), -induced psoriasis-like inflammation [83,84]. In addition, cur-
cumin by inhibiting IL-1B/IL-6 production indirectly down-regulated
IL-17A and IL-23 expression [83,84]. Thus, curcumin is able to ame-
liorate inflammation induced in the IMQ-induced psoriasis-like mice
model by directly down-regulating pro-inflammatory cytokines pro-
duction.

7. Effects of curcumin on Th1/Th2 and Th17/Treg balance in IBD

IBD is a disease of the gastrointestinal tract which mainly divided
into two major subgroups: Ulcerative Colitis and Crohn's disease
[85,86]. Ulcerative colitis is an inflammatory disorder of the mucosa of
the colon that affects millions of people worldwide and impairs their
quality of life. While the etiology of IBD is not completely determined,
it appears to be induced by pro-inflammatory cytokines such as TNF-a
[85,86]. Emerging evidence shows intriguing pharmacological effects
of curcumin [44,45,47]. These include inhibitory effects on inducible
nitric oxide synthase (iNOS), Cyclo-oxygenase (COX)-1 and-2, lipox-
ygenase (LOX), TNF-a, IFN-y, and the NF-kB [44]. NF-kB is an essential
factor for up-regulation of pro-inflammatory cytokines that increase in
inflammatory diseases [44]. Recently, the safety and therapeutic effects
of curcumin have been evaluated in various experimental models of IBD
[44]. Curcumin changes the cytokine profiles of Thl cells towards the
anti-inflammatory Th2 type [87]. The safety profile and inhibitory ef-
fects of curcumin on major pro-inflammatory mediators suggest that it
has a promising future for the treatment of patients with IBD [87].
Mitogen-activated protein kinases (MAPKs) and the c-Jun N-terminal
kinase (JNK) modulate the transcription and expression of several genes
that are involved in the inflammatory process of various chronic in-
flammatory diseases such as ulcerative colitis [85,86]. Trinitrobenzene
sulphonic acid (TNBS)-induced colitis, an animal model of IBD, has
been described as Thl-mediated inflammation. The TNBS-induced co-
lonic injury was also characterized by an increase of the TNF-a and
reduction of the IL-10. Curcumin decreased the expression of Thl-re-
lated cytokines and increased the expression of Th2-related cytokines in
the mucosa of the colon [88]. Curcumin exerted therapeutic effects on
colitis by modulating the Th1/Th2 balance and regulating the shift
from Thl to Th2 responses in TNBS-induced colitis [88]. Curcumin
reduced the p38 MAPK activation and decreased COX-2 and iNOS ex-
pression. Also, the levels of TNF-a were significantly decreased and the
IL-10 production was significantly increased in curcumin-treated rats
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[89,90]. CD4™" T lymphocytes proliferation was induced and secretion
of Th2-related cytokines such as IL-4 and IL-5 were significantly in-
creased by ConA and reduced by curcumin [91] (Fig. 1).

In colitis mice, curcumin notably increased CD4*CD25" FoxP3™"
Treg cells, while the secretion of TNF-a, IL-2, IL-6, IL-12 p40, IL-17 and
IL-21 and the expression of co-stimulatory molecules such as TLR4,
CD54, CD205, CD252, CD254, and CD256 on DCs were significantly
decreased (Fig. 1). Curcumin potentially suppresses DCs maturation,
induce tolerogenic option, and modulates DCs activation to enhance the
inhibitory functions of Treg cells in colonic mucosa of the IBD model
[92]. Also, curcumin Nanoparticle administration increased
CD4"CD25*FoxP3™ Treg cells expansion in the colonic mucosa of
experimental colitis [93]. In conclusion, the inhibition of NF-kB ex-
pression and p38MAPK signaling by curcumin could explain the re-
duced COX-2, iNOS, and inflammatory cytokines (TNF-a, IL-2, IL-6, IL-
12 p40, IL-17 and IL-21) expression in colonic mucosa and reducing the
development of chronic experimental colitis. Therefore, in animal
models of IBD and in humans, curcumin has demonstrated therapeutic
potential.

8. Effects of curcumin on Th1/Th2 and Th17/Treg balance in
asthma and allergy

Asthma and allergy worldwide increased particularly in industrially
developed countries over the last few decades. Thus, recent progress
has been made to explore novel alternative therapies includes herbal
medicines. Curcumin has traditionally been used and recently has been
shown to be effective in a treat and ameliorating inflammatory and
immune-mediated disorders such as fever, pain, asthma, bronchitis,
arthritis, dermatitis, and allergic inflammation [94]. A murine model of
latex allergy showed an increase in the Th2 type of immune responses
[95]. Latex-sensitized mice showed an increased in serum IgE, latex
specific IgGl, IL-4, IL-5, IL-13, eosinophils count, and lungs in-
flammation [95]. Treatment of Latex-sensitized mice with curcumin
showed a significant reduces in Th2-related responses with a simulta-
neous reduction in eosinophils count. Inflammation of lung in cur-
cumin-treated mice was markedly reduced and expression of co-sti-
mulatory molecules on macrophages and DCs were significantly
decreased [95]. Further, the anti-asthmatic properties of curcumin,
through the intranasal route in an ovalbumin (OVA)-challenged asthma
mouse model has been evaluated. Exposure to LPS by increasing IgE
level, Th2-related cytokine IL-4, and IL-5 expression, and histamine
release, exacerbates airway inflammation. Administration of curcumin
through the intranasal route reduced airway inflammation and ex-
acerbation, whereas dexamethasone, was not as good as curcumin [96].

The effect of curcumin on the lymphocytes of atopic asthmatic pa-
tients was  investigated. Lymphocytes  stimulated  with
Dermatophagoides farinea in the absence or presence of curcumin. The
protein levels of IL-4, IL-5, and GM-CSF in the culture supernatants
were determined. Curcumin inhibited Dermatophagoides farinea-in-
duced lymphocyte proliferation and IL-2 production (Fig. 1). IL-2 ad-
ministration in the presence of curcumin restored the proliferative ca-
pacity of lymphocytes to Dermatophagoides farinea. Moreover,
curcumin in a dose-dependent manner inhibited IL-4, IL-5, and GM-CSF
production [97].

The protective effects of curcumin on food allergies in OVA and
alum immunized mice were investigated. Results showed that curcumin
significantly attenuated increased levels of IgE, IgGl, and MCP-1 in
OVA-immunized mice. Furthermore, curcumin as an anti-allergic agent
showed an immunosuppressive and immunoregulatory effect through
modulating Th1/Th2 balance [98]. Also, curcumin strongly suppressed
Th17 cells expansion and increased Treg cells populations (Fig. 1).
Curcumin substantially decreased IL-17A level and increased IL-10
level, blocked OVA-induced increases in eosinophils and significantly
rebalanced Treg/Th17 imbalance in bronchoalveolar lavage fluid and
in the lung [99]. Curcumin administration significantly attenuated the
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inflammatory conditions in the asthma model by regulating Treg/Th17
balance [99]. These results suggest that curcumin administration as a
therapeutic drug may be useful for controlling amelioration of Th2-
mediated allergic diseases.

9. Effects of curcumin on Th1/Th2 and Th17/Treg balance in
organ transplantation

DCs and Treg cells are essential factors in the development of organ
transplant tolerance. Curcumin arrests DCs maturation and differ-
entiation and induces a tolerogenic phenotype which increases
CD4"CD25*FoxP3™ Tregs cells populations and suppressive functions
in-vitro and in-vivo [100] (Tables 1 and 2). Curcumin-treated DCs de-
monstrated a significant reduction in co-stimulatory molecules ex-
pressions. Curcumin-treated DCs also decreased their IL-12 mRNA ex-
pression and protein secretion. Functionally, the allostimulatory
capacity of DCs and intracellular IFN-y expression in response to T cells
stimulation significantly decreased. Hypo-responsiveness of T cell was
arising from the generation of CD4 * CD25™CD127"" FoxP3* Treg cells
phenotype that put on suppressive effects on naive CD4* T cells, al-
though the effect was not specific to the antigen. DCs treated with
curcumin promoted the development of CD4* CD25*FoxP3* Tregs and
reduced subsequent alloproliferative capacity in mice [100].

The effect of curcumin in the prevention or progression of acute
graft-versus-host disease (GVHD) in a murine model were investigated
[101] (Tables 1 and 2). When treated with curcumin the acute GVHD
mice showed a reduction in the severity of acute GVHD. While flow
cytometric analysis showed that in the curcumin-treated acute GVHD
mice the number of CD4*CD25"FoxP3* Tregs cells populations, as
well as the CD8 + Treg cells, were notably increased [101]. Therefore,
these results collectively revealed that curcumin by up-regulation of
Treg populations percentage and functions has protective effects on
acute GVHD.

10. Curcumin on Th1/Th2 and Th17/Treg balance in cancers

Tumor cells escaping from the immune system are mostly targeted
and inhibited by effector and memory T cells function [102-104].
Curcumin, by targeting several molecular molecules and transcription
factors, has shown great antitumor activity. Several pieces of evidence
have shown the immune-protective potential of this natural polyphenol
against tumor cells [105,106]. Effect of curcumin on prevention of
tumor-induced immune dysfunction was examined and results showed
that in tumor-bearing hosts, curcumin inhibited loss of T-cell popula-
tions, expanded central and effector memory T cell percentage, re-
versed the Th2-related immune responses and prevented T-cell pro-
liferation inhibition [107]. Moreover, tumors up-regulated Treg cell
populations and induce the production of the immunosuppressive cy-
tokines such as TGF-B and IL-10 [108]. Curcumin also enhances CD8*
T cells cytotoxicity against tumors by changes in the tumor micro-
environment. Moreover, results showed that the accumulation and
function of T-cells were increased through the inhibition of different
immunosuppressors agents [109]. In patients with colon cancer after
curcumin therapy, there was a suppression of the FoxP3 gene expres-
sion showing a reversal of bounding of FoxP3 to T-bet which prevented
IFN-y expression [110]. Collectively, in contrast to other conditions
which curcumin increased Treg cells population and suppressed Thl
responses, in cancer microenvironment, curcumin treatment convert
Tregs to Thl cells by increasing IFN-y production and suppressing
FoxP3 expression. Due to the various properties of curcumin in cancer,
asthma, allergy, transplantation, and autoimmune disease, under-
standing the mechanisms of action of curcumin is an intriguing chal-
lenge. Collectively, these findings indicate that curcumin could be
exploited for the prevention and management of tumor-induced im-
mune system suppression and may have the potential for clinical ap-
plication.
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11. Conclusion and future perspectives

In brief, curcumin has potent immunosuppressive properties both in
vitro and in-vivo. Curcumin has the potency to selectively enhance the
function and number Tregs as well as suppress macrophage and DC-
mediated differentiation of Thl and Th17. The effects of curcumin on
Th9 and Th22 are unclear and need further investigations. Emerging
evidence points towards curcumin having a therapeutic potential in

Thl-

, Th2- and Th17-driven inflammatory as well as autoimmune dis-

eases. However, confirmatory clinical data from randomized controlled
trials would be integral to introduce curcumin to the armamentarium of
drugs for these diseases.
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