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Abstract:

The suppressors of cytokine signalling (SOCS) are proteins that restrict the functions of cytokines. Since their discovery, the state of

knowledge regarding the SOCS is being regularly updated. One of the aspects of their importance concerns the immune system and

its elements. Macrophages are one of the key cell types expressing SOCS and subsequently influence multiple biological processes.

Presently, the scientific understanding of potential therapeutic value of SOCS is increasing. Considering this, we review and summa-

rize the most recent findings regarding the role of SOCS in the macrophages in various aspects, including viral and bacterial infec-

tions, modulation of anti-inflammatory properties of drugs and other substances, cancer, arthritis, inflammatory bowel disease, the

neural system, hormone signalling and others. The multiplicity of the connections between macrophages, SOCS and biological reac-

tions may suggest that investigations into this relationship will continue to be of great importance.
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Introduction

Cytokines are regulatory molecules that act by binding

to specific receptors on the surface of the cell, through

which they begin the signal transduction to the nucleus,

inducing transcriptional changes in genes. However,

these stimuli do not remain uncontrolled. Several years

ago, the regulators of cytokine pathways called sup-

pressors of cytokine signalling (SOCS) were described

[39, 49]. Since that time, the ability of SOCS induction

has been reported for numerous exogenous substances,

including drugs like statins or inhibitors of angiotensin

converting enzyme [50].

The SOCS family consists of at least eight structur-

ally similar proteins: SOCS1-7 and the cytokine-

inducible SH2 protein (CIS) [32, 39, 49]. All the SOCS

members share a central SRC-homology 2 (SH2) do-

main, a variable N-terminal region containing an ex-

tended SH2 subdomain (ESS) and a conserved SOCS

box at the C-terminus (Fig. 1) [39, 49]. The terminal

regions of the SOCS proteins are of little amino acid

sequence similarity and range from 50 to 380 resi-

dues. The SH2 domain and the SOCS box consist of

about 95 and 40 amino acids, respectively [27].

Among the SOCS proteins family there are closer

structural relationships in pairs: CIS and SOCS2,
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SOCS1 and 3, SOCS4 and 5, and SOCS6 and 7 [27].

SOCS1 and 3, unlike the other SOCS proteins, have

no introns in their structure but additionally they have

12 amino acid kinase inhibitory region (KIR) in the

N-terminal part [27, 39]. SOCS4-7 possess an

extended C-terminus [39].

Among numerous properties, SOCS are also in-

volved in regulating the immune system responses [3,

56]. Investigations have shown that SOCS proteins

function as regulators of both innate and adaptive im-

munity [55]. These molecules can positively and

negatively influence the activation of macrophages

and dendritic cells and are crucial for T-cell develop-

ment and differentiation [56]. The essential role of

SOCS in the immune diseases is then rationally based

[3, 5, 56]. One of the most important properties of

SOCS proteins is the regulation of macrophages [5].

Of these, especially SOCS1 and SOCS3 are expressed

in the cells [5].

There are multiple ongoing studies examining dif-

ferent aspects of the relationship between SOCS and

macrophages and the state of knowledge in this field

is rapidly developing. Here, we review the most

recent findings regarding the roles of SOCS in regu-

lating the functions of macrophages.

Mechanism of action

SOCS can regulate the pathways triggered by cytoki-

nes by several mechanisms. In one of them, a small

kinase inhibitory region (KIR) at the N-terminus of

SOCS1 and SOCS3 acts as a pseudo-substrate and in-

hibits the activity of Janus kinases (JAKs) [39]. KIR

is crucial for a high-affinity binding of SOCS1 and

SOCS3 to the JAK’s kinase domain called JH [57].

SOCS1 binds directly to the JAK2 phosphorylated ac-

tivation loop, whereas SOCS3, with a weak affinity to

JAK2, is thought to bind to the receptor in the vicinity

of the kinase [39]. Another regulatory mechanism of

SOCS proteins is to compete with the downstream

signal transduction by binding to shared phosphory-

lated motifs on the activated receptor. Finally, SOCS

box is also involved in linking substrates to the ubiq-

uitination system and directing them to proteasomal

degradation [39]. There has recently been described

a detailed molecular mechanism by which SOCS3

regulates JAK signalling pathways. SOCS3 was

found to noncompetitively bind to the catalytic do-

mains of JAK1, JAK2, and TYK2 but not JAK3,

through a conserved GQM motif unique to JAKs in

the JAK insertion loop, causing their direct inhibition

[4, 39]. Furthermore, at the same time, SOCS3 binds

JAK and the cytokine receptor to which it is attached,

what explains the reason why SOCS3 can inhibit

solely a subgroup of cytokines [4], e.g., SOCS3 does

not bind to the IL-10 receptors [57].

The above description clearly demonstrates that

SOCS proteins are natural inhibitors for the JAKs.

Mammalian JAK family includes JAK1, JAK2, JAK3

and TYK2. Once activated, JAKs phosphorylate the

associated receptor cytoplasmatic domains, inducing

formation of docking sites for SH2-containing signal-

ling proteins. These include signal transducers and ac-

tivators of transcription (STATs) [57].

JAKs are activated by numerous cytokines, like in-

terleukins, interferons (IFNs), and hematopoietic

growth factors. Large number of diseases result from

hyperactivity of the JAK/STAT pathway. Its abnormal

activity is detected in cancers, allergies, inflammatory

and autoimmune disorders [57]. Constitutive activa-

tion of JAK2 is detected in lymphomas and leukemias

due to formation of chimeric proteins and in myeloid

proliferative neoplasias as a result of mutation. Many

tumors present enhanced JAK/STAT activation even

if not mutated. Following these relationships, there

have already been carried successful investigations

with JAK kinase suppressors like CP-690550 or

INCB028050 in rheumatoid arthritis [57].

Overexpression of SOCS proteins has been demon-

strated to lead to effective suppression in rheumatoid

arthritis and tumors models. This is of great impor-

tance since SOCS1 and SOCS3 were found to directly

inhibit JAK tyrosine kinase through their KIR do-
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Fig. 1. The structure of SOCS proteins family members. ESS � extended SH2 subdomain; KIR � kinase inhibitory region, present in SOCS1 and
3; SH2 � SRC-homology 2



main, despite their potential to suppress cytokine sig-

nalling by ubiquitin-mediated mechanism [57]. How-

ever, all the presently tested JAK inhibitors are ATP

analogues. On the other hand, SOCS3 acts noncom-

petitively regarding both ATP and substrate. This in-

formation opens many ways to develop novel sub-

stances inhibiting JAK activity to treat immune and

proliferative diseases [4, 57].

Macrophage polarization

Macrophages are phagocytic cells important in the

immunological responses. They primarily function in

innate immunity but are also involved in the mecha-

nisms of acquired immunity [30]. However, there are

several different subpopulations of macrophages,

depending on the environment in which they appear.

Each subpopulation has various functions. The classi-

cally activated macrophages (M1) are responsible for

fighting infections and eliminating pathogens [53].

They promote inflammation and can cause tissue

damage such as cracking of atherosclerotic plaque.

The alternatively activated macrophages (M2) de-

crease inflammation and initiate tissue repair pro-

cesses. They also stabilize atherosclerotic plaques.

Many of the factors that lead to the differences in acti-

vation have been determined. According to the latest

findings, SOCS are involved in this process. In the

alternatively activated macrophages, SOCS1, but not

SOCS3, is up-regulated both under in vitro and in vivo

conditions [53].

Increased SOCS1 expression is a key factor in the

IL-4-dependent M2 activation. M2 activation also

involves an elevated arginase I/iNOS activity ratio,

a reduction in the impact of IFN-g and LPS, suppres-

sion of T lymphocyte proliferation, and reduced

SOCS3 expression. It is postulated that increased

SOCS1 expression maintains elevated PI3K activity,

thus inducing M2 differentiation [53].

However, the expression of SOCS1 in M1 macro-

phages results in diminished proinflammatory re-

sponses. SOCS1 regulates the production of IL-6,

IL-12, and NO. On the other hand, SOCS1 can also

limit IL-10 secretion and arginase I activity in M1

macrophages, factors that reduce the inflammatory

properties of M1 macrophages. These findings indi-

cate that SOCS1 differently influences macrophage

functions and balances inflammatory responses [53].

The experiments by Liu et al. have revealed a key

role of SOCS3 in classical macrophages activation in

vitro and in vivo [31]. Treating rat bone marrow-

derived macrophages with LPS and INF-g – classical

activation stimulators – together was found to sup-

press the expression of SOCS1 simultaneously polar-

izing macrophages to express SOCS3 [31]. On the

other hand, when SOCS3 gene was knocked down

with a small interfering RNA (siRNA), the stimula-

tion with LPS and INF-g caused a very different ef-

fect. Knocking out SOCS3 triggered: STAT3 activity

enhancement, mannose receptor, arginase and SOCS1

induction, and restoration to IL-4 response decreased

in M1 macrophages. The synthesis of inflammatory

NO and IL-6 was also inhibited. This demonstrates

that SOCS3 is crucial for classical macrophages acti-

vation, and its loss promotes alternative one – even if

the cells are stimulated ‘classically’ [31]. The in vitro

findings were then supported in vivo. In the experi-

ment with nephrotoxic nephritis, the increased IL-4

inhibited SOCS3 expression in macrophages resulting

in attenuation of glomerular injury [31].

Bisphosphonates and SOCS expression

Many factors have been reported to influence SOCS ex-

pression. The newest findings indicate that bisphosphon-

ates, drugs commonly used to treat osteoporosis, could

influence the functions of SOCS3 in macrophages [41].

The absence of SOCS3 contributes to increased

macrophage activation, osteoclast generation and bone

destruction [54]. The bisphosphonates class of drugs,

which includes ibandronate and clodronate, inhibits the

expression of SOCS3 [41]. In tests with drug stimula-

tions of RAW 267.4 murine macrophages, phosphoryla-

tion of STAT3, a transcription factor, and the expression

of SOCS3 protein levels were determined. Both of the

bisphosphonates decreased STAT3 protein levels and

phosphorylation. Because STAT3 was reported to

induce SOCS3, SOCS3 expression was also examined.

Clodronate and ibandronate decreased SOCS3 expres-

sion, what was confirmed in the in vitro tests. However,

ibandronate was more potent and decreased levels of

SOCS3 for up to 48 h. Because both of the drugs rapidly

diminished SOCS3 protein levels in macrophages, the

effects on SOCS3 expression cannot be ascribed solely

to containing (ibandronate) or not containing (clo-

dronate) nitrogen in the particle structure [41].
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SOCS3 persistence

JAK-mediated tyrosine phosphorylation of SOCS3 at

residues Tyr204 and Tyr221 in the conserved SOCS

box disrupts the SOCS box and elongin C complex and

enhances the proteasomal degradation of SOCS3 [23].

In contrast, there are also factors that protect the SOCS

from degradation and allow for their sustained persis-

tence. It has recently been found that TNF-a regulates

the degradation of SOCS3 in response to LPS.

The influence of TNF-a and LPS on SOCS3 degra-

dation was studied in peritoneal macrophages from

TNF-a-deficient and wild-type mice [12]. LPS was

able to significantly up-regulate SOCS3 in the cells

from wild-type mice, but this effect was not observed

in the macrophages obtained from TNF-a-deficient

mice. Interestingly, the SOCS3 mRNA level remained

unchanged in the presence of LPS and was compara-

ble between the two groups. However, the addition of

exogenous TNF-a to the TNF-a-deficient macro-

phages triggered an increase in the LPS-induced

SOCS3 expression. This suggests that the difference

in SOCS3 protein levels is due to differences in

SOCS3 degradation. This hypothesis was supported

by the findings that the treatment of the TNF-a-def-

icient macrophages with the 26S proteasome inhibitor

MG 132 sustained the LPS-induced SOCS-3 expres-

sion in these cells. These observations support the

idea that TNF-a is one of the factors responsible for

the maintenance of SOCS3 and that TNF-a defi-

ciency in macrophages results in accelerated degrada-

tion of the LPS-induced SOCS3 protein [12].

The biochemical basis of the increased SOCS3

degradation rates might result from the phosphoryla-

tion of the protein. The importance of this mechanism

was emphasized by the observation that tyrosine

phosphorylation of SOCS3 is marked in LPS-

stimulated macrophages lacking TNF-a; however,

this effect is not observed in the wild-type cells. Addi-

tionally, the treatment of macrophages from wild-type

mice with an anti-TNF-a antibody strongly induces

SOCS3 tyrosine phosphorylation. SOCS3 phosphory-

lation in wild-type murine macrophages was also

experimentally obtained by inhibition of tyrosine

phosphatases with sodium pervanadate, leading to

enhanced SOCS3 protein degradation. These findings

established that the protection of SOCS3 from degra-

dation in macrophages stimulated with LPS might be

due to TNF-a and inhibition of SOCS3 tyrosine phos-

phorylation [12].

The persistence of the SOCS proteins may depend

on external factors as well as on innate properties of

the protein itself [17]. Despite the potent ability of the

SOCS3 protein to inhibit the JAK/STAT pathway, its

effect is restricted by its relatively short lifetime. This

is due to rapid elimination of SOCS3 directed to ubiq-

uitination by the SOCS box at the C-terminus and sub-

sequent proteasomal degradation. A more stable form

of SOCS3 has been described and is known as the

cell-penetrating form of SOCS3 (CP-SOCS3) [17].

The limited duration of SOCS3 action has also led

to investigations of SOCS3 turnover in macrophages.

Fletcher et al. [17] determined the half-life (T1/2) of

native SOCS3, CP-SOCS3 and recombinant CP-

SOCS3 in RAW 264.7 murine macrophages. In the in-

vestigations with native SOCS3, the cells were stimu-

lated with 250 ng/ml LPS and 100 U/ml IFN-g for 4 h,

after which cycloheximide was added to inhibit the

production of new protein molecules. The T1/2 of

native SOCS3 in activated macrophages was 0.7 h.

Treatment with epoxomicin, a proteasomal proteolysis

inhibitor, extended the T1/2 of SOCS3 from 0.7 to 2 h

[17]. However, the addition of calpeptin to inhibit the

activity of calpain proteases, which recognise the

PEST motif, also increased the T1/2 – to 1.7 h. The ad-

dition of both epoxomicin and calpeptin together

showed a synergistic effect, extending the SOCS3

protein T1/2 nearly 10-fold to 9 h [17]. Previous

reports show the T1/2 of SOCS3 in monkey COS cells

to be 1.6 h [46].

In the investigations with CP-SOCS3 and recombi-

nant CP-SOCS3 – with a SOCS box deletion, RAW

264.7 murine macrophages were pulsed to obtain a fi-

nal inhibitor concentration of 1 µM. The T1/2 of CP-

SOCS3 reached 6.2 h, while the addition of epoxomi-

cin resulted in further extension of the T1/2 to 13.3 h.

The longest half-life was obtained by deletion of the

SOCS box required for degradation in CP-SOCS3.

This modification allowed for an approximately 40-

fold increase of the T1/2 (29 h) compared with the en-

dogenous form. In effect, this manipulation allowed

CP-SOCS3 to sustain the inhibition of cytokine and

chemokine production after exposure to LPS and

IFN-g for approximately 24 h. The deletion of the

SOCS box in CP-SOCS3 still enabled inhibition of

STAT1 phosphorylation. Consequently, this attribute

may be of great interest regarding the treatment of

acute and chronic inflammatory diseases [17].
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Viral infections

INF-b is one of the major factors that protect cells from

viral infection and intracellular replication. It acts through

the JAK/STAT pathway to induce the expression of mul-

tiple antiviral genes [48]. IFN-b activates associated JAK

family members, JAK1 and TYK2, by stimulation of the

cell-surface receptor subunits IFNAR1 and IFNAR2. Ac-

tivated JAKs then phosphorylate cytoplasmic STAT1 and

STAT2; the phosphorylated STATs then form hetero-

dimers. The heterodimers subsequently enter the nucleus

to induce gene transcription. This occurs during HIV-1

and other viral infections and reduces the replication of

the virus in macrophages. Unfortunately, this effect is

temporary and quickly fades [1].

The reason that INF-b is ineffective against HIV

infection can be associated with an increase in SOCS3

expression [1]. The in vitro investigations in human

and murine RAW 264.7 macrophages have demon-

strated that the HIV-1 regulatory protein transactiva-

tor of transcription (Tat) is responsible for transcrip-

tional induction of SOCS3, and HIV-1 TatD31�61aa core

is critical for the SOCS3 response. A 10 nM Tat1-72aa
concentration, close to the low physiologic concentra-

tion of Tat found in the sera of HIV-1-infected indi-

viduals, elicited robust SOCS3 expression between 2

and 8 h, on the level of mRNA and protein in periph-

eral blood-derived macaque macrophages. In com-

parison, the expression levels of SOCS1 mRNA were

negligible. Furthermore, RAW 264.7 murine macro-

phages expressed elevated SOCS3 mRNA and protein

levels in response to treatment with HIV-1 Tat1-72aa
between 1 and 8 h, although Tat itself is unable to en-

hance HIV-1 transcription in murine cells. Other cells

such as primary murine bone marrow-derived macro-

phages and primary murine microglia displayed a sig-

nificant increase in SOCS3 mRNA for the duration of

HIV-1 Tat1-72aa exposure. In contrast, neither primary

murine astrocytes nor primary murine cortical

neurons, both of which are capable of expressing

SOCS3, expressed SOCS3 mRNA in response to

HIV-1 Tat1-72aa treatment [1].

HIV-1 Tat was also found to involve the NF-kB

pathway to induce SOCS3 expression in human and

murine macrophages. SOCS3 expression impairs the

response of macrophages to IFN-b at the early stages

of activation of the NF-kB pathway and overcomes

the inhibitory effect of IFN-b, thus enhancing HIV-1

replication in macrophages. This effect was reflected

in the in vivo experiments using the SIV/macaque

model of HIV-associated dementia, in which SOCS3

elevation correlated with the recurrence of viral repli-

cation and onset of the disease. SOCS3 might then

allow HIV-1 to evade the innate protective response

within the CNS, allowing the recurrence of viral repli-

cation [1].

Despite the fact that SOCS1 does not seem signifi-

cant in terms of HIV1 infection in the mentioned as-

pect, it plays a negative role in other viral infections.

SOCS1 was shown to be involved in suppression

of type I IFN production [52]. Type I IFN is crucial

for repulsing virus attacks because it induces cellular

resistance to viral infection and apoptosis of virus-

infected cells. For these reasons, type I IFN is com-

monly used in anti-viral therapy. Additionally, miR-

NAs, highly conserved small non-coding RNA frag-

ments, can also regulate immune antiviral responses.

miRNAs influence the innate and adaptive immune

responses and function mainly through suppressing

target genes by binding to the 39-untranslated region

(UTR) of target mRNAs to induce degradation or sup-

press translation [52].

In the experiments with murine macrophage cell

line RAW 264.7, the relationship between miRNAs,

SOCS1 function and type I IFN activity was deter-

mined. It was found that one of the miRNAs induced

upon viral infections, miR-155, exerts its antiviral

function mostly through suppression of endogenous

SOCS1 expression and subsequent promotion of type

I IFN signalling [52].

Experiments using cell cultures showed that

miR-155 plays a significant role in humoral and cellu-

lar immunity and is up-regulated by infections with

RNA viruses via signalling through the RIG-I/JNK/

NF-kB pathway, resulting in enhanced type I IFN sig-

nalling in macrophages. The activity of miR-155

mainly depends on the regulation of SOCS1 expres-

sion. Bioinformatic analysis identified miR-155 as

one of the broadly conserved miRNAs that putatively

targets conserved sites in the 39-UTR of murine

SOCS1. The effect was confirmed by in vitro tests

using a vesicular somatitis virus (VSV) challenge of

macrophages. Twenty four hours after exposure, there

was a marked increase in SOCS1 mRNA expression,

while after 48 h, the changes in protein level were

negligible or even slightly diminished. Hypotheti-

cally, miR-155 could suppress SOCS1 translation in

macrophages after the VSV challenge through post-

transcriptional inhibition. In effect, the inhibition of
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miR-155 resulted in elevated SOCS1 protein levels,

while its overexpression caused a decrease in SOCS1

protein levels, and the levels were correlated with

suppression or enhancement of STAT1/2 and JAK1

phosphorylation, respectively [52].

Furthermore, in murine peritoneal macrophages,

SOCS1 knockdown attenuates VSV replication, resem-

bling the effect of miR-155 overexpression. However,

the increased VSV replication induced by miR-155 in-

hibition is ablated by SOCS1 knockdown. Therefore,

the antiviral function of miR-155 can be mainly attrib-

uted to its effects on SOCS1 [52].

SOCS1 is also one of the key factors in HCV infec-

tions [18]. The core protein of HCV causes the

deregulation of lymphocyte function by affecting the

immunomodulators programmed death-1 (PD-1) and

SOCS1 [18]. The HCV core protein was also found to

disrupt IL-12 production in monocytes and macro-

phages [15], and the role of SOCS1 in the impairment

of IL-12 expression by the core protein could be of

great interest.

In experiments with macrophages obtained from

both healthy patients and patients infected with HCV

and subsequently stimulated with the HCV core pro-

tein, decreased IL-12 expression but upregulated

expression of PD-1 and SOCS1 was observed [58].

Furthermore, blocking PD-1 signalling in HCV core-

stimulated cultures resulted in an increase in IL-12

production and a decrease in SOCS1 expression. Ele-

vated IL-12 expression was also observed after silenc-

ing SOCS1 with a siRNA in HCV core-stimulated

cells. This effect was most significant 72 h after trans-

fection (19.4% vs. 10.1% for the control). siRNA

silencing also hampered PD-1 up-regulation, with

expression levels of 26.58% vs. 37.55% (control)

after 48 h and, more notably, with expression levels of

2.9% vs. 39.1% (control) after 72 h. Both silencing

SOCS1 expression and blocking PD-1 signalling trig-

gered the activation of the STAT-1 transcription factor

elicited by TLR stimulation and led to IL-12 produc-

tion [58].

It can be then postulated that HCV infection and HCV

core protein treatment is associated with increases in

SOCS1 and PD-1 expression in monocytes and macro-

phages, leading to inhibition of the TLR-stimulated IL-

12 production. The association of SOCS1 and PD-1 in

negative regulation was subsequently suggested by co-

immunoprecipitation tests [58].

Bacterial infections

Suppressor of cytokine signalling 1 is one of the fac-

tors involved in a negative feedback loop in LPS sig-

nalling in bacterial infections. However, SOCS1 may

be limited by other substances produced by bacteria

[45]. One of the substances recently described is

a muramyl dipeptide (MDP) that occurs naturally in

both Gram-positive and Gram-negative bacteria and

is recognized by macrophages. MDP is the minimum

structure responsible for the immuno-adjuvant activ-

ity of peptidoglycan and increases the actions of LPS.

MDP was found not only to augment production of

pro-IL-1b in tissues but also to down-regulate the ex-

pression of SOCS1. Together, these two mechanisms

have been shown to increase the effect of MDP, and

macrophages are involved in this process both in vitro

and in vivo. This may be of great importance regard-

ing septic shock and multiple organ dysfunction syn-

dromes in mixed bacterial infections [45].

Macrophages, as phagocytic cells, absorb and de-

compose infectious microorganisms. They are also

sensitive to humoral and cellular immunologic re-

sponses [28]. Macrophages present immunomodula-

tory properties and produce various cytokines and

chemokines after interacting with pathogens. Never-

theless, this defensive and proinflammatory response

is not always desired and can be harmful. The sup-

pressors of cytokine signalling play a key role in si-

lencing this type of response.

The findings of Latvala et al. highlight the path-

ways of SOCS activation in macrophages stimulated

with 12 probiotic bacterial strains [28]. The investiga-

tions with macrophage cultures included stimulation

with Gram-positive Lactobacillus, Bifidobacterium,

Lactococcus, Leuconostoc, Propionibacterium and

Streptococcus species that are frequently used in food

production and pharmaceuticals. The anti-inflam-

matory cytokine IL-10 was produced in all of the cul-

tures, but with varying intensity. However, the strong-

est anti-inflammatory potential, as determined by the

highest IL-10/IL-12 ratio, occurred after stimulation

with Bifidobacterium sp. The influence of cytokine

production on SOCS3 expression in macrophage cul-

tures stimulated with various non-pathogenic Gram-

positive bacteria was also tested. All of the bacteria

examined were found to stimulate SOCS3 mRNA

production after 8 h of stimulation [28]. Strains L. hel-

veticus 161, B. breve Bb99 and S. thermophilus THS

were the most potent inducers of SOCS3. L. rhamno-
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sus GG (LGG) and S. thermophilus elicited SOCS3

mRNA expression in macrophages just after 2 h. The

level of SOCS3 mRNA in LGG-stimulated cultures

remained elevated and constant for up to 24 h after

beginning stimulation, while for S. thermophilus THS,

the expression after 24 h increased 150-fold compared

with that after 2 h [28].

The LGG and S. thermophilus THS macrophage

stimulation experiments showed that the increase in

SOCS3 expression is independent of protein synthesis.

Cycloheximide, a potent protein synthesis inhibitor, was

added to the mentioned cultures and concomitantly re-

duced the level of TNF-a protein, but not the level of

SOCS3 mRNA. However, various mitogen-activated

protein kinase (MAPK) inhibitors (PD98059, SP600125,

SB202190) decreased the SOCS3 mRNA levels in the

cultures stimulated with LGG. PI3K and NF-kB signal-

ling inhibitors (LY294002, PDTC) presented weak stimu-

latory effects on SOCS3 mRNA expression [28].

Antibody neutralization of IL-10 in macrophages

decreased SOCS3 mRNA levels in cultures stimulated

with S. thermophilus THS. Additionally, treating

macrophage cultures with IL-10 alone resulted in

a weak induction of SOCS3 transcription, but when

the cultures were primed with IL-10 for 16 h prior

to S. thermophilus THS stimulation, the combined

IL-10-bacteria effect was much higher [28].

Lactobacillus and Streptococcus sp. in the in vitro

experiments induced SOCS3 mRNA expression in

macrophages in two ways: directly, in the absence of

protein synthesis, and indirectly, through IL-10 pro-

duction stimulated by bacteria. Furthermore, the

MAPK p38 signalling pathway is crucial for bacteria-

induced SOCS3 gene expression [28].

Perhaps the most in-depth experiments concerning

bacteria have been conducted to investigate the rela-

tionship between Mycobacterium tuberculosis infec-

tions and SOCS activity in macrophages [9, 21, 22,

34, 36, 47].

One of these experiments concerned the secretion

of IFN-g that is crucial for protection against mycobac-

teria [9]. IFN-g is important for the appropriate activa-

tion of macrophages and for controlling the infection,

and its deficiency results in higher susceptibility to

weakly virulent pathogens. The inhibition of IFN-g by

SOCS1 is then of great importance to the progression

of mycobacterial infection. A study by Carow et al. in-

dicated a strong influence of SOCS1 on the infection

outcome [9]. It was found that infection efficiently

stimulates the production of SOCS1 in murine and hu-

man macrophages. Furthermore, SOCS1 inhibits

IFN-g secretion and consequently hinders efficient

clearance of M. tuberculosis in macrophages in vivo

early after infection. SOCS1 was also shown to alter

the expression of a majority of both negatively and

positively regulated genes that are modulated in

macrophages infected with M. tuberculosis. However,

in vitro studies demonstrated that it is more likely for

SOCS1 to modulate IL-12 rather than IFN-g responses.

In effect, SOCS1 impairs intracellular mycobacterial

control [9].

In contrast, SOCS1 produced by other cells than

macrophages during later stages of the infection limits

the inflammation caused by a disseminated infection [9].

In examining different subpopulations of immune

cells obtained from mice, it was observed that SOCS1

silencing in T cells significantly enhances the ability

of T cells to mediate the clearance of M. tuberculosis

inside macrophages [47].

Further investigations into the relationship between

M. tuberculosis, macrophages and SOCS shed new

light on the mechanisms of suppression of the produc-

tion of proinflammatory IL-12 and TNF-a in the

infected cells [34]. In macrophages treated with my-

cobacterial peptide PPE18 and LPS, it was demon-

strated that PPE18 influences the activation of

SOCS3. PPE18 increases the expression and tyrosine

phosphorylation of SOCS3. The phosphorylated

SOCS3 interacts with the IkBa-NF-kB/rel complex,

inhibiting NF-kB activation by masking the IkBa

phosphorylation site. Inhibition of the LPS-induced

phosphorylation of IkBa at serine 32/36 residues by

IkB kinase-b subsequently blocks the translocation of

the NF-kB/rel subunits to the nucleus [34].

The role of SOCS3 activation in suppressing IL-12

and TNF-a production was confirmed by using specific

small interfering RNA to knockdown SOCS3. This in-

creased IkBa phosphorylation in macrophages and ele-

vated the nuclear levels of NF-kB/rel transcription fac-

tors vis-a-vis IL-12 p40, and TNF-a production [34].

M. tuberculosis has also been demonstrated to in-

fluence immune responses in a time-dependent man-

ner, switching the expression of different genes at dif-

ferent time points as the disease progresses [22]. Dur-

ing the course of infection, various mycobacterial

antigens inhibit protective responses, mostly mediated

by TLR2. These mechanisms include increased

SOCS1 expression, resulting in a restricted IL-12 se-

cretion, and generation of oxidative and nitrosative

bursts, collectively allowing the pathogen to evade
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the immune system. Gupta et al. have proved that

genes switched in different time points after infection

with M. tuberculosis influence SOCS1 and inducible

NO synthase 2 (iNOS2) expression [22].

In macrophages obtained from human THP-1

monocytes by treatment with phorbol myristate ace-

tate, stimulation with the TLR2 ligand Pam3Csk4
alone did not induce significant changes in SOCS1

levels [22]. However, cells transfected with the day-5

mycobacterial antigen Rv3416 significantly up-

regulated SOCS1 expression. Additionally, the day-1

antigen Rv2463 evoked only a minimal effect. These

observations were also noticed with endogenous

changes in the expression of the mentioned genes.

Therefore, macrophage TLR2 responses are down-

regulated at later time points after infection, concomi-

tant with an increase in SOCS1 expression. In con-

trast, reactions early in the infection are not likely to

influence SOCS1 regulation. Interestingly, Rv1483,

a day-1 antigen, and Rv0353, a day-5 antigen, do not

increase SOCS1 expression mediated by TLR2. How-

ever, these antigens do down-regulate the TLR2-

induced expression iNOS2 in macrophages. In sum-

mary, the day-5 genes could be responsible for the in-

crease in SOCS1 production mediated by TLR2 in

macrophages, while the day-1 genes complementarily

decrease the expression of iNOS2, suppressing the

protective response [22].

The role of SOCS in mycobacterial infections has

been described in macrophages of other organisms in

addition to human and murine macrophages. A fish or-

ganism was chosen due to slow growth of mycobacte-

ria in humans, resulting in hampered advances in rec-

ognition of the host – mycobacterium interactions [21].

The goldfish, Carrasius auratus L., exhibited rapid

development of infection [21]. In in vitro studies

using isolated goldfish monocytes and mature macro-

phages treated with Mycobacterium marinum,

changes in expression of several genes were observed.

M. marinum significantly increased the expression of

anti-inflammatory genes, including SOCS3, IL-10

and TGF-b1. It also changes the expression of certain

NADPH oxidase components and pro-inflammatory

cytokines. Both live and heat-killed mycobacteria sig-

nificantly increased the levels of SOCS3 mRNA [21].

The reports of elevated SOCS3 mRNA levels are in

accordance with previous reports from experiments

on isolated mouse macrophages infected with Myco-

bacterium bovis Bacille Calmette-Guérin [36].

Modulation and mediation

of anti-inflammatory properties

Cytokines can stimulate or restrict inflammatory pro-

cesses. Therefore, it seems obvious that the SOCS

proteins play a role in the control of inflammation.

Some of the most important endogenous and

exogenous anti-inflammatory substances are the glu-

cocorticoids (GSs). Investigations into the reason for

the delay between the times that GCs are administered

and the start of action revealed new properties of

SOCS1. It has already been reported that toll-like

receptors (TLRs) take part in the activation of inflam-

mation cascades and that GSs curb this action. The

newest findings demonstrate the role of SOCS1 in the

relationship between GCs, TLR activation, and

STAT1 in macrophages [8].

When macrophages were stimulated with activa-

tors specific for TLRs, the most robust activation of

STAT1 was found after 2–3 h [8]. The first symptoms

of inhibition of STAT1 phosphorylation by GCs oc-

curred around that time. GCs were found to induce

SOCS1, contributing to the suppression of STAT1

activation by TLR4. This effect was developing dur-

ing 6 h after GC administration. However, the sup-

pression of TLR3 activation and subsequent STAT1

stimulation was shown to be due to two mechanisms:

one involved SOCS1 induction and the second in-

cluded the attenuation of type I IFN production in

macrophages. In both of the mechanisms, SOCS1

seems crucial for the clinical effect and is responsible

for the time of the GC reaction [8].

The relationship between SOCS1 and the negative

feedback to anti-inflammatory IL-4 and LPS was also

described. In macrophages, IL-4 was found to rapidly

induce SOCS1 mRNA and protein production, with

peak values obtained at 1 h. This occurred much ear-

lier than after LPS exposure, in which maximal

SOCS1 mRNA expression and protein production

levels were not reached until 4 h. Nevertheless, in the

experiments whether the early induction of SOCS1 by

IL-4 was involved in the suppression of LPS-induced

TNF-a production by IL-4 itself, the results suggested

that SOCS1 is not responsible for the process [53].

Recent reports show that the SOCS play a signifi-

cant role in mediating the anti-inflammatory proper-

ties of certain herbs. The anti-inflammatory properties

of andrographolide derived from Andrographis pa-

niculata (Burm.f.) Nees (Acanthaceae) were evalu-
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ated [29]. It was observed that andrographolide pos-

sesses a potent ability to restrict inflammation in

LPS-stimulated RAW 264.7 macrophages. Lee et al.

[29] demonstrated that the substance also reduces

LPS-stimulated expression of SOCS1 and 3. By low-

ering the levels of SOCS1 and 3 mRNA, androgra-

pholide subsequently curbs macrophage apoptosis

signalling and activation of the mitochondrial mem-

brane potential. It was also postulated that phosphory-

lation of STAT3 is essential for LPS stimulation of

SOCS1 and SOCS3 gene expression in RAW 264.7

macrophages because they are potently induced by

several cytokines (particularly IL-6) through STAT3

phosphorylation. In this way, SOCS1 and 3 inhibit the

propagation of pro-inflammatory cytokine signalling

through a negative feedback loop [29].

SOCS in the nervous system

SOCS are also expressed in microglia, the resident

macrophages of the nervous system [40]. SOCS3 can be

there induced by LPS, potently up-regulating SOCS3

transcription. AP-1 and IFN-g activation sequence

(GAS) elements were found to be involved in the up-

regulation of SOCS3. In experiments using cells treated

with LPS, the MAPK-ERK1/2, JNK and p38 pathways

were activated. LPS promotes the acetylation of the H3

and H4 histones on the SOCS3 promoter, followed by

the time-dependent recruitment of STAT3, c-Jun, c-Fos,

CREB-binding protein, p300 and RNA polymerase II

to the endogenous SOCS3 promoter [40].

However, endogenous IL-10 decreased the expres-

sion of SOCS3. The expression of SOCS3 was also

curbed by the addition of siRNA to block STAT3 up-

regulation [40].

Other factors that influence the expression of

SOCS in microglia are the protease-activated recep-

tors (PARs) [16]. PARs undergo activation by extra-

cellular proteases, including thrombin, and are

released during inflammation and after tissue damage.

PAR-1 and PAR-2 activators were used to examine

the effect of the PARs on SOCS expression. TRAP6

and TFLLR, PAR-1 activating peptides, stimulated

SOCS3 expression. Conversely, the PAR-2 agonist

SLIGRL did not activate SOCS3 expression. PAR-1

may therefore be responsible for balancing pro- and

anti-inflammatory reactions exerted in microglia

through SOCS induction [16].

SOCS3 expression in microglia has several effects.

It was found to restrict microglia activation in vitro;

however, more recent research indicates that SOCS3

could also positively influence CNS lesions in vivo [40].

Brain injuries such as ischemic stroke result in

a perilesional activation of microglia and astrocytes.

The SOCS play one of the key roles in this neuroin-

flammation. Furthermore, the modulation of cytokine

functions by SOCS in neuronal lesion depends on the

age of the organism [13].

Glial activation has been examined using a model

of reversible embolic occlusion of the middle cerebral

artery (MCAO) in young (3 month-old) and adult (18

month-old) female Sprague-Dawley rats [13]. The

older rats presented an increased production of proin-

flammatory cytokines, altered microglial responses

and augmented degradation of neurons. The expres-

sion of SOCS3, which is involved in the termination

of astrogliosis, was enhanced after MCAO and in-

creased by age. This may indicate that at advanced

ages, MCAO results in an enhanced neural inflamma-

tion with restricted astroglial response [13].

SOCS3 is also crucial for neuroinflammatory pro-

cesses such as those that occur after peripheral nerve in-

jury. Inflammation pathway molecules may cause aug-

mentation and extension of the inflammatory state, and

therefore, the suppression of cytokine signalling could

be beneficial in relieving neuropathic pain [14].

It has already been demonstrated that after dorsal

spinal nerve lesion, the JAK/STAT3 transduction

pathway is immediately activated in microglia and

IL-6 levels are elevated. In the preclinical model of

neuropathic pain in rats, Dominguez et al. induced lo-

cal production of SOCS3 using a lentivirus and thus

selectively switched off JAK/STAT3 signalling in the

microglia [14]. This intervention resulted in a signifi-

cant attenuation of allodynia in the animals that was

triggered by the down-regulation of overexpressed

proalgesic IL-6, the CC chemokine ligand CCL2, and

restriction of the activation of the ATF3 transcription

factor in the spinal cord induced by a chronic con-

striction injury of the sciatic nerve. This showed that

the JAK/STAT3 pathway plays a key role in spinal

cord plasticity and allodynia resulting from peripheral

nerve injury, and SOCS3 was demonstrated to silence

mechanical hypersensitivity in rats [14].

Injury to the axons of the nerve cells results in a re-

sponse of the distal nerve segments termed the Walle-

rian degeneration (WD). A crucial part of this reaction

is the infiltration and activation of macrophages that
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phagocytose myelin and axonal remnants. Experi-

ments by Girolami et al. using a mouse model of sci-

atic nerve cut/ligation and crush injury revealed that

the expression of SOCS1 and SOCS3 proteins differ

from each other during WD [20]. SOCS1 was ex-

pressed predominantly by F4/80+ macrophages in

both cut/ligated and crushed nerves. However, in the

cut/ligated nerve, 15 ± 1.6% of F4/80+ cells expressed

SOCS1, while in the crushed nerve, the percentage

was significantly lower at 8.6 ± 1.3%. In addition, in

the cut/ligated nerve, SOCS1 was expressed exclu-

sively by macrophages, and this pattern was main-

tained along the entire distal length of the nerve. The

expression of SOCS1 in macrophages inversely corre-

lated with the phosphorylation of JAK2 and STAT3

and the expression of the pro-inflammatory cytokines

IL-1b and TNF-a. Furthermore, the treatment of

cut/ligated nerves with a SOCS1 mimetic peptide

leaded to a decrease in macrophage number at 14 days

post-injury and reduces the expression of IL-1b

mRNA at 1 day post-injury. In contrast, SOCS3 was

expressed primarily in the Schwann cells. This indi-

cates that SOCS1 and SOCS3 could play different

roles in WD and sheds new light on the potential

mechanisms that may regulate inflammation and re-

generation in the injured peripheral nerves [20].

SOCS1 is also significant in the neuroinflamma-

tory disease multiple sclerosis (MS) [7]. A common

model of MS is the experimental autoimmune ence-

phalomyelitis (EAE) that occurs in relapsing-remitting

(RR) and chronic (CH) courses. The impact of SOCS1

differs between the two forms of the EAE. This is sig-

nificant because microglia/macrophages and T lym-

phocytes comprise approximately 60–75% of the im-

mune cells infiltrating the central nervous system, and

SOCS1 negatively regulates the proinflammatory cy-

tokines [7].

When the mouse strain (C57BL/6) was treated with

myelin oligodendrocyte glycoprotein as a myelin anti-

gen to induce EAE, the expression of SOCS1 mRNA

in macrophages varied depending on the type of EAE

induced [7]. In the early stages of both RR and CH

EAE, SOCS1 mRNA was elevated in the spinal cord

immune cells that consist primarily of macrophages.

However, at the peak of the disease, the number of

macrophages expressing SOCS1 was over three-fold

higher in RR than in CH EAE. This was inversely

correlated with the activity of iNOS, one of the

SOCS1-regulated macrophage effectors. In the RR

form of EAE, iNOS activity was significantly reduced

in comparison with that of CH EAE [7].

SOCS1 expression is responsible for remission

times in RR EAE. The inability to up-regulate SOCS1

in macrophages in CH EAE may contribute to pro-

longed macrophage activation and inflammation and,

thus, to the chronicity of the disease. This suggests

a pivotal role for SOCS1 expression in generating

either the RR or CH type of EAE. This influence was

tested by an intraperitoneal injection of tyrosine

kinase inhibitor peptide (Tkip) to mimic the activity

of SOCS1. The SOCS1 mimetic peptide was able to

decrease the intensity of the disease, as measured by

the reduction of inflammation and myelin loss in the

spinal cord in the CH form of EAE. This might indi-

cate new treatment options for MS [7].

Hormone functions modulation

SOCS3 modulates the effects of some hormones in

macrophages. One of them is the peptide hormone adi-

ponectin that is produced by differentiating adipocytes

[2]. Adiponectin has anti-diabetic and immunosuppres-

sive functions; however, the globular form of adipo-

nectin (gAd) also promotes the generation of nitric ox-

ide (NO) and reactive oxygen species (ROS), leading

to apoptosis in murine RAW 264 macrophages [2].

The effect of gAd on RAW 264 macrophages has

recently been reported to be suppressed by SOCS3.

SOCS3 was shown to reduce ROS generation elicited

by gAd and reduce apoptosis. Nevertheless, the in-

creased production of SOCS3 mRNA and protein was

temporary. SOCS3 overexpression in RAW 264 cells

contributes to a significant decrease in the production

of ROS and NO stimulated by gAd. SOCS3-over-

expressing cells did not show significant changes in

ROS generation after stimulation with gAd, while the

production of ROS in the control group increased ap-

proximately 4.4-fold 18 h after stimulation [2].

SOCS3 also seems to eliminate the influence of gAd

on caspase activity. SOCS3-transfected cells presented

a reduction in gAd-induced caspase activation and

apoptotic death in comparison with Neo vector-

transfected control cells. There were no significant dif-

ferences in caspase-9 and -3 activities between the

gAd-treated SOCS3 transfected cells and the medium-

treated control SOCS3 transfected cells, indicating that
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SOCS3 had silenced the effect of gAd on caspase

activity. The Neo transfectants showed DNA degrada-

tion typical of apoptosis after a 24-h treatment with

10 mg/ml gAd, but this was not observed in the SOCS3

transfectants. The suppression of the JAK/ STAT signal-

ling pathway by SOCS3 is postulated to be involved in

the modulation of these gAd effects [2].

Insulin is another hormone that is partially con-

trolled by SOCS. It was previously reported that

SOCS1 inhibits insulin signalling, and the inflamma-

tory cytokines secreted by macrophages contribute to

obesity-related insulin resistance. However, tests for

polymorphisms showed that an increase in the activity

of the SOCS1 gene promoter resulted in increased in-

sulin sensitivity despite obesity [42].

Insulin sensitivity was most recently examined in

mice with SOCS1-deficient macrophages. These tests

demonstrated that proper SOCS1 expression in

macrophages is crucial for correct hepatic insulin sen-

sitivity, and its deletion results in hyperinsulinemia

and impaired glucose tolerance [42]. Knocking out

the SOCS1 gene in bone marrow-derived macro-

phages resulted in increased expression of CD11c,

sensitivity to LPS and palmitate, and elevated levels

of TNF-a, IL-6, and monocyte chemoattractant pro-

tein. In addition to the augmented inflammation, the

sensitivity to insulin was impaired in the liver but not

in skeletal muscles. This effect was likely due to in-

duction of TLR4 signalling by LPS and palmitic acid

in macrophages, facilitated by loss of SOCS1 [42].

However, the IL-1 receptor knock-out mice had an

improved insulin sensitivity compared to wild-type

mice after a high-fat diet. The adipose tissue macro-

phages showed a reduction in levels of phosphory-

lated STAT3 and SOCS3, indicating that SOCS3 also

plays a role in insulin sensitivity [33].

Spontaneous resolution of gouty arthritis

Acute gouty arthritis (GA) can undergo spontaneous

resolution, but the molecular basis of resolution re-

mains vague. Investigations by Chen et al. have shed

new light on these processes and suggest that SOCS

family proteins are involved [10]. It has been demon-

strated that up-regulation of intracellular CIS and

SOCS3 expression, combined with increases in

TGF-b1, IL-1 receptor antagonist, IL-10 and soluble

TNF receptor I and II production, are linked with

spontaneous resolution of acute GA [10].

RAW 264.7 macrophages were stimulated with

monosodium ureate (MSU) crystals, and the expres-

sion of CIS and SOCS1–7 mRNA was measured.

Synovial fluid mononuclear cells (SFMCs) from pa-

tients with GA and MSU crystal-stimulated mono-

cyte-derived macrophages from healthy donors were

tested for CIS and SOCS3 expression. The expression

of CIS and SOCS3 was significantly up-regulated in

the MSU crystal-stimulated monocyte-derived macro-

phages and in the RAW 264.7 murine cells. Further-

more, CIS overexpression in RAW 264.7 macro-

phages diminished the production of IL-1b and

TNF-a induced by MSU-crystal treatment and also

enhanced TGF-b1 generation by increasing the bind-

ing of STAT3 to the TGF-b1 promoter. These changes

can be reversed by knocking down CIS with siRNA.

Knockdown of CIS resulted in elevated IL-1b and

TNF-a levels but decreased TGF-b1 production in

MSU crystal-stimulated RAW 264.7 cells [10].

Tumor metastasis inhibition

The suppressor of cytokine signalling 3 has been dem-

onstrated to decrease STAT3 activity [24]. STAT3,

a transcription factor, is often highly active in tumors

and promotes the growth and survival of neoplastic

cells. These observations led to experiments for exam-

ining the influence of knocking out the SOCS3 gene in

macrophages on tumor progression [24].

STAT3 hyperactivity effects in macrophages were

observed in a model of B16F10 melanoma cells sub-

cutaneously transplanted into mice lacking SOCS3.

A comparison of these mice with the wild-type mice

revealed that the lack of SOCS3 does not significantly

influence the tumor size. Nevertheless, the life expec-

tancy of the knockout mice was longer, and the

number of lung and liver metastases was lower in the

SOCS3 knockout mice than in the wild-type mice.

The knockout mice showed prolonged phosphoryla-

tion of STAT3 in macrophages. Hyperactivity of

STAT3 in myeloid cells leaded to a reduction in

TNF-a and IL-6 levels, with a simultaneous increase

in MCP2/CCL8 levels. The last one was associated

with anti-metastatic effects. Silencing SOCS3 is thus

postulated to be a potential therapeutic target in

macrophages for inhibiting tumor metastases [24].
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Attenuation of the myeloid differentiation

factor

Serenzani et al. suggested that SOCS1 plays a novel

important role in the regulatory mechanisms crucial

for the inflammatory responses and defence of the or-

ganism [44]. The activation of NF-kB and leukotriene

B4 (LTB4) production are essential for these pro-

cesses. In mouse macrophages SOCS1 was also dem-

onstrated to be a key factor in controlling myeloid dif-

ferentiation factor 88 (MyD88), an adaptor protein

that mediates signalling through all of the known

TLRs, with the exception of TLR3, and it is up-

regulated by several proinflammatory mediators.

MyD88 is necessary for host defence against a variety

of infections but also promotes the development of

atherosclerosis, autoimmune responses, diabetes and

many other disorders [44].

Treating macrophages with siRNA to silence

SOCS1 resulted in a 70% decrease in SOCS1 mRNA

both in wild-type mouse macrophages and in macro-

phages from 5-lipooxygenase knockout mice. 5-Lipo-

oxygenase is responsible for LTB4 generation. Silenc-

ing SOCS1 expression enhanced the production of

MyD88 in both groups; however, the effect was more

dramatic in the 5-LO�/� group. The production of NO,

RANTES and IL-6 was restored in LPS-stimulated

5-LO�/� macrophages. The levels were comparable to

the levels observed in wild-type macrophages. Silenc-

ing SOCS3 had no effect [44].

Furthermore, experiments with 5-LO�/� macrophages

and macrophages lacking the receptor for LTB4

(BLT1�/�) showed that SOCS1 protein and mRNA

levels were significantly higher in these mutant

macrophages compared to wild-type macrophages.

No changes in the expression of SOCS2-5 were ob-

served, and SOCS1 levels remained unchanged after

blocking the receptor for CysLT. However, the addi-

tion of LTB4 resulted in decreased SOCS1 expres-

sion. It was proposed that the increased level of

SOCS1 mRNA in the 5-LO�/� macrophages may be

due to increased transcription or stability. RT-PCR in-

vestigations demonstrated that LTB4 increases the

degradation rate of SOCS1 transcripts. LTB4 can then

be regarded as crucial for regulating the lifetime of

SOCS1 mRNA, allowing for STAT1-induced MyD88

expression and the secretion of TLR-mediated proin-

flammatory agents [44].

Regulatory role of PPAR-g

in inflammatory bowel disease

Macrophages are regarded as one of the targets in the

therapy of inflammatory bowel disease (IBD) [25].

The peroxisome proliferator-activated receptor-g

(PPAR-g) is highly expressed in macrophages and

could be a novel potential target for the treatment of

IBD. This hypothesis was supported by the investiga-

tions of Hontecillas et al. [25]. The authors demon-

strated the crucial role of PPAR-g in regulation of

macrophage functions, including SOCS3 production.

There was a significant up-regulation of SOCS3 ex-

pression in macrophages lacking PPAR-g [25]. The

elevation of SOCS3 in the absence of PPAR-g could

be of great importance regarding the treatment of IBD

due to the anti-inflammatory macrophage state pro-

moted by SOCS3 activity [51].

Conclusions

The recent reports of the properties of the SOCS in

macrophages clearly demonstrate that they have many

diverse functions.

SOCS1 influences and balances the activation of

macrophages, but the suppression of SOCS1 by sub-

stances such as andrographolide can reduce macro-

phages apoptosis. SOCS1 also determines the poten-

tially clinically significant time required for response

to glucocorticoid administration and also influences

hepatic sensitivity to insulin. With regard to hormonal

regulation, SOCS3 expression in macrophages influ-

ences caspase activity and diminishes the generation

of ROS elicited by globular adiponectin, therefore

restricting apoptosis.

The expression of SOCS3 can be influenced by en-

dogenous mediators such as TNF-a and by commonly

used drugs such as the bisphosphonates, indicating

that other medications could also be deliberated. How-

ever, more stabile forms of SOCS, e.g., recombined

CP-SOCS3, may themselves lead to new methods for

the treatment of inflammatory diseases.

The role of SOCS1 and SOCS3 in viral and bacte-

rial infections is clinically important. SOCS3 could

allow HIV-1 to overcome protective barriers, whereas

SOCS1 knockdown reduces the replication of VSV.
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Furthermore, HCV leads to an increase in SOCS1 ex-

pression in macrophages and subsequently inhibits

TLR stimulated IL-12 production. SOCS1 is also one

of the most important regulators suppressed by bacte-

rial muramyl dipeptide; the decrease in SOCS1

expression may contribute to multiple organ dysfunc-

tion syndrome and septic shock. However, SOCS3 is

induced during treatment with bacteria such as Lacto-

bacillus sp., Streptococcus sp., and Mycobacterium

marinum. The SOCS are of great importance regard-

ing Mycobacterium tuberculosis infections. SOCS1

disturbs intracellular bacterial control, allows for

evading immunologic barriers, and significantly en-

hances the clearance of M. tuberculosis inside macro-

phages. Nevertheless, it finally reduces the state of in-

flammation elicited by dissemination of the infection.

SOCS play important roles in neural lesions as

well. SOCS3 can be up-regulated by LPS and re-

stricted by small interfering RNA in nervous system

macrophages. SOCS3 is also induced by PAR-1 acti-

vating peptides. The latter may be responsible for

maintaining balanced pro- and anti-inflammatory re-

actions in microglia. SOCS3 produced in the micro-

glia suppresses cytokine signalling and reduces me-

chanical hypersensitivity, contributing to the relief of

neuropathic pain. However, SOCS1 expression is as-

sociated with remissions in relapsing-remitting ex-

perimental autoimmune encephalomyelitis, and the

lack of SOCS1 in macrophages in the chronic form of

the disease may contribute to prolonged macrophage

activation and inflammation, and thus to chronicity.

SOCS1 and SOCS3 could play different roles in the

response of the distal nerve segments after injury to

the axons of nerve cells.

SOCS3 up-regulation can be also linked with the

spontaneous resolution of acute gouty arthritis, while its

down-regulation is associated with reduction of tumor

metastases and extends the life expectancy of mice.

In conclusion, SOCS in macrophages are mediators

and controllers of various processes, are significant in

infections, diseases and lesions, and even play roles in

endogenous hormonal regulation. Since then, novel

therapies referring to SOCS seem to be a tempting

strategy of treating numerous ailments.

The action of endogenous SOCS proteins is limited

by their relatively short half-life in the organism.

Hence, delivering more stable and more resistant to

degradation SOCS forms, like the cell-penetrating

form of SOCS3, is one of the options to therapeuti-

cally enhance their activity. Also the use of viral vec-

tors, e.g., adenoviruses or lentiviruses, to deliver

SOCS genes to the desired destinations could be con-

sidered to promote SOCS expression. This procedure

in laboratory practice was described for adenovirus-

expressing SOCS1 vector. On the other hand, target-

ing nucleic acid particles like small interfering RNA

to regulate SOCS expression could be a strategy for

selective SOCS knock down.

A very important potential to regulate SOCS expres-

sion for medical purposes lays in presently used drugs.

Bisphosphonates, like ibandronate and clodronate,

were proved to restrict the expression of SOCS3. Also

other common substances might regulate the expres-

sion of SOCS – positively or negatively. Further inves-

tigations in this field are necessary as many new prop-

erties and applications of already known drugs are still

to be discovered. PPAR-g modulating substances may

state a promising group of SOCS expression regula-

tors. PPAR-g suppression was proved to elevate the

SOCS3 level in macrophages.

A therapy by influencing SOCS1 and 3 activity in

monocytes/macrophages may bring both beneficial

and detrimental effects. One should have in mind that

this kind of cells are involved in complex processes in

human organism. Regulation of their function could

not only result in a successful therapy but also in

causing adverse reactions.

Multiple diseases are related with JAK/STAT path-

way hyperactivity. These include allergies, cancers,

inflammatory and autoimmune disorders. As SOCS1

and 3 proteins are inhibitors of this signalling path-

way, intensification of their activity may be advanta-

geous in this kind of lesions. It has already been pre-

sented that enhancing SOCS3 expression in gouty ar-

thritis brings promising effects. Even though SOCS3

has been proved to be crucial for macrophages classi-

cal polarization, it has also been clearly demonstrated

that its induction is related with restricting inflamma-

tion, and ROS and NO production elicited by various

agents, e.g., globular adiponectin. Both SOCS1 and 3

inhibit propagation of pro-inflammatory cytokine sig-

nalling through a negative feedback loop. Induction

of SOCS3 in microglia has been demonstrated to be

benign for relieving allodynia. SOCS3 expression en-

hancement could also bring beneficial effects in neu-

rological inflammatory states including microglia,

having positive impact on central nervous system le-

sions. As well up-regulation of SOCS1 might be an

interesting way to treat neuroinflammatory diseases

like multiple sclerosis.
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On the other hand, knocking down SOCS3 in macro-

phages has appeared to be beneficial in cancers as it re-

duces the number of metastases and increases life ex-

pectancy. Moreover, repressing SOCS1 in macrophages

attenuates replication of viruses like VSV.

SOCS-related therapy might also have certain disad-

vantages. One of the detrimental effects of SOCS3 ex-

pression promotion is lowering antiviral activity, lead-

ing to inefficiency of the immune system against vi-

ruses like HIV. The same remark concerns SOCS1.

Then again, down-regulation of SOCS1 increases the

effect of bacterial muramyl dipeptide what can be re-

lated with septic shock and multiple organ dysfunction

syndrome in bacterial infections. However, SOCS1

up-regulation results in a decreased INF-g activity,

what might increase susceptibility to weakly virulent

pathogens, allowing them to evade the immune system.

Collectively, tries to enhance or diminish the effects of

SOCS could change the course of various infections.

That is not surprising regarding the role of monocytes

and macrophages in immunity and the influence of

SOCS on their classical or alternative activation. Ma-

nipulations with SOCS functioning could also result in

hormonal disorders. SOCS1 knock down in macro-

phages has been proved to result in an impaired glu-

cose tolerance and hyperinsulinemia. SOCS3 is of im-

portance regarding insulin sensitivity as well.

It is also to be remembered that not only mono-

cytes and macrophages are affected by SOCS1 and 3.

Other cell types also express and react to SOCS, pro-

ducing specific effects. The best proof of SOCS im-

portance to proper organism functioning is the fact

that mice lacking SOCS1 would die within 3 weeks of

birth showing growth retardation, lymphocytopenia,

extensive fatty degeneration of the liver and mono-

cytic (and limited granulocytic) infiltration of the pan-

creas, heart, and lungs with severe inflammation and

multi-organ failure [19, 35, 37].

SOCS1 and 3 are preferentially expressed in im-

mune organs, exerting specific effects in the immune

cells [19]. SOCS1 is intimately involved in regulation

of T cell activation and differentiation through nega-

tive regulation of IFN-g [19, 26]. T cells from

SOCS1-deficient mice have been observed to activate

spontaneously, even if without pathogen contact. This

deficiency results in lymphocyte abnormalities [19].

SOCS family members regulate T cells differentia-

tion, maturation, and function [38]. SOCS1, and per-

haps SOCS3, plays a critical role in T cell develop-

ment. High expression of SOCS1 is detected in the

thymus. Its overexpression has been noticed to result

in reduction of the number of thymocytes at the triple

negative stage (DNIII) and skewed development to-

wards CD4+ T cells. Thus, suppression of SOCS1

during the DNIII to double positive stage seems to be

important in thymopoiesis [38]. Overexpression of

SOCS1 also results in reduced survival of peripheral

naive CD4+ T cells. On the other hand, SOCS1 knock

out promotes selective accumulation of CD8+ T cells.

Also, partially by Notch1 up-regulation, the ectopic

expression of SOCS3 in bone marrow appears to pro-

mote the generation of CD8+ T cells [38]. Finally,

SOCS1 appears to play an essential role at all stages

of CD8+ T cell maturation, whereas SOCS3 is in-

volved in the generation of effector memory T cells.

Its conditional deletion can enhance CD8+ T cell pro-

liferation [38].

SOCS1 is also crucial for Th1 cells generation.

Lack of SOCS1 in CD4+ T cells has been found to en-

hance, while its overexpression to inhibit, the differ-

entiation into Th1 cells [38]. SOCS3 also influences

T cell differentiation. Its blockade deteriorates the

generation of Th2 cells, what results in the skewing of

T cells towards the Th1 cell phenotype and reduction

in allergic reactions. However, the removal of SOCS3

in T cells appears to suppress both Th1 and Th2 cell

responses, simultaneously enhancing generation of

Th17 cells. Conversely, as a result of SOCS1 deletion,

Th17 cell generation is reduced [38].

SOCS1 also seems crucial for the development of

eosinophils and platelets formation as its loss mani-

fests in their level reduction [37].

Proper B cell lymphopoiesis as well indispensably

depends on SOCS1. The highest SOCS1 expression is

noticed on the small pre-B cells stage. The loss of

SOCS1 has been reported to implicate great reduction

of peripheral B cell number connected with aug-

mented apotosis of pre-B cells being unable to initiate

negative-feedback mechanisms limiting IFN-g signal-

ing [11]. The effect is depletion of pre-B and maturing

B-lymphoid cells [37]. IFN-g was shown to inhibit the

response of pre-B cells to IL-7, resulting in prolifera-

tion reduction and, ultimately, cell death [11].

Red blood cells and erythropoiesis have also been

noticed to be controlled by SOCS. Alternations to

SOCS1 and 3 expression occurring during erythro-

poiesis are crucial for erythroid cells maturation [43].

Appropriate SOCS1 expression is essential for

erythropoietin (Epo) sensitivity. Its lack results in red

cells progenitors hypersensitivity to Epo [43]. Also,
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nucleated erythroid cells are detected in this situation

[37]. SOCS3 regulates erythropoiesis and Epo signal-

ing too. It has been found in mouse embryos that

SOCS3 negatively regulates fetal liver erythropoiesis

[26] and SOCS3-deficient embryos exhibit general-

ized erythrocytosis [19].

In another type of cells, the astrocytes, SOCS1, by

giving negative feedback, might restrict chemokine in-

duced migration of immune cells within the brain.

As well, SOCS3 inhibits astrocyte chemokines produc-

tion decreasing immune cell migration within the CNS.

On the other hand, disruption of SOCS3 expression in-

creases the production of chemokines by IFN-b, pro-

moting the migration of microglia and T cells [5].

In both Schwann cells and oligodendrocytes

SOCS1 overexpression has been found to limit the ex-

pression of MHC class I in response to IFN-g. The

peptide generally inhibits IFN-g induced MHC class I

expression in CNS cells [5]. Furthermore, SOCS1 has

been found to protect oligodendrocytes from demyeli-

nation effects caused by IFN-g [6].

SOCS peptides in neural cell exert diverse effects.

Lentiviral expression of a dominant-negative SOCS3

construct increases the median neurite length,

whereas in cultures of dorsal root ganglia neurons len-

tiviral expression of SOCS3 significantly decreases

STAT3-mediated neurite outgrowth [5]. Furthermore,

SOCS3 opposes activation of STAT3 by growth fac-

tors like insulin-like growth factor 1 (IGF-1), and

might impair the support of neuron viability. In hu-

man neuroblastoma cells overexpression of SOCS3

reverses the protective effects of IGF-1 against

TNF-a-induced cell death [5].

A better understanding of the many effects of the

SOCS can surely be helpful for researchers and clini-

cians and may help explain some already known phe-

nomena as well as form a base for future investiga-

tions. However, many of the roles of SOCS are yet to

be determined.
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