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Suppressor of cytokine signaling-1 (SOCS1) is an intracellular protein involved in 

regulating immune homeostasis. As our previous studies have shown that SOCS1 is 

required for T cell phenotype integrity, we have investigated additional roles which 

SOCS1 plays in policing the activity of antigen presenting cells (APCs). Our data shows 

that APCs from SOCS1+/- mice produce higher levels of inflammatory cytokines IL-12 

and IL-6, while unable to sustain production of anti-inflammatory IL-10. Upon further 

examination, it was found that SOCS1+/- mice express reduced surface levels of CD11b 

integrins, however SOCS1+/- mice also express elevated levels of the co-stimulatory 

protein, CD40. Additionally in SOCS1+/- mice, CD11b+ leukocytes possessed increased 

expression of MHC Class II. It is evident that deficiencies in SOCS1 negatively influence 

APCs, so we utilized a SOCS1 mimetic peptide, SOCS1-KIR to determine whether this 

dysregulation could be amended. SOCS1-KIR reduced levels of inflammatory cytokine 

production, and enhanced levels of IL-10. While SOCS1-KIR could enhance CD11b and 

decrease CD40 expression, it had no effect on MHC Class II expression. In order to 

evaluate the tissue localization of SOCS1-KIR and pJAK2 (SOCS1 antagonist), we 

injected fluorochrome-labeled peptides into C57BL/6 mice. SOCS1-KIR and pJAK2 both 
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localized to the brain, liver, lymph nodes, peritoneal cells, spleen, and kidneys. Upon 

cellular examination, peptides were present within CD4+ and CD8+ T cells, and to an 

increased extent B220+ B cells, and CD11b+ macrophages. These results indicate that 

SOCS1 plays a role in regulating APC function, and that SOCS1-KIR presents a 

possible target for therapeutic development.  
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CHAPTER 1 
INTRODUCTION 

The JAK/STAT Pathway 

In order to maintain a state of immune homeostasis, a delicate balance of 

magnitude and duration of an immune response must be maintained. The body directs 

this balance through a multitude of cascade signaling responses which include 

regulation of the essential JAK/STAT pathway. Cytokine interaction with receptors of the 

JAK/STAT pathway results in autophosphorylation of the Janus Kinases (JAKs), and 

phosphorylation of the receptor (1). This results in subsequent recruitment, tyrosine 

phosphorylation, and activation of Signal Transducer and Activators of Transcription 

(STAT) molecules. STAT proteins dimerize and relocate to the nucleus where they 

increase transcription of responsive genes, including those which correlate to a number 

of inflammatory cytokines as well as that of Suppressor of Cytokine Signaling (SOCS) 

family members (2).  

Suppressor of Cytokine Signaling (SOCS) Family 

SOCS proteins play an important role in immune system regulation. The SOCS 

family includes eight members, SOCS1-SOCS7, and the cytokine-inducible Src-

homology 2 (SH2) containing protein (CIS). SOCS proteins have three main regions 

which are involved in exerting regulatory functions. Each member contains a central 

SH2 domain and a conserved carboxy-terminal domain, referred to as the SOCS box 

(3). SOCS1 and SOCS3 are unique in the aspect that they each contain an additional 

domain in their amino-terminal motif known as the Kinase Inhibitory Region (KIR) (3).  

Each domain of these SOCS proteins is responsible for a unique function. The 

SH2 domain aids in docking to the phosphotyrosine residues of a target protein, and 
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helps in determining the specificity of which proteins the SOCS molecule will bind to (4). 

There is also data to suggest that the SH2 domain may also provide additional stability 

to the protein, especially in SOCS3 (4, 5). Recently it was described that another shared 

feature between the SOCS family members is a short alpha-helical extension, referred 

to as the extended SH2 domain (ESS), which may contribute to substrate binding (6, 7). 

The carboxy-terminal domain, or the SOCS box, is a 40 amino acid long motif 

also conserved throughout members of the SOCS family. The SOCS box recruits and 

interacts with several different components ultimately allowing scaffold formation of an 

E3 ubiquitin ligase (4). This allows the SOCS box the capability to ubiquitinate target 

proteins, and mark them for proteosomal degradation (4). 

Thirdly, the KIR is an amino-terminal motif found downstream of the SH2 domain 

in SOCS1 and SOCS3 family members only. It is 12 amino acids long, and has been 

shown to be complementary in sequence to that of the JAK protein family activation 

loops (4). The kinase inhibitory region of SOCS1 restricts autophosphorylated JAK 

proteins from phosphorylating and activating the STAT molecules, causing 

conformational changes in the catalytic site of the JAKS and inducing ATP hydrolysis 

without the transfer of the phosphate group to the tyrosine residues of the substrate (8).  

As a family, SOCS proteins generally act as classical negative feedback 

inhibitors, and they do so through three basic mechanisms. SOCS proteins can bind to 

the signaling receptor or the JAK activation loop, thereby inhibiting further JAK activity. 

Even within a similar inhibition method, these SOCS proteins display unique methods of 

action as SOCS3 prefers interaction with the signaling receptor, whereas SOCS1 highly 

prefers the phosphorylated activation loop of JAK2 (4). SOCS proteins can also regulate 
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cytokine signaling via substrate competition, for example CIS competes with the 

tyrosine residues of the receptors which allow STAT5 to dock, thereby inhibiting further 

STAT5 signaling (9). Lastly SOCS molecules target specific proteins for proteosomal 

degradation through ubiquitination from their SOCS Box (4).  

In addition to regulating the JAK/STAT pathway, SOCS protein members have 

also been shown to have roles in regulating the phosphoinositide 3-kinase (PI3K)-Akt 

pathway (10) and the nuclear factor-Κβ (NFΚβ) pathway (11). Although the SOCS 

family of proteins have been shown to have similar routes of synthesis, they more than 

likely possess versatile roles in different cell types (12).  

Suppressor of Cytokine Signaling-1 

Of special interests to our studies is the intracellular protein SOCS1. Produced 

as a downstream result of the JAK/STAT signaling pathway, SOCS1 travels back up to 

act as a negative feedback loop, thereby restricting any further pathway signaling and 

cytokine production. SOCS1 has continuously been shown to be a critical factor in the 

immune system’s ability to keep balance between maintaining tolerance and providing a 

correct immune response. SOCS1 can be induced through, and subsequently inhibit, a 

number of cytokines which include interleukin-2 (IL-2) (13), IL-4 (14, 15), IL-6 (16), IL-13 

(17), IFN α/β (18, 19), IFNγ (20), erythropoietin (EPO) (16, 20), Granulocyte-Colony 

Stimulating Factor (G-CSF) (14), Leukemia Inhibitory Factor (LIF) (14), growth 

hormones (21), and TNFα (22). SOCS1 can also be induced in response to Toll-like 

receptor (TLR) ligands including lipopolysaccharides (LPS), and CpG-DNA (23-25). Of 

note, it has recently come to light that the TNFα-induced microRNA 155 (miR-155) may 

target SOCS1; Foxp3+ regulatory T cells (Tregs) additionally negatively regulate miR-
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155, thereby helping to maintain correct SOCS1 expression (26). This relationship 

between miRNA, SOCS1, and Tregs may pose strong implications for disease targets.  

SOCS1 and Immune Regulation 

Mice devoid of SOCS1 (SOCS-/-) die by three weeks of age due to a perinatal 

lethal inflammatory disease characterized by severe leukocytic organ infiltration and 

increased production and responsiveness to the inflammatory cytokine IFNγ (27, 28). 

Complete lack of SOCS1 also results in T cell hyperactivation and proliferation, fatty 

degeneration of the liver, reduced thymic size, and progressive loss of maturing B cells 

(27-29). SOCS1-/-IFNγ-/- mice retain a much higher life expectancy, which further 

highlights the important role SOCS1 has in maintaining correct levels of cytokine 

production (30).   

The influence of SOCS1 reaches into the arms of both the adaptive and innate 

immune system. As macrophages are one of the innate immune system’s prominent 

features of protection, it has become an important point to understand the role that 

SOCS1 plays in its function. Macrophages are generally classified into two subsets: M1 

macrophages which are classically activated, aid in the elimination of pathogens, but 

are capable of also causing tissue damage, and M2 macrophages, which are 

alternatively activated and tend to promote tissue healing and repair. It has been 

reported that SOCS1 can reduce macrophage responses to IFNγ, and that the majority 

of infiltrating M1 macrophages involved in kidney nephritis express high levels of 

SOCS3, but not SOCS1 (31). SOCS1 is highly upregulated, however, in the 

alternatively activated M2 macrophages. This upregulation of SOCS1 helps to retain the 

M2 anti-inflammatory and T cell-suppressive characteristics (31). Furthermore when 
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SOCS1 expression levels are reduced in M1 macrophages, an increase in MHC Class II 

expression and levels of IL-12, IL-6, and interestingly IL-10 production occurs (31).  

Several of the initial studies investigating the relationship between SOCS1 and 

macrophages exposed that SOCS1 regulates macrophage responses to LPS, whereby 

SOCS1 is strongly upregulated in response to LPS stimulation, and subsequently 

inhibits LPS-induced NFKβ and STAT1 activation (24). In agreement with these results, 

Kinjyo et al. in 2002 also showed that SOCS1+/- and SOCS1-/-IFNγ-/- mice are much 

more sensitive to LPS-induced lethal effects (23). When SOCS-/- macrophages were 

stimulated with LPS there was an upregulation of I-Kβ and p38 phosphorylation and 

activation, and NFKβ activation was inhibited by SOCS1 expression (32).  

These studies opened up work for examining the inhibitory role which SOCS1 

exerts on toll like receptor (TLR) signaling through the degradation of a key component 

in the TLR and NFKβ pathway, Mal (33). In the absence of SOCS1, Mal potentiates the 

phosphorylation of p65 and continued transactivation of NFKβ, which leads to prolonged 

production of inflammatory cytokines (33). Mal undergoes tyrosine phosphorylation by 

Bruton’s tyrosine kinase (Btk), which allows for recognition by SOCS1, and is then 

polyubiquitinated and degraded, suggesting that the SOCS box plays a critical role in 

this negative regulation (33). Taken together these studies suggest a crucial role of 

SOCS1 in regulating the innate immune response, and in protection against endotoxin-

induced fatal shock.  

 These discussions have focused on a direct role for SOCS1 in influencing 

cellular processes, but an important area of focus should also be placed on the 

influence SOCS1 exerts through cross-talk with other anti-inflammatory mediators of the 
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immune response. For example, SOCS1 may play a role in regulating activation and 

ligation of the vascular endothelial growth factor receptor-3 (VEGFR-3) and its ligand 

VEGF-C, which in turn attenuates proinflammatory cytokine production through 

inhibition of TLR4-NFKβ signaling (34). SOCS1 and Programmed Death-1 (PD-1) are 

upregulated during Hepatitis C infection, effectively blocking production of IL-12, 

suggesting that PD-1 and SOCS1 may communicate to further regularly mediate 

inflammation (35). The suppressive function of prostaglandin E2 is dependent on 

SOCS1, indicating that these act together as an alternative intestinal tolerance 

mechanism distinct from Tregs (36). SOCS1-/-Rag2-/- mice develop a severe colitis, 

which can be reversed with the transfer of IL-10-sufficient Tregs (36). In the absence of 

SOCS1, Tregs begin to produce inflammatory cytokines IFNγ and IL-17a, and have 

deficient peripheral Treg numbers (28, 37). As a whole, these studies demonstrate the 

potent anti-inflammatory and regulatory role that SOCS1, in concert with other 

mediators, plays in the immune response.  

The Role of SOCS1 in Autoimmune Diseases 

Excessive immune signaling results in an aberrant and chronic inflammatory 

environment that can ultimately lead to development of autoimmunity. By acting as a 

negative feedback loop for many inflammatory factors, SOCS1 plays a critical role in the 

progression and onset of many autoimmune disorders. These disorders include, but are 

not limited to, systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), diabetes, 

multiple sclerosis (MS), and even asthma. Briefly, SOCS1 has also been found to play a 

role in both the prevention of and augmentation of cancer development. It seems as 

though incorrect function or reduced expression of SOCS1 plays an important role in 

the development of cancers such as myeloma, leukemia, and prostate cancer among 
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others (38-40). However silencing SOCS1 can also increase the inflammatory 

environment, and initiate more potent antitumor activity. Silencing of SOCS1 in 

macrophages enhances the tumor-killing activity of these cells, and silencing of SOCS1 

in dendritic cells improves DC antigen presentation and antigen-specific antitumor 

immunity, such as increased IL-12 production (32, 41).  

Systemic Lupus Erythematosus 

Our own studies have begun to correlate a decreased level of SOCS1 to an 

increase in disease severity (unpublished observations), and in a classical murine 

model of lupus nephritis, NZB/NZW F1 mice were found to have decreased SOCS1 

expression (42). NZB/NZW F1 mice were treated with a tolerogenic peptide shown to 

possess efficacy in ameliorating SLE symptoms, hCDR1, and the results indicated that 

one method of hCDR1 function may be through the upregulation of SOCS1 and 

subsequent down regulation of phosphorylated STAT1 (42). hCDR1 was further found 

to increase levels of Tregs, which further emphasizes the link between SOCS1 and 

Tregs in mediating an inflammatory environment (42).  

The levels of SOCS1 mRNA have also been negatively correlated with levels of 

dsDNA antibodies in SLE patients (44). Eµ-SOCS1-/- mice (mice which express SOCS1 

in lymphoid cells) used as a model for SLE, have self-reactive CD4+ T cells which are 

capable of interacting with B cells, and suppressing Treg function (45). This 

hyperactivation of B cells leads to excessive formation of immune complexes and 

autoantibody production, while also increasing the incidence of glomerulonephritis (45). 

Patients with SLE have also been described as having defects in SOCS1 production 
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which are associated with hyper-sensitivity to Type I interferons, and increased 

activation of the JAK/STAT pathway (46).  

It has also been suggested from three different models of murine lupus, that miR-

155, as well as miR-19a and miR-19b, may play a role in SOCS1 regulation, indicating 

a possible role for SLE regulation through the mRNA level (47).  

Diabetes 

In a model of hepatic insulin resistance, a common marker for Type II diabetes, 

the deletion of macrophage-specific SOCS1 was found to increase sensitivity to LPS as 

well as to palmitic acid (a saturated fatty acid able to induce an immune response in 

macrophages through TLR4 signaling) (48). Obesity is associated with an increase in 

inflammatory cytokines produced primarily by macrophages found in the adipose tissue, 

and this elevated inflammatory environment can lead to insulin resistance and fatty acid 

metabolic defects (49). Sachithanandan and colleagues demonstrated that with a lack 

of SOCS1, macrophages had an increased propensity to produce inflammatory 

cytokines including TNFα, IL-6, and monocyte chemoattractant protein (MCP) when 

stimulated by either LPS or palmitic acid (48). SOCS1 has also been shown to inhibit 

caspase 3, 8, and 9, and by doing so SOCS1 protects pancreatic β cells from 

inflammatory cytokine-induced apoptosis (50).These studies led to the conclusion that 

SOCS1 is critical in regulating inflammation and hepatic insulin sensitivity, possibly 

providing a role for it in the development of diabetes.  

Multiple Sclerosis 

Multiple sclerosis (MS) is a devastating neurological disorder whose murine 

model of Experimental Allergic Encephalomyelitis (EAE) has allowed indispensable 

insight onto disease pathology. Both human and mice studies have shown promising 
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results into the examination of the role of SOCS1 in disease development. Balabanov 

and colleagues demonstrated in PLP/SOCS1 (Proteolipid Protein) transgenic mice that 

expression of SOCS1 protected oligodendrocytes against the deleterious effects of IFNγ 

on disease progression (51). In Berard et al. SOCS1 was described as being the 

determining factor of whether mice developed chronic or relapse-remitting EAE (52). As 

of recent, it has been found the single nucleotide polymorphisms (SNPs) within or 

nearby genes coding for SOCS1 provide a novel risk factor for MS, and it is possible 

that these functional polymorphisms are altering transcriptional activity of the SOCS1 

gene (53). Another SNPs-related study found that SOCS1 was decreased in thymic 

samples from patients carrying at least one CLEC16A risk allele indicating a probable 

role in immune regulation for MS-associated CLEC16A SNPs (54). 

From a different perspective, the use of Simvastatin, which is widely used to 

lower cholesterol, was studied in conjunction with dendritic cells from Remitting-

Relapsing MS (RR-MS) patients (55). Simvastatin inhibited the production of IL-1β, IL-

23, TGFβ, IL-21, IL-12p70 and activation of STAT1, STAT2, and ERK1/2, which 

ultimately reduced Th1 and Th17 polarizing environments (55). Simvastatin was also 

found capable of decreasing antigen presentation through the decrease of MHC Class I, 

CD80, and CD40. These disease-affecting differences were found to be mediated 

through induction of SOCS1, SOCS3, and also SOCS7 (55). 

Rheumatoid Arthritis 

Rheumatoid arthritis is a disease characterized by joint inflammation. Tsao et al. 

stated that SOCS1 transcript levels are varied in those patients with not only RA, but 

also patients with SLE compared to healthy controls (43). Recently it was shown that in 

a collagen-induced arthritis (CIA) model, mice that had their IL-10 gene placed under 
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control of an inflammation-dependent promoter exhibited reduced severity of disease 

symptoms compared to controls (56). This increase in IL-10 production led to induction 

of SOCS1 expression levels, and a decrease in IL-6 production (56).  

Asthma 

Although the role of SOCS1 is not as well established in asthma as some of the 

aforementioned disorders, researchers are beginning to look into the potential role that 

SOCS1 may play in regulating this disease. One group compared the levels of Th2-

related cytokines IL-4, IL-13, and IL-5 in OVA-challenged SOCS1-/-IFNγ-/- mice versus 

IFNγ-/- mice and C57BL/6 mice (57). Levels of the above mentioned cytokines were 

significantly elevated in the OVA-challenged SOCS1-/-IFNγ-/- mice, as was levels of IgE 

and infiltrating eosinophils (57). In an alternative model of allergic airway disease, an 

airway response, which included activation of STAT6, was induced in response to 

challenge with IL-13. Induced SOCS1 expression was able to then inhibit the IL-13-

dependent STAT6 activation, and ultimately airway inflammation. In OVA-challenged 

mice during this same study, SOCS1 expression was upregulated after allergen 

exposure, which led to a lessened allergic airway disease (58). Of note, airway smooth 

muscle cells from asthma patients were described as being incapable of fully 

upregulating SOCS1 in response to IL-13 (58). Therefore SOCS1 may play a role in 

regulating key factors of the allergic airway response.  

SOCS1 Mimetics  

SOCS1 presents a promising target for therapeutics as the protein has such a 

potent role in maintaining a state of tolerance and regulating a correct inflammatory 

response in the immune system. In 2004 a small 12mer peptide coined Tkip (Tyrosine 

kinase inhibitor peptide) (WLVFFVIFYFFR) was developed by the lab of H.M. Johnson 
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(59). Tkip is able to bind to the autophosphorylation loop of JAK2, although it prefers the 

tyrosine phosphorylated residue of JAK2 Y1007, and prevents JAK2 

autophosphorylation and phosphorylation of the IFNγ receptor subunit IFNGR-1 (59). 

Similar to SOCS1 function, Tkip successfully inhibits IFNγ from mounting an 

inflammatory response, and inhibits further JAK/STAT signaling (59). Subsequently it 

was shown that Tkip was also able to regulate cancer cells, as it decreased cellular 

proliferation and inhibited IL-6-induced activation of STAT3 in a human prostate cancer 

cell line (38).  

In 2007 another small tyrosine kinase inhibitor SOCS1-KIR 

(53DTHFRTFRSHSDYRRI68) was developed (60). SOCS1-KIR is able to bind to the 

autophosphorylation site of JAK2, as Tkip does, and can inhibit STAT activation 

however SOCS1-KIR is unable to block JAK2 autophosphorylation (60). Further studies 

using SOCS1-KIR established that this mimetic peptide is able to abolish aberrant 

cytokine signaling. In a murine model of EAE, a classical model for MS, treatment with 

SOCS1-KIR resulted in a reduction and minimal display of EAE-related symptoms, 

mediated through a reduction in Th17-differentiating related factors (61). SOCS1-KIR in 

conjunction with CD4+ T cells was also capable of rescuing SOCS1-/- mice from the 

inflammatory cytokine-mediated perinatal lethality disease (28). An additional peptide 

which mimics the KIR of biological SOCS1 named PS-5, developed by Madonna and 

colleagues, was seen capable of reducing pathologies associated with type-1 immune-

mediated skin disorders (62). 

As SOCS1 acts as a negative feedback loop for ongoing inflammation, it also 

poses an interesting target for increasing for increasing the instance of correct and 
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timely pathogen clearance. It has become established that many pathogenic microbial 

organisms target SOCS1 to cause a dampened immune response (2). Expression of 

SOCS1 blocked the antiviral response to influenza (63), and in a model of tuberculosis 

infection, high levels of infection severity were correlated with decreased expression of 

SOCS1 (64). Toxoplasma gondii and Mycobacterium bovis have both been shown to 

specifically target an increase in SOCS1 expression to impede inflammatory cytokine 

production and STAT activation (65, 66). As such evidence suggests a strong positive 

correlation between increased SOCS1 induction and an increased infection level, 

SOCS1 does provide a potential target to enhance a dampened antiviral response.  

As such, a small peptide corresponding to the sequence of the activation loop of 

JAK2 1001-1013 termed “pJAK2” (LPQDKEYYKVKEP) was developed to investigate 

this possibility. pJAK2 binds to the KIR of biological SOCS1, thereby preventing 

JAK/STAT pathway inhibition (67). pJAK2 inhibited replication of the vaccinia and 

encephalomyocarditis virus in vitro, and protected mice from a lethal dosage of vaccinia 

virus in vivo, possibly through induction of increased IFNβ production (67). This peptide 

enhances not only innate immunity, but the adaptive immune response as well, as mice 

that were rechallenged with vaccinia virus all survived (67).  
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CHAPTER 2 
ASSESS CYTOKINE PRODUCTION IN SOCS1+/- MICE AND THE POTENTIAL OF A 

SOCS1 MIMETIC TO REDIRECT ABERRANT CYTOKINE PRODUCTION 

Higher Production of inflammatory Cytokines IL-12 and IL-6 Found in Response 
to Stimuli in SOCS1+/- Mice 

IL-12 is an important cytokine in APC activity, and also in directing T cells 

towards a Th1 bias. IL-12 is commonly produced by dendritic cells, macrophages, and 

B cells in response to foreign microbial invaders, and activates the JAK/STAT pathway 

through Tyk2 or JAK2 (68, 69).  

In order to determine how a partial SOCS1 deficiency affects the ability of APCs 

to produce IL-12, we began by assessing cytokine production between wildtype mice 

(SOCS1+/+) and SOCS1 heterozygous mice (SOCS+/-), which possess only a single 

SOCS1 allele. Cells were pooled from axillary, brachial, cervical, inguinal, and 

mesenteric lymph nodes, and were cultured for 24 and 48 hours under the following 

conditions: unstimulated cells, LPS at 1000ng/mL, LPS at 5000ng/mL, antiCD3 and LPS 

at 1000ng/mL, and antiCD3 and LPS at 5000ng/mL. The use of LPS alone and the 

combination of LPS and antiCD3 was used in order to gain insight into any effects which 

may be dependent on or augmented by APC-T cell interactions.  

Figure 2-1A shows that supernatants taken from cell cultures of SOCS1+/- at the 

24 hour time point contained elevated levels of IL-12 compared to SOCS1+/+ mice. IL-12 

production was similar under LPS and antiCD3/LPS culture conditions suggesting that 

SOCS1 regulation of IL-12 may not be augmented by or dependent on T cell activation 

at this time point (Figure 2-1A). Differences in IL-12 production was however 

indiscriminate at 48 hours (Figure 2-1A). 
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Lymph node cells from SOCS1+/- mice at 24 hours were also found to have 

increased levels of IL-6 (Figure 2-1B). IL-6 is produced by a wide variety of cells 

including, but not limited to, macrophages, dendritic cells, mast cells, B cells, and 

several types of non-leukocytic cells (70). Interaction between IL-6, the IL-6 receptor 

and associated protein gp130 results in activation of JAK1, JAK2, and Tyk2 (70). High 

levels of IL-6 production have been linked to many autoimmune disorders including RA 

and Inflammatory Bowel Diseases (IBD) among others (70). 

Contrary to IL-12 production, IL-6 production does appear to be enhanced in a 

dose-dependent manner with a combination treatment of both LPS and antiCD3 (Figure 

2-1B). This suggests a critical importance in APC-T cell interactions on IL-6 production. 

An increased production of IL-6 in SOCS1+/- cells versus SOCS1+/+ cells is continued 

into the 48 hour timepoint (Figure 2-1B).  

SOCS1 Mimetic, SOCS1-KIR, Ameliorates Increased Levels of Inflammatory 
Cytokine Production  

As it appears that a deficiency in SOCS1 signaling leads to aberrant production 

of APC-related inflammatory cytokines, we postulated that a SOCS1 mimetic, SOCS1-

KIR, may have the ability to restore proper cytokine balance. SOCS1-KIR 

(53DTHFRTFRSHSDYRRI68) mimics the kinase inhibitory region of SOCS1, and is able 

to bind to the activation loop of phosphorylated JAK2 (60). Previous studies have shown 

SOCS1-KIR peptides capable of aiding in increased longevity of SOCS1-/- mice, and 

decreased disease scores and amelioration of symptoms in murine EAE models (28, 

61). 

To perform these assays, SOCS1-KIR was added into culture at time zero, and 

supernatants were assessed for IL-12 and IL-6 levels of production again at 24 and 48 
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hours. Figure 2-2A indicates that SOCS1 significantly decreases the level of IL-12 being 

produced by the various immune cells. Although it appears to decrease IL-12 production 

in both set of culture conditions, the decrease seems to be augmented with the addition 

of antiCD3. The efficacy of SOCS1-KIR on elevated levels of IL-12 however diminishes 

at the 48 hour time point (Figure 2-2C).  

Figure 2-2B shows that SOCS1-KIR has a significant result in aiding the 

decrease of proinflammatory cytokine IL-6. Similar to what we see with the changes in 

IL-12 production, the addition of antiCD3 appears to augment the SOCS1-KIR mediated 

decrease in IL-6. The activity of SOCS1-KIR appears to remain intact at the 48 hour 

time point in regards to reducing the excessive IL-6 production (Figure 2-2D). These 

results are a promising addition to present data on the SOCS1 mimetic peptide’s ability 

to redirect an inflammatory environment back to a more homeostatic state.  

SOCS1+/- Mice Fail to Produce Sufficient Levels of Anti-Inflammatory Cytokine IL-
10 in Response to Stimulation, which is increased through Addition of SOCS1-

KIR.  

We have established that when stimulated with LPS or a combination of LPS and 

antiCD3, APCs from SOCS1+/- mice are unable to regulate production of several 

inflammatory cytokines including IL-12 and IL-6. In addition to inflammatory proteins, we 

also investigated the function of SOCS1 in regulating production of an anti-inflammatory 

cytokine, IL-10. IL-10 is produced by cells of both the adaptive and innate immune 

systems such as B cells, macrophages, dendritic cells, NK cells, neutrophils, 

eosinophils, mast cells, and even T cells (71). IL-10 is a multifunctional immune 

regulator capable of regulating inflammation through a variety of methods.  
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Briefly using SOCS1+/- and SOCS1+/+ mice, pooled lymph node cells were 

cultured for 24 and 48 hours. Pooled cells were cultured under grading amounts of LPS 

in the absence or presence of antiCD3. Supernatants were collected at the above 

mentioned time points, and assessed for levels of IL-10 production.  

Cells from SOCS1+/- mice produced lower amounts of IL-10 to their SOCS1+/+ 

counterparts. As shown in Figure 2-3A, it is evident that supernatants from both 

SOCS1+/- and SOCS1+/+ cultured cells contain nominal amounts of IL-10 at the initial 24 

hour time point. However at 48 hours, the SOCS1+/+ mice had produced much higher 

levels of IL-10 than is seen in SOCS1+/- mice (Figure 2-3A).  

We were also interested in determining whether the SOCS1 mimetic peptide 

SOCS1-KIR could positively modulate IL-10 in the SOCS1+/- mice. Again we added 

SOCS1-KIR to cell culture at time zero, and assessed IL-10 cytokine levels at 24 and 48 

hours. There were slight increases in IL-10 production at 24 hours, especially under the 

conditions of LPS 1000ng/mL, LPS 5000ng/mL, and antiCD3 and LPS 5000ng/mL in 

samples from SOCS1+/- mice (Figure 2-3B). However more dramatic changes in IL-10 

production are seen at 48 hours, when SOCS1-KIR induces an upregulation in 

SOCS1+/- samples to levels that exceeded IL-10 production seen in the SOCS1+/+ mice. 

(Figure 2-3B). 
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Figure 2-1. Aberrant production of IL-12 and IL-6 in SOCS1+/- mice. Supernatants were 

collected and assessed 24 and 48 hours after culture with graded amounts of 
LPS (ng/mL) in the presence of absence of antiCD3 from SOCS1+/+ or 
SOCS1+/- mice. A) IL-12 production at 24 and 48 hours. B) IL-6 production at 
24 and 48 hours. IL-12 data is an average of 4 independent experiments. IL-6 
data is an average of 6 independent experiments. 
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Figure 2-2. SOCS1 mimetic SOCS1-KIR ameliorates elevated levels of IL-12 and IL-6 

production in SOCS1+/- mice. SOCS1-KIR peptide was added into culture at 
time zero, and supernatants were collected and assessed 24 and 48 hours 
after culture with graded amounts of LPS (ng/mL) in the presence of absence 
of antiCD3 from SOCS1+/+ or SOCS1+/- mice. A) Levels of IL-12 at 24 hours. 
B) Levels of IL-6 at 24 hours. C) Data showing levels of IL-12 at 48 hours. D) 
Data showing levels of IL-6 at 48 hours. Data is an average of 4 experiments. 
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Figure 2-3. SOCS1+/- cells are unable to sustain production of anti-inflammatory IL-10; 
inclusion of SOCS1-KIR increases insufficient IL-10 levels. Supernatants 
were collected and assessed 24 and 48 hours after culture with LPS (ng/mL) 
in the presence or absence of antiCD3 from SOCS1+/+ or SOCS1+/- mice. A) 
Data showing the levels of IL-10 at 24 and 48 hours under either LPS or an 
antiCD3-LPS combination. B) SOCS1-KIR peptide was added into culture at 
time zero, and supernatants were collected and assessed for IL-10 24 and 48 
hours from wildtype or SOCS1+/- mice. N of 4.  
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CHAPTER 3 
INVESTIGATION OF SOCS1-DEFICIENT ANTIGEN PRESENTING CELL 

PHENOTYPES 

Regulation of CD11b Expression by the Kinase Inhibitory Region of SOCS1 

Integrins are an integral functioning unit of the innate immune system involved in 

cellular adhesion and signaling cascades which regulate survival, proliferation, and 

differentiation. Mac-1/CD11b-CD18 is commonly expressed on macrophages, dendritic 

cells, and neutrophils, and encompasses a wide variety of functions including but not 

limited to phagocytosis of iC3b-coated molecules and assisting in leukocyte trafficking 

to inflammatory tissue sites (72).  

We sought to determine whether there was a relationship between SOCS1 

expression and expression of the alpha unit of Mac-1, CD11b. Cervical, axillary, 

brachial, inguinal, and mesenteric lymph nodes were pooled from SOCS1+/- and 

SOCS1+/+ mice, and cultured for 24 and 48 hours under graded doses of LPS in the 

presence or absence of antiCD3 (Figure 3-1) followed by flow analysis for CD11b 

expression.  

Samples from SOCS1+/- mice showed a marked decrease in the frequency of 

cells expressing CD11b under both unstimulated and stimulated conditions compared to 

levels seen in SOCS1+/+ littermates (Figure 3-1A and 3-1B). There were not significant 

differences between samples cultured with LPS alone or those cultured with a LPS in 

the presence of antiCD3, indicating an APC-specific response (Figure 3-1A and 3-1B). 

Results were similar for LPS concentrations of 1000ng/mL and 5000ng/mL (Figure 3-1 

and data not shown). Although disparities in CD11b frequency are visible at 24 hours, 
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more pronounced differences in frequencies between SOCS1+/- mice versus controls 

are visible at 48 hours (Figures 3-1B).  

As SOCS1 expression is positively correlated to Mac-1, we next interrogated the 

role of the kinase inhibitory region (KIR) of SOCS1 in this process. We treated whole 

lymph node cells, isolated from SOCS1+/- and SOCS1+/+ littermates, with a peptide 

(SOCS1-KIR) shown to mimic the KIR region of SOCS1 (60), followed by analysis of 

CD11b expression through flow cytometry 24 and 48 hours later. Figure 3-1C and 3-1D 

show that the addition of SOCS1-KIR mediated an increase in CD11b+ cells. 

Interestingly, although the addition of antiCD3 did not appear to affect CD11b frequency 

in lymph node cells isolated from SOCS1+/+ mice compared to SOCS1+/- mice, the 

addition of antiCD3 did increase CD11b expression in cultures receiving SOCS1-KIR 

treatment. Together these data suggests that the KIR region of SOCS1 contributes to 

the cell surface expression of CD11b.  

Heightened expression of MHC Class II on CD11b+ cells is unaffected by SOCS1-
KIR. 

APCs from SOCS1+/- mice exhibit deregulated cytokine production and surface 

expression of integrins compared to wildtype littermates. We next determined whether 

co-stimulatory proteins were also affected by the intrinsic defect in SOCS1.  

Using SOCS1+/- and SOCS1+/+ mice, cells were pooled from the cervical, axillary, 

brachial, inguinal, and mesenteric lymph nodes and cultured for 24 and 48 hours. 

Pooled cells were cultured under grading amounts of LPS in the absence or presence of 

antiCD3; samples were analyzed by flow cytometry for CD11b and MHC Class II 

expression. 
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Although no significant differences in MHC Class II frequency were observed in 

whole lymph node cells isolated from SOCS1+/- and SOCS1+/+ littermates, CD11b+ 

lymph node cells from SOCS1+/- mice possessed significantly higher levels of MHC 

Class II expression (Figure 3-2A and 3-2B). The enhanced frequency of CD11b+ MHC 

Class II+ cells occurred similarly through LPS stimulation in the presence or absence of 

antiCD3, and was maximally observed at 48 hours (Figure 3-2A and 3-2B). Notably the 

addition of SOCS1-KIR had no apparent effect on MHC Class II at 24 (Figure 3-2C) or 

48 hours (Figure 3-2D).  

The KIR region of SOCS1 limits CD40 expression.  

Whole lymph node cells isolated from SOCS1+/- mice expressed a modest, but 

consistently higher level of CD40 subsequent to stimulation with LPS in the presence or 

absence of antiCD3 (Figure 3-3A). The increased CD40 expression, in comparison to 

SOCS1+/+ counterparts was maximally observed at 48 hours (Figure 3-3B). LPS 

mediated-CD40 upregulation is enhanced with the addition of antiCD3 (Figure 3-3A and 

3-3B), which is consistent with previous reports showing an amplification loop mediated 

by CD40-CD40L interactions (Figure 3-3A and 3-3B). Significantly, treatment with 

SOCS1-KIR reduced expression of CD40 in both SOCS1+/- and SOCS1+/+ lymph node 

cells (Figure 3-3C). Together these data suggest a critical role of the kinase inhibitory 

region of SOCS1 in the regulation of the co-stimulatory molecule CD40. 
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Figure 3-1. The kinase inhibitory region of SOCS1 regulates CD11b expression. 

Samples from SOCS1+/- or SOCS1+/+ mice were cultured for 24 and 48 hours 
with LPS (ng/mL) in the absence or presence of antiCD3. Samples were 
analyzed through flow cytometry for CD11b expression. A) Differences in 
CD11b expression cultured with only LPS (ng/mL) for 24 and 48 hours. B) 
Differences in CD11b expression from samples cultured with LPS (ng/mL) 
and antiCD3 for 24 and 48 hours. C) The effect of adding SOCS1-KIR to cells 
cultured with LPS or LPS and antiCD3 for 24 hours. D) The effect of SOCS1-
KIR on cells cultured with LPS or LPS and antiCD3 at 48 hours. N of 4. 
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Figure 3-2. SOCS1+/- mice express elevated frequencies of CD11b+ MHC Class II+ 

cells, which is not mediated by SOCS1-KIR. Lymph node samples from 
SOCS1+/- (HT) or SOCS1+/+ (WT) mice from were cultured for 24 and 48 
hours with LPS (ng/mL) in the presence or absence of antiCD3. Samples 
were analyzed for CD11b and MHC Class II through flow cytometry. A) Data 
shows frequency of CD11b+ MHC Class II+ cells at 24 hours. B) Data shows 
the frequency of CD11b+ MHC Class II+ cells at 48 hours. For C) and D) 
SOCS1-KIR was added into culture at time zero. C) CD11b+ MHC Class II+ 
cell frequencies at 24 hours. D) CD11b+ MHC Class II+ cell frequencies at 48 
hours. An average of 4 independent experiments. 
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Figure 3-3. SOCS1 regulates expression of co-stimulatory protein CD40. Samples from 

SOCS1+/- (HT) and SOCS1+/+ (WT) mice were cultured for 24 and 48 hours 
with LPS (ng/mL) in the presence or absence antiCD3. Samples were 
analyzed through flow cytometry for expression of CD40. A) Flow cytometry 
dot plots of FSC vs CD40. Frequency of CD40+ cells at 24 hours. B) 
Frequency of CD40+ cells at 48 hours. C) Data shows effect of SOCS1-KIR 
on the frequency of CD40+ cells at 48 hours. N of 5. 
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CHAPTER 4 
EVALUATING THE THERAPEUTIC POTENTIAL OF CELL-PENETRATING PEPTIDES 

THAT MODULATE SOCS1 SIGNALING: TISSUE AND CELLULAR LOCALIZATION 
OF CELL-PENETRATING SOCS MIMETIC AND ANTAGONIST PEPTIDES 

As data surrounding SOCS1 signal regulating peptides suggest a potential future 

therapeutic use of these peptides for regulation of autoimmune or antiviral responses, 

we wanted assess the tissue and cellular localization of I.P. (Intraperitoneal) injected, 

cell penetrating peptides, SOCS1-KIR and pJAK2. SOCS1-KIR and pJAK2 peptides 

were labeled with an Alexa 647 fluorochrome, and injected into CD57BL/6 mice. Control 

mice received injections of unconjugated Alexa 647 fluorochrome, or no injections at all. 

Two hours after injections the mice were sacrificed, and spleen, lymph nodes, heart, 

brain, liver, peritoneal cells, lungs, and kidneys were removed. Detection of the 

fluorescently labeled peptides was first accomplished by using the Xenogen IVIS 

fluorescent imager to capture whole organ images of the brain, liver, spleen, heart, 

lungs, and kidneys, followed by infrastructural analysis of sectioned tissue. Lymph node 

and spleen isolates were converted to single cell suspensions followed by cellular 

analysis through flow cytometry, as were the peritoneal cells.  

Through an IVIS fluorescent imager, it can be readily seen that SOCS1-KIR and 

pJAK2 peptides localized into the brain, kidneys, liver, and spleen (Figure 4-1 and 4-2). 

Figure 4-1A shows localization of SOCS1-KIR and pJAK2 into the entire brain through 

IVIS fluorescent imaging. Tissue analysis of the brain, using an Olympus Spinning 

Confocal microscope, shows that SOCS1-KIR localized into general nervous tissue, 

while we also observed pJAK2 able to localize into neurons. 

Although SOCS1-KIR and pJAK2 both localized to the kidney, as can be clearly 

seen in Figure 4-1B, the intensity of pJAK2 within the kidney was much higher. 
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Infrastructure analysis through tissue sections shows that SOCS1-KIR and pJAK2 

internalized into the kidney tubules (Figure 4-1B). Similar to that observed from whole 

organ imaging of the kidneys, pJAK2 was visualized at a higher intensity within the liver 

than SOCS1-KIR (Figure 4-1C). Whereas SOCS1-KIR was present within the liver 

sinuses, it appears that pJAK2 internalized into the hepatocytes during the two hour 

time period (Figure 4-1C). Additionally pJAK2 was selectively present in the thymus and 

heart as well (data not shown). Peptide labeling specificity was confirmed through 

significantly diminished fluorescence in the tissue samples isolated from C57BL/6 mice 

receiving the unconjugated Alexa 647 peptide injections (Figure 4).  

As most of the current research using mimetic peptides has focused on 

immunological processes, we also interrogated immune tissues and cells for the 

presence of the cell-penetrating peptides. As can be seen from Figure 4-2A, signal from 

SOCS1-KIR and pJAK2 peptides, but not controls, are clearly evident in the spleen. 

Figure 4-2B shows the results from the flow cytometry analysis of splenic cells. Both 

SOCS1 and pJAK2 were able to localize with specific immune cells including CD4+ T 

cells, CD8+ T cells, B220+ B cells, and CD11b+ macrophages. In Figure 4-2C the 

peptides are seen to localize with immune cells in pooled lymph nodes which included 

axillary, brachial, cervical, and inguinal lymph nodes. Again each peptide was able to 

localize with specific immune cells, albeit pJAK2 to a slightly increased instance (Figure 

4-2C). It is interesting to note that in both lymph nodal and splenic cells, the antigen 

presenting cell types took up the peptides much more readily than did either T cell 

phenotype (Figure 4-2B and 4-2C). We also observed similar results in the mesenteric 

lymph nodes as we did in the pooled lymph node samples (data not shown). 
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Samples from the peritoneal cell population were also analyzed using flow 

cytometry (Figure 4-2D). It is evident that both the peptides localized with each immune 

cell type much more strongly than in either the splenic or lymph nodal cell populations 

(Figure 4-2D). This is likely because the peritoneal cavity was the location of the initial 

injection.   
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Figure 4-1.Localization of cell-penetrating peptides SOCS1-KIR and pJAK2. Peptides 

were injected into CD57BL/6 mice, and mice were sacrificed after two hours. 
Controls included injections of unconjugated fluorochrome (FC Control) and 
mice which received no injections at all. A) Whole organ imaging using a 
Xenogen IVIS fluorescence imager and tissue sections viewed with an 
Olympus Spinning Confocal microscope of murine brains. B) Whole organ 
imaging and tissue sections of murine kidneys. C) Whole organ imaging and 
tissue sections of murine livers. Data representative of 2 mice in each group, 
and 2 independent experiments.  
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Figure 4-2. Localization of SOCS1-KIR and pJAK2 peptides to immune tissues. 

Peptides were injected into CD57BL/6 mice, and mice were sacrificed after 
two hours. Controls included injections of unconjugated fluorochrome (FC 
Control) and mice which received no injections at all. A) Whole organ imaging 
using a Xenogen IVIS fluorescence imager and tissue sections viewed with 
an Olympus Spinning Confocal microscope of murine spleens. B) Histogram 
overlay of flow cytometric analysis of spleen samples. C) Flow cytometric 
analysis of pooled lymph node cells. D) Flow analysis of peritoneal cells. Data 
representative of 2 mice in each group, and 2 independent experiments.  
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CHAPTER 5 
DISCUSSION 

The immune system is a complex network of positive and negative feedback 

mechanisms which work in concert to prevent infections while simultaneously restricting 

the development of autoimmunity. There are a wide array of proteins and pathways 

which work in concert to orchestrate these events. The role of SOCS1 has been well 

studied in these events, and known to be crucial as SOCS1-/- mice die within three 

weeks from lethal inflammation, and SOCS1+/- mice develop a lupus-like phenotype (27, 

28). In this project we began to examine the relationship between SOCS1 and the 

function and phenotype of antigen presenting cells. Our data shows that antigen 

presenting cells from SOCS1+/- mice produce excessive levels of the inflammatory 

cytokines IL-12 and IL-6 in response to LPS compared to SOCS1+/+ mice (Figure 2-1). 

We next examined the capacity of cells from SOCS1+/- mice to produce the anti-

inflammatory cytokine IL-10. SOCS1+/- mice appeared however incapable of producing 

comparable amounts of IL-10 to those levels seen in SOCS1+/+ mice (Figure 2-3). This 

is important as IL-10 has been shown to mediate the inflammatory response through a 

variety of mechanisms, such as through the inhibition of IL-12 (73, 74). In a murine 

model of collagen-induced arthritis (CIA), mice that produced higher levels of IL-10, 

induced higher expressions of SOCS1, resulting in reduced disease severity (56). 

SOCS-/-Rag2-/- mice develop a severe form of colitis which is ameliorated by the transfer 

of IL-10+ Tregs, and of note SOC1-/- mice are deficient in peripheral Tregs (28, 36). 

These studies further highlight the important relationship and crosstalk which exists 

between the different inflammatory mediators of the immune system such as SOCS1, 
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IL-10, and Tregs. Our results suggest that immune cells from SOCS1+/- mice are unable 

to maintain a balanced relationship between SOCS1 and anti-inflammatory mediators, 

especially IL-10.   

Previous studies characterizing the loss of SOCS1 and the resulting massive 

cellular infiltration of cells which included macrophages, T cells, eosinophils, etc. was 

attributed to excessive IFNγ signaling (27, 28). While this may hold true, an interesting 

study by Stevenson et al. in 2010 exhibited a novel role for SOCS1 and SOCS3 in 

regulating cell adhesion and migration (75). By stabilizing the expression of Focal 

Adhesion Kinase (FAK), SOCS1 and SOCS3 increased RhoA activation, which in turn 

increased the instance of cell adhesion and decreased cellular migration towards 

attractant chemokines (75).  

Integrins are a crucial aspect of the innate immune response, as individuals with 

Leukocyte Adhesion Deficiency (LAD) have low or absent integrin expression and 

struggle to clear bacterial infections because of impaired cell recruitment abilities (76, 

77). There have been 24 different integrins characterized to date, with Mac-1/CD11b-

CD18/Cr3 (Complement receptor 3) as a part of the β2-integrin family. Mac-1 was 

described as having the capacity to restrict TLR signaling, and by restricting the 

macrophage inflammatory response through generation of SOCS3 and IL-10 production 

(78). Others have reported that β2 integrin-deficient (Itgb2-/-) mice have a hyperactive 

response to TLR ligation, with Itfb2-/- DCs and macrophages producing higher levels IL-

12 and IL-6, concluding that β2 integrins are able to regulate TLR signaling through 

inhibition of the NFKβ pathway (79). Additional studies have noted that lupus 

progression is aggravated and worsened in Mac1-/- mice (80). An arginine to histidine 
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substitution in an ITGAM (which codes for CD11b) variant results in a reduced ability to 

regulate cell trafficking and adhesion to ligands which include ICAM-1 and iC3b (81, 

82); reduced ability to recognize iC3b also results in reduced phagocytic activity (83). 

Genetic variations in ITGAM also result in the failure of Mac-1 to regulate 

proinflammatory cytokine production, including IL-6 production, in macrophages (81, 

82). It has been suggested that a genetic variation in ITGAM which reduces 

phagocytosis, thereby disallows antigen presenting cells to effectively clear apoptotic 

material or immune complexes, and could be a major contributing factor to SLE 

development (83). These data taken together support integrins as acting as mediators 

for cellular adhesion and migration, so we sought to determine whether there existed a 

relationship between SOCS1 and integrin expression. We exposed that SOCS1+/- mice 

have a decreased ability to upregulate the alpha unit of Mac-1. CD11b was found in 

decreased frequencies not only in response to LPS, but also in the resting state of 

unstimulated cells (Figure 3-1). Taken together, these data suggests a unique role for 

SOCS1 in regulating inflammation.  

SOCS1+/- mice upon further examination were also found to have increased 

frequency of CD11b+ leukocytes which express high levels of MHC Class II (Figure 3-

2). Reports on the relationship between SOCS1 and MHC Class II are varied; it was 

reported that that embryonic fibroblasts from SOCS-/- mice are inefficient at upregulating 

MHC Class II expression in response to IFNγ, however additional studies described 

SOCS1 as negatively regulating MHC Class II expression (84, 85). Previous studies 

have shown that SOCS1 has the capacity to downregulate MHC Class II expression, 

however as our data suggests the KIR of SOCS1 may not be sufficient enough to do so 
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(Figure 3-2). Downregulation of MHC Class II may require the addition of either the SH2 

domain or SOCS box or all three domains. These differences may be due to a variety of 

factors including the use of different cell lines, however our data using primary cells 

supports the negative role that SOCS1 plays in regulating MHC Class II.  

We also found SOCS1+/- mice to possess a higher frequency of CD40+ cells 

(Figure 3-3), a co-stimulatory protein important in mediating APC-T cell interactions 

(86). CD40 signaling is important in humoral as well as cellular immunity, as we now 

know that patients with X-linked hyper-immunoglobulin M syndrome have mutations in 

the CD40L gene (87), and CD40-CD40L generates a protective Th1 response and 

macrophage activation in Leishmania major infections (88). However CD40-CD40L 

pathogenic features are also found in many autoimmune disorders including diabetes, 

graft rejection, atherosclerosis, cancer, and the murine models of EAE, CIA, uveitis, and 

IBD (89). Previous literature supports the inhibitory effect of SOCS1 on CD40 that we 

have observed in the SOCS1+/- mice (90, 91).  

In summary our data indicates that a deficiency in SOCS1 results in deregulated 

cytokine production, insufficient CD11b upregulation, and enhanced frequencies of 

MHC Class II+ and CD40+ cells. Because these defects were due to a partial lack of 

SOCS1, we next inquired whether a SOCS1 mimetic peptide, SOCS1-KIR was able to 

amend these defects. Our results suggest that SOCS1-KIR was capable of reducing 

elevated IL-12 and IL-6 production, while increasing IL-10 production. Addition of 

SOCS1-KIR also upregulated the integrin CD11b, and reduced the increased frequency 

of CD40+ cells in the SOCS1+/- mice. However the mimetic peptide was incapable of 

reducing the elevated frequency of CD11b+ MHC Class II+ cells. This implies that the 
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kinase inhibitory region may not be sufficient enough, more of or the entire SOCS1 

protein may be required to regulate MHC Class II expression. These data taken 

together suggests that SOCS1-KIR effectively redirects an excessive immune response 

back to a more homeostatic state.   

This and previous studies supporting the anti-inflammatory capabilities of 

SOCS1-KIR activity suggests that targeting SOCS1 may pose a potential target for 

therapeutic developments (28, 60, 61). As is such we have begun to assess the 

translational potential of SOCS1-KIR. We were also interested in evaluating the 

translational potential for another peptide, pJAK2. pJAK2 acts as an antagonist to 

SOCS1, thereby allowing continued activation of the JAK/STAT pathway, and increased 

production of inflammatory cytokines; pJAK2 has been shown to have potent antiviral 

capabilities (67). To begin assessing the translational potential for these peptides, the 

peptides were fluorescently tagged with an Alexa 647 fluorochrome, and injected into 

C57BL/6 mice. We evaluated the tissues and cells which these peptides were capable 

of interacting with. Both peptides were found to localize in organs including the brain, 

kidneys, liver, lymph nodes, and spleen. These peptides were able to interact with 

CD4+ T cells, CD8+ T cells, B220+ B cells, and CD11b+ macrophages. Of note both 

peptides localized with antigen presenting cells more readily than T cells, and much 

more readily with cells localized to the injection sites.  

SOCS1 continues to provide different insights into the mechanisms of immune 

regulation. Recent studies have begun to implicate an association between the role of 

microRNAs and SOCS1 in disease. miR-221 and miR-155 were seen to regulate 

human dendritic cell development, IL-12 production, and apoptosis through the targeting 
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of SOCS1 (92). Mice with dendritic cell specific-deletions of BLIMP1 exhibit a lupus-like 

phenotype, and it was seen that let-7c inhibited BLIMP1 and SOCS1 expression leading 

to a proinflammatory environment (93). Zhou and colleagues also described that 

upregulation of miR-150 leads to reduced SOCS1 expression, and patients with high 

levels of miR-150 also received a high chronicity score for lupus nephritis (94). miR-155 

targets and inhibits SOCS1, and patients with rheumatoid arthritis have increased 

expression of miR-155 (95). Lastly Davis et al. exposed that methylprednisolone 

induces an inhibition of miR-155 expression, which increased the expression of SOCS1 

(96). 

Our studies have focused on revealing novel mechanisms behind the role that 

SOCS1 plays in regulating the phenotype and functions of antigen presenting cells. 

With continued insight into the importance of SOCS1 in immune regulation, additional 

information can be gained into the role that SOCS1 plays in disease onset and 

progression. With future translational studies, we can continue to work towards 

developing therapeutics which target SOCS1 expression, and better regulate disease 

progression. 
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CHAPTER 6 
MATERIALS AND METHODS 

Mice. SOCS1+/- and SOCS1+/+ mice were generated as previously described in 

Collins et al. 2011 (28). Briefly, SOCS1+/- mice, on a C56BL/6 genetic background, were 

purchased from the St. Jude animal facility (Memphis, TN). SOCS1+/- mice were mated, 

generating SOCS+/+, SOCS1+/-, and SOCS1-/- mice. SOCS1+/- and SOCS+/+ littermate 

controls were chosen for experiments. Mice were mated and maintained in sterile 

microisolators, under specific pathogen free conditions at the University of Florida 

Cancer and Genetics Animal Care Facility. 

Genotyping. Mouse genotyping was performed similar to Collins et al. 2011 (28). 

In brief, tail clips (1mm in length) were isolated from SOCS1+/+ or SOCS1+/- mice prior to 

weaning. The DNAeasy Blood and Tissue Kit (Quiagen, Valecia, CA) was used to 

extract DNA from degraded tails and quantitative PCR (qPCR) was then performed to 

assess the presence of SOCS1. iQTM SYBR Green Supermix (BioRad, Hercules, CA) 

and primers specific for SOCS1 (forward: 5’-GACACTCACTTCCGCACCTT-3’; reverse: 

5’-GAAGCAGTTCCGTTGGCGACT-3’) or β-actin (forward: 5’-

CCACAGCACTGTAGGGTTTA-3’; reverse: 5’ATTGTCTTTCTTCTGCCGTTCTC-3’) 

(200 nM) were used to amplify and quantify relative amounts of DNA on a PTC-200 

Peltier Thermal Cycler with a CHROMO 4 Continuous Fluorescence Detector (BioRad, 

Hercules, CA). Mouse phenotype was determined by relative expression of SOCS1. 

Expression was calculated using the ΔΔCT method. 

Peptide Synthesis. The peptides SOCS1-KIR (53DTHFRTFRSHSDYRRI68) and 

pJAK2 (1001LPQDKEYYKVKEP) were synthesized using conventional 
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fluorenylmethylcarbonyl chemistry, as previously described (97) using an Applied 

Biosystems 431A automated peptide synthesizer (Applied Bio- systems, Carlsbad, CA). 

For cell penetration, using a semiautomated protocol (98), a lipophilic group (palmitoyl-

lysine) was added to the amino terminus as a final step. The peptide was characterized 

using mass spectrometry and purified by HPLC. Once synthesized, SOCS1-KIR peptide 

was re-suspended in DMSO (Sigma- Aldrich, St. Louis, MO) and used for in vitro cell 

culture experiments. 

In vitro cell culture. Cells were pooled from axillary, brachial, cervical, inguinal, 

and mesenteric lymph nodes, and cultured in triplicates (2x10^5/well) at 37 degrees 

Celsius in RPMI 164 (Cellgro 10-040-CV) containing 10% FBS (InvitrogenTM Gibco®), 

1% antibiotic/antimycotic (Herndon, VA), and 50μM β-ME (MP Biomedicals, Solon, OH). 

Cells were stimulated with 2μg/ml plate-bound antiCD3 mAb (BD Pharmingen; 

clone:145-2C11), and/or LPS (Sigma-Aldrich, St. Louis, MO) at a concentration of either 

1000 ng/mL or 5000 ng/mL. For assays which included SOCS1-KIR mimetic peptide, 

20μM SOCS1-KIR peptide was added in culture at time zero in conjunction with LPS. 

Cells were incubated for 24 and 48 hours, then collected and assessed for antigen 

presenting cell-related markers.  

Flow Cytometry. To assess antigen presenting cell populations, samples from in 

vitro cell cultures taken at 24 and 48 hours were stained with monoclonal antibodies 

including anti-CD3 (500-A2 BD Pharmingen, San Diego, CA) anti-CD11b (M1/70; 

eBioscience), anti-MHC class II (M5/114.15.2; eBioscience), and anti-CD40 (3/23; BD 

Pharmingen). After staining, a total of 50,000 live events were collected on an LSRII 

(BD Pharmingen) and analyzed using FlowJo software (Tree Star, San Carlos, CA). 
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ELISA Assays. In vitro cell culture supernatants were obtained as described in 

Bedoya et al. in 2013 and Lau et al. in 2011 at 24 and 48 hours and evaluated in 

duplicates for IL-12p70, IL-6, and IL-10 levels using OptiELISA kits (BD Pharmingen) 

(99, 100). 

SOCS1 Mimetic Peptide Injections. Peptides were labeled with Alexa 647 as a 

fluorescent tag according to manufacturer’s instructions (Invitrogen, Grand Island, NY 

Cat. A-20173). C57BL/6 mice were injected I.P. with 100 µL of SOCS1 mimetic 

(SOCS1-KIR), SOCS1 antagonist (pJAK2), or 50 µL of fluorochrome controls (FC) 

which contained only Alexa 647 fluorochrome; a third set of controls received no 

injections. Two hours after injections occurred, mice were sacrificed via C02 

asphyxiation and subsequent cervical dislocation. Whole organs were ultimately 

preserved in 20% sucrose in PBS, and imaged using a Xenogen IVIS Fluorescence 

Imager. Organs were then cryoembedded for sectioning, and viewed using an Olympus 

DSU-IX81 Spinning Disc Microscope. Single cell suspensions were obtained from 

pooled lymph nodes (brachial, axillary, cervical, and inguinal), mesenteric lymph nodes, 

peritoneal cells, and the spleen, and were stained with anti-CD4 (RM4-5; BD 

PharMingen, San Diego, CA), anti-CD8a (53-6.7; BD PharMingen), anti-CD11b (M1/70, 

eBioscience), and anti-B220 (RA3-6B2; BD Pharmingen). After staining, a total of 

50,000 live events were collected on an LSRII (BD Pharmingen) and analyzed using 

FlowJo software (Tree Star, San Carlos, CA).   

Statistical analysis. Graph Pad Prism® software was used to calculate students t 

test with a 95% confidence limit, defined by p values ≤0.05, was considered significant 

and is indicated within the figures. 
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Table 6-1. Primers used and/or discussed in this study. 

Primer                  Sequence                                            Temperature (°C) 

mus-Actin             F: 5'-CCTTCCTTCTTGGGTATGCA-3’                55 
                             R: 5'-GGAGGAGCAATGATCTTG AT-3'              55 
 
mus-SOCS1         F: 5'-GACACTCACTTCCGCACCTT-3’                57 
                             R: 5'-GAAGCAGTTCCGTTGGCGACT-3’            57 
 

 
Table 6-2 Peptides used and/or discussed in this study.  

Peptide name                                Sequence  

SOCS1-KIR                                   53DTHFRTFRSHSDYRRI68 
 
pJAK2                                           1001LPQDKEYYKVKEP 
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