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The immune toxicity of 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) has 

been studied for over 35 years, but only recently has the profound immune 

suppression associated with TCDD exposure been linked to induction of regulatory 

T cells (Tregs). The effects of TCDD are mediated through binding the aryl 

hydrocarbon receptor (AhR), a ligand-activated transcription factor.  Subsequent 

AhR-mediated effects of TCDD in T cells that induce Tregs are not yet known. To 

address this, studies to further characterize CD25+CD4+ T cells induced in TCDD-

treated mice on day 2 of an acute graft-versus-host (GVH) response were performed 

by comparing them to naturally-derived Tregs. Results show that TCDD-induced 



Tregs are similar to natural Tregs with a lack of IL-2 production, in vitro 

suppressive function, and reversal of suppressive function through ligation of GITR. 

However, TCDD-induced Tregs are unique in that they suppress naïve T cells while 

proliferating, do not express Foxp3, and secrete IL-10. A highly upregulated gene 

transcript in TCDD-induced Tregs was IL-12Rb2. IL-12Rb2 protein was found to be 

increased on T cells exposed to TCDD in the presence of IL-12. This correlated with 

increased binding of AhR upstream of the IL-12Rb2 gene. However, transfer of IL-

12Rb2 KO T cells into TCDD-treated mice did not affect induction of the Treg 

phenotype. A second gene found to be upregulated in the TCDD-induced Tregs was 

IL-10. To inhibit IL-10 expression, a phosphorodiamidate morpholino oligomer 

conjugated to a cell-penetrating peptide (P-PMO) was utilized. Of several cell-

penetrating peptides screened for delivery into murine leukocytes, the arginine-rich 

(RXR)4 peptide was most effective, particularly into activated T cells. Dosing of 

TCDD-treated host mice with IL-10 P-PMO-(RXR)4 did not affect induction of the 

day 2 Treg phenotype. However on day 6, an increased frequency of donor 

CD69+CD4+ and CD69+CD122+CD8+ T cells was identified in TCDD-treated mice, 

phenotypes associated with regulatory function. The increased frequency of these 

populations was suppressed by IL-10 P-PMO treatment. Taken together, the results 

suggest TCDD induces adaptive CD4+ and CD8+ regulatory T cells during a GVH 

response that is partially influenced by IL-10. These studies support Treg induction 

as a mechanism for suppression of T cell-mediated responses by TCDD. 
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2, 3, 7, 8-Tetrachlorodibenzo-p-dioxin and the Aryl Hydrocarbon Receptor 

 

TCDD overview 

The chemical 2, 3, 7, 8-Tetrachlorodibenzo-p-dioxin (TCDD) commonly 

referred to as dioxin, is a member of the class of halogenated aromatic hydrocarbons 

that are persistent and ubiquitous environmental contaminants (Figure 1.1). TCDD is 

produced as an unintentional by-product of various industrial, combustion, and 

natural processes, and can be found in air, water, soil and sediment world-wide. The 

persistence of TCDD in the environment is owed to its chemical stability, low vapor 

pressure and low water solubility. Currently, TCDD is released into the environment 

primarily through combustion sources, such as municipal, medical, and hazardous 

waste incineration, particularly of chlorinated waste products. TCDD is also formed 

during the chlorine bleaching process of paper pulp, and released into the 

environment through waste water. Historically, TCDD is probably best known as a 

manufacturing by-product of herbicide 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 

used during the Vietnam War as a component of the Agent Orange defoliant. Most 

recently, TCDD was used in a highly publicized assassination attempt of Ukrainian 

presidential candidate Viktor Yushchenko. And yet, despite the toxicity associated 

with TCDD, its role as a biological response modifier is studied at sub-acute toxic 

doses to enhance our understanding of biological systems. 

 

Exposure  

Humans are exposed to small amounts of dioxin daily, the majority through 
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consumption of food (Huwe, 2002). Given that TCDD is highly lipid soluble (KOW 

7.0), it bioaccumulates in adipose tissue found in meat, dairy, fish and shellfish. The 

World Health Organization (WHO) has established a tolerable daily intake of 1-4 

picograms of TCDD per kilogram of body weight per day. The average body burden 

of TCDD in people living in North America and Europe is 2 ppt, primarily stored in 

adipose tissue and blood lipids (Aylward and Hays, 2002). The half-life of TCDD in 

the human body ranges from 7-10 years and is affected by dose, age, exposure 

duration, health status, and diet (Medicine, 2007). This is considerably longer than 

the half-life in rodents of 2-4 weeks (Miniero et al., 2001). TCDD can be excreted 

through direct intestinal elimination, or can be absorbed and biotransformed in the 

liver and excreted through bile into feces (Medicine, 2007). Some TCDD 

metabolites have also been identified including hydroxylated and methylated 

derivatives excreted as glucuronide and sulfate conjugates (Registry, 2006). 

Fortunately, levels of dioxins in the U.S. and Europe continue to decrease in both 

the population and the environment, reflecting regulatory decisions that have 

reduced the production and use of dioxin-contaminated substances.  

 

Toxic health effects  

The effects observed in animals following exposure to TCDD have intrigued 

toxicologists for over 50 years (Schecter and Gasiewicz, 2003). Lethal doses of 

TCDD cause a slow death due to a wasting syndrome that is characterized by thymic 

atrophy, lipolysis and altered intermediary metabolism. In addition, TCDD produces 
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a broad spectrum of effects at very low concentrations, leading to TCDD’s moniker 

as an “environmental hormone.” The most sensitive effects of TCDD observed in 

multiple species are developmental, including effects on the developing immune, 

nervous, and reproductive systems (Birnbaum and Tuomisto, 2000). At non-lethal 

doses, reproductive effects, immune suppression, hepatocarcinogenesis, and tumor 

promotion are also observed (Huff et al., 1994; Kerkvliet, 2002; Medicine, 2007). 

TCDD was upgraded to a Group 1 carcinogen by the International Agency for 

Research on Cancer in 1997 after it was concluded that sufficient data suggests 

TCDD increases cancer risk.   

There have been opportunities to study the human health effects of TCDD 

during accidental exposures although no direct human deaths have ever been 

reported. Thus the LD50 for TCDD in humans is not known, however the highest 

dose ever recorded was for a 30-year old woman at 144,000 pg TCDD/g blood lipid 

(Geusau et al., 2001). The Agency for Toxic Substances and Disease Registry 

(ATSDR) of the Centers for Disease Control lists the known toxic effects of dioxin 

exposure on human health to include transient hepatotoxicity and neuropathy, as 

well as the skin disorder chloracne (Registry, 2006). Chloracne is a severe form of 

persistent, scarring skin eruptions characterized by progressive transition of 

sebaceous gland cells to keratinizing cells with follicular hyperkeratosis (Moses and 

Prioleau, 1985). 

The spectrum of toxicities associated with TCDD exposure are now known 

to be mediated through the ligation and activation of the aryl hydrocarbon receptor 

(AhR), first identified by Poland et al. in 1976 (Poland et al., 1976). The 
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transformation of the polycyclic aromatic hydrocarbon benzo[a]pyrene to 3-

hydroxybenzo[a]pyrene was only detected in liver extracts from “responsive mice” 

(Poland et al., 1974). The crossing and back-crossing of inbred mouse strains 

eventually led to the identification of the aryl hydrocarbon locus suspected to control 

expression of the enzyme responsible for this biotransformation (Gielen et al., 

1972), later named Cytochrome P450 1A1 (CYP1A1). Activation of AhR induces a 

variety of drug-metabolizing enzymes in addition to CYP1A1, termed the AhR 

battery (Nebert et al., 2000). Unlike most other AhR ligands that induce their own 

metabolism, TCDD is resistant to this enzyme battery, and its persistent occupancy 

of AhR is postulated to contribute to its potent toxicity.  

 

Aryl hydrocarbon receptor 

AhR belongs to the basic helix-loop-helix-PER-ARNT-SIM family of 

proteins, and functions as a ligand-activated transcription factor (Burbach et al., 

1992) consisting of three functional domains (Figure 1.2) (Fukunaga et al., 1995). 

The DNA-binding domain is made up of the basic helix-loop-helix motif found in a 

variety of transcription factors (Jones, 2004). The PAS-A and PAS-B domains, 

homologous to Drosophila proteins Per and Sim, make up the ligand-binding 

domain (Coumailleau et al., 1995; Goryo et al., 2007). A third glutamine-rich region 

contains the transactivation domain involved in co-activator recruitment (Kumar et 

al., 2001). Located in the cytoplasm of most cells, non-ligand bound AhR forms a 

receptor complex with several proteins including a 90 kDa heat shock protein dimer 

(hsp90), hepatitis B virus X-associated protein 2 (XAP2), also known as AhR-
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interacting protein (AIP), and phosphoprotein p23 (as reviewed by Beischlag et al., 

2008). Once bound by ligand, the ligand-receptor complex undergoes a 

conformational change and translocates to the nucleus where hsp90 is exchanged for 

the AhR Nuclear Translocator protein (ARNT) to form a heterodimer (Figure 1.3). 

This heterodimer binds cis elements of DNA with the core sequence 5’-GCGTG-3’ 

(Shen and Whitlock, 1992) known as xenobiotic- or dioxin-responsive elements 

(DREs) which can be found in gene promoter and/or enhancer regions. The 

AhR/ARNT transcriptional complex recruits other proteins (e.g. SRC-1, CBP, 

NCoA2) that modulate transcriptional activity and chromatin structure (Beischlag et 

al., 2008). The result is enhanced or repressed expression of AhR/ARNT-responsive 

genes.  

AhR is polymorphic both in mice and humans, thus the specific AhR 

haplotype expressed by an individual determines their responsiveness to TCDD. 

Inbred mouse strains such as C57Bl/6 and BALB/c express a high affinity AhR 

allele (AhR b). Other mouse strains including DBA/2 and SJL express a low affinity 

allele (AhRd), which, because of point mutations in the ligand-binding domain and 

stop codon, is approximately 30-fold less responsive to TCDD. Mice expressing a 

lower affinity AhR require a higher dose of TCDD to achieve equivalent AhR-

mediated effects. There is an estimated 10-fold increased affinity of TCDD for AhRb 

compared to human AhR (Ramadoss and Perdew, 2004). AhR sequence 

comparisons between mouse and human show <60% homology at the carboxyl 

terminus, 100% conservation for the basic region, 98% homology for the helix-loop-

helix domain, and 87% homology for the PAS domain (Beischlag et al., 2008). 
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The most commonly used biomarker for AhR activation is induction of 

Cyp1a1, and more recently, AhR repressor (AHRR) (Hahn et al., 2009). The 

absence of TCDD toxicity in mice carrying a mutation in the DNA-binding domain 

of the AhR (Bunger et al., 2008) suggests that inappropriate transcriptional 

enhancement or repression of AhR-responsive genes mediates the majority of 

known toxic effects of TCDD. However, some studies indicate that AhR-mediated 

changes in gene expression are not limited to AhR/ARNT-dependent transcriptional 

activity. AhR has also been shown to interact directly with proteins in other 

signaling pathways including NF-κB (Kim et al., 2000; Tian et al., 1999), 

retinoblastoma protein (Puga et al., 2000), E2F1 (Marlowe et al., 2008) and estrogen 

receptor (Klinge et al., 2000; Ohtake et al., 2003). AhR has also been reported to act 

as part of a ligand-dependent E3 ubiquitin ligase complex that regulates protein 

degradation (Ohtake et al., 2007). Clearly, we are only beginning to understand the 

diversity in AhR activity and function which coalesce to form complex mechanisms 

by which AhR alters gene expression. 

 

AhR-Mediated Effects of TCDD on Leukocytes 

 

The immune toxicity of TCDD has been studied for more than 35 years, as 

this small molecule is one of the most potently immunosuppressive chemicals 

known. AhR is not required for the development of a functional immune system but 

its absence precludes the immunosuppressive effects of TCDD (Sulentic et al., 1998; 



  
 

9 
 

Vorderstrasse et al., 2001). Some of the reported effects of TCDD include thymic 

involution, decreased host resistance to pathogens and tumors, suppressed fetal 

lymphocyte development and maturation, and suppressed adaptive immune 

responses including antibody production, cytotoxic T lymphocyte activity and 

delayed hypersensitivity responses (Kerkvliet, 1994; Kerkvliet, 2002; Lawrence and 

Kerkvliet, 2007). Thymic involution, a hallmark immunotoxic effect of TCDD in all 

species examined (Kerkvliet, 1994), is dependent upon AhR expression in 

hematopoietic cells (Fernandez-Salguero et al., 1996; Staples et al., 1998). AhR is 

expressed by all major cell types of the immune system including B cells, T cells, 

dendritic cells, macrophages, granulocytes, and natural killer cells (Lawrence and 

Kerkvliet, 2007). Moreover, macrophages (Hayashio et al., 1995), B cells (Marcus 

et al., 1998) and T cells (Negishi et al., 2005) have all been shown to increase their 

expression of AhR upon activation. Many genes involved in immune regulation 

contain multiple DREs in their promoter region (Sun et al., 2004), but these regions 

of DNA are not necessarily accessible for AhR/ARNT binding. Since TCDD 

primarily affects immune cells responding to stimulation, the window of promoter 

and enhancer availability created by other signaling events may dictate when TCDD 

must be present to produce an AhR-mediated effect. Ultimately, the specific effects 

of AhR activation by TCDD on an immune response are context-dependent, 

determined by what cell types are involved, the activation status of the cells, the 

timing, and the type of antigenic stimulation.  
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T cells 

Adaptive immunity consists of activation, effector differentiation, and clonal 

expansion of antigen-specific populations of lymphocytes including CD4+ T cells, 

CD8+ T cells and B cells. As the cells encounter their specific antigen and are 

exposed to costimulatory signals and cytokines, they differentiate into effector cells 

capable of carrying out functions best suited to clear the antigenic stimulus. In fact, 

few TCDD-induced changes are detected in the immune system unless cells are 

stimulated with antigen (Kerkvliet, 2002). T cells were thought to be indirect targets 

of TCDD until in vivo studies showed that suppression of T cell functions in an 

acute graft versus host response (GVHR) required the presence of AhR in the donor 

T cells themselves (Kerkvliet et al., 2002).  

The mechanisms for suppression of effector T cell differentiation by TCDD 

are still not well understood. Upon antigenic challenge, both CD4+ and CD8+ T 

cells proliferate normally in TCDD-treated mice, however a significant decline in 

their numbers have been observed as early as day 5 of an immune response that 

appears to reflect a cessation of proliferation rather than apoptosis (Camacho et al., 

2002; Funatake et al., 2004; Shepherd et al., 2000). Furthermore, activation of CD8+ 

cytotoxic T lymphocyte (CTL) precursors is suppressed as early as day 5 in a CD4+ 

T cell-dependent tumor allograft response (Oughton and Kerkvliet, 1999) that is not 

explained by insufficient interleukin-2 (IL-2) or deletion of CD8+ T cells (Kerkvliet 

et al., 1996; Prell et al., 2000). Suppressed CTL development was also observed in a 

CD4+ T cell-independent CD8+ T cell response to influenza (Mitchell and 

Lawrence, 2003a; Warren et al., 2000) that was also not explained by increased 
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apoptosis (Mitchell and Lawrence, 2003a). Thus TCDD appears to cause a 

premature cessation of T cell proliferation and inhibition of CTL activation which 

does not appear to be linked to increased T cell death. 

Extensive chromatin remodeling that occurs during T cell activation may 

explain why activated T cells are particularly sensitive to the effects of TCDD as 

compared to resting T cells (Funatake et al., 2004; Lundberg et al., 1992; Prell et al., 

1995; Pryputniewicz et al., 1998; Shepherd et al., 2000). As T cells differentiate into 

effectors over the course of several days, it is likely that direct AhR-DRE mediated 

effects occur throughout this time instead of just in the first few hours of TCR 

ligation. A recent review highlights some of the genes altered in CD4+ T cells by 

TCDD both in vivo and in vitro including lineage-specific transcription factors, 

cytokines, cytokine receptors, and signaling kinase families, many of which contain 

multiple DREs in their promoters (Kerkvliet, 2009). This complex network of 

genetic and epigenetic interactions that occurs during T cell effector differentiation 

ultimately determines T cell fate, and is sensitive to the effects of AhR activation by 

TCDD. 

 

B cells 

B cells were identified early as direct cellular targets of TCDD as effects 

could be easily observed in cell culture (Dooley and Holsapple, 1988; Karras and 

Holsapple, 1994a; Karras and Holsapple, 1994b; Luster et al., 1988; Tucker et al., 

1986). TCDD suppresses primary antibody responses and antibody class switching 

(Kerkvliet, 1994), which is partially explained by suppressed cytokine production 
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(Fujimaki et al., 2002; Inouye et al., 2005; Ito et al., 2002). Other factors contribute 

to altered antibody-mediates responses with TCDD exposure, as suppressed 

production of IgG2a in response to influenza was not associated with suppressed 

cytokine levels (Mitchell and Lawrence, 2003b). T cells, as primary cellular targets 

of TCDD, have also been shown to mediate the inhibition of antibody responses 

(Allan and Sherr, 2005; Ito et al., 2002).  

TCDD also alters the expression of many B cell genes including Cd19, 

Socs2, Pax5, p27kip1, Ap-1 and Blimp-1 (Lawrence and Kerkvliet, 2007; Schneider 

et al., 2009). The differentiation of pro-B cells into mature B cells in bone marrow is 

also suppressed (Thurmond and Gasiewicz, 2000; Thurmond et al., 2000), which is 

partially explained by the AhR-mediated effects in bone marrow stromal cells 

(Wyman et al., 2002). Collectively, the data suggest that there a diversity of cellular 

stages and processes in which B cells are disrupted by TCDD which leads to 

suppressed B cell responses. 

 

Dendritic cells 

The innate immune system consists of cells and mechanisms that protect a 

host from infection by a broad spectrum of pathogens. Cells including macrophages, 

natural killer cells, neutrophils and dendritic cells are part of this first line of host 

defense that can be affected by TCDD exposure (Head and Lawrence, 2009; 

Kerkvliet, 1994; Lawrence and Kerkvliet, 2007). Dendritic cells (DCs) are an 

important link between the innate and adaptive immune systems. DCs migrate to 

lymph nodes and present antigen to T cells on MHC class II molecules while 
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providing additional costimulation to promote full CD4+ helper T cell activation. 

Splenic DCs isolated from mice exposed to TCDD expressed increased levels of 

MHC Class II, adhesion molecules ICAM-1 (CD54) and CD24, and costimulatory 

molecule CD40 (Vorderstrasse and Kerkvliet, 2001). The DCs also produced 

increased levels of IL-12 and enhanced T cell proliferative responses in a mixed 

lymphocyte reaction. Antigen-processing appeared unaffected as phagocytosis of 

latex beads and antigen presentation were not altered by TCDD (Vorderstrasse et al., 

2003). Bone marrow-derived DCs exposed to TCDD were also shown to express 

increased MHC II, CD86, CD40 and CD54 with increased T cell stimulating ability 

(Lee et al., 2007; Ruby et al., 2005). Taken together, these results suggest that 

TCDD enhances the activation and stimulatory capacity of DCs. However, the 

number of DCs in the spleen of TCDD-treated mice was significantly reduced one 

week after treatment (Vorderstrasse et al., 2003), and bone marrow-derived DCs 

treated with TCDD were shown to undergo increased Fas-mediated apoptosis (Ruby 

et al., 2005). This premature loss of DCs would likely reduce the strength and 

duration of a T cell-mediated response.   

 

Effects of TCDD on Host Resistance 

 

TCDD exposure can cause increased mortality after challenge with an 

infectious pathogen (Kerkvliet, 1994), however the susceptibility ultimately depends 

on the type of pathogen, and in some cases the animal model that is used. For 

example, TCDD increased the mortality of rodents challenged with Salmonella 
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(Hinsdill et al., 1980; Thigpen et al., 1975; Vos et al., 1978), Herpes simplex type 2 

(Clark et al., 1983), and Influenza A virus (House et al., 1990). However, TCDD 

exposure enhanced host resistance to Leishmania major (Bowers et al., 2006), 

Listeria monocytogenes (Shi et al., 2007) and Streptococcus pneumoniae 

(Vorderstrasse and Lawrence, 2006). For the parasite Trichinella spiralis, decreased 

resistance was observed in B6C3F1 mice treated with TCDD, but enhanced 

resistance was seen in TCDD-treated F344 rats (Luebke et al., 1995; Luebke et al., 

1994). Thus TCDD does not suppress host resistance to all pathogenic infections, 

rather the effects are pathogen- and species-specific. 

The suppression of host resistance to influenza virus in TCDD-treated mice 

has been extensively studied and is recently reviewed (Head and Lawrence, 2009.) 

Mice exposed to TCDD during challenge with influenza virus experience a 

decreased survival at a very low dose of 0.1 µg/kg TCDD (House et al., 1990). This 

increased mortality was not due to an inability to clear the virus (Burleson et al., 

1996; Lawrence et al., 2000), rather AhR-mediated excessive neutrophil recruitment 

to the lung that contributed to the increased mortality (Teske et al., 2005). Although 

TCDD treatment enhanced neutrophil activity, it suppressed clonal expansion and 

differentiation of virus-specific CD8+ CTL which was not dependent on AhR in the 

CD8+ T cells. The recall of virus-specific memory CD8+ T cells however was 

preserved (Lawrence et al., 2006). Also suppressed was the production of anti-viral 

antibodies, excluding IgA levels which were increased due to enhanced phagocyte-

derived interferon gamma (IFN-g) (House et al., 1990; Lawrence and Vorderstrasse, 

2004; Neff-LaFord et al., 2007; Warren et al., 2000). Thus, the effects of TCDD on 
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host resistance to infectious disease are specific and complex. 

 

Effects of AhR Activation on CD4+ T cell Effector Differentiation and Disease 

 

The immunosuppressive effects of TCDD are undesirable in terms of host 

resistance where increased susceptibility to bacterial and viral infections as well as 

increased tumor growth has been observed in some animal models. During 

inappropriate immune responses, however, the effects of AhR activation by TCDD 

are beneficial for preventing the development of disease. TCDD has been shown to 

suppress allograft responses (Kerkvliet et al., 1996; Kerkvliet et al., 2002), allergic 

responses (Fujimaki et al., 2002; Luebke et al., 2001), and autoimmune responses in 

models of multiple sclerosis (experimental autoimmune encephalomyelitis (EAE)) 

(Quintana et al., 2008) and type I diabetes (Kerkvliet et al., 2009). These disease 

conditions are mediated by different subtypes of effector CD4+ T cells suggesting 

that TCDD suppresses effector T cell-mediated responses in vivo. However, the 

development of regulatory T cells (Tregs) with suppressive function appears to be 

enhanced or preserved in the presence of TCDD (Funatake et al., 2005; Kerkvliet et 

al., 2009; Quintana et al., 2008). Given the therapeutic potential for Tregs to 

suppress undesirable immune responses, there is considerable interest in furthering 

our understanding of how TCDD acts through AhR to suppress CD4+ T cell 

differentiation but enhance the development of Tregs. 

 

Suppression of Th2-mediated responses 
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Type 2 CD4+ T cells (Th2) predominate in antibody-mediated immune 

responses including responses to extracellular bacteria and viruses, parasitic 

infections, as well as allergens that cause immediate hypersensitivity. Th2 cells 

express the transcription factor GATA-3 which mediates epigenetic changes at the 

IL-10 and IL-4 loci to promote the Th2 phenotype (Ranganath et al., 1998; 

Shoemaker et al., 2006). TCDD has been shown to suppress Th2-mediated immune 

responses including allergic response to dust mite antigen (Luebke et al., 2001), 

development of atopic dermatitis (Fujimaki et al., 2002), and antibody responses to 

ovalbumin in alum adjuvant (Inouye et al., 2005; Nohara et al., 2002). Suppressed 

production of Th2 cytokines including IL-4 and IL-5 has been shown in TCDD-

treated mice (Fujimaki et al., 2002; Nohara et al., 2002), at doses as low as 0.3 

µg/kg (Inouye et al., 2005). IgE production was suppressed in TCDD-treated 

NC/Nga mice prone to develop atopic dermatitis (Fujimaki et al., 2002), and in 

TCDD-treated rats sensitized to dust mite allergen (Luebke et al., 2001). 

Interestingly, the anti-allergic drugs M50354 and its derivative M50367 have been 

shown to act as AhR agonists that suppress Th2 development (Morales et al., 2008; 

Negishi et al., 2005). Although Treg-mediated suppression of Th2 responses has 

been described (Nouri-Aria and Durham, 2008), no link has yet been established 

between suppressed Th2 responses and induction of Tregs in TCDD-treated mice. 

 

Suppression of Th1-mediated allograft responses 

Type 1 CD4+ T cell (Th1) cells are involved with cell-mediated immunity 

and promote the development of CD8+ cytotoxic T lymphocytes (CTL). Th1 cells 
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express the transcription factor T-bet which mediates epigenetic changes to promote 

Th1 phenotype including IFN-g and upregulation of IL-12 receptor beta 2 (IL-

12Rb2) (Mullen et al., 2001; Wei et al., 2009). Much work has been done in the 

Kerkvliet laboratory studying the effects of TCDD on allograft immunity. The Th1-

mediated CTL- and alloantibody-mediated responses to P815 mastocytoma (H-2d 

haplotype) are suppressed in B6 mice (H-2b) treated with TCDD (Kerkvliet et al., 

1996). To observe the suppression of CTL, TCDD must be given within the first 3 

days of the allograft being introduced, and the animals must express AhR 

(Vorderstrasse and Kerkvliet, 2001). The primary target for the early-stage 

suppression by TCDD appears to be the development of Th1 cells that are required 

during the first three days of the allograft response to activate the CTL precursors 

(Kerkvliet et al., 1996). These findings suggest that once CTL precursors have gone 

through normal activation, TCDD does not inhibit their clonal expansion or cytolytic 

activity.  

A second allograft model we have utilized in our lab is an acute graft-vs-host 

response (GVHR) model in which donor T cells from B6 mice (H-2b) are injected 

intravenously into B6D2F1 (F1) mice of mixed haplotype (H-2b/d). Alloreactive 

donor T cells respond to H-2d alloantigens expressed by host tissues inducing an 

anti-H-2d Th1-dependent CD8+ CTL response. When host mice were treated with 

TCDD within 24 hours before the adoptive transfer of donor T cells, the allospecific 

CTL response was suppressed (Kerkvliet et al., 2002). If however, the donor T cells 

were AhR-/-, the CTL response was unaffected by TCDD, demonstrating that AhR in 

the donor T cells is the direct target for suppression of the CTL response. 
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Furthermore, when donor CD4+ T cells from B6 AhR-/- mice were adoptively 

transferred with CD8+ T cells from B6 WT mice, the CTL response was only 

partially suppressed, indicating that TCDD acts directly on alloreactive CD4+ T 

cells to impair their ability to support CTL development.  

 

Generation or preservation of Foxp3
+
 Tregs  

Naturally-occurring Tregs are a sub-population of suppressive CD25high 

CD4+ T cells whose phenotype and function are governed by the forkhead family 

transcription factor Foxp3 (Fontenot et al., 2003; Hori et al., 2003). Foxp3+ Tregs 

constitute 5-10% of peripheral CD4+ T cells, and play an important role in self-

tolerance.  Tregs suppress cell- and antibody-mediated immune responses and 

protect a host against autoimmunity. Although natural Foxp3+ Tregs appear to be 

derived in the thymus, Foxp3 expression can be induced in peripheral T cells by 

stimulation in the presence of TGF-beta (Chen et al., 2003) and IL-2 (Zheng et al., 

2008). AhR is expressed by Foxp3+ Tregs (Frericks et al., 2007; Hill et al., 2007), 

and DRE sequences in the Foxp3 promoter are capable of binding AhR (Quintana et 

al., 2008), suggesting AhR can directly influence Foxp3 expression. TCDD alone at 

100 nM was reported to induce a small increase in the frequency of Foxp3+ T cells 

in vitro (Quintana et al., 2008), while another laboratory found that co-treatment 

with TGF-beta was needed to increase Foxp3+ T cell frequency at 160 nM (Kimura 

et al., 2008). Foxp3+ T cell frequency was also found to be increased in AhRb B6 

mice compared to congenic AhRd B6 mice (Quintana et al., 2008). However, the 

frequency of Foxp3+ Tregs in B6 mice was not different than in B6 AhR-/- mice 
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(Veldhoen et al., 2008), suggesting AhR does not play a necessary role in 

maintenance of natural Foxp3+ Treg populations.  

An increase in Foxp3+ Treg frequency has been observed in mouse models 

of disease with TCDD treatment. Quintana et al. reported that administering 1 µg of 

TCDD (~50 µg/kg) increased Foxp3+ Treg frequency and inhibited development of 

EAE in B6 mice (Quintana et al., 2008). However no increase was seen at the 0.1 µg 

dose which is an immunosuppressive dose for AhRb B6 mice. An increase in Foxp3+ 

Treg frequency was also found in the pancreatic lymph node of non-obese diabetic 

(NOD) mice treated with TCDD which correlated with suppression of type 1 

diabetes (Kerkvliet et al., 2009). The body burden of TCDD in NOD mice (AhRd) 

was maintained at approximately 15 µg/kg (0.4 µg per mouse) over the course of 30 

weeks as blood glucose was monitored. Mice that were taken off of TCDD treatment 

began developing diabetes as the body burden of TCDD dropped below an estimated 

4 µg/kg concentration. These data suggest that TCDD must be present at sufficient 

concentrations to sustain an increase in Foxp3+ Treg frequency, likely due to the 

continued emergence of differentiating effector T cells in the periphery. It is not yet 

clear whether these results reflect a preservation or induction of Foxp3+ Tregs. Since 

TCDD has little effect on fully-differentiated effector T cell activity, natural Foxp3+ 

Tregs may be relatively resistant to the AhR-mediated effects of TCDD compared to 

other T cell subsets. This could explain their increased frequency in vivo in TCDD-

treated mice during autoimmune responses. Thus the relationship between Foxp3 

expression and mechanisms of TCDD-induced immune suppression requires further 

study. 
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Some studies have linked the generation of tolerogenic DCs with increased 

Foxp3+ Treg frequency in TCDD-treated mice. Vogel et al. showed that activation 

of AhR by TCDD induced indoleamine 2,3-dioxygenase 1 (IDO1) and IDO-like 

protein IDO2 in the lung and spleen of C57Bl/6 (B6) mice which correlated with a 

2.5-fold increase in expression of Foxp3 transcript in the spleen (Vogel et al., 2008). 

The increase in Foxp3 expression was prevented when IDO activity was inhibited. 

The induction of IDO expression is associated with suppression of T cell responses 

(Puccetti and Grohmann, 2007) and generation of tolerogenic DCs that induce Tregs 

(Belladonna et al., 2007; Curti et al., 2007; Mellor et al., 2004). Both the IDO1 and 

IDO2 genes contain putative DREs (Sun et al., 2004; Vogel et al., 2008), thus the 

induction of IDO expression by DCs may be DRE-mediated. Also, IDO expression 

requires signaling of the NF-κB pathway, (Puccetti and Grohmann, 2007; Tas et al., 

2007) which is also affected in DCs by TCDD (Lee et al., 2007; Ruby et al., 2002), 

likely through direct interactions with AhR (Kim et al., 2000; Tian et al., 1999; 

Vogel and Matsumura, 2009).  

The low molecular weight compound VAG539 has been shown to activate 

AhR and suppress allergic lung inflammation (Lawrence et al., 2008) and promote 

allograft acceptance (Hauben et al., 2008). This acceptance was correlated with an 

increase in Foxp3+ Treg frequency, and could only be transferred by either the 

CD25+CD4+ Tregs or, surprisingly, the CD11c+ DCs from VAG539-treated mice. 

Thus AhR ligands may be capable of inducing tolerogenic DCs that play a role in 

the expansion or preservation of Foxp3+ Tregs. Furthermore, tolerogenic IDO+ DCs 

can also be induced by the engagement of costimulatory molecules CTLA-4 or 
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GITR expressed on the surface of Tregs (Fallarino et al., 2003; Grohmann et al., 

2007; Munn et al., 2004). The induction or preservation of Tregs by TCDD could 

play a role in the upregulation of IDO and the further perpetuation of Treg 

induction.  

The cytokine transforming growth factor beta (TGF-beta) is associated with 

the induction and effector function of Tregs. The interactions of AhR and TGF-beta 

signaling pathways have been extensively studied (Gomez-Duran et al., 2009; 

Haarmann-Stemmann et al., 2009), however not as thoroughly in T cells. Draining 

lymph node cells from TCDD-treated mice secreted increased levels of TGF-beta 1 

in the EAE mouse model and transfer of these cells into new hosts suppressed EAE 

dependent upon signaling through the TGF-beta receptor (Quintana et al., 2008). 

Interestingly, a second isoform, TGF-beta 3, also binds TGF-beta receptor II and 

was shown to be upregulated in thymocytes exposed to TCDD (Lai et al., 1997). 

Both TGF-beta 1 and TGF-beta 3 have multiple DREs in their promoters (Sun et al., 

2004), which suggests AhR may act directly to upregulate their expression.  Taken 

together, it appears that TCDD induces or preserves TGF-beta expression in T cells 

which may be important for mediating suppression of disease, particularly through 

the induction or preservation of Tregs. 

 

Generation of adaptive Tregs 

Adaptive Tregs are naïve T cells that are induced to develop suppressive 

capacity that may or may not express the transcription factor Foxp3. Many different 

types of adaptive Tregs have been described including inducible CD25+CD4+ Tregs 
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(Apostolou and von Boehmer, 2004; Kretschmer et al., 2005), CD25-Foxp3-CD4+ 

Tregs (Chen et al., 2004; Hansen et al., 2007), TGF-beta-induced CD4+ Tregs 

(Weiner, 2001; Zheng et al., 2002), IL-10-induced CD4+ Tregs (Tr1) (Battaglia et 

al., 2006; Roncarolo et al., 2006), Foxp3+CD8+ Tregs (Najafian et al., 2003), and 

CD69+CD25-CD4+ Tregs (Han et al., 2009). Our lab was the first to identify an 

adaptive Treg-like population of CD25+CD4+ cells generated in TCDD-treated mice 

during an acute GVH response (Funatake et al., 2005). 

Flow cytometric and functional analysis of CD4+ and CD8+ donor T cells 

following adoptive transfer into F1 hosts was performed to determine the effects of 

TCDD on the T cell response to alloantigen (Funatake et al., 2008; Funatake et al., 

2005; Marshall et al., 2008).  Phenotypic analysis of proliferating, alloreactive donor 

T cells revealed significant increases in the frequency of CD25+ T cells (both CD4+ 

and CD8+), and in the level of CD25 expressed per cell 48 h after adoptive transfer 

into TCDD-treated host mice. When pre-existing CD25+ cells were depleted from 

the donor inoculum prior to adoptive transfer, there was no effect on the generation 

of the CD25high population suggesting de novo induction rather than expansion of a 

pre-existing CD25+ population. The CD25high cells also expressed increased levels 

of CTLA-4, glucocorticoid-induced TNF receptor (GITR), and down-regulated 

CD62-L expression compared to cells from vehicle-treated mice (Funatake et al., 

2005). These phenotypic changes were not seen in Ahr-/- donor T cells suggesting 

AhR activation by TCDD may be inducing adaptive Tregs. A functional assessment 

of the cells using a standard suppression assay showed that donor CD4+ and CD8+ 

T cells suppressed the proliferation of CD4+ T cell responders stimulated in vitro 
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with anti-CD3 even more potently than a population of natural CD25+CD4+ 

regulatory T cells (Funatake et al., 2008; Funatake et al., 2005). Thus, alloreactive 

donor CD4+ and CD8+ T cells exposed to TCDD during acute GVHR appear to be 

both phenotypically and functionally consistent with Tregs, although further 

characterization of the cells is still needed. 

These GVH studies were the first to link AhR activation by TCDD with the 

induction of CD4+ and CD8+ Treg-like cells, suggesting AhR may act as an 

alternative transcription factor to induce Treg phenotype and function. Interestingly, 

these phenotypic changes in both CD4+ and CD8+ donor T cells exposed to TCDD 

were primarily dependent upon the AhR expression in the donor CD4+ T cells 

(Funatake et al., 2008).  Thus it is possible CD8+ T cells were converted to Treg-

like cells through direct interactions with the CD4+ T cells, or indirectly through 

interactions with CD4+ T cell-licensed DCs. The AhR status of the host did not 

influence suppression of the GVH response (Funatake et al., 2009) suggesting that 

direct AhR-mediated effects on host antigen-presenting cells did not mediate the 

induction of the cells.  Thus direct AhR-mediated effects of TCDD on CD4+ T cells 

is necessary for the induction of Treg-like cells in the acute GVHR model. 

 

Effects on Th17 development 

IL-17-secreting T cells (Th17) are a recently identified lineage of effector T 

cells. Th17 cells are generally found in the skin and GI tract and are involved with 

inflammatory immune responses and autoimmune conditions such as inflammatory 

bowel disease, multiple sclerosis and rheumatoid arthritis (Tesmer et al., 2008).  
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Th17 cell express the transcription factor retinoid-related orphan receptor γt (ROR-

γt) which promotes Th17 phenotype including IL-17 expression (Unutmaz, 2009). 

Th17 cells can be generated in vitro upon co-treatment with TGF-beta and IL-6 

and/or IL-21 (Awasthi and Kuchroo, 2009; Bettelli et al., 2006; Wilson et al., 2007). 

Although T cells increase their expression of AhR upon activation (Negishi et al., 

2005), AhR was shown to be significantly upregulated in Th17-polarized T cell 

cultures treated with TGF-beta and IL-6 (Kimura et al., 2008; Quintana et al., 2008). 

Macrophages treated with TGF-beta and IL-6 however, did not upregulate AhR 

(Kimura et al., 2009), suggesting it is a cell-type specific phenomenon. The 

implications of this increased AhR expression during Th17 differentiation is not 

known, as it could allow Th17 effector T cells to be more sensitive to the effects of 

TCDD and other AhR ligands compared to other T cell effector subsets. However, 

Kimura et al. showed only a small effect of TCDD on the induction of IL-17 

producing cells in vitro (Kimura et al., 2008). Importantly however, TCDD does not 

induce Th17-like effector activity, but rather appears to suppress Th17 

differentiation (Quintana et al., 2008). 

Another high affinity ligand of AhR, 6-formylindolo[3,2-b]carbazole (FICZ), 

is an endogenous photoproduct of tryptophan which unlike TCDD, was shown to 

exacerbate the onset and severity of EAE (Quintana et al., 2008; Veldhoen et al., 

2008). These effects were AhR-dependent, and correlated with an increased 

frequency of Th17 cells. FICZ has also been shown to enhance Th17 cell generation 

in cultures treated with TGF-beta/IL-6 (Kimura et al., 2008; Quintana et al., 2008; 

Veldhoen et al., 2008). Kimura et al. showed that FICZ enhanced TGF-beta/IL-6-
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induced Th17 development to approximately the same degree as TCDD (Kimura et 

al., 2008). These effects were not seen when the cells were AhR-/-. FICZ also 

inhibited TGF-beta-induced Treg development in vitro (Quintana et al., 2008). The 

differential effects of TCDD and FICZ on Th17 and Treg development is not yet 

understood, however the rapid metabolism of FICZ by AhR-induced enzymes (Wei 

et al., 1998) is one plausible explanation for the discrepancies between the two 

ligands (Kerkvliet, 2009). The finding that TCDD enhanced Th17 generation in 

vitro, but inhibited Th17 development during EAE is contradictory, however it is 

likely that TCDD affects other cell types in vivo to influence Th17 generation. For 

example, IL-6 production is affected by TCDD exposure in different cell types 

(Hollingshead et al., 2008; Jensen et al., 2003; Kimura et al., 2009), in contrast to 

the direct addition of IL-6 to the in vitro cultures.  

 

Natural AhR Ligands 

 
 

A known high-affinity endogenous ligand of AhR has not been identified, 

thus AhR is still considered an orphan receptor. The ligand-binding site of AhR is 

promiscuous; structurally diverse synthetic and naturally occurring AhR ligands 

have been identified. TCDD, as the most potent ligand of AhR, is a good prototype 

for studying the effects of AhR activation as there is reduced chance for high dose 

off-target effects by a lower-affinity ligand or confounding effects due to ligand 

metabolism. Given the profound immunotoxicity of TCDD however, there is interest 
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in studying the effects of alternative AhR ligands on the immune system to not only 

identify putative natural endogenous ligands of AhR, but also explore the potential 

for alternative AhR ligands to alter disease outcome.  

In addition to other synthetic halogenated aromatic hydrocarbon ligands of 

AhR like benzo[a]pyrene and TCDD, there is an abundance of naturally-occurring 

AhR ligands that we are exposed to both through endogenous biological processes 

and in our diet. Some of these compounds are converted in the gut to high affinity 

AhR ligands. Indole-3-carbinol, a metabolite of glucobrassicin found in cruciferous 

vegetables, is a weak AhR ligand that is converted to its acid condensation product 

indole[3,2-b]carbazole (ICZ) that binds and activates AhR with high affinity 

(Bjeldanes et al., 1991). The flavonoids are a large group of dietary AhR ligands that 

includes flavones, flavanols, flavanones and isoflavones which are a mixture of 

agonists and antagonists of AhR (Amakura et al., 2008; Zhang et al., 2003). 

Resveratrol, a known antagonist of AhR in the flavonoid family, was found to 

inhibit both TGF-beta- and TGF-beta/IL-6-mediated-induction of Treg and Th17 

cells in culture, respectively (Quintana et al., 2008).  

AhR ligands are also produced during different endogenous biological 

processes. The essential amino acid Tryptophan (Trp) is metabolized and 

photooxidized into multiple AhR ligands. One such photoproduct is FICZ, which 

was found to promote Th17 differentiation (Kimura et al., 2008; Quintana et al., 

2008; Veldhoen et al., 2008). Trp photoproducts generated in cell culture media 

have been shown to affect AhR activity (Oberg et al., 2005). The enzyme IDO 

catalyzes degradation of Trp into products such as kynurenine which have been 
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implicated in immune suppression and induction of tolerance (Bauer et al., 2005; 

Belladonna et al., 2007; Frumento et al., 2002; Terness et al., 2002). Interestingly, 

kynurenine has been shown to activate AhR (Heath-Pagliuso et al., 1998) and induce 

a Treg phenotype (Fallarino et al., 2006). The antiallergic drug Tranilast is a 

derivative of Trp metabolite 3-hydroxyanthranilic acid which binds and activates 

AhR (Kerkvliet, 2009) and has been shown to suppress EAE in a mechanism linked 

to Tregs (Platten et al., 2005). Other endogenous ligands include the tetrapyrole 

heme degradation products biliverdin and bilirubin (Phelan et al., 1998; Sinal and 

Bend, 1997), modified low-density lipoprotein (McMillan and Bradfield, 2007), 

arachadonic acid metabolites lipoxin A4 (Schaldach et al., 1999) and [12(R)-HETE] 

(Chiaro et al., 2008) and prostaglandins including PGG2 (Seidel et al., 2001) have 

all been shown to activate AhR. Ultimately, studies of the effects of alternative AhR 

ligands on immune responses could provide further insight into how our diet and 

endogenous environments rich in AhR ligands influence the immune system. 

 

Emerging Story for AhR Activation and Treg Development 

 

The mechanism(s) underlying enhanced Treg induction and frequency in 

TCDD-treated mice is not yet understood. Activation of AhR by TCDD has been 

shown to induce adaptive Treg-like cells during acute GVHR, and is associated with 

increased numbers of Foxp3+ Tregs in different mouse models. The induction of 

IDO expression in tolerogenic DCs and upregulation of TGF-beta expression in T 

cells by TCDD are some of the factors proposed to contribute to Treg induction. 



  
 

28 
 

AhR-mediated changes in gene expression patterns during effector T cell 

differentiation interferes with effector T cell development, and may result in the 

generation of adaptive Tregs by default. Whether preexisting Foxp3+ Tregs are 

relatively resistant to the AhR-mediated effects of TCDD, and thus are functionally 

preserved during an immune response to explain increased frequency is also not yet 

known. Ultimately, furthering our understanding of how AhR acts to suppress 

immune responses, and specifically preserves and/or induces Tregs, may open up 

new approaches for drug development for treatment of conditions such as 

autoimmunity, allergic reactions and transplant rejection. 

 

Objectives  

 

First Objective 

Further characterize the CD25+CD4+ T cells generated in TCDD-treated 

mice during an acute GVH response by comparing and contrasting the cells 

phenotypically and functionally with naturally-derived CD25+CD4+ Tregs.  

 

Second Objective 

Determine the role of selected genes expressed by the CD25+CD4+ T cells in 

the induction of the Treg phenotype and/or suppression of CTL development in 

TCDD-treated mice.  
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Third Objective 

Explore the utilization of phosphorodiamidate morpholino oligomers 

conjugated to cell-penetrating peptides to deliver into primary leukocytes and alter 

pre-mRNA splicing as a method to inhibit expression of genes identified in the 

second objective. 
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Figure 1.1. The basic chemical structure of 2, 3, 7, 8-Tetrachlorodibenzo-p-dioxin. 

 

 

 

 

 

Figure 2.1. Functional domains of the aryl hydrocarbon receptor (AhR).  
AhR contains several functional domains including a basic helix-loop-helix domain 
with a basic-region involved in DNA binding and a helix-loop-helix region that 
facilitates protein interactions. There are also two PAS domains, PAS-A and PAS-B, 
that are homologous to protein domains that were originally identified in the 
Drosophila genes period (Per) and single minded (Sim). The ligand-binding site of 
AhR is contained within the PAS-B domain. A glutamine-rich domain is located in 
the C-terminal region and is involved in co-activator recruitment and transactivation. 
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Figure 1.3. Schematic of the AhR signaling pathway.  
Non-ligand bound AhR remains in the cytoplasm complexed with a dimer of heat 
shock protein 90 (Hsp90), prostaglandin E synthase 3 (p23), and immunophilin-like 
protein hepatitis B virus X-associated protein 2 (XAP2) (1). Upon ligand binding, a 
conformation change allows release of the chaperone proteins and nuclear 
trafficking of AhR where it heterodimerizes with the aryl hydrocarbon nuclear 
translocator (ARNT) (2). This heterodimer binds dioxin response elements of DNA 
containing the core sequence 5’-GCGTG-3’ (3). This causes changes in gene 
expression that can be measured at the mRNA and protein levels (4). 
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Abstract 

 

Although the effects of 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) are 

mediated through binding and activation of the aryl hydrocarbon receptor (AhR), the 

subsequent biochemical and molecular changes that confer immune suppression are 

not well understood. Mice exposed to TCDD during an acute B6-into-B6D2F1 graft-

vs.-host response do not develop disease, and recently this has been shown to 

correlate with the generation of CD4+ T cells that express CD25 and demonstrate in 

vitro suppressive function. The purpose of this study was to further characterize 

these CD4+ cells (TCDD-CD4+s) by comparing and contrasting them with both 

natural regulatory CD4+ T cells (T-regs) and vehicle-treated cells. Cellular anergy, 

suppressive functions and cytokine production were examined. We found that 

TCDD-CD4+ cells actively proliferate in response to various stimuli but suppress 

IL-2 production and proliferation of effector T cells. Like natural T-regs, TCDD-

CD4+ cells do not produce IL-2, and their suppressive function is contact-dependent 

but abrogated by costimulation through GITR. TCDD-CD4+ cells also secrete 

significant amounts of IL-10 in response to both polyclonal and alloantigen stimuli. 

Several genes were significantly upregulated in TCDD-CD4+ cells including TGF-

β3, Blimp-1, and granzyme B, as well as genes associated with the IL12-Rb2 

signaling pathway. TCDD-CD4+ cells demonstrated an increased responsiveness to 

IL-12 indicated by the phosphorylation levels of STAT4. Only 2% of TCDD-CD4+s 

express Foxp3 suggesting that the AhR does not rely on Foxp3 for suppressive 

activity.  The generation of CD4+ cells with regulatory function mediated through 
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activation of the AhR by TCDD may represent a novel pathway for the induction of 

T-regs. 

 

Introduction 

 

 The 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) is a wide-spread 

environmental contaminant that induces profound immune suppression in mice. 

Although the immunosuppressive effects of TCDD are mediated through binding 

and activation of the aryl hydrocarbon receptor (AhR) (Ema et al., 1994; Okey et al., 

1994), the subsequent biochemical and molecular changes that confer suppression 

are still not well elucidated. After binding TCDD, the AhR translocates to the 

nucleus where it dimerizes with the AhR nuclear-translocator (ARNT). This basic-

helix-loop-helix PER-ARNT-SIM ligand-activated transcription factor can then bind 

core consensus sequences of DNA (5’-GTGCG-3’) known as dioxin responsive 

elements (DREs), causing specific changes in gene expression (Schmidt and 

Bradfield, 1996; Yao and Denison, 1992). DREs have been identified in the 

promoter regions of several genes important for cell activation, proliferation, and 

differentiation (Lai et al., 1996; Sun et al., 2004). In 2002, Kerkvliet et al. 

demonstrated that T cells are direct, AhR-dependent targets of TCDD (Kerkvliet et 

al., 2002), and yet the implications of AhR activation during the process of effector 

T cell differentiation are not clear, with anergy, deletion and/or induction of 

regulatory T cells suggested in recent reports (Camacho et al., 2001; Camacho et al., 

2005; Funatake et al., 2004; Funatake et al., 2005; Lawrence et al., 2006; Mitchell 



  
 

35 
 

and Lawrence, 2003a). 

Regulatory T cells (T-regs) are a subset of T cells with immunosuppressive 

capabilities. Although the concept of suppressor T cells was described as far back as 

the early 1970s (Gershon et al., 1972), the naturally occurring CD4+ CD25+ T 

regulatory cells were not described until the mid-1990s (Sakaguchi et al., 1995). 

Subsequently, it was identified that natural T-regs express Foxp3, a transcription 

factor required for their development and regulatory function (Fontenot et al., 2003; 

Hori et al., 2003). Additional populations of adaptive regulatory T cells with distinct 

markers and activity have also since been described including inducible-CD4+ 

CD25+ T-regs (Apostolou and von Boehmer, 2004; Kretschmer et al., 2005), CD4+ 

CD25- Foxp3- T-regs (Chen et al., 2004; Hansen et al., 2007), TGF-β-induced CD4+ 

T-regs (Weiner, 2001; Zheng et al., 2002), IL-10-induced CD4+ T-regs (Tr1) 

(Battaglia et al., 2006; Roncarolo et al., 2006), and CD8+ CD28- Foxp3+ cells 

(Najafian et al., 2003). The ability of immunosuppressive agents to induce T-regs 

has also been previously demonstrated. For example, the combination of vitamin D3 

and dexamethasone has been shown to induce IL-10 secreting T-regs in culture 

(Barrat et al., 2002; Vieira et al., 2004). Rapamycin has been shown to cause de 

novo induction and maintenance of T-regs in culture (Valmori et al., 2006), and 

generate IL-10-secreting donor T cells in a lymphohematopoietic graft-vs.-host 

(GVH) model (Durakovic et al., 2007). 

Our previous studies have shown that TCDD suppresses the CD4+ T cell-

dependent CD8+ cytotoxic T lymphocyte (CTL) response in a B6-into-B6D2F1 (F1) 

acute GVH response mouse model. In this model, the presence of AhR in both the 
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grafted CD4+ and CD8+ T cells is necessary for the full suppression of CTL in 

TCDD-treated mice (Kerkvliet et al., 2002). The alloreactive donor-derived CD4+ T 

cell population in TCDD-treated mice (TCDD-CD4+ cells) consists primarily of 

proliferating CD25+ cells that coexpress CTLA-4 and glucocorticoid-induced TNFR 

(GITR) at 48 h after adoptive transfer (Funatake et al., 2005). Furthermore, TCDD-

CD4+ cells share some functional characteristics with regulatory T cells including 

the ability to potently suppress the proliferation of anti-CD3 Ab-stimulated naïve 

CD4+ T cells in culture, and a lack of proliferation in response to anti-CD3 Ab 

stimulation (Funatake et al., 2005).  

The studies presented in this article provide an ex vivo characterization of 

TCDD-CD4+ cells, including direct comparisons with natural T-regs. The purpose 

was to identify effector mechanisms as well as changes in gene and protein 

expression that help to explain the function and/or generation of TCDD-CD4+ cells. 

TCDD-CD4+ cells share several characteristics with natural T-regs but exhibit 

unique properties, including the ability to retain suppressive function in culture 

during proliferation. TCDD-CD4+ cells produce significant amounts of IL-10 in 

response to polyclonal and alloantigen stimuli and express elevated levels of several 

gene transcripts including TGF-β3, Blimp-1, granzyme B, and IL-12Rb2. Little is 

known about the effects of TCDD on regulatory T cells and whether the induction of 

T-regs is one of the mechanisms by which TCDD suppresses the immune system. 

Activated AhR may act as an alternative to Foxp3 during activation-induced 

differentiation of naïve T cells to produce T-regs in TCDD-treated mice. 
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Materials and Methods 

 

Mice 

B6 and F1 mice were purchased from The Jackson Laboratory; B6.PL-

Thy1a/CyJ (Thy1.1+, originally purchased from The Jackson Laboratory) were 

maintained as a breeding colony on-site. All animals were kept in a pathogen-free 

animal facility at Oregon State University (Corvallis, OR) and treated according to 

animal use protocols approved by the Institutional Animal Care and Use Committee 

at Oregon State University. 

 

TCDD preparation and treatment 

TCDD (99% purity; Cambridge Isotope Laboratories) was dissolved in 

anisole (JT Baker) and diluted in peanut oil. The anisole/peanut oil solution alone 

served as vehicle control. Host F1 mice were dosed with 15 µg/kg TCDD or with 

vehicle control by oral gavage within 24 h before the adoptive transfer of splenic 

Thy1.1+ donor T cells. 

 

Preparation and injection of Thy1.1
+
 donor T cells 

Splenocyte suspensions were prepared by dissociation of spleens between 

frosted microscope slides in HBSS containing 2.5% FBS, 50 µg/ml gentamicin and 

20 mM HEPES followed by a 10-s water lysis of RBC. T cells (CD4+ and CD8+) 

were isolated from pooled splenocytes using a Pan T cell isolation kit and 

autoMACS separator (Miltenyi Biotec) to >90% purity. In some experiments the 
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cells were labeled with 2 µM CFSE (Molecular Probes) before adoptive transfer. 

Sex-matched F1 host mice were injected i.v. via the tail vein with 2 X 107 B6 donor 

T cells. Host spleens were then harvested 48 h after the transfer. 

 

Purification of Thy1.1
+
 donor CD4+ T cells during GVH response 

Donor Thy1.1+ CD4+ cells were isolated from F1 host splenocytes using a 

combination of panning and magnetic sorting methods. In this procedure, pooled 

splenocyte suspensions were isolated on the second day of the GVH response from 

vehicle- or TCDD-treated host mice and resuspended in HBSS containing 10% FBS, 

50 µg/ml gentamicin, and 20 mM HEPES. The cells were added to non tissue 

culture treated petri plates coated with ant-mouse IgG (Jackson ImmunoResearch 

Laboratories) and then incubated (4˚C) to allow B cells to adhere. The remaining 

cell suspensions were transferred to new petri plates coated with anti-mouse IgG and 

anti-CD8a and incubated (4°C) to allow CD8+ cells and additional B cells to adhere. 

Next, the remaining suspended cells were stained with PE-labeled anti-mouse 

Thy1.1 (clone OX-7; BD Pharmingen) and sorted with anti-PE microBeads on an 

autoMACS separator (Miltenyi Biotec). The purified cells (>80% CD4+ Thy1.1+) 

are designated as VEH-CD4+ cells or TCDD-CD4+ cells from vehicle- and TCDD-

treated hosts, respectively. In some experiments, the dividing VEH-CD4+ cells and 

TCDD-CD4+ cells were identified by CFSE dilution and were sorted from pooled 

host spleens using a MoFlo cell sorter to >95% purity.  

 

Splenocyte cultures 
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Splenocytes were cultured in RPMI 1640 medium containing 10% FBS, 50 

µg/ml gentamicin and 50 µM 2-ME (cRPMI). For suppression assay cultures, naive 

B6 splenocytes were fractionated using a mouse CD4+ CD25+ regulatory T cell 

isolation kit and an autoMACS separator (Miltenyi Biotec). Isolated fractions 

included CD4+ CD25+ natural T-regs, CD4+ CD25- responders that were labeled 

with CFSE (2 µM; Molecular Probes), and T cell-depleted accessory cells that were 

either gamma irradiated (3 kilorad) or mitomycin C treated (50 µg/ml) before 

culture. Naïve CD4+ CD25+ natural T-regs or donor CD4+ cells isolated from 

TCDD- or vehicle-treated F1 mice 48 h after adoptive transfer of donor T cells were 

titrated into culture (1:1 to 1:16 suppressor to responder ratio) with 2 X 105 

responder CD4+ T cells, 1 X 105 accessory cells (ACs), and 0.25 µg/ml soluble anti-

CD3 Ab (BD Biosciences) in cRPMI. Cells and supernatants were harvested 72 h 

later and dilution of CFSE in responder cells was measured by flow cytometry. 

To some cultures containing purified donor Thy1.1+ CD4+ cells, exogenous 

rIL-2 (IL-2, eBioscience), IL-12 (eBioscience), or plate-bound anti-CD3 Ab was 

added as indicated. IL-2, IL-17A (eBioscience), TGF-β1 (Anogen), and TGF- β3 

(R&D Systems) were measured in supernatants by ELISA as per manufacturer’s 

instructions. IL-10, IL-4, and IFN-γ were measured with FlowCytomix Simplex kits 

(Bender MedSystems) according to the manufacturer’s instructions on a Beckman 

Coulter FC-500 flow cytometer. Abs added to neutralize or ligate molecules in the 

assay included anti-mouse IL-10 (clone JES5-2A5; BD Pharmingen), anti-mouse 

GITR (clone DTA-1; eBioscience), and purified rat IgG2a (eBioscience) as isotype 

control. Recombinant soluble mouse TGF-βRII/mouse Fc (R&D Systems) was 



  
 

40 
 

added to bind and sequester TGF-β1 and TGF-β3.  

To determine requirements for cell contact, a Corning HTS Transwell-96 

tissue culture system with a 0.4-µM polycarbonate membrane was used to separate 

cultures containing TCDD-CD4+ cells (or natural T-regs) (2.5 X 104) with ACs (5 X 

104) (top insert) from CFSE-labeled CD4+ responders (5 X 104) and ACs (5 X 104) 

(bottom insert) in cRPMI containing 0.5 µg/ml soluble anti-CD3 Ab.  

 

Dendritic cell isolation and cultures 

F1 dendritic cells (DCs) were derived from bone marrow cells flushed from 

tibias with a 25-gauge needle containing HBSS medium with 2.5% FBS and 50 

µg/ml gentamicin. Cells were dissociated through a 100-µM nylon mesh cell strainer 

and cultured in non-tissue culture-treated 100 X 15-mm petri dishes in cRPMI 

containing 15 ng/ml GM-CSF (eBioscience). After three days of culture, floating 

and loosely adherent cells were collected and recultured in fresh cRPMI 

supplemented with GM-CSF for an additional 7 days of culture. The DCs were then 

used within an additional 14 days. Removal of adherent DCs was achieved with a 

15-min incubation (4°C) with 5 mM EDTA followed by gentle-trituration. 

Maturation of DCs was achieved by incubation with 500 ng/ml LPS (E. coli 

0111:B4, Sigma) for 24 h. 

 

Flow cytometry 

Splenocytes were washed and stained on ice in Dulbecco’s PBS containing 

1% BSA and 0.1% sodium azide. Cells were first incubated with rat IgG (Jackson 
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ImmunoResearch Laboratories) for Fc-receptor blocking and then stained with 

optimal concentrations of different combinations of anti-mouse mAbs including  

biotinylated-Thy1.1 (clone OX-7), allophycocyanin-Cy7-CD4 (clone GK1.5), PE-

CD25 (clone PC61), or allophycocyanin-CD25 (clone PC61) from BD Biosciences. 

Foxp3 (clone FJK-16s) was measured using a PE anti-mouse/rat Foxp3 staining kit 

(eBioscience). STAT4 was measured using BD Phosflow reagents including mouse 

PE-STAT4 (clone 38/p-Stat4) as per the manufacturer’s instructions. Samples 

lacking one of the individual stains (called fluorescence minus one) or antibody 

isotypes were used as staining controls. Viability of unfixed cells was measured with 

7-amino-actinomycin D (Calbiochem), or with ethidium monoazide (Sigma-Aldrich) 

for fixed cells. A minimum of 5,000 donor CD4+ events, or >10,000 nondonor 

events were collected per sample on a Beckman Coulter FC-500 flow cytometer. 

Data analysis and software compensation were performed using WinList (Verity 

Software). 

 

Real-Time RT-PCR 

IL-2 mRNA levels were measured in cultured cells using the RNAqueous-

4PCR kit (Ambion) followed by cDNA synthesis. PCRs were conducted using the 

SuperScript III Platinum two-step quantitative RT-PCR Kit (Invitrogen). The 

following are the sequences of the IL-2-specific and 18S ribosomal subunit-specific 

(Proudnikov et al., 2003) primers and probes used: IL-2: 5’-

CCTGAGCAGGATGGAGAATTACA-3’ (forward),  5’-

TCCAGAACATGCCGCAGAG-3’ (reverse) (Biosource International), and 5’-
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FAM-CCCAAGCAGGCCACAGAATTGAAAG-BHQ1-3’  (probe) (Integrated 

DNA Technologies); 18S ribosomal subunit: 5’-CTTTGGTCGCTCGCTCCTC-3’ 

(forward), 5’-CTGACCGGGTTGGTTTTG AT-3’ (reverse), and, 5’-FAM-

TGCCGACGGGCGCTGACC-BHQ1-3’  (probe) (Biosource International). The 

real-time PCR protocol was one cycle at 50˚C for 2 min, 1 cycle at 95˚C for 2 min, 

and then 40 cycles at 95˚C for 20 s and 61˚C for 1 min. RT-PCRs were performed 

using a Bio-Rad iCycler instrument. mRNA levels of other genes were measured by 

semiquantitative RT-PCR (qPCR) in VEH-CD4+ cells or TCDD-CD4+ cells (n = 3; 

two pooled mice per n; >90% Thy1.1+ purity) using the RNeasy mini kit and 

SuperArray ReactionReady first strand cDNA synthesis kit (Qiagen). PCRs were 

performed with RT2 real-time SYBR Green/ROX master mix (SuperArray 

Bioscience) including gene-specific primers, and normalized for β-actin expression. 

Reactions were performed on an Applied Biosystems 7500 sequence detection 

instrument using the protocol: one cycle at 95˚ for 10 min, then 40 cycles at 95˚ for 

15 s and 60˚ for 1 min followed by a denaturation step. Results were analyzed using 

ABI 7500 system software. The same VEH-CD4+ and TCDD-CD4+ cDNA samples 

were also used to measure the expression of 84 genes associated with T cell 

differentiation using a RT² Profile mouse Th1-Th2-Th3 PCR Array (SuperArray 

BioScience). The assay and data analysis were conducted as per the manufacturer’s 

instructions. 

 

Statistical analyses  

Results are presented as the mean ± SEM for individual mouse and/or culture 
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well replicates as indicated. Unpaired t tests were performed using GraphPad Prism, 

GraphPad software where p < 0.05 (*), p < 0.005 (**), and p < 0.0005 (***) indicate 

statistical significance. 

 

Results 

 

TCDD does not induce Foxp3
+
 cells during an acute GVH response 

Foxp3, a Forkhead/winged-helix transcription factor, is expressed by natural 

CD4+ CD25+ T-regs, and is necessary for their development and suppressive 

function (Miyara and Sakaguchi, 2007). Because donor CD4+ cells express a 

CD25high phenotype during the second day of the B6-into-F1 acute GVH response in 

TCDD-treated F1 host mice and demonstrate suppressive function in vitro (Funatake 

et al., 2005), it was important to determine if these cells also express Foxp3. B6 

donor T cells were identified in spleens from F1 hosts treated with TCDD (TCDD-

CD4+) or vehicle control (VEH-CD4+) by their expressions of the congenic marker 

Thy1.1, from which Foxp3, and CD25 were measured (Fig. 2.1A). As shown in Fig. 

2.1B, Foxp3 was expressed at a low frequency in both TCDD-CD4+ cells and VEH-

CD4+ cells (2-3% of cells), and significantly fewer TCDD-CD4+ cells expressed 

Foxp3 (2.2% ± 0.15) than VEH-CD4+ cells (2.7% ± 0.1; p < 0.05). When the co-

expression of CD25 and Foxp3 was examined, only 9% of the CD25+ TCDD-CD4+ 

cells expressed Foxp3 compared with 21% of the CD25+ VEH-CD4+ cells (Fig. 

2.1C). Furthermore, the Foxp3+ cells present in the TCDD-CD4+ population were 

not among those actively proliferating in response to alloantigen according to CFSE 
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dilution (data not shown), suggesting they represent residual natural T-regs present 

in the donor inoculum at the time of adoptive transfer. These data suggest that 

TCDD does not induce de novo generation of Foxp3+ CD4+ cells or expand the 

existing population. This is further supported by the finding that depleting CD25+ 

cells from the donor cell inoculum before transfer into hosts does not influence the 

effects of TCDD on TCDD-CD4+ cells (Funatake et al., 2005). Foxp3 protein 

expression was also measured in F1 host CD4+ T cells and the percentages that were 

Foxp3+ were not different between TCDD-treated (13.1% ± 0.4) and vehicle-treated 

mice (14.0% ± 0.7).  

 

TCDD-CD4
+
 cells do not produce IL-2 and suppress IL-2 production by responder 

T cells 

 
Another important feature of natural T-regs is their lack of IL-2 production 

despite high CD25 expression. To determine whether this feature was shared by 

TCDD-CD4+ cells, soluble IL-2 protein was measured in the supernatants of anti-

CD3 Ab-stimulated naïve CD4+ T cells, TCDD-CD4+ cells, or natural T-regs at 24, 

48, and 72 h. The highest levels of IL-2 were found at 48 h, at which time the 

supernatants from anti-CD3 Ab-stimulated naïve CD4+ T cells contained 766 ± 34.9 

pg/ml IL-2, compared with 19.6 ± 7.5 pg/ml  and 8.9 ± 0.8 pg/ml IL-2 in TCDD-

CD4+ and natural T-reg supernatants, respectively (Fig. 2.2A). We suspected that the 

low levels of  IL-2 in TCDD-CD4+ and natural T-reg supernatants came from small 

numbers of contaminating effector CD4+ T cells still present in the magnetically 

sort-purified populations. Hence, IL-2 was further examined at the mRNA level 
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early in culture (14 h) by q RT-PCR for the same purified populations of T cells. IL-

2 was detected in RNA isolated from anti-CD3-stimulated CD4+ T cells but was 

below detectable levels in RNA isolated from stimulated TCDD-CD4+ cells and 

natural T-regs, suggesting that, like natural T-regs, TCDD-CD4+ cells do not 

produce significant amounts of IL-2.  

In studies performed to measure suppressive function, TCDD-CD4+ cells 

were titrated into a suppression assay culture consisting of naïve CD4+ CD25- 

responder cells labeled with CFSE, soluble anti-CD3 Ab, and  mitomycin-C-treated 

or gamma-irradiated accessory cells. The dynamics of IL-2 expression in this assay 

were examined to determine whether the suppressed proliferation of responder T 

cells in the presence of TCDD-CD4+ cells was due to a lack of IL-2 in culture. As 

shown in Fig. 2.2B, an inverse relationship existed between increasing levels of IL-2 

in the supernatants and decreasing numbers of TCDD-CD4+ cells (and natural T-

regs) in the culture. To determine whether TCDD-CD4+ cells were sequestering or 

depleting IL-2 due to the high levels of CD25 being expressed, exogenous IL-2 was 

added to cultures containing only TCDD-CD4+ cells, natural CD25+ CD4+ T-regs, or 

no cells (to control for degradation of IL-2 in culture over time), and then IL-2 levels 

were measured in the supernatants by ELISA 72 h later. We found that cultures 

containing TCDD-CD4+ cells had at least as much remaining soluble IL-2 (411 ± 

19.9 pg/ml) as those containing no cells (362.8 ± 0.36 pg/ml). In comparison, natural 

T-regs consumed almost half of the IL-2 (218 ± 1.3 pg/ml) over the 72-h period.  

To determine whether IL-2 production by naïve CD4+ responders was 

suppressed in the presence of TCDD-CD4+ cells, IL-2 mRNA transcript levels were 
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measured at 14 h in suppression assay cultures containing titrated numbers of 

TCDD-CD4+ cells or natural T-regs. As shown in Fig. 2.2C, compared with naïve 

CD4+ T cells, IL-2 transcript levels were reduced > 90% in the presence of natural 

T-regs and barely detectable in the presence of TCDD-CD4+ cells. Taken together, 

these data show TCDD-CD4+ cells produce little IL-2, do not sequester or deplete 

the culture of IL-2, and suppress early IL-2 production by CD4+ responders at the 

level of transcription. These findings, in part, account for the reduced proliferation 

of CD4+ responders cocultured with TCDD-CD4+ cells.  

 

TCDD-CD4
+
 cells are not anergic to stimuli in culture 

Previous studies have shown that TCDD-CD4+ cells are anergic in culture in 

response to anti-CD3 Ab stimulation without the addition of exogenous IL-2 

(Funatake et al., 2005). Unexpectedly however, more recent studies using CFSE 

dilution to measure proliferation show that TCDD-CD4+ cells continue to proliferate 

in culture in the presence of various stimuli. Specifically, at the time the donor cells 

were harvested from the host mice (48 h into the GVH response), the majority had 

undergone 2-4 divisions, but after 40 h of additional culturing with anti-CD3 Ab or 

IL-2, the majority of cells had undergone 6-9 divisions (Fig. 2.3A). The previous 

studies of TCDD-CD4+ anergy measured [3H]TdR incorporation after 72 h of anti-

CD3-stimulation (Funatake et al., 2005). We have found, however, that the viability 

of TCDD-CD4+ cells (and VEH-CD4+ cells) stimulated with anti-CD3 can drop to 

<20% after 72 h, which may explain the original findings. Thus, in the suppression 

assay which included anti-CD3 Ab as the stimulus, TCDD-CD4+ cells continue to 
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divide while suppressing the activation and proliferation of naïve CD4+ T cells. The 

results from these CFSE studies that demonstrate TCDD-CD4+ cells are not anergic 

in vitro are consistent with our observations that TCDD-CD4+ cells continue to 

expand if left in vivo through 72 h after adoptive transfer (Funatake et al., 2005).  

 

Suppressive functions of TCDD-CD4
+
 cells require contact with responder cells but 

are relieved by costimulation through GITR 

 

 Natural T-regs require contact/close proximity with cells they suppress in 

vitro (Takahashi et al., 1998; Thornton and Shevach, 1998). To determine whether 

cellular contact was also required for the ex vivo suppressive function(s) of TCDD-

CD4+ cells, the TCDD-CD4+ cells were separated from CFSE-labeled responder 

CD4+ T cells using a Transwell system with a 0.4-µM membrane to prohibit cell 

contact, but still allow transfer of soluble molecules. We found that when separated 

by the membrane, the proliferation of the responder T cells was not suppressed by 

TCDD-CD4+ cells (Fig. 2.3B), suggesting that the suppressive mechanism(s) of 

TCDD-CD4+ cells require contact with the target responder cells in vitro. It has also 

been demonstrated that costimulatory signals abrogate suppression by natural T-

regs, including stimulation through GITR (Shevach and Stephens, 2006; Shimizu et 

al., 2002). Because TCDD-CD4+ cells also express high levels of GITR (Funatake et 

al., 2005), we added an agonistic anti-GITR Ab to the suppression assay culture and 

saw a dose-dependent reduction in the suppression of responder T cell proliferation 

by TCDD-CD4+ cells (Fig. 2.3C). Thus, similar to natural T-regs, the absence of cell 

contact or the presence of costimulation are both capable of abrogating the 
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suppressive activity of TCDD-CD4+ cells in culture. 

 

Allostimulation also discriminates TCDD-CD4
+
 cells from VEH-CD4

+
 cells 

 Previous studies used anti-CD3/accessory cell stimulation of TCDD-CD4+ 

cells to measure their functional activity ex vivo. TCDD-CD4+ cells, however, were 

generated under conditions of allostimulation in vivo; thus we were interested to see 

whether continued allostimulation in vitro might discriminate TCDD-CD4+ cytokine 

production and function from VEH-CD4+ cells. F1 host spleens were harvested 48 h 

after adoptive transfer of donor T cells, and the splenocytes were cultured as a 

mixture of donor and host cells (n = 3 mice). Cytokines were measured in the culture 

supernatants after 18 h. Under these conditions, there was significantly more IL-10 

detected in the supernatants from TCDD-treated mice (328.3 ± 34 pg/ml) compared 

with vehicle-treated mice (179.6 ± 48.3 pg/ml; p < 0.01) (Fig. 2.4A). In contrast, the 

supernatants collected from the vehicle-treated splenocytes contained significantly 

more IL-2 (445.3 ± 84.8 pg/ml) than those from TCDD-treated splenocytes (130.5 ± 

15 pg/ml; p < 0.01) (Fig. 2.4B). The concentration of IL-2 in the supernatants from 

naïve nonstimulated splenocytes was not significantly different from that in the 

supernatants from TCDD-treated splenocytes, supporting our earlier observations 

that TCDD-CD4+ cells produce little IL-2. There was, however, no significant 

difference in the concentrations of IFN-γ in the supernatants (data not shown). 

To compare the suppressive function of VEH-CD4+ cells and TCDD-CD4+ 

cells under conditions of allostimulation, the cells were titrated into cultures 

containing LPS-matured F1 bone marrow-derived DCs (allo-DCs) and CFSE-
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labeled responder T cells (both CD4+ and CD8+) purified from naïve B6 mice. 

Results showed significantly more suppression of proliferation of both CD4+ and 

CD8+ responder T cells in the presence of TCDD-CD4+ cells compared with VEH-

CD4+ cells (Fig. 2.4C). Taken together these results demonstrate that TCDD-CD4+ 

cells have suppressive function in culture in response to both anti-CD3 Ab and allo-

DC stimuli and that they suppress proliferation of both CD4+ and CD8+ effector T 

cells. 

 

TCDD-CD4
+
 cells produce significant amounts of IL-10 

Because increased concentrations of IL-10 were detected in the mixed donor 

and F1 host splenocyte cultures from TCDD-treated mice, it was important to 

determine whether TCDD-CD4+ cells were producing it. Thus, IL-10, along with 

other cytokines of interest, were measured in supernatants harvested from sort-

purified, actively dividing (according to CFSE dilution) TCDD-CD4+ cells and 

VEH-CD4+ cells after 72 hrs of anti-CD3 Ab stimulation. As with allostimulation, 

anti-CD3 Ab-stimulated TCDD-CD4+ cells produced significantly more IL-10 than 

VEH-CD4+ cells (Fig. 2.5A). IL-10 was not detected in cultures containing anti-CD3 

Ab-stimulated natural T-regs or naïve CD4+ T cells. When TCDD-CD4+ cells were 

titrated into a suppression assay with naïve CD4+ responders, the IL-10 

concentrations in the supernatants were significantly increased (p < .005) compared 

with cultures containing VEH-CD4+ cells (Fig. 2.5B). Neutralization of IL-10 with 

Ab had no effect on proliferation of responder T cells in the presence of TCDD-

CD4+ cells (data not shown) as has also been reported for natural T-regs in vitro 
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(Takahashi et al., 1998; Thornton and Shevach, 1998). 

TGF-β1, another cytokine implicated in T-reg generation and/or effector 

function, was not detected in soluble form in TCDD-CD4+ or VEH-CD4+ 

supernatants; however, expression of cell surface-bound TGF-β1, as has been 

reported on natural T-regs (Nakamura et al., 2001), was not analyzed. A soluble 

TGF-β type II receptor was added to culture to sequester TGF-β1/TGF-β3, which 

had no effect on responder proliferation in the presence of TCDD-CD4+ cells (data 

not shown) as has been reported for natural T-regs (Takahashi et al., 1998; Thornton 

and Shevach, 1998). Other soluble cytokines measured, including IFN-γ, IL-4, and 

IL-17A, were not detected. 

 

Significant changes in gene expression occur in TCDD-CD4
+
 cells compared with 

VEH-CD4
+
 cells 

 

The expressions of genes associated with different T cell differentiation 

pathways, including cytokines, transcription factors, activation markers and other 

immune-response-related genes, were examined in purified TCDD-CD4+ cells and 

VEH-CD4+ cells (n = 3 per treatment) using a commercially available PCR array 

(SuperArray Bioscience). As shown in Table I, 15 of the 84 genes in the array were 

significantly up-regulated in TCDD CD4+ cells. The greatest change in expression 

was seen for TGF-β3, which was up-regulated 13-fold compared with VEH-CD4+ 

cells. Genes associated with T-reg function that were significantly increased in 

TCDD-CD4+ cells included Ctla-4, IL-2Ra (CD25), and IL-10.  Also significantly 

increased >1.3-fold over VEH-CD4+ cells were IL-12Rb2, Ccr4, Stat4, Ccr5, Socs3, 
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Tnfrsf8 (CD30), Bcl-3, Gata-3, Icos, CD28, and Jak2. In addition, TCDD exposure 

resulted in the significant down-regulation of some genes compared with vehicle 

(>1.3-fold) including Tnfsf4 (OX40-L), IL-13Ra, CD86, Bcl-6, IL-5, Nfkb-1, and 

Ccl5 (Table 2.1).   

 Using the same RNA samples, relative expression levels of Cyp1a1 and AhR 

repressor (Ahrr), two genes known to be regulated by TCDD-mediated activation of 

the AhR, were measured by qPCR. The Cyp1a1 message was detected in TCDD-

CD4+ cells but not in VEH-CD4+ cells, and Ahrr message was increased 21-fold in 

TCDD-CD4+ cells compared with VEH-CD4+s.  Expression of two target genes 

specifically altered by activation of the AhR had been appropriately up-regulated in 

TCDD-CD4+ cells, allowing us to correlate other gene expression changes with the 

effects of TCDD-mediated activation of AhR. The relative expression levels of 11 

other genes originally identified on a DNA microarray chip, were also measured 

(Fig. 2.6). Transcripts that were expressed in TCDD-CD4+ cells >3-fold over VEH-

CD4+ cells included Ccr9, granzyme B, and Blimp-1 (Fig. 2.6). However, the 

remaining genes including Ador2b, Bach2, Entpd1, Ncoa1, Nfe212, Nr3c1, Pdcd4 

and Ppp3cb were not changed compared to VEH-CD4+ cells. 

   

Protein changes in/on TCDD-CD4
+
 cells consistent with gene expression changes 

 Several of the genes increased at the transcript level in the PCR array also 

showed increased expression at the protein level.  Increased expression of CTLA-4 

and CD25 on donor CD4+ cells from TCDD-treated mice was reported previously 

using flow cytometry (Funatake et al., 2005), and increased levels of IL-10 had been 



  
 

52 
 

identified in the supernatants of cultured TCDD-CD4+ cells (Fig. 2.4A, 2.5A). 

Unexpectedly, the IL-12Rb2 message, along with other components of the IL-12R 

signaling pathway, Stat4, Jak2, and Socs3 were up-regulated in TCDD-CD4+ cells 

compared with VEH-CD4+ cells.  To determine whether the IL-12R pathway was 

more active in TCDD-CD4+ cells, levels of phosphorylated STAT4 protein were 

measured in TCDD-CD4+ cells and VEH-CD4+ cells immediately after harvest from 

F1 host mice 48 h after adoptive transfer of the donor T cells. The percentage of 

cells expressing phosphorylated STAT4 in the TCDD-CD4+ population was 

markedly increased compared with VEH-CD4+ cells (Fig. 2.7A, time 0), suggesting 

an enhanced signaling of the IL-12R signaling pathway in TCDD-CD4+ cells. 

To examine the responsiveness of TCDD-CD4+ cells and VEH-CD4+ cells to 

IL-12, the cells were incubated with IL-12 for 1 or 2 h at room temperature and the 

percentage of cells expressing phosphorylated STAT4 was measured (Fig. 2.7A, 

inset). Results showed a time-dependent increase in the percent of TCDD-CD4+ 

cells expressing phosphorylated STAT4; only after 2 h did the percentage of VEH-

CD4+ cells expressing phosphorylated STAT4 attain that of TCDD-CD4+ cells (Fig. 

2.7A). The mean channel fluorescence values for phosphorylated-STAT4 also 

increased per cell division, with the greatest levels expressed by TCDD-CD4+ cells 

incubated with IL-12 (Fig. 2.7B). Together, the results suggest that TCDD-CD4+ 

cells are more responsive to IL-12 than VEH-CD4+ cells, both as a percentage of 

total cells and on a per cell basis, thus validating the functional significance of 

increased IL-12Rβ2 and STAT4 expression in TCDD-CD4+ cells. 

The gene with the greatest fold-increase in TCDD-CD4+ cells was an 
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isoform of TGF- β, TGF-β3. However, soluble TGF-β3 protein was not detected in 

TCDD-CD4+ or VEH-CD4+ culture supernatants by ELISA. Whether surface-bound 

or intracellular levels were present is not yet known. Also identified on the DNA 

microarray and validated by qPCR was granzyme B, increased almost 6-fold in 

TCDD-CD4+ cells (Fig. 2.6). Soluble granzyme B protein was measured at 

picogram levels in culture supernatants by ELISA, but levels were not different 

between TCDD-CD4+ cells and VEH-CD4+ cells stimulated with anti-CD3 Ab or 

alloantigen (data not shown). Intracellular granzyme B expression as measured by 

flow cytometry was also not altered by TCDD (data not shown). We were also 

unable to confirm increased CD30, increased CCR5, or decreased CD86 cell surface 

protein expression at 48 h by flow cytometry on TCDD-CD4+ cells. Table II 

summarizes protein expression that has been measured in/on TCDD-CD4+ cells at 

48 h and indicates the changes in expression relative to VEH-CD4+ cells. 

Measurement of protein expression for other genes affected by TCDD exposure and 

their functional significance are still under investigation.  

 

Discussion 

 

We previously reported that the profound suppression of an acute GVH 

response in TCDD-treated mice was associated with the generation of donor-derived 

CD4+ CD25+ T-reg cells that was dependent upon activation of the AhR (Funatake 

et al., 2005). However, these studies did not address the mechanisms of their 

suppressive function or identify changes in gene expression associated with AhR 
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activation that may play a role in the generation or the effector function of these 

cells (TCDD-CD4+ cells). Here, we have further characterized TCDD-CD4+ cells by 

comparing and contrasting them ex vivo with natural T-regs as well as identified and 

validated changes in gene expression that correlate with the activation of AhR by 

TCDD. 

Using natural T-regs as a control in our assays allowed us to identify the 

characteristics that were shared between them and TCDD-CD4+ cells. Results 

showed that even though TCDD-CD4+ cells do not express Foxp3, they do share in 

vitro characteristics with natural T-regs, including the requirement for contact/close 

proximity with the effector T cells they suppress and abrogation of suppression by 

costimulation through GITR. It is not yet known whether the GITR costimulatory 

signal acts on TCDD-CD4+ cells, CD4+ responders, or both to ultimately abrogate 

suppression. Furthermore, the effects of enhanced costimulation on TCDD-CD4+ 

cells in vivo and the ability of this stimulation to relieve suppression of the allo-CTL 

response have not yet been studied. The finding that TCDD-CD4+ cells can suppress 

the proliferation of both CD4+ and CD8+ allo-responders in culture suggests they 

could also suppress alloreactive CTL during the GVH response. 

Potential suppressive effector molecules used by TCDD-CD4+ cells were 

also examined. We found a significant increase in the amount of IL-10 produced 

both at the mRNA transcript and protein levels by TCDD-CD4+ cells. When TCDD-

CD4+ cells were titrated into a suppression assay with CD4+ responders, the levels 

of soluble IL-10 in the supernatants increased, suggesting that either TCDD-CD4+ 

cells induced the responders to secrete IL-10 or the responders provided TCDD-
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CD4+ cells with some factor(s) that enhanced TCDD-CD4+ production of IL-10. 

Additionally, we found that TGF-β3 was increased 13-fold in TCDD-CD4+ cells 

compared to VEH-CD4+ cells. An increase in TGF-β3 has also been observed in 

previous studies of mouse thymocytes exposed to TCDD (Lai et al., 1997); however 

the immunological relevance of this more recently identified TGF-β isoform, 

primarily studied in processes of cell differentiation and development 

(Bandyopadhyay et al., 2006; Kaartinen et al., 1997) is not well known. We did not 

detect TGF-β1 or TGF-β3 protein in supernatants isolated from cultured TCDD-

CD4+ cells, however, it is possible they are expressed on the cellular membrane, 

because surface-bound TGF-β is a mechanism of suppression used by natural T-regs 

(Nakamura et al., 2001). Recently, Quintana et al. reported that the transfer of CD4+ 

T cells from TCDD-treated mice offered some protection from the development of 

experimental autoimmune encephalomyelitis (EAE) that was not observed when 

transferred into mice expressing a T cell-restricted deficient TGF-β receptor II 

(Quintana et al., 2008). The authors interpreted this to mean that T-regs induced by 

the activation of AhR by TCDD controlled EAE by a TGF-β1-dependent 

mechanism; however, TGF-β3 also binds this receptor. Neutralization of IL-10 or 

TGF-β in the in vitro suppression assay was unable to abrogate the suppression by 

TCDD-CD4+ cells; however, the importance of these effector molecules for in vivo 

suppression of the GVH response in TCDD-treated mice remains to be determined. 

Although the collective mechanisms of suppression used by natural T-regs 

and the identification of the most important of these has not been fully elucidated, 

the ultimate result is suppressed production of IL-2 by target responder T cells in the 
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presence of natural T-regs in vitro (Thornton and Shevach, 1998). This same 

observation for TCDD-CD4+ cells helps explain the suppressed proliferation of 

effector T cells when they are co-cultured in the suppression assay. Decreased IL-2 

in the cultures did not appear to be due to sequestering by TCDD-CD4+ cells, 

although the CD25 expressed by TCDD-CD4+ cells is functional as measured by 

increased STAT5 phosphorylation after the addition of exogenous IL-2 (Funatake et 

al., manuscript in preparation). TCDD-CD4+ cells, like natural T-regs, expressed 

little to no IL-2 in response to anti-CD3 Ab or alloantigen stimuli. Dioxin response 

elements distal to the IL-2 gene promoter have been identified that, when bound by 

liganded AhR, enhance IL-2 gene expression (Jeon and Esser, 2000). Although we 

observed a lack of IL-2 expression by TCDD-CD4+ cells at 48 h, enhanced IL-2 

secretion by TCDD-CD4+ cells appears to occur early in the GVH response 

(Funatake, manuscript in preparation). Neutralization of IL-2 with Ab during the 

GVH response did not decrease CD25 expression on TCDD-CD4+ cells (Farrer and 

Steppan, unpublished observations), suggesting that CD25 expression could be 

driven independently of IL-2 production at 48 h. 

Analysis of changes in gene expression in TCDD-CD4+ cells led to the 

unexpected finding that genes involved in the IL-12R signaling pathway were up-

regulated. IL-12Rb2 and Stat4 were upregulated >9-fold and >3-fold over vehicle 

control, respectively. Jak2, the kinase that phosphorylates tyrosine residues on the 

activated IL-12R and on STAT4 was also up-regulated. At the protein level, the 

percentage of TCDD-CD4+ cells expressing phosphorylated STAT4 was increased 

compared with that of the VEH-CD4+ cells, and ex vivo stimulation with IL-12 
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validated an enhanced IL-12R signaling capacity of TCDD-CD4+ cells with 

enhanced phosphorylation levels of STAT4 both as a percentage of total cells and on 

a per cell basis. The implications of enhanced signaling of the IL-12Rb2 pathway on 

the function or generation of TCDD-CD4+ cells are currently under investigation. 

Because IL-12-responsive elements can cause chromatin remodeling at the CD25 

gene locus and increase CD25 expression (O'Sullivan et al., 2004), IL-12 signaling 

may be an important pathway for up-regulating CD25 on TCDD-CD4+ cells. The 

JAK2/STAT4 pathway is also important in the promotion of IFN-γ production; 

however increased expression of IFN-γ at the transcript or protein level in TCDD-

CD4+ cells was not found. This may suggest a breakdown in the signaling pathway 

distal to JAK/STAT phosphorylation or additional constraints imposed on IFN-γ 

gene expression by TCDD exposure. For example, Gata-3 transcript that is 

upregulated almost 2-fold in TCDD-CD4+ cells, can also induce IL-10 expression 

(Chang et al., 2007) and inhibit IFN-γ production mediated by STAT4 (Mendoza, 

2006). 

We were surprised to find granzyme B message increased almost 6-fold in 

TCDD-CD4+ cells compared with VEH-CD4+ cells, and that granzymes A and B 

were some of the most highly expressed genes in TCDD-CD4+ cells according to the 

microarray gene chip. We explored the significance of these findings given that 

granzymes have been identified as T-reg effector molecules (Gondek et al., 2005; 

Grossman et al., 2004). Soluble and intracellular granzyme B levels were measured 

but were not different between TCDD-CD4+ cells and VEH-CD4+ cells stimulated 

with anti-CD3 Ab or alloantigen. Granzymes, which induce apoptosis, are an 
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unlikely in vitro suppressive mechanism used by TCDD-CD4+ cells, as there is no 

additional decrease in the viability of CD4+ responders cocultured with them 

compared with those cocultured with VEH-CD4+ cells (N. B. Marshall and N. I. 

Kerkvliet, unpublished observations). The significance of granzyme production by 

TCDD-CD4+ cells in vivo, however, is still not known. 

There were a few additional changes in gene expression that we found 

particularly interesting with respect to the effects of TCDD on T cells. Blimp-1, 

which is up-regulated ~3-fold at the transcript level in TCDD-CD4+ cells, is a 

transcriptional repressor that is postulated to play a role in effector T cell 

differentiation (Kallies et al., 2006). It has been shown that Blimp-1-deficient CD4+ 

T cells produce excess IL-2 and IFN-γ but reduced IL-10 after TCR stimulation 

(Martins et al., 2006). Additional findings have suggested a negative feedback loop 

exists wherein IL-2 inhibits its own production through induction of Blimp-1 (Gong 

and Malek, 2007). These data support our observations that TCDD-CD4+ cells 

produce little IL-2 and IFN-γ but significantly more IL-10. However, we have not 

yet validated increased Blimp-1 expression at the protein level. Also, the >2-fold 

increase in CD30 transcript expression in TCDD-CD4+ cells is potentially 

important, as CD30 increases on T-regs exposed to alloantigen and is critical for 

protection against acute GVH disease (Zeiser et al., 2007). We were unable to 

validate increased CD30 protein expression at 48 h, which could suggest that 

expression increases at a different time point during the response.  A significant 

down-regulation (>2-fold) of IL-13Ra and CD86 gene transcripts was also observed 

and was consistent with a microarray analysis of genes expressed in PBMCs 
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collected from humans exposed to TCDD (McHale et al., 2007). Surface CD86 

protein expression however, was not different between TCDD-CD4+ cells and VEH-

CD4+ cells at 48 h. 

We do not yet know the fate of TCDD-CD4+ cells in vivo, as the cells start 

to disappear from the F1 host spleen at 96 h. The up-regulation of chemokine 

receptor transcripts associated with T cell homing suggests the cells may be 

trafficking to other tissues. CCR4, a chemokine receptor associated with homing to 

allograft tissues and the skin (Campbell et al., 2007; Lee et al., 2005), is expressed 

by natural T-regs (Hirahara et al., 2006) and is up-regulated almost 5-fold at the 

transcript level in TCDD-CD4+ cells. The CCR5 transcript, increased 3-fold in 

TCDD-CD4+ cells, is a chemokine receptor normally associated with Th1-polarized 

T cells and yet its expression by T-regs is required for suppression of GVH disease 

(Wysocki et al., 2005). CCR9, expressed by leukocytes that home to the small 

intestine, is also up-regulated almost 5-fold at the transcript-level in TCDD-CD4+ 

cells. Determining whether or where TCDD-CD4+ cells traffic in vivo is currently 

being studied, and could help to identify where the generation of similar T-reg like 

cells occurs in other models with TCDD exposure. 

In this GVH model, we found no evidence for the expansion or de-novo 

generation of Foxp3+ cells in either the donor or host CD4+ T cell populations 

exposed to TCDD. Furthermore, depletion of CD25+ cells from the donor inoculum 

does not alter the T-reg phenotype of TCDD-CD4+ cells (Funatake et al., 2005). 

Thus, because the phenotype and suppressive function of TCDD-CD4+ cells appear 

to be independent of Foxp3 expression, it is possible that ligand-activated AhR acts 
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as an alternative to Foxp3 in naïve T cells exposed to TCDD during activation and 

differentiation into effectors. Although Foxp3 does not appear to be involved in T-

reg generation during GVH, a recent report links suppression of EAE by TCDD 

treatment with increased Foxp3+ T-regs (Quintana et al., 2008). Similarly, recent 

data from our laboratory links suppression of diabetes in NOD mice treated with 

TCDD to an expanded population of Foxp3+ CD4+ cells (N. I. Kerkvliet, L. B. 

Steppan, W. R. Vorachek, S. Oda, C. Wong, D. Pham, and D. V. Mourich, 

manuscript in preparation). Thus the role of AhR activation by TCDD in T-reg 

development appears to depend on the conditions of T cell activation; in some 

conditions it may drive de novo induction of adaptive T-regs, or in other conditions 

it may support Foxp3+ T-reg expansion.   

One of the questions that needs to be answered is: if the normal pattern of 

gene expression required for activation-induced differentiation of a naïve T cell into 

an effector T cell is interrupted, is the default differentiation into a regulatory T cell? 

Furthermore, what are the specific genetic changes that may cause this?  For 

example, a deacetylase inhibitor has been shown to promote the generation and 

function of T-regs (Tao et al., 2007) as a result of interrupting normal chromatin 

remodeling during T cell activation. Similarly, perhaps the inappropriate activation 

by TCDD of a transcription factor such as AhR during T cell activation causes a 

default differentiation into a T-reg, as the “normal” gene expression pattern is 

altered. Thus, it is important to further identify the epigenetic changes that occur in 

T cells exposed to TCDD to understand how the AhR pathway may provide new 

insight into regulatory T cell induction. Ultimately, this may introduce a novel 
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therapeutic role for the AhR and certain other agonist AhR ligands.
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Figure 2.1. The frequency of Foxp3+ donor CD4+ cells is decreased in mice exposed 
to TCDD during acute GVH response.  
A, Using flow cytometry, B6 donor CD4+ cells were identified in vehicle- or TCDD-
treated F1 host mice at 48 h after adoptive transfer by their expression of the 
congenic marker Thy 1.1, from which Foxp3, and/or CD25 were measured. B and C, 
The percentage of Thy1.1+ CD4+ cells (B), and percentage of Thy1.1+CD4+ CD25+ 
cells (C) expressing Foxp3 is shown. These data are representative of two separate 
experiments (n = 3 mice per treatment group).  Asterisks indicate statistically 
significant difference in the percent of Foxp3+ cells compared with vehicle control (t 
test; *, p < 0.05; ***, p < 0.0005). 
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Figure 2.2. TCDD-CD4+ cells suppress IL-2 production by responder CD4+ T cells. 
A, IL-2 protein levels were measured by ELISA in supernatants from cultures 
containing anti-CD3 Ab and irradiated ACs cocultured with either naïve CD4+ cells, 
natural T-regs, or magnetically sorted TCDD-CD4+ cells at 24, 48, and 72 h 
(triplicates). B, IL-2 was measured in suppression assay supernatants harvested at 24 
h containing naïve CD4+ responder cells alone or co-cultured with either natural T-
regs or TCDD-CD4+ cells titrated in at 1:1 to 1:8 suppressor to responder ratios. C, 
The relative expression of IL-2 was determined by qRT-PCR (normalized for 18S 
ribosomal subunit expression) in cells harvested from a suppression assay at 14 h 
including naïve CD4+ responders cultured alone or cocultured with TCDD-CD4+ 
cells or natural T-regs at 1:1 to 1:4 suppressor to responder ratios. 
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Figure 2.3. TCDD-CD4+ cells proliferate in culture and require cell contact for 
suppressive function that is released by ligating GITR.  
A, TCDD-CD4+ cells were magnetically purified from pooled F1 host spleens (filled 
histogram) and cultured for 40 h with 50 U/ml IL-2 ( black line histogram), or plate-
bound anti-CD3 Ab (5 µg/ml) (gray line histogram). Cell divisions are numbered as 
per CFSE dilution, and are representative of three separate experiments. B, For cell-
contact studies, TCDD-CD4+ cells or B6 natural T-regs were magnetically purified 
and then cultured with anti-CD3 Ab (0.5 µg/ml) and irradiated ACs together with 
(“cell contact”) or separated from (“no cell contact”) CFSE-labeled naïve CD4+ 
responders by using a 96-well Transwell system for 72 h; “Naïve” indicates wells 
that contained no suppressors. C, TCDD-CD4+ cells were cocultured with CFSE-
labeled CD4+ CD25- T cells, anti-CD3 Ab (0.25 µg/ml) and irradiated ACs for 72 h 
with 0, 0.5, or 5 µg/ml anti–GITR (clone DTA-1) or rat IgG2b isotype control Abs. 
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Figure 2.4. Allostimulation discriminates TCDD-CD4+ and VEH-CD4+ cytokine 
production and suppressive function.  
A and B, Splenocytes were harvested from either naïve B6 mice, TCDD-treated, or 
vehicle-treated F1 host mice 48 h after adoptive transfer of B6 T cells (n = 3 mice) 
and then cultured at 1 X 107/ml for 24 h before the harvest of supernatants and 
assaying for cytokines C, Magnetically purified  TCDD-CD4+ or VEH-CD4+ cells 
(1 X 105) were cultured for 72 h with 2 X 105 CFSE-labeled responder T cells 
(combination of CD4+ and CD8+) and 3.2 X 104 LPS-matured bone marrow-derived 
F1 DCs; the percentage of responder T cells dividing was measured by CFSE 
dilution. Control indicates no donor cells added (adjusted for cell density). Statistical 
significance compared with vehicle is indicated (t test; *, p < 0.05; ** < 0.005). 
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Figure 2.5. TCDD-CD4+ cells secrete significant levels of IL-10.  
Naïve CD4+ responders, natural T-regs, VEH-CD4+ cells or TCDD-CD4+ cells were 
cultured separately with irradiated ACs and anti-CD3 Ab (5 µg/ml plate-bound) (A) 
or titrated in with CD4+ responders (B); supernatants were harvested at 72 h and 
assayed for IL-10 (triplicates). Statistically significant differences are indicated in 
comparison to VEH-CD4+ cells (t tests; *, p < 0.05; **, p < 0.005; p < 0.0005). 

 

 

 

Figure 2.6. qPCR validation of gene expression in TCDD-CD4+ cells.  
Up-regulated genes of interest identified on a DNA microarray chip were validated 
by qPCR using gene-specific primers and normalized for β-actin expression. Results 
are expressed as fold increase in gene expression in TCDD-CD4+ cells relative to 
VEH-CD4+ cells; n = 3 per treatment (n = 2 pooled mouse spleens). 
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Figure 2.7. TCDD-CD4+ cells express enhanced STAT4 phosphorylation and 
responsiveness to IL-12.  
A, Splenocytes harvested from vehicle- or TCDD-treated F1 hosts (n = 2) at 48 h 
after the adoptive transfer of donor cells were cultured in cRPMI with rIL-12 (2 
ng/ml) at room temperature (duplicate cultures). The percentage of donor CD4+ cells 
expressing phosphorylated STAT4 was measured by flow cytometry (top) 
immediately after harvest from the mice (0) (representative of 3 separate 
experiments) or after 1-2 h of culture (bottom). B, STAT4 phosphorylation (MCF, 
mean channel fluorescence) was measured in VEH-CD4+ cells or TCDD-CD4+ cells 
per cell division (indicated by CFSE-dilution) after 1 h of culture at room 
temperature with or without IL-12 (2 ng/ml).  
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Table 2.1. Significant changes in gene expression in TCDD-CD4+ cells relative to 
VEH-CD4+ cells after 48 h of acute GVH responsea 

 

 
Gene 

 

 
Average Fold Difference (TCDD vs. Vehicle) 

Tgf-b3                                  13.1 
IL12-rb2 9.8 
Ccr4 4.7 
Stat4 3.3 
Ccr5 3.0 
Socs3 2.7 
Cd30 2.6 
Bcl3 2.4 
Ctla4 2.3 
Cd25 1.9 
IL-10 1.8 
Gata3 1.8 
Icos 1.5 
Cd28 1.4 
Jak2 1.3 
Ox40L -2.9 
IL13-ra -2.3 
Cd86 -2.2 
Bcl6 -1.5 
IL-5 -1.4 
Nfkb1 -1.4 
Ccl5 -1.4 
 

aThe expression of genes associated with Th1, Th2, and Th3 classes of T cells were 
measured in VEH-CD4+ and TCDD-CD4+ cDNA samples (n = 3, two pooled mouse 
spleens per n) by PCR array. Only genes that were significantly changed (t test, p < 
0.05) are indicated. 
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Table 2.2. Summary of protein expression changes in/on TCDD-CD4+ cells relative 
to VEH-CD4+ cells after 48 h of acute GVH response 
 

 
         Proteina                          Change in Expression Relative to Vehicleb 

 

4-1BB ND 
CCR5 ND 
CD5 Decrease (MCF) 
CD25 Increase 
CD28 ND 
CD30 ND 
CD62-L Decrease 
CD86 ND 
CD103 ND 
CTLA-4 Increase 
FasL ND 
Foxp3 Decrease (%) 
GITR Increase 
Granzyme B ND 
Phosphorylated-STAT4 Increase 
 

aThe expression of proteins either identified as changed at the transcript level or 
reported to be associated with regulatory T cells were measured in/on TCDD-CD4+ 
cells by flow cytometry.  
bND indicates expression was not different between VEH-CD4+ cells and TCDD-
CD4+ cells. Significant change in expression relative to VEH-CD4+ cells is indicated 
as an increase or decrease in percentage of cells and the mean channel fluorescence 
(MCF) measured by flow cytometry unless specifically indicated (n ≥ 3; t test, p < 
0.05).  
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Abstract 
 

 
Phosphorodiamidate morpholino oligomers (PMO) are synthetic antisense 

molecules that interfere with translation, pre-mRNA splicing and RNA synthesis. 

Like other gene-silencing technologies, PMO are poorly taken up by primary 

leukocytes without the use of physical or chemical delivery techniques. We sought 

an alternative delivery mechanism of PMO into immune cells that eliminates the 

need for such manipulations. Here we demonstrate the first use of arginine-rich cell 

penetrating peptides (CPPs) to deliver PMO (P-PMO) directly into primary murine 

leukocytes for inhibition of gene expression and promotion of altered pre-mRNA 

splicing. We compared the P-PMO delivery efficacy of four arginine-rich CPPs 

including HIV Tat and penetratin, and one histidine rich CPP, and found that the 

(RXR)4 peptide was the most efficacious for PMO delivery and targeted antisense 

effect. The delivery and antisense effects of P-PMO are time- and dose-dependent 

and influenced by the activation and maturation states of T cells and dendritic cells, 

respectively. Targeted expression of several genes using P-PMO is shown including 

surface signaling proteins (CD45 and OX-40), a cytokine (interleukin-2), and a 

nuclear transcription factor (Foxp3). Considering the abundance of naturally 

occurring alternatively spliced gene products involved in immune regulation, P-

PMO offer an effective method for modulating gene activity for immunological 

research and applications beyond traditional antisense approaches. 
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Introduction 

 

 Antisense is a method of altering gene expression by introducing RNA, DNA 

or synthetic oligomers that complement sequences within a targeted mRNA 

molecule. There are two traditional approaches to disrupting mRNA translation 

using antisense: (i) targeting of the AUG start site and thus sterically blocking 

ribosomal assembly or scanning and (ii) targeting the mRNA for nuclease 

degradation using RNase H or siRNA and target prediction algorithms. Applying 

antisense technologies in leukocytes has been challenging given that delivery 

requires physical or chemical manipulations that often damage cells, confounding 

the results of inhibiting a specific gene’s expression (Ghosh and Iversen, 2000). 

Furthermore, pattern recognition molecules expressed by most lymphoid cells 

allows for exquisite sensitivity to the introduction of nucleotide oligomers. 

Therefore, if antisense is to be useful in the field of immunology, methods are 

needed to deliver molecules that are effective and specific for altering targeted gene 

expression, can be monitored by a positive read-out, and do not perturb the activity 

of cultured primary cells so that effects of gene silencing are not misinterpreted. 

The synthetic antisense molecules phosphorodiamidate morpholino 

oligomers (PMO), are structurally similar to RNA but the phosphorodiester linkage 

is replaced with a neutral phosphorodiamidate linkage, and the ribose ring is 

substituted with a 6-membered Morpholino ring (Summerton and Weller, 1993; 

Summerton and Weller, 1997). As a result of these modifications, PMO are 

chemically stable and resistant to nucleases and other cellular enzymes including 
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RNase H (Hudziak et al., 1996; Stein et al., 1997; Youngblood et al., 2007).  PMO 

have been used to alter gene expression in primary leukocytes, however the cellular 

membranes were physically or chemically perturbed to facilitate delivery into the 

cells (Ehlers et al., 2003; Kryczek et al., 2006; Vaknin-Dembinsky et al., 2006).  

Cell penetrating peptides (CPPs) rich in basic cationic amino acids like 

arginine have well-documented use as intracellular delivery vectors for cargo 

including peptides, proteins, nucleic acids, and oligonucleotides (Wagstaff and Jans, 

2006). The efficacy of PMO conjugated to arginine-rich CPPs (P-PMO) targeted 

against infectious agents has been repeatedly demonstrated in cell culture (Deas et 

al., 2005; Enterlein et al., 2006; Ge et al., 2006; Kinney et al., 2005; Tilley et al., 

2006) and in-vivo (Burrer et al., 2007; Tilley et al., 2007; Yuan et al., 2006).  It was 

not known whether P-PMO could deliver into primary leukocytes and target gene 

expression in a highly specific manner. 

PMO alter gene expression by inhibiting translation, disrupting RNA 

secondary structure, or interfering with pre-mRNA splicing. The classic antisense 

target has been the sequence surrounding the AUG start codon, however there are 

other effective targeting strategies. For example, it has been demonstrated that P-

PMO prevent IRES function by binding to sites of RNA secondary structure (Yuan 

et al., 2006).  Gene expression can also be disrupted by targeting sequences that 

flank exon-intron boundaries of pre-mRNA (Kole and Sazani, 2001; Kole et al., 

2004). PMO interfere with the recognition of splice sites by the splicesome 

machinery which determines proper assembly of a mature mRNA transcript. The 

best examples of this approach include the correction of aberrant splicing of the 
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mutated β-globin gene (Lacerra et al., 2000; Suwanmanee et al., 2002), and the 

induction of exon-skipping of pretermination codons in the mutated dystrophin gene 

(Alter et al., 2006; McClorey et al., 2006). The advantage to modulating gene 

expression through the process of “redirecting splicing” is the detection of novel or 

under-expressed splice forms by sensitive RT-PCR assay.  This provides a positive 

read-out for effectiveness rather than just inhibition of protein expression alone, 

which can often be confounded by cytotoxicity or other global inhibitory effects due 

to treatment. Oligonucleotide-induced redirecting of exon utilization of pre-mRNA 

in lymphoid cells has not yet been shown. 

We demonstrate here that by employing CPP-assisted delivery, P-PMO 

molecules can be added directly to cultures of primary murine leukocytes to 

specifically affect gene expression through redirecting the splicing of targeted 

mRNAs.  Immunologically-relevant gene targets such as cell surface receptors, 

cytokines and transcription factors are given as examples to demonstrate the breadth 

and utility made possible by this approach.       

 

Materials and Methods 

 

Mice 

 8-12 week old female C57Bl/6 mice (Jackson Laboratories) were housed in 

microisolator cages under pathogen-free conditions and treated according to animal 

use protocols approved by the Institutional Animal Care and Use Committee of 

Oregon State University.  
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Cell isolation and culture  

Isolation and culture of murine splenocytes 

Splenic cell suspensions were obtained by passing splenocytes through a 100 µM 

nylon cell strainer (BD Biosciences) in Dulbeccos’ Minimum Modified Media 

(DMEM) supplemented with 1% fetal bovine serum (FBS) and 1X antibiotic-

antimycotic solution (Cellgro). Erythrocytes were hypotonically lysed with sterile 

deionized water. Cells were cultured in cRPMI (RPMI 1640 including 10% FBS, 5 

mM L-glutamine, 1X antibiotic-antimycotic solution, and 50 µM beta-

mercaptoethanol) at 5 X 106 cells/ml. In some cases, the cells were stimulated 

overnight with either 5 µg/ml plate-bound anti-CD3 and 2 µg/ml soluble anti-CD28 

(eBioscience) or 5 µg/ml concanavalin-A (Con-A, Sigma).  

 

  Isolation and culture of dendritic cells and macrophages 

  Bone marrow-derived dendritic cells (DCs) and macrophages were isolated 

by flushing tibias with DMEM supplemented with 1% FBS and 1X antibiotic-

antimycotic solution using a 25-gauge needle. The cells were dissociated through a 

100 µM nylon mesh cell strainer and cultured in non-TC treated 100 x 15 mm Petri 

dishes in cRPMI containing either 25 ng/ml GM-CSF (eBioscience) and 100 U/ml 

IL-4 (eBioscience) to produce DCs or 20 ng/ml M-CSF (R&D Systems) to produce 

macrophages. For DCs, after 3 days of culture the floating and loosely adherent cells 

were collected and re-cultured in fresh cRPMI supplemented with GM-CSF and IL-

4 in a new dish and used within an additional 3-7 days of culture.  For macrophages, 

after 4 days in culture the media was replenished and the cells were used within an 
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additional 2-7 days.  Removal of adherent cells was performed with a 15 minute 

incubation at 4˚C in 5 mM EDTA followed by gentle trituration. Cells were seeded 

in cRPMI at 5 X 105 cells/well in 24-well plates for P-PMO treatments. Maturation 

of DCs was achieved by incubation with 500 ng/ml LPS (E. coli 0111:B4, Sigma) 

for 24 h prior to P-PMO treatment.  

 

PMO treatments 

 Lyophilized P-PMO were dissolved in sterile deionized water at 1-2 mM to 

produce stock solutions. An intermediate dilution of PMO stock in media was made 

prior to adding it directly to the experimental media. Cells were treated for 0.5 to 72 

h at a final PMO concentration from 0.5 µM to 5 µM as indicated. 

 

Microscopy 

 Macrophages were incubated for 3 h with 2 µM fluorescein-conjugated P-

PMO in cRPMI and washed twice in Dulbecco’s Phosphate-Buffered Saline 

(DPBS). Cells were visualized with a Nikon Diaphot 300 microscope (Tokyo) and 

images were captured with an Olympus digital camera using Magnafire software 

(Optronics).  

 

Flow Cytometry 

 Cultured splenocytes were washed and stained on ice in DPBS containing 

1% FBS and 0.2% sodium azide. Cells were first incubated with anti-mouse 

CD16/32 for FC-blocking (eBioscience) and in some cases also incubated with anti-
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fluorescein rabbit polyclonal IgG (Molecular Probes) to decrease surface-bound 

fluorescein-PMO signal. Cells were then stained with different combinations of anti-

mouse MAbs including PE-Cy7-CD8a (clone 53-6.7), PE-OX40 (clone OX-86), or 

PE-CD45 (clone 30-F11) from eBioscience, APC-Cy7-CD4 (clone GK1.5) from BD 

Biosciences, or PE-Cy5.5-CD11c (clone N418) from Caltag Laboratories. Foxp3 

(clone FJK-16s) was measured with eBioscience’s PE anti-mouse/rat Foxp3 staining 

kit. Viability of live cells was measured with 7-Amino-Actinomycin D (7-AAD, 

Calbiochem), or with Ethidium Monoazide (EMA, Sigma) for fixed cells. 

Intracellular IL-2 was measured with PE-IL-2 (eBioscience, clone JES6-5H4) in 

cells fixed and permeabilized with BD Bioscience’s Cytofix/Cytoperm kit. A 

minimum of 20,000 CD4+, CD8+, or CD11c+ events were collected per sample on a 

Beckman Coulter FC-500 flow cytometer. Data analysis and software compensation 

were performed using WinList (Verity Software). 

 

Peptide and PMO preparation 

 The sequences and nomenclature of cell penetrating peptides (CPPs) and 

PMO are listed in Tables 3.1 and 3.2. PMO were designed to target either sequence 

encompassing the AUG start codon, or sequence concentrated around the 5´ and/or 

3´ ends of coding exons to redirect splicing. Compounds were then screened for 

effectiveness using flow cytometry and/or RT-PCR.  Both CPPs and PMO were 

synthesized at AVI BioPharma to >90% purity. PMO syntheses have been described 

previously (Summerton and Weller, 1993; Summerton and Weller, 1997), while the 

solid-phase synthesis of the CPPs was done using Fluorenylmethoxycarbonyl 
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(Fmoc) chemistry (Chan and White, 2000). Strong cation exchange HPLC utilizing 

Source 15S resin (Amersham Biosciences) was used for purification, followed by a 

reversed phase desalt employing Amberchrom 300M resin (Tosoh Bioscience). 

Desalted peptides were lyophilized and analyzed for identity and purity by MALDI-

TOF MS, SCX HPLC. The method of conjugation of CPPs and PMO through a 

thioether linkage (R9F2, rTat, penetratin, His1) or amide linker (RXR)4 have also 

been described previously (Abes et al., 2006; Moulton et al., 2004). In some cases 

the 3´ end of the PMO was modified with activated carboxyfluorescein (Moulton et 

al., 2003). 

 

RT-PCR and sequencing  

 Total RNA was extracted from cultured cells (Qiagen RNeasy mini kit) and 

used as template material for RT-PCR (Invitrogen SuperScript III One-Step RT-

PCR System with Platinum Taq DNA Polymerase) using sequence specific primers. 

Primers were designed using Vector NTI software (Invitrogen) and synthesized by 

Biosource Int. (Camarillo, CA). Mouse OX-40 primer sequences include: OX40-

FWD 5´- TATGGTGAGCCGCTGTGATC- 3´, OX40-REV 5´- 

ACAGTCAAGGGAGCCAGCAG -3´ (annealed 54°C).   

Foxp3 was amplified using nested PCR.  The primers used for the first 

amplification include: Foxp3-FWD 5´-TATTGAGGGTGGGTGTCAG- 3´, Foxp3-

REV 5´-AGCTCTTGTCCATTGAGGC- 3´ (annealed 66°C). Nested PCR primers 

encompassing a fragment internal to the first amplified product include Foxp3Nest-

FWD 5´-CAGCTGCCTACAGTGCCCCTAG- 3´, Foxp3Nest-REV 5´-
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CATTTGCCAGCAGTGGGTAG- 3´ (annealed 55°C).  All PCR reactions were 

performed using a Biorad I-Cycler instrument. 

          The PCR cDNA products were visualized by gel electrophoresis. A 100 bp 

DNA ladder served as a molecular weight marker (New England Biolabs).  Selected 

bands were excised and purified (Qiagen QIAquick Gel Extraction Kit).  The 

fragments were cloned into pCR4-TOPO vector (Invitrogen TOPO TA Cloning Kit) 

and plasmid DNA was purified (Qiagen QIAprep Spin Miniprep Kit). DNA was 

sequenced using an ABI Prism 3730 Genetic Analyzer at the CGRB Core 

Laboratories at Oregon State University (Corvallis, OR).  

 

Statistics  

Results are expressed as mean ± SEM for each group of duplicate or 

triplicate samples. 

 

Results 

 

Peptide-conjugation facilitates delivery of PMO into primary leukocytes  

 

Five different CPPs were selected in this study to examine their relative 

utility for delivering PMO into primary macrophages, T cells and dendritic cells 

(Table 3.1). Two of the sequences are naturally occurring and well-known CPPs: a 

reverse sequence derived from the transduction domain of HIV Tat protein (rTat) 

and the other is derived from the Drosophila antennapedia homeodomain 

(penetratin) (Derossi et al., 1994; Vives et al., 1997). Two other sequences were 
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previously shown to deliver PMO into HeLa cells: one consisting of a series of nine 

arginines and two phenylalanines (R9F2), and the other consisting of eight arginines 

alternating between 6-aminohexanoic acids (X), (RXR)4 (Abes et al., 2006; Moulton 

et al., 2004). The fifth peptide we tested was rich in another basic amino acid, 

histidine (His1), a residue also demonstrated to penetrate cells (Midoux et al., 1998). 

An initial survey of the relative delivery effectiveness of these different P-

PMO conjugates was conducted using fluorescent microscopy. Bone marrow-

derived macrophages were cultured with 2 µM P-PMOs tagged with 

carboxyfluorescein at the 3’ end (P-PMO-fl) allowing uptake of the molecules into 

the cells to be visualized and photographed. We observed cell-associated P-PMO-fl 

in His1-, rTat-, and (RXR)4- treated cells at three h (Fig 3.1A). R9F2 was associated 

primarily with cellular debris upon light microscope visualization (data not shown). 

Little to no fluorescent signal was observable for penetratin or PMO without a 

conjugated peptide. 

To next quantify the intensity of P-PMO-fl that delivered into viable T cells, 

we utilized flow cytometry. To eliminate fluorescein signal associated just with the 

cell surface, we treated cells with anti-fluorescein antibody after incubation with the 

P-PMO-fl prior to analysis as the cells were sensitive to normal cell surface removal 

or quenching methods such as trypsin or trypan blue treatment. Anti-CD3 stimulated 

CD4+ splenic-derived T cells showed a similar uptake profile as observed by 

microscopy for macrophages. A ranking of the mean fluorescence intensity (MFI) 

measured at 24 h for the different treatments in descending order is as follows: 

(RXR)4 > rTat > His1 > no peptide/penetratin/R9F2 (Fig 3.1B). Together, these 
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results suggested that with the given culture conditions, His1, (RXR)4 and rTat were 

the most efficient CPPs for delivery of PMO into primary leukocytes. 

 

Delivery of P-PMO into splenic T cells is dose-, time-, and activation-dependent 

We were interested in how factors including dose, time, and activation 

influenced the amount of P-PMO delivered into cells. Resting or activated splenic T 

cells were treated with the panel of different P-PMO-fl conjugates for 3 h at 

concentrations of 0, 0.5, 2, or 5 µM, and the fluorescein intensities were measured 

by flow cytometry for viable (7-AAD negative) CD4+ cells (Fig. 3.2 inset). The 

fluorescein signal intensity for cells treated with 5 µM His1-PMO was off scale for 

the cytometer’s detector settings so it was removed from these analyses, and is 

discussed later. Signs of cellular toxicity were observed at concentrations 

approaching 10 µM, thus we did not treat with P-PMO at concentrations greater than 

5 µM (data not shown). There was little effect on the viability of cells treated with 

P-PMO for 27 h at concentrations between 0.5-5 µM when compared to untreated 

cells (Fig. 3.2A); this remained true even after 72 h of treatment (data not shown). 

The two remaining P-PMO conjugates that delivered best into T cells, rTat-PMO 

and (RXR)4-PMO, did so in a dose-dependent manner into both resting and 

activated T cells (Fig. 3.2B). Stimulating the T cells with anti-CD3 to induce 

activation before P-PMO treatment led to strikingly enhanced uptake. In fact, at 5 

µM, the MFI for activated CD4+ cells was 4-fold greater for rTat and almost 22-fold 

greater for (RXR)4 compared to that of resting CD4+ cells. The MFI for (RXR)4 was 

9-fold greater than rTat at this dose. We saw little uptake of R9F2-, penetratin-, or no 
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peptide-PMO even at 5 µM, however stimulating the cells did double the weak 

fluorescein signals suggesting activation enhanced the mechanism(s) of uptake for 

all the CPPs we tested. 

To measure the effect of incubation time on delivery, we treated the 

splenocytes for 0.5, 2, 6, or 27 h with the different P-PMO-fl conjugates. Ultimately 

those P-PMO that showed poor delivery at 5 µM still showed little delivery after 27 

h, even into activated cells.  The delivery of rTat- and (RXR)4-PMO was time-

dependent, and was enhanced by addition of stimulus to the cultured cells (Fig. 

3.2C). Within 30 minutes there was twice as much (RXR)4, and within 2 h twice as 

much rTat-PMO internalized by activated CD4+ cells compared to resting CD4+ 

cells. This increased to 7-fold more for both peptide conjugates after 27 h though the 

signal was 1.7-fold higher for (RXR)4- than rTat-PMO. The MFIs for both 

conjugates were still climbing at 27 h suggesting neither had reached saturation 

levels prior to the initiation of cell proliferation.  

These results also show a differential in P-PMO uptake between CD4+ and 

CD8+ cells. At 6 h, there was more internalized (RXR)4- and rTat-PMO-fl in 

activated CD4+ cells than activated CD8+ cells, and by 27 h this equated to 1.8- and 

1.5-fold more respectively. This showed that the extent of P-PMO internalization is 

dependent on cell type as well as activation status. 

 

Delivery of P-PMO into DCs is not enhanced after LPS-induced maturation 

We next examined the same conditions of P-PMO delivery for bone marrow-

derived dendritic cells (BM-DCs). The uptake profile of the P-PMO-fl conjugates 
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into CD11c+ BM-DCs was similar to that seen in splenic T cells as both time-

dependent (Fig. 3.3A) and dose-dependent (data not shown). RTat- and (RXR)4-

PMO demonstrated equivalent  internalization, while R9F2-, penetratin-, and no 

peptide-PMO uptake was minimal (Fig. 3.3A). Because activation status of a T cell 

influenced P-PMO uptake, we also determined whether the maturation status of DCs 

had a similar effect. We were surprised to find that LPS-induced maturation of the 

BM-DCs did not enhance uptake except in the case of penetratin (Fig. 3.3B). Rather, 

cells treated with the other peptide conjugates showed a minor reduction in 

fluorescein signal after LPS treatment indicating maturation did not enhance uptake 

of P-PMO into DCs. 

 

Cellular uptake does not directly correlate with delivery of antisense activity  

His1-PMO appeared to internalize into splenic T cells much like (RXR)4- 

and rTat-PMO (Fig. 3.1B), even at levels such that the cell-associated fluorescein 

signal was too intense for our instrument at higher concentrations. It has been 

previously demonstrated that the antisense activity of (RXR)4 peptide-PMO is more 

potent than that of Tat peptide-PMO (Abes et al., 2006), thus we chose to focus on 

whether His1- and/or (RXR)4-PMO could access their mRNA target and target gene 

expression in leukocytes. We chose a member of  the TNF receptor family, OX-40, 

as our target. OX-40 is expressed predominantly on activated CD4+ T cells and 

involved in cellular activation and survival (Birkeland et al., 1995). We targeted 

sequences specific for the AUG start codon and suspected splice-acceptor site on the 

5´ end of exon 3 with both His1- and (RXR)4-PMO (Table 3.2, Fig. 3.4A). There 
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was marked uptake of both His1- and (RXR)4-PMO-fl into Con-A-stimulated 

splenic CD4+ cells (Fig. 3.4B). After an overnight stimulation with Con-A, the cells 

were incubated with OX-40-specific P-PMO for 18 h, followed by isolation of 

whole RNA and RT-PCR using OX-40 specific primers. We confirmed detection of 

full-length OX-40 amplified PCR product of the expected size (845 bp) (Fig. 3.4C), 

and sequence (data not shown). An alternative splice product was seen only for cells 

treated with (RXR)4-OX403SA of anticipated size (742 bp), if exon three was 

precisely spliced out (Fig. 3.4A,C). To confirm this, we verified by the sequence 

traces for the two splice products that exon 3 was present in the full-length band for 

(RXR)4-OX40AUG-treated cells, but was replaced with exon 4 sequence in the 

alternative splice product from (RXR)4-OX403SA-treated cells indicating exon 3 had 

been spliced out (Fig. 3.4D). Though His1 appeared to internalize into splenic T 

cells as well as (RXR)4, the alternative splice product was not present in His1-

OX40SA3-treated cells (Fig. 3.4C).  

We were also able to detect changes in OX-40 expression following P-PMO 

treatment using flow cytometry. OX-40 protein expression was induced on the 

surface of activated CD4+ T cells due to Con-A stimulation, and remained 

unchanged after His1-OX403SA treatment. Both (RXR)4-OX40AUG and (RXR)4-

OX403SA reduced the OX-40 MFI  by 64% and 46% respectively (Fig. 3.4D). The 

lack of binding by the OX-40 detection antibody to OX403SA-treated cells indicates 

the spliced gene product prevented expression of normal OX40 protein. Determining 

the consequences of this altered expression for OX40 protein function was beyond 

the scope of this study. Taken together, these results indicated His1 did not deliver 
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PMO to its mRNA target, thus we used (RXR)4-PMO conjugates in all further 

experiments. 

 

The duration of an antisense effect is target-dependent 

We were also interested in the duration of antisense-effects after (RXR)4-

PMO was washed out of the culture. Splenic T cells were stimulated and then 

treated overnight with 4 µM (RXR)4-PMO, washed, and targeted gene expression 

was measured at 0, 6, 24, and 48 h by RT-PCR and/or flow cytometry (Fig. 3.5). We 

assumed the duration of effect would vary according to the target so we looked at 

multiple genes important for different aspects of T cell function.  

 

Targeting cytokines with (RXR)4-PMO 

Our first gene target was a cytokine critical for proper T cell function: 

interleukin-2 (IL-2). IL-2 is secreted by T cells and is involved with their activation, 

proliferation, and survival. We targeted the AUG start codon of the IL-2 gene with 

(RXR)4-IL-2AUG (Table 3.2), and measured intracellular IL-2 by flow cytometry. At 

the time of wash-out, the IL-2 MFI for viable CD4+ cells was markedly reduced 

compared to control (Fig. 3.5A). This reduction was maintained for at least 6 h after 

P-PMO was removed, however within 24 h, IL-2 levels returned to control levels. 

When we measured the percent of CD4+ cells that were IL-2 positive at 6 h, there 

were markedly less, but by 24 h the effect was lost (Fig. 3.5B). The duration of the 

reduction in IL-2 expression after removal of P-PMO from the media was 

considerably less than we would later see for other gene targets. 
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Targeting surface signaling proteins with (RXR)4-PMO 

We also targeted cell surface signaling proteins important for proper T cell 

function. We chose to target a highly abundant protein, CD45, which can account 

for up to 10% of the total surface area on a leukocyte, and is important for regulation 

of T cell receptor signaling (Sasaki et al., 2001). After treating with (RXR)4-

CD45AUG targeting the start codon (Table 3.2), we saw marked reduction in surface 

CD45 expression compared to control (Fig. 3.5C). We were surprised to see the 

duration of this initial reduction was maintained through 48 h after P-PMO was 

washed out. We also looked again at the cell surface signaling protein OX-40, and 

the duration of the effect after (RXR)4-OX-40SA3 treatment. There was marked 

reduction in the OX-40 MFI after PMO was removed, and a reduction could still be 

seen 24 h later (Fig. 3.5D). However, we were able to still detect the splice-altered 

OX-40 gene product at 48 h even as endogenous OX-40 protein levels decreased 

(Fig. 3.5E). For both cell surface targets the antisense effect lasted at least 48 h after 

P-PMO treatment was removed; considerably longer than the effect we saw for IL-2 

which was lost within 24 h. 

 

Targeting a nuclear transcription factor with (RXR)4-PMO 

Finally, we targeted the nuclear transcription factor Foxp3 which confers T-

regulatory function to CD4+ T cells (Hori et al., 2003). The Foxp3 gene consists of 

11 coding exons (Brunkow et al., 2001) of which, we chose to target a suspected 

splice-acceptor site on the 5´ end of exon 7 (Table 3.2). The percent of CD4+ cells 

expressing Foxp3 was reduced after (RXR)4-Foxp37SA treatment (Fig. 3.5F), and the 
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effect lasted a minimum of 24 h. At 48 h, the percent of the treated cells that were 

Foxp3+ was equivalent to that seen of control cells at time zero, while the percent of 

control-treated Foxp3+ cells had declined. However, the control-treated cells had 

higher Foxp3 MFIs at all time-points examined (data not shown). We determined by 

RT-PCR that treating with (RXR)4-Foxp37SA caused exon 7 to be spliced out, 

resulting in the joining of exons 6 and 8 (data not shown). We were able to detect 

this altered Foxp3 splice product through 48 h (Fig. 3.5G). To our knowledge this is 

the first demonstration of inducing exon-skipping in a T-regulatory cell. The effect 

on T-regulatory cell function is beyond the scope of this study and will be reported 

elsewhere.  

 

Discussion 

 

We demonstrate here a novel method for delivery of antisense molecules into 

primary leukocytes that can effectively alter gene expression. The use of cell 

penetrating peptides for delivery of molecular cargo into cells has been described for 

several cell types, and here we report for the first time their utility in delivering 

antisense oligomers into primary leukocytes. Of the five CPPS we tested, (RXR)4-, 

rTat- and His1-peptide conjugates exhibited the greatest uptake properties, however 

when gene expression was examined, only (RXR)4-PMO, and not His1-PMO, 

successfully altered the targeted mRNA. We assessed (RXR)4-PMO targeting of  

several genes important for T cell function including IL-2, CD45, OX-40, and 

Foxp3 to explore the breadth in utility of this technology. Sequences encompassing 
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either the start codon or potential consensus splice sites within exon/intron 

boundaries were chosen  to confirm the ability of (RXR)4-PMO to access the 

nucleus of primary murine leukocytes and alter target mRNA in a sequence-specific 

manner. We found that conditions such as dose, time, and activation status 

influenced the amount of P-PMO internalized into T cells in the first 27 h. RTat- and 

(RXR)4-PMO delivery was both time- and dose-dependent for both resting and 

activated splenic T cells, however a state of activation enhanced the uptake of all the 

P-PMO tested suggesting activation enhances the mechanism(s) of uptake. 

Enhanced uptake of P-PMO by CD4+ T cells compared to CD8+ T cells suggests the 

internalization mechanisms could be regulated differently by CD4+ and CD8+ cells. 

We did not see saturation of cells with P-PMO at 27 h however at 72 h, at which 

time stimulated lymphocytes were proliferating in culture, a steady-state level of 

internalized P-PMO was observed (data not shown). The ability to deliver PMO into 

resting T cells and immature thymic T cells (data not shown) and alter targeted gene 

expression is an important observation given that RNA interference technologies 

like siRNA require that primary T cells be activated for successful delivery and 

interference (McManus et al., 2002).  

Most of the peptides tested as vectors for delivery of PMO into leukocytes 

were rich in arginine, and cellular uptake of arginine-rich peptides is reportedly, 

for other cell types, an energy-dependent process (Vives et al., 2003). We found 

that after treating cells with the actin polymerization inhibitor cytochalasin-D, the 

internalization of (RXR)4-PMO was severely impaired (data not shown) 

supporting the idea that uptake of P-PMO into leukocytes is still primarily energy-
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dependent. We found that after LPS-induced maturation, uptake into DCs was not 

enhanced, rather a minor inhibition of uptake was seen. Given that phagocytic 

activity decreases with maturity of a DC (Kitajima et al., 1996), phagocytosis may 

contribute to some uptake of P-PMO but is not the primary mechanism since 

uptake is minimally affected after DCs are matured. We also found that blocking 

FC receptors with IgG did not reduce uptake suggesting P-PMO is not internalized 

through FC-receptor-binding (data not shown). Considering mechanisms of 

endocytosis, caveolae are absent in lymphoid cells eliminating caveolin-mediated 

endocytosis as a possible uptake mechanism. Penetratin is suspected to be taken 

into cells through clathrin-mediated endocytosis (Nakase et al., 2004), but 

demonstrated poor uptake into leukocytes, and was also differentially affected by 

LPS-maturation when compared to the other P-PMO conjugates suggesting its 

internalization could be weighted towards different uptake mechanism(s) than 

other peptide-PMO conjugates. 

There is evidence suggesting membrane lipid raft-mediated 

macropinocytosis is involved in the internalization of HIV Tat into T cells (Futaki, 

2006; Kaplan et al., 2005; Wadia et al., 2004). During the process of 

macropinocytosis, actin filaments polymerize to form a protrusion from the cell 

membrane to engulf extracellular material for internalization through 

macropinosomes. Macropinosomes do not fuse with lysosomes like other 

endosomal compartments, and are used by antigen-presenting cells for the 

presentation of exogenous antigen on class I MHC molecules (Norbury et al., 

1995). Condensation of the membrane at sites of activation or at immunological 
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synapses may facilitate lipid raft-building (Gaus et al., 2005; Shaw, 2006), and 

that could participate in the macropinocytotic process. However, clathrin-coated 

pits are also found clustered near the synapse in non-raft domains (Dustin, 2002), 

and their involvement in uptake cannot be dismissed either. Thus it is plausible 

that in some capacity, the formation of the synapse enhances uptake mechanisms 

to explain why the internalization of P-PMO into T cells is strikingly increased 

during a state of activation.  

A polymer of nine arginines in the R9F2 peptide facilitates good delivery 

into HeLa cells (Abes et al., 2006; Moulton et al., 2004), but did not support 

robust uptake into primary T cells regardless of their activation status. Eight 

arginines alternating between 6-amino-hexanoic acids in the (RXR)4 peptide did 

facilitate uptake suggesting two things; one is that the degree different 

mechanisms of uptake contribute to the internalization of CPPs likely differ 

between HeLa cells and leukocytes, and secondly, the spacing between arginines 

is important for internalization into leukocytes. The importance of alternative 

spacing of arginine residues for delivery has been previously demonstrated in 

Jurkat cells (Rothbard et al., 2002). Considering that β-actin has been shown to be 

post-translationally arginylated which prevents filament aggregation due to charge 

repulsions between the equally-spaced positively charged arginines (Karakozova 

et al., 2006); charge repulsion may play a role in the requirement for arginine 

spacing in CPPs for internalization into leukocytes. The role of arginine-spacing 

for the stimulation of uptake mechanisms is not yet known. 

The duration of the antisense effect varied depending on the gene target. 
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Issues including rates of mRNA and protein production, turnover, and degradation, 

likely contribute to the maintenance and/or loss of the effect we measured. We saw 

in the case of an abundantly expressed protein like CD45, the initial reduction in 

surface CD45 protein expression was maintained at least 48 h after P-PMO was 

removed. For a cytokine like IL-2 that has a more rapid turnover rate, a reduction 

was maintained for at least 6 h but rebounded within 24 h. We found that by 

implementing two different methods of detection simultaneously: flow cytometry, 

and RT-PCR, we were able to monitor both the rebound in normal protein 

expression, and the presence of the induced-splice product after P-PMO removal. 

From this we learned a reduction in OX-40 protein expression was maintained past 

24 h, but rebounded within 48 h at which time the induced OX-40 splice product 

could still be detected. The induced Foxp3 splice product was detected for 48 h, 

however the percent of cells expressing Foxp3 had rebounded.  Surprisingly, the 

percent of Foxp3+ cells in control-treated samples had declined suggesting the 

Foxp3 P-PMO treatment had enhanced the later survival of Foxp3+ cells in culture. 

In total, these duration experiments give insight into potential in-vivo dosing 

strategies such that a cytokine would require more frequent dosing to maintain a 

steady antisense effect compared to a target with slower recovery of total expression 

like CD45. Additionally, a P-PMO-induced splice product could persist well past a 

resumption of normal protein expression and continue to produce biological effects. 

A potential concern over treating leukocytes with arginine-rich P-PMO is 

that degradation of peptides rich in L-arginine in the culture could presumably 

modulate cell function. Some L-arginine is required in the growth media to support 
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the cells in culture; however with increasing concentrations, leukocytes can 

metabolize L-arginine to produce nitric oxide and/or L-ornithine and urea which are 

known to inhibit T cell proliferation. Conversely, it has been shown that CD8+ T 

cells in whole splenic cell cultures stimulated in the presence of 100µM L-arginine 

showed enhanced proliferation (Ochoa et al., 2001). On occasion we have observed 

minor changes in the percent of splenic T cells actively cycling when treated with 

(RXR)4-PMO compared to controls, however the effect has not been consistent. We 

found that a control (RXR)4-PMO conjugate alone could not induce activation of T 

cells and did not affect the expression of a key activation molecule CD25 (data not 

shown). These issues should be considered when either mixed cultures of leukocytes 

or purified sub-populations are utilized. 

 Having the ability to selectively manipulate splicing of mRNA is important 

given that it is estimated >70% of human genes are alternatively spliced. Genes of 

both the immune and nervous systems in particular are predisposed to undergoing 

alternative splicing (Lynch, 2004). Mutations in alternatively or constitutively 

spliced genes can cause aberrant splicing of pre-mRNA and this has been associated 

with disease susceptibility (Faustino and Cooper, 2003; Lynch and Weiss, 2001; 

Ueda et al., 2003). Given that RT-PCR is a sensitive, positive read-out for a target-

specific antisense effect, inducing a novel splice product by directing exon-skipping 

with P-PMO can create either a splice form that performs a desired biological 

function, or create a nonfunctional product. Targeting splice sites may be a preferred 

approach given that the readout after targeting the start codon, though an effective 

means for reducing gene expression, is measured by lack of gene product which is 
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more difficult to fully interpret. Additionally, the detection of the altered splice 

product in vivo would provide further demonstration the P-PMO is having the 

desired effect on the gene target of interest to explain resultant biological effects. 

In conclusion, given that current recombinant techniques used to examine the 

functional activity of various molecules and their respective splice forms can be 

time- and labor-intensive, this P-PMO antisense technology allows for specific 

splice forms to be readily induced with minimal manipulation of cells.  As we 

recognize the increasing importance of alternative splice forms in immune function,  

P-PMO can fill an important niche for the field of immunology. 
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Figure 3.1. P-PMO deliver into primary leukocytes.  
Bone marrow-derived macrophages were treated with 2 µM fluorescein-tagged P-
PMO (P-PMO-fl) conjugated to His1 (a), rTat (b), R9F2 (c), (RXR)4 (d), penetratin 
(e), or no peptide (f) for 3 h and visualized by fluorescent microscopy (A). Uptake 
of the panel of P-PMO-fl (2 µM) into anti-CD3 stimulated splenic CD4+ T cells was 
measured by flow cytometry at 24 h; the mean fluorescence intensities (MFIs) were 
as follows: penetratin (5.39 ± 0.14), R9F2 (12.88 ± 0.04), no peptide (13.76 ± 0.09), 
His1 (85.48 ± 4.10), rTat (92.23 ± 2.04), and (RXR)4 (202.8 ± 23.65) (B). 
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Figure 3.2. Uptake of P-PMO in splenic T cells is dose, time, and activation-
dependent.  
The MFI of P-PMO-fl was measured by flow cytometry for viable (7-AAD 
negative) mouse splenic CD4+ or CD8+ T cells cultured in cRPMI at 27 h (A, A 
inset). A symbol legend for the different P-PMO treatments is indicated (A). Cells 
were treated with 0, 0.5, 2, or 5 µM P-PMO–fl at 4 h (B), or treated with 2 µM P-
PMO–fl for 0.5, 2, 6, or 27 h (C). A portion of the cells were stimulated with plate-
bound anti-CD3 (5 µg/ml) and soluble anti-CD28 (2 µg/ml) for 24 h prior to 
beginning P-PMO treatment (Activated) (B & C). 
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Figure 3.3. Uptake of P-PMO into dendritic cells is not enhanced after LPS-
maturation.  
Bone marrow-derived dendritic cells were incubated with 2 µM P-PMO-fl in cRPMI 
and harvested at 0.5, 2, 6, or 24 h (A). MFIs are expressed as fold-increase over 
untreated. (A). A portion of cells were pre-incubated for 24 h with 500 ng/ml LPS 
and then treated for 4 h with P-PMO-fl (B). Uptake was measured by flow 
cytometry and is expressed as the P-PMO-fl MFI for CD11c+ 7-AAD negative cells 
(A & B). 
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Figure 3.4. Cellular uptake does not directly correlate with delivery of antisense 
activity.  
A map is shown of the intron/exon organization of wild-type OX-40 pre-mRNA and 
mRNA (Wt) and expected mRNA product after (RXR)4-OX-403SA-treatment (Alt) 
including the position of the forward (FWD) and reverse (REV) PCR primers (A). 
His1- or (RXR)4-PMO-fl fluorescence was measured for previously Con-A 
stimulated 7-AAD negative splenic CD4+ cells after 6 h of 2 µM treatment (B). 
Whole RNA was isolated from cells treated with P-PMO for 18 h, OX-40-specific 
cDNA products were identified by RT-PCR and agarose gel electrophoresis; DNA 
ladder (lane 1), blank (lane 2), no Con-A stimulation (lane 3), no P-PMO treatment 
(lane 4), (RXR)4-OX40AUG (lane 5), His1–OX403SA (lane 6), (RXR)4-OX403SA (lane 
7) (C). PCR fragments for (RXR)4-OX40AUG or -OX403SA-treated cells were cloned 
and sequenced; the square encompasses sequence at what should be the start of exon 
3 (D). Surface OX-40 expression was measured by flow cytometry for 7-AAD 
negative splenic CD4+ cells treated with no P-PMO, or 5 µM His-OX403SA, (RXR)4-

OX40AUG or –OX403SA at 18 h. Control was not stimulated with Con-A (E).  
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Figure 3.5. The duration of an antisense effect is target-specific.  
Target gene expression was measured by flow cytometry for 7-AAD or EMA 
negative splenic CD4+ T cells treated with specific (RXR)4-PMO (4 µM) for 24 h in 
cRPMI at 0, 6, 24, or 48 h after removal of treatment and is expressed as percent of 
cells or MFI (A-F). The AUG start codon of interleukin-2 (A & B) and CD45 (C), 
splice-acceptor sites on exon 3 of OX40 (D) and of exon 7 of Foxp3 (F) were 
targeted with specific (RXR)4-PMO. Gene-specific cDNA was also prepared from 
(RXR)4-OX-403SA-treated cells (lanes 3, 5, 7, and 9) (E) and (RXR)4-Foxp37SA-
treated cells (lanes 2, 4, 6, 8 respectively) (G) from RNA harvested at 0 h (lanes 2 & 
3), 6 h (lanes 4 & 5), 24 h (lanes 6 & 7) and 48 h (lanes 8 & 9) to detect OX40 (E) 
and Foxp3 (G) PCR products. 
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Table 2.2. Cell-penetrating peptides 
 

Name               Amino acid sequence 

R9F2                 
rTat                  
Penetratin        
(RXR)4            
His1 

NH2-RRRRRRRRRFFC-CONH2 
NH2-RRRQRRKKRC-CONH2 
NH2 DRQIKIWFQNRRMKWKKC-CONH2 

NH2-RXRRXRRXRRXRXB-COOH 
NH2-HLFHAIAHFIHHGWHGLHHC-CONH2 

 

The peptide sequences are expressed using standard amino acid                                  
symbols in order from N to C terminus. The symbol X represents                                     
6-aminohexanoic acid, and B represents β-alanine. 
 

 

 

 

Table 3.2. PMO Sequences 
 

Gene target PMO Sequence 

Control / fluorescein conjugate 
OX-40 splice acceptor site on exon 3 
OX-40 AUG 
CD45 AUG 
IL-2 AUG 
Foxp3 splice acceptor site on exon 7 

CCT CTT ACC TCA GTT ACA 
GCT TGA GTT CAC TTC CAC TTC 
GAA CCC ACA CAT ACA TCC TTG 
CCA CAA ACC CAT GGT CAT ATC 
CTG CAT GCT GTA CAT GCC TG 
CAT CCA CAG TGG AGA GCT GG 

 
The PMO sequences are shown in order from 5’ to 3’.  
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Abstract  

 

Activation of the aryl hydrocarbon receptor by 2,3,7,8-Tetrachlorodibenzo-p-

dioxin (TCDD) has been linked to the induction of regulatory T cells (Tregs). Gene 

expression changes induced by TCDD that promote Treg generation have not been 

identified. IL-12Rb2 and IL-10 were upregulated in CD25highCD4+ Tregs induced in 

TCDD-treated mice during an acute graft-vs.-host (GVH) response. In the present 

studies, the role of these genes in Treg development is addressed. The results 

suggest that IL-12Rb2 is a direct AhR-mediated target of TCDD in T cells, but is not 

required for induction of the Treg phenotype. However, a lack of IL-12Rb2 

expression significantly reduced the frequency of T-bet+ donor CD4+ T cells in 

TCDD-treated mice. Treatment with IL-10-specific morpholino antisense 

conjugated to a cell-penetrating peptide (P-PMO) suppressed IL-10 expression in-

vivo, but also did not affect the Treg phenotype. To determine the effects of early 

IL-10 expression on CTL development, we examined the donor T cells on day 6 and 

found significantly increased populations of CD69+CD4+ and CD69+CD122+CD8+ 

donor T cells in TCDD-treated mice, phenotypes associated with regulatory 

function. Inhibition of IL-10 expression in TCDD-treated mice significantly 

decreased the frequency of these populations and increased the frequency of 

perforin+ T cells. Thus increased expression of IL-10 in TCDD-treated mice appears 

to promote the development of CD8+ T cells with a regulatory-type phenotype that 

emerge in place of CTL. 
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Introduction 

 
The aryl hydrocarbon receptor (AhR) ligand TCDD is a ubiquitous 

environmental contaminant shown to potently suppress T cell-mediated immune 

responses in mice. Studies suggest that T cell activation and early clonal expansion 

are preserved, however the T cells fail to differentiate into appropriate effectors, as 

their numbers drop off prematurely (Camacho et al., 2002; Funatake et al., 2004; 

Shepherd et al., 2000). Most recently, TCDD has also been linked to the generation 

and/or preservation of Foxp3- and Foxp3+ regulatory T cells, respectively (Marshall 

and Kerkvliet, 2009). The AhR-mediated effects of TCDD that cause T cells to lose 

proper effector differentiation and/or develop into Tregs are still not well 

understood. Two of the important observations that have been made in this regard 

thus far are that TCDD must be present during early events in T cell activation to 

inhibit a response (Kerkvliet et al., 1996)  and  secondly, T cells are direct AhR-

mediated targets of TCDD (Funatake et al., 2008; Kerkvliet, 2002). Increasing our 

understanding of the effects of AhR-mediated gene changes on T cell phenotype and 

function will help elucidate how T cell-mediated immune responses are suppressed 

by TCDD. 

Interestingly, donor CD4+ T cells in mice exposed to TCDD during an acute 

GVH response gain transient regulatory phenotype (CD25high, CD62Llow, CTLA-4+, 

GITR+, IL-10+) and suppressive function that are not dependent on Foxp3 

expression (Funatake et al., 2005; Marshall et al., 2008). These changes are 

however, dependent on AhR expression in the T cell (Funatake et al., 2008; 
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Funatake et al., 2005). During a GVH response, the activation of AhR in T cells by 

TCDD appears to either cause a T cell to acquire regulatory characteristics, or to 

default to a regulatory-type T cell due to the lack of appropriate signals for proper 

effector development. GVH is a classic Th1-type response mediated by CD4+ T 

cells that promote CD8+ cytotoxic T lymphocyte (CTL) development. In the 

presence of TCDD, both the CD4+ and CD8+ alloreactive donor T cells were shown 

to acquire regulatory characteristics, however the Treg phenotype of the donor 

CD8+ T cells was dependent on AhR-mediated events in the donor CD4+ T cells 

(Funatake et al., 2008; Funatake et al., 2005; Marshall et al., 2008), Gene expression 

changes induced by TCDD in the alloreactive T cells that are involved in the 

induction of Treg phenotype are not yet known. 

Th1 differentiation is induced by the sequential involvement of IFN-g, IL-12 

and the transcription factor T-bet (Schulz et al., 2009). The IL-12 receptor (IL-12R) 

is a heterodimeric type I cytokine receptor that is composed of a beta 1 and beta 2 

subunit (IL-12Rb2), of which the latter is upregulated during T cell activation 

(Szabo et al., 1997). The binding of IL-12 initiates a signaling cascade that results in 

the phosphorylation and nuclear translocation of STAT4 which alters the 

transcription of IL-12-responsive genes. Both Il-12rb2 and Stat4 transcripts were 

upregulated 10-fold and 3-fold in the donor CD4+ T cells from TCDD-treated mice 

at 48 h, respectively (Marshall et al., 2008). Furthermore, the IL-12R was functional 

as evidenced by increased STAT4 protein phosphorylation in cells exposed to IL-12 

from TCDD-treated mice. Since TCDD suppresses CD4+ T cell-mediated CD8+ 

CTL effector development (Kerkvliet et al., 1996; Kerkvliet et al., 2002; Oughton 
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and Kerkvliet, 1999), it was surprising to find that genes involved with the priming 

of Th1 cells were upregulated in the Tregs.  

Recently, the distinctions between Th1 and regulatory T cells have become 

increasingly blurred. IL-12Rb2 signaling has not only been linked to the generation 

of Th1 cells, as it has also been linked recently to the development of Tregs (Zhao et 

al., 2008), and spontaneous autoimmunity (Airoldi et al., 2005). Tregs have also 

been shown to express T-bet under certain conditions (Gabrysova et al., 2009; Koch 

et al., 2009; Wei et al., 2009; Zeng et al., 2009). IL-10, produced as an effector 

cytokine by some regulatory T cells (Roncarolo et al., 2006), can also be produced 

by Th1 cells to limit the response (Trinchieri, 2007). Since TCDD-induced adaptive 

CD4+ Tregs express significantly increased levels of IL-10 at both the transcript and 

protein levels (Marshall et al., 2008), IL-10 may play an important role in Treg 

induction and suppression of the GVH response in TCDD-treated mice. 

The purpose of these studies was to determine the role of IL-12Rb2 and IL-

10 in the induction of adaptive regulatory T cells in TCDD-treated mice during the 

GVH response. The results suggest that IL-12Rb2 is regulated by AhR in activated 

T cells exposed to TCDD in the presence of IL-12, however the transfer of IL-

12Rb2 KO donor T cells into TCDD-treated hosts showed that IL-12Rb2 is not 

required for the induction of Treg phenotype. The inhibition of IL-10 expression on 

days 0-1 of the GVH response also did not affect the Treg phenotype in TCDD-

treated mice. Upon examination of donor T cells on day 6, we found an increased 

frequency of CD69+CD122+CD8+ and CD69+CD4+ donor T cells in TCDD-treated 

mice, phenotypes that have been associated with regulatory function. When IL-10 
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expression was inhibited on days 0-3, these populations were significantly 

decreased, and the frequency of perforin+ CD8+ T cells was increased. Thus the 

early production of IL-10, produced in part by the CD4+ Tregs in TCDD-treated 

mice, promotes the development of CD8+ T cells with regulatory-type phenotypes 

in place of alloreactive CTL. 

 

Materials and Methods 

 

Mice 

C57BL/6J (donor) and B6D2F1/J (host) mice were purchased from The 

Jackson Laboratory; B6.PL-Thy1a/CyJ (Thy 1.1+), B6.129S1-Il12rb2tm1Jm/J (IL-

12Rb2 KO) and B6.129-AhRtm1Bra/J (AhR-/-) mice were originally purchased from 

The Jackson Laboratory and maintained as a breeding colony in a pathogen-free 

animal facility at Oregon State University (Corvallis, OR.). Animals were treated 

according to animal use protocols approved by the Institutional Animal Care and 

Use Committee at Oregon State University. 

 

TCDD treatment 

For in-vivo use, TCDD (99% purity; Cambridge Isotope Laboratories) was 

dissolved in anisole and diluted in peanut oil (vehicle). Host B6D2F1 mice were 

dosed with vehicle or TCDD (15 µg/kg) by gavage within 24 h before the adoptive 

transfer of donor T cells. For in vitro use, TCDD was dissolved in DMSO (vehicle) 

and added to culture media at a final concentration of 10 nM. 
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Graft-versus-host response 

Splenocytes were prepared by dissociation of spleens between frosted slides 

in HBSS buffer containing 2.5% FBS, 50 µg/ml gentamicin, and 20 mM HEPES, 

followed by a 10-s hypotonic lysis of red blood cells. Donor CD4+ and CD8+ T 

cells were purified from pooled splenocytes on an autoMACS separator using a Pan 

T cell isolation kit (Miltenyi Biotec) to >90% purity according to manufacturer’s 

instructions. T cells were labeled with 2 µM CFSE in PBS (Invitrogen), and 2 X 107 

T cells were injected into the tail vein or retro orbital sinus of vehicle- or TCDD-

treated B6D2F1/J hosts (day 0). 

 

Cell culture 

Splenocytes or purified T cells (method described above) were cultured in 

RPMI 1640 medium containing 10% FBS, 50 µg/ml gentamicin and 50 µM 2-ME 

(cRPMI) at 37°C with 5% CO2 and protected from light. To some cultures, anti-CD3 

(0.5 µg/ml) anti-CD28 (1 µg /ml) or recombinant IL-12 (2 ng/ml) or IL-2 (50 U/ml) 

(eBioscience) were added. For intracellular staining, splenocytes were cultured ex-

vivo for 21 h, the last 5 h in the presence of GolgiPlug (Brefeldin A, BD 

Biosciences). 

 

Chromatin ImmunoPrecipitation (ChIP) 

Spleen cells were stimulated with 0.25 µg/ml soluble anti-CD3 and 0.5 

µg/ml anti-CD28 for 24 h with vehicle (DMSO) or 10 nM TCDD. Cells were 
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harvested, fixed in 1% formaldehyde, and quenched with 0.125 M glycine. 

Chromatin was isolated and sheared with MNase (New England Biolabs) and 

sonicated into fragments < 0.5 kb. AhR-bound DNA was immunoprecipitated using 

150 µg of chromatin DNA incubated overnight at 4°C with 1 µg of an anti-AhR 

antibody (Biomol) that has been previously reported to work in ChIP assays 

(Beischlag et al., 2008; Hestermann and Brown, 2003; Quintana et al., 2008). A 

10% aliquot was set aside and used as the relative input fraction. Samples were then 

incubated with a 50% sepherose bead slurry (PBS + 0.05% NP-40) to eliminate non-

specific binding and then transferred to a protein G bead slurry (GE Healthcare) and 

incubated at 4°C for 4 h. After extensive washing, samples were eluted off the beads 

in 50 mM Tris-HCl (pH 8.1) with 1 mM EDTA, 1% SDS, and 50 mM NAHCO3. 

Crosslinks were reversed overnight at 65°C, and protein digested with 20 µg/ml 

proteinase K. The DNA was purified using a Qiagen PCR clean-up kit, and used as 

template for real-time PCR reactions. 

 

PCR 

Semi-quantitative real-time PCR reactions of ChIP-DNA were carried out 

using SYBR® Green JumpStart Taq ReadyMix (Sigma) on an ABI 7500 Real-Time 

PCR system. The primers specific for the DRE-rich region upstream of the IL-

12Rb2 gene: fwd: 5’-AGTACTCTGCACAGGGAAACAGCA-3’ and rev: 5’-

TGAGAAA GGAACCAAGGCGTGTGA-3’ were synthesized by Integrated DNA 

Technologies (IDT). IL-10 RT-PCR was conducted using total RNA isolated from 

cultured splenocytes (Qiagen RNeasy mini kit) used as template material with the 
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Invitrogen SuperScript III One-Step RT-PCR System with Platinum Taq DNA 

Polymerase. IL-10-specific primers: IL-10 fwd: 5’-GGAA -

GACAATAACTGCACCC-3’ and IL-10 rev: 5’-CATTCATGGCCTTGTAGACA -

C-3’ were synthesized by IDT. 

 

Flow cytometry 

Splenocytes were washed and stained on ice in Dulbecco’s PBS containing 

1% BSA and 0.1% sodium azide. Fc receptors were blocked with rat IgG (Jackson 

ImmunoResearch Laboratories), and stained with combinations of optimal 

concentrations of anti-mouse mAbs. Primary anti-mouse staining antibodies 

included CD25-APC (PC61), CD54-PE (3E2), CD44-Cychrome (IM7) from BD 

Biosciences/Pharmingen, CD8-efluor605/780 (53-6.7), Thy1.1-efluor605 (HIS51) 

and CD4-APC-eFluor780 (RM4-5) from eBioscience and CD69-PE from 

BioLegend. Some primary antibodies including purified hamster anti-mouse IL-

12Rb2 (BD Biosciences) and anti-mouse CD122-biotin were followed up with the 

labeled-secondary reagents anti-Armenian hamster IgG-PE (eBioscience) and 

streptavidin-APC (eBioscience), respectively. Intranuclear T-bet-PE (eBio4B10) 

was measured using the anti-mouse/rat Foxp3 staining buffer set (eBioscience). 

Intracellular IFN-g-APC (XMG1.2, BioLegend) and perforin-PE (JAW246, 

eBioscience) were measured using BD Bioscience’s Cytofix/Cytoperm Kit. Samples 

lacking an individual stain (fluorescence minus one, FMO) were used as controls for 

gating. Cellular viability of cultured cells was measured with ethidium monoazide 

(Sigma-Aldrich). IL-10 was measured in cell supernatants with a FlowCytomic 
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Simplex kit (Bender MedSystems) according to manufacturer’s instructions. 

Samples were collected on a Beckman Coulter FC-500 flow cytometer. Data 

analysis and software compensation were performed using WinList (Verity 

Software). 

 

Peptide-conjugated Phosphorodiamidate Morpholino Oligomers (P-PMO) 

Peptide-conjugated PMO were formulated at AVI BioPharma Inc. as 

previously described (Marshall 2008). The Arginine-rich cell penetrating peptide 

NH2-RXRRXRRXRRXRXB-COOH (where X represents 6-aminohexanoic acid and 

B represents Beta-alanine) was conjugated to either control sequence non-specific 

for mouse: 5’-CCTCTTACCTCAGTTACA-3’ or IL-10 sequence targeting the 5’ 

end of exon 4 within the open reading frame of IL-10: (Gene ID: 16153) 5’-

GGAGAAATCGATGCTGAAGAA-3’. In vitro, P-PMO was added to splenocytes 

in culture media at a final concentration of 5 µM, and incubated for 48 h at 37°C, 

5% CO2. In some cases the 3’ end of the P-PMO was modified with activated 

carboxyfluorescein as previously described (Moulton et al. 2003). In vivo, P-PMO 

was prepared by diluting 200 µg of P-PMO in 250 µl PBS and injected 

intraperitoneally every 24 hrs.  

 

Statistical analyses 

Error bars represent the mean ± SEM for individual mice or culture well 

replicates. Unpaired t tests were performed using GraphPad software where 

statistically significant differences are either indicated by p < 0.05 (*) and p < 0.005 
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(**), or if p < 0.05, the letters a, b, c indicate that statistically, a ≠ b ≠ c. 

 

Results 

 

IL-12Rb2 expression is regulated by AhR in activated T cells exposed to TCDD 

Previous studies showed that IL-12Rb2 transcript was increased 10-fold in 

alloreactive CD4+ Tregs on day 2 of a GVH response in TCDD-treated mice 

(Marshall et al., 2008). Whether IL-12Rb2 is directly regulated by AhR in T cells in 

the presence of TCDD is not known. To determine this, IL-12Rb2 expression was 

measured by flow cytometry on purified CD4+ T cells treated with TCDD (10 nM) 

or vehicle (DMSO) and stimulated with anti-CD3/CD28 antibodies in the presence 

of IL-12. At 24 h, there was a significant increase (3-fold) in the percentage of 

TCDD-treated T cells expressing IL-12Rb2 compared to vehicle (Figure 4.1A). 

When purified T cells were cultured without IL-12, IL-12Rb2 was not significantly 

impacted by TCDD treatment (data not shown). Since there are 6 dioxin-response 

elements (DREs) clustered within a span of 700 base pairs upstream of the IL-

12Rb2 gene transcriptional start site (Table 4.1), chromatin immunoprecipitation 

(ChIP) was used to measure AhR occupancy of this DRE-rich region. AhR+/+ or 

AhR-/- mouse splenocytes were stimulated with anti-CD3/CD28 and treated with 10 

nM TCDD for 24 h. Under these conditions, treatment with TCDD increased AhR 

binding of the DRE-rich region upstream of IL-12Rb2 (2-fold), but not as strongly 

as the promoter of Cyp1a1 (8-fold) (Figure 1B). The significant increase in AhR-

binding with TCDD treatment compared to vehicle was not observed for the open 
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reading frame of IL-12Rb2 or of actin (data not shown). Thus, AhR occupancy of 

the DRE-rich region upstream of the IL-Rb2 gene may partially explain the 

upregulation of IL-12Rb2 in T cells. 

 

The effects of IL-12Rb2 signaling on donor T cell phenotype in TCDD-treated mice  

The role of IL-12Rb2 expression in generating the Treg phenotype induced 

by TCDD during the GVH response was addressed using donor T cells from IL-

12Rb2-deficient (IL-12Rb2 KO) or WT mice. Donor CD4+ and CD8+ T cells (H-

2b) were labeled with the cytosolic dye CFSE, injected into TCDD- or vehicle-

treated F1 hosts (H-2b/d) (n = 3), and analyzed by flow cytometry at 48 h. CD25 is 

highly expressed on TCDD-induced CD4+ and CD8+ Tregs and although the 

expression is dependent on AhR-mediated events in the donor CD4+ T cells 

(Funatake et al., 2008), a lack of known DREs suggest it may be indirectly regulated 

by TCDD. Since CD25 is an IL-12-responsive gene (O'Sullivan et al., 2004), we 

examined whether a lack of IL-12Rb2 signaling affected the CD25 expression. 

Surprisingly, the frequency of donor CD25highCD4+ donor T cells in TCDD-treated 

mice was not affected by the lack of IL-12Rb2 signaling (Figure 4.2A), nor was the 

intensity of CD25 that was expressed per cell (data not shown). There was only a 

small (5%) albeit significant decrease in the percentage of donor CD8+ T cells that 

expressed CD25 when the donor T cells were IL-12Rb2 KO (Figure 4.2A). The IL-

12Rb2 KO donor CD4+ and CD8+ T cells also expressed the same CD62-Llow 

CTLA-4high phenotype as WT cells treated with TCDD (Figure 4.2A).  

Signaling through IL-12Rb2 maintains the expression of Th1-related genes 
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including the transcription factor T-bet, which plays an essential role in regulating 

Th1 differentiation (Szabo et al., 2000), but can also be expressed by Tregs. We 

found that the percentage of proliferating donor CD4+ T cells that expressed T-bet 

on day 2 of the response varied between 30-60% depending on the particular 

experiment, and was not affected by TCDD treatment. However, the frequency of 

proliferating IL-12Rb2 KO donor CD4+ T cells that expressed T-bet was 

significantly decreased in TCDD-treated mice compared to WT T cells (Figure 

4.2B). As T-bet and IFN-g feed back to reinforce expression of the other (Schulz et 

al., 2009), the concentrations of secreted IFN-g in the supernatants of cultured 

splenocytes from TCDD-treated mice were also measured, and although high levels 

of IFN-g were detected, the concentrations were not different for splenocyte cultures 

containing IL-12Rb2 KO donor T cells compared to WT donor T cells (Figure 

4.2C). The concentrations of secreted IL-10 in the supernatants were also not 

affected by the adoptive transfer of IL-12Rb2 KO donor T cells compared to WT T 

cells (Figure 4.2C). Taken together, these data suggest that although signaling 

through IL-12Rb2 increases the frequency of T-bet+ donor CD4+ T cells, IL-12Rb2 

is not required for the induction of Treg phenotype in TCDD-treated mice.  

 

The effects of IL-10 on donor T cell phenotype in TCDD-treated mice 

IL-10 transcript was increased 2-fold in donor CD4+ T cells from TCDD-

treated mice which translated into a significant increase in secreted IL-10 protein 

(Marshall et al., 2008). To determine if this early increased expression of IL-10 in 

donor CD4+ T cells influenced the conversion of alloreactive donor CD4+ and 
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CD8+ T cells into Tregs, we inhibited IL-10 expression with an IL-10-specific 

phosphorodiamidate morpholino oligomer conjugated to an Arginine-rich cell 

penetrating peptide (P-PMO). This antisense chemistry effectively alters specific 

gene expression in primary leukocytes both in vitro and in vivo (Marshall et al., 

2007; Mourich et al., 2009). The IL-10 P-PMO was designed to target the 5’ 

intron/exon junction of exon 4 of the IL-10 pre-mRNA transcript to mask splice 

recognition sequence and alter pre-mRNA splicing for a loss of functional protein 

(Figure 4.3A). The control P-PMO sequence was non-specific for mouse. Mouse 

splenocytes were stimulated with anti-CD3/CD28 antibodies and treated for 48 h 

with control or IL-10 P-PMO. The IL-10 P-PMO-treated cells produced both a full-

length and truncated IL-10 mRNA transcript detected by RT-PCR (Figure 4.3B). 

The truncated RT-PCR product was confirmed to lack exon 4 sequence (data not 

shown). Furthermore, the splice redirection of the pre-mRNA also translated into 

decreased IL-10 protein in the cell supernatants (Figure 4.3C). The P-PMO 

(conjugated to fluorescein) was also readily taken up by the activated donor T cells 

ex-vivo (Figure 4.3D). The in-vivo efficacy of this specific IL-10 P-PMO compound 

was recently demonstrated by its ability to protect mice from lethal challenge with 

mouse-adapted Ebola virus (Iversen, 2009). 

Groups of vehicle- or TCDD-treated mice (n = 4) were dosed with 200 µg of 

control P-PMO at the time of adoptive transfer of donor T cells (day 0), and again at 

24 h (day 1). Another group of mice treated with TCDD were dosed with 200 µg of 

IL-10 P-PMO at the same intervals. The experiment was then terminated on day 2. 

As shown in Figure 4.4A, there was a marked decrease in the concentrations of IL-
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10 in the supernatants of cultured splenocytes from TCDD-treated mice dosed with 

IL-10 P-PMO compared to control P-PMO indicating that the IL-10 P-PMO 

effectively inhibited IL-10 expression in-vivo. The Treg phenotype of the donor T 

cells was also evaluated by flow cytometry on day 2. The expected increase in the 

percentages of CD4+ and CD8+ donor T cells in TCDD-treated mice expressing 

high levels of CD25 compared to vehicle-treated mice was not affected by IL-10 P-

PMO (Figure 4.4B). The significant increase in CTLA-4+ donor CD4+ and CD8+ T 

cell frequency and significant increase in IL-12Rb2+ donor CD4+ T cell frequency 

in TCDD-treated mice were also not affected by IL-10 P-PMO treatment (data not 

shown). Intracellular IFN-g was also measured in the donor CD4+ and CD8+ T cells 

to determine if these cells were a source of IFN-g detected in the supernatants from 

cultured host splenocytes (Figure 4.2C), and whether this was affected by IL-10. 

IFN-g+ donor CD4+ and CD8+ T cells were detected and were found to have 

undergone at least five cellular divisions according to CFSE dilution. There were 

significantly more IFN-g+ donor CD8+ T cells in the vehicle control P-PMO group 

(7.3 ± 0.8%) compared to the TCDD control P-PMO (2.4 ± 0.08%; p = 0.01) or 

TCDD + IL-10 P-PMO group (3.6 ± 0.4%; p = 0.01) (Figure 4.4C). The increase in 

the percentage of donor CD8+ T cells expressing IFN-g in TCDD-treated mice 

dosed with IL-10 P-PMO versus control P-PMO was suggestive, but not significant. 

This same trend was observed for donor CD4+ T cells at a similar frequency 

although the effect was also not statistically significant. Interestingly, the 

concentration of IFN-g in the supernatants of cultured host splenocytes from 

vehicle-treated mice was not different from TCDD-treated mice despite the 
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significant increase in IFN-g+ donor T cells suggesting other cell types in the spleen 

are producing IFN-g (data not shown). Taken together, these results suggest that the 

early expression of IL-10 is not required for the generation of the Treg phenotype on 

day 2 in TCDD-treated mice, but may partially inhibit the development of IFN-g+ 

donor CD4+ and CD8+ T cells. 

 

The effects of early IL-10 expression on CTL precursor development in TCDD-

treated mice 

 

 Although inhibition of IL-10 expression did not affect Treg phenotype on 

day 2 of the GVH response, we hypothesized that the early IL-10 expression may 

suppress the development of alloreactive CTL in TCDD-treated mice. Thus, host 

mice were treated with vehicle or TCDD and dosed with 200 µg of IL-10 P-PMO or 

control P-PMO every 24 h on days 0-3 relative to adoptive transfer of donor T cells 

(n = 3-4). The donor T cells were identified in the spleen by their expression of the 

congenic marker Thy1.1. The frequency and phenotype of donor T cells were then 

measured on day 6 of the GVH response at a time when differentiated CTL 

precursors begin to emerge (Oughton and Kerkvliet, 1999). On day 6, the Thy1.1+ 

donor T cells comprised approximately 9% of the total cells in the host spleen 

regardless of treatment. The Treg phenotype, including high CD25 expression that is 

measurable on day 2, is no longer detected beginning on day 3 of the GVH response 

in TCDD-treated mice (Funatake et al., 2005). This suggests that either the Tregs 

have trafficked out of the spleen, or that the cells have down-regulated these 

markers. However, a subset of activated CTL precursors was shown to express 
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CD25 in a tumor allograft model (Oughton and Kerkvliet, 1999), thus we measured 

CD25 expression on donor T cells again on day 6 of the response. The percentage of 

donor CD8+ T cells that expressed CD25 was significantly decreased in TCDD-

treated mice (2-fold) compared to vehicle-treated mice (Figure 4.5A); and the 

frequency of CD25+CD8+ T cells was not affected by IL-10 P-PMO treatment. Few 

(<1%) donor CD4+ T cells expressed CD25, which was expressed at low levels. 

Consistent with other CTL precursors that have been described (Oughton and 

Kerkvliet, 1999), the donor CD25+CD8+ T cells also co-expressed CD44 and CD54 

(ICAM-1). These two adhesion receptors were expressed on >90% of the donor 

CD4+ and CD8+ T cells on day 6 regardless of treatment. The percentage of donor 

CD4+ T cells that were CD44high CD54+ was significantly upregulated in TCDD-

treated mice (66.2% ± 2.6, p = 0.01) compared to vehicle-treated (47.1% ± 1.2), and 

was not affected by treatment with IL-10 P-PMO. The significant increase in 

CD44highCD54+ phenotype was not observed for the donor CD8+ T cells. 

CTL precursors have also been previously shown to express the membrane-

bound receptor CD69 (Oughton and Kerkvliet, 1999). Although normally 

recognized as a temporal early T cell activation marker, data has begun to emerge 

linking CD69 expression with regulatory function (Han et al., 2009; Radstake et al., 

2009; Sancho et al., 2005). Surprisingly, there was a significant increase in the 

frequency of donor CD8+ and CD4+ T cells expressing CD69 in TCDD-treated 

mice on day 6, which was significantly reversed by early IL-10 P-PMO treatment. 

(Figure 4.5B). Approximately 80% of the donor CD8+ cells, and less than 4% of the 

donor CD4+ T cells also expressed the beta subunit of the IL-2 receptor (CD122), 
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and like CD69, the frequency of CD122+ donor CD8+ T cells was significantly 

decreased by IL-10 P-PMO in TCDD-treated mice (Figure 4.5C). These results 

suggest that early IL-10 production on days 0-3 in TCDD-treated mice is linked to 

an increase in the CD69+CD4+ and CD69+CD122+CD8+ T cell populations in 

TCDD-treated mice on day 6. 

The expression of IFN-g, both intracellularly in the donor T cells, and in 

soluble form in supernatants from cultured host splenocytes was also measured on 

day 6 of the GVH response. Less than 1% of the donor CD4+ T cells expressed IFN-

g+ on day 6 however the frequency of IFN-g+ donor CD8+ T cells was significantly 

increased in TCDD-treated mice compared to vehicle-treated mice, however this 

effect was not seen in TCDD-treated mice dosed with IL-10 P-PMO (Figure 4.6A). 

Concentrations of IFN-g were also measured in supernatants from cultured 

splenocytes from host mice. A significant increase in concentrations of IFN-g was 

observed in the splenocyte supernatants from TCDD-treated mice dosed with control 

P-PMO compared to IL-10 P-PMO and compared to vehicle-treated mice (Figure 

4.6B). This was consistent with the increased intracellular IFN-g expression 

The expression of the cytolytic protein perforin was also measured in donor 

T cells on day 6 as it is a known mediator of CTL effector function. Although there 

was no significant effect of TCDD treatment on perforin expression, the frequency 

of perforin+ donor CD8+ T cells was significantly increased in TCDD-treated mice 

dosed with IL-10 P-PMO compared to all other groups (from approximately 9% to 

22%) (Figure 4.6C). There was also a significant increase in the frequency of 

perforin+ donor CD8+ T cells in vehicle-treated mice dosed with IL-10 P-PMO 
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compared to control P-PMO. An increase in a small subset of donor CD4+ T cells 

that expressed perforin was also seen in TCDD-treated mice dosed with IL-10 P-

PMO (from 1% to 6%). The subset of CD8+ T cells that expressed perforin were 

found not to co-express IFN-g (Figure 4.6D). Taken together, these results suggest 

that the early expression of IL-10 in TCDD-treated mice during GVH promotes the 

development of IFN-g+CD8+ T cells and suppresses the development of perforin+ 

CD8+ T cells.  

 

Discussion 

 

These studies were performed to determine the role of IL-12Rb2 and IL-10 

in the generation of alloreactive Tregs in TCDD-treated mice. The data suggest that 

IL-12Rb2 is a direct AhR-mediated target of TCDD in T cells as has been shown for 

other cell types (Kinehara et al., 2008). The upregulation of IL-12Rb2 in purified T 

cells required the presence of IL-12 suggesting that other IL-12-dependent factor(s) 

are necessary for TCDD-mediated upregulation of IL-12Rb2 expression. It is 

interesting that AhR occupies this DRE-rich region upstream of IL-12Rb2 as well as 

the Cyp1a1 promoter even 24 h after the cells were first exposed to TCDD. Most 

often ChIP studies are performed with samples harvested within 2 h of the initial 

TCDD exposure, however this may not accurately reflect the AhR occupancy that 

occurs over the course of activation and differentiation of a T cell. Further studies of 

the occupancy of the DRE-rich region upstream of the IL-12Rb2 gene by AhR are 

needed to further determine the direct mechanisms of TCDD-induced upregulation 
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of IL-12Rb2 gene expression.  

Although IL-12Rb2 expression is upregulated by TCDD, signaling through 

IL-12Rb2 was not required for the generation of the CD25high CD62-Llow CTLA-4+ 

IL-10+ Treg phenotype. Approximately 30-60% of the proliferating donor CD4+ T 

cells expressed T-bet on day 2 regardless of TCDD exposure, however this 

frequency was significantly reduced when the donor T cells were IL-12Rb2-

deficient. It appears then that Treg induction in TCDD-treated mice does not occur 

at the expense of Th1 priming, rather a suppressive T cell with both Th1 and Treg 

characteristics is produced. Interestingly, Foxp3+ Tregs were shown to express T-bet 

during a Th1-response which enhanced their suppressive function (Koch et al., 

2009). Thus gene expression controlled by T-bet may enhance the ability of a Treg 

to respond and traffic alongside Th1 cells, making the Tregs particularly suited for 

suppressing Th1 responses. Whether Tregs generated in TCDD-treated mice during 

a GVH response can be transferred to suppress a subsequent GVH response or other 

Th1-type responses is not yet known. 

We also examined the role of IL-10 in induction of Treg phenotype and 

suppression of CTL development. To suppress IL-10 expression in-vivo, we utilized 

an IL-10-specific morpholino oligomer conjugated to a cell-penetrating peptide (P-

PMO). Activated T cells are particularly sensitive to uptake of these antisense 

compounds (Marshall et al., 2007), and have been successfully used in-vivo for 

targeted splice-altering of CTLA-4 in non-obese diabetic mice (Mourich, D.V., 

personal communication). TCDD-treated mice dosed with IL-10 P-PMO on days 0-

1 had suppressed splenic IL-10 production, but the donor T cell Treg phenotype was 
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not altered indicating that IL-10 is not required for the induction of Tregs by TCDD. 

We further determined the consequences of the early IL-10 expression on 

downstream CTL precursor development. Even as early as day 6, suppression of 

CTL development was suggested in TCDD-treated mice by a significant decrease in 

the frequency of emerging donor CD25+CD8+ T cells. After dosing with IL-10 P-

PMO on days 0-3, the CD25+CD8+ population remained suppressed in TCDD-

treated mice on day 6. Concomitantly, increased populations of CD69+CD4+ and 

CD69+CD122+CD8+ T cells emerged in TCDD-treated mice on day 6 that were 

significantly reduced by early dosing with IL-10 P-PMO. Interestingly, populations 

of CD122+CD8+ T cells and CD69+CD4+ T cells with regulatory function have 

been previously described (Endharti et al., 2005; Han et al., 2009; Rifa'i et al., 

2004), although these studies are the first to suggest that they are induced by IL-10. 

Whether the loss of CD69+ T cells in TCDD-treated mice dosed with IL-10 P-PMO 

partially restores CTL activity will be addressed in future studies.  
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Figure 4.1. IL-12Rb2 expression is regulated by AhR in T cells exposed to TCDD 
in the presence of IL-12.  
Pan-T purified splenic T cells were stimulated with anti-CD3/CD28 antibodies and 2 
ng/ml IL-12 for 24 h in the presence of vehicle (DMSO) or 10 nM TCDD. Surface 
IL-12Rb2 protein expression was measured on CD4+ T cells by flow cytometry (A). 
Splenocytes from AhR+/+ or AhR-/- mice were stimulated with anti-CD3/CD28 
antibodies for 24 h, chromatin was isolated, immunoprecipitated with anti-AhR 
antibody, and used as genomic DNA template for semi-quantitative real time-PCR 
with primers specific for the DRE-rich region upstream of the IL-12Rb2 gene (B).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vehicle TCDD
0

25

50

75

100 *

%
 I

L
-1

2
R

b
2
+

 

A. 

Cyp1a1 IL-12Rb2
5

15

25

AhR KO

Vehicle WT

TCDD WT

30

40

50
50

100

150

200

R
e
la

ti
v

e
 r

a
ti

o
 t

o
 i

n
p

u
t 

(x
1

0
-3

)

B. 



  
 

122 
 

 
 

Figure 4.2. A lack of IL-12Rb2 signaling affects T-bet+ donor T cell frequency but 
not the Treg phenotype in TCDD-treated mice on day 2 of the GVH response.  
WT or IL-12Rb2 KO pan-T purified T cells (H-2b) were labeled with CFSE and 
adoptively transferred into B6D2F1/J (H-2b/d) hosts treated with vehicle or 15 µg/kg 
TCDD. Spleens were harvested at 48 h. The expression of CD25, CD62-L and 
intracellular CTLA-4 was measured on/in splenic donor CD4+ and CD8+ T cells by 
flow cytometry (A). Splenocytes were fixed and permeabilized to measure nuclear 
expression of T-bet protein in donor CD4+ T cells by flow cytometry (B). Host 
splenocytes were also cultured for 24 h and supernatants were harvested and used to 
measure soluble IFN-g and IL-10 concentrations using bead-based cytokine assays 
(C). 
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Figure 4.3. IL-10 P-PMO delivers into leukocytes and induces splice-altering of the 
IL-10 pre-mRNA transcript to inhibit protein expression.  
IL-10 P-PMO was designed to target the 5’ intron/exon boundary of exon 4 of the 
coding sequence of the IL-10 gene to produce an altered IL-10 pre-mRNA transcript 
(A). The altered transcript was measured by RT-PCR in IL-10 P-PMO-treated 
splenocytes at 48 h (B). Soluble IL-10 protein expression in P-PMO-treated 
splenocyte supernatants were measured by bead-based cytokine assay (C). Uptake of 
P-PMO (solid histogram), or P-PMO conjugated to fluorescein (dotted histogram) 
was measured in donor T cells cultured in cRPMI supplemented with 50 U/ml IL-2 
for 24 h (D). 
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Figure 4.4. Treatment with IL-10 P-PMO inhibits IL-10 protein expression but does 
not affect Treg phenotype or IFN-g+ donor CD8+ T cell frequency in TCDD-treated 
mice on day 2 of the GVH response.  
Pan-T purified T cells from C57Bl/6 mice were labeled with CFSE and adoptively 
transferred into B6D2F1/J host mice treated with vehicle or 15 µg/kg TCDD and 
dosed with 200 µg of control or IL-10 P-PMO intraperitoneally days 0-1. Host 
spleens were harvested at 48 h. IL-10 was measured in the supernatants of host 
splenocytes cultured for 24 h, and adjusted for donor T cell frequency (A). CD25 
expression was measured on donor CD4+ and CD8+ T cells by flow cytometry (B). 
Intracellular IFN-g was measured in donor CD8+ T cells from host splenocytes 
cultured 24 h with the last 5 h in the presence of brefeldin A(C). 
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Figure 4.5. TCDD suppresses CD25+CD8+ donor T cell frequency, and increases 
the IL-10-dependent frequency of CD69+CD4+ and CD69+CD122+CD8+ T cells on 
day 6 of the GVH response.  
Pan-T purified T cells from Thy1.1+ mice were adoptively transferred into B6D2F1/J 
host mice treated with vehicle or 15 µg/kg TCDD and dosed with 200 µg of control 
or IL-10 P-PMO intraperitoneally on days 0-3. Host spleens were harvested on day 
6. Using flow cytometry, the percentage of Thy1.1+CD8+ T cells that expressed 
CD25 (A), the percentage of Thy1.1+CD4+ and Thy1.1+CD8+ T cells that expressed 
CD69 (B), and the percentage Thy1.1+CD8+ T cells that expressed CD122 were 
measured (C). 
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Figure 4.6. Early IL-10 P-PMO treatment suppresses IFN-g+ but increases perforin+ 
donor CD8+ T cell frequency on day 6 of the GVH response.  
Pan-T purified T cells from Thy1.1+ mice were adoptively transferred into B6D2F1/J 
host mice treated with vehicle or 15 µg/kg TCDD and dosed with 200 µg of control 
or IL-10 P-PMO intraperitoneally days 0-3. Host spleens were harvested on day 6. 
Intracellular IFN-g and perforin was measured by flow cytometry in Thy1.1+CD8+ 
T cells from host splenocytes cultured for 24 h and treated with brefeldin A for the 
last 5 h (A,C,D). Host splenocytes were cultured for 24 h and supernatants were 
harvested and used to measure IFN-g by bead-based cytokine assay (B). 
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Table 4.1.  DREs in/upstream of the IL-12Rb2 gene* 

 
Site 

 

 
DRE sequence 

 
Strand 

-203 gcaggagGCGTGtgccaca - 
-153 gcacccaGCGTGcttagtg - 
-126 aaccaagGCGTGtgacccc - 
-69 gtggcggGCGTGgtgagag + 
23 cactgccGCGTGgactcca + 

461 gaatcagGCGTGggggatg - 

 
*Identified by Sun et al. (2004) 
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Chapter 5 

Conclusions  

 

The recent publication of two pivotal articles, Funatake et al. (2005) and 

Quintana et al. (2008) that demonstrate a role for TCDD-activated AhR in 

regulatory T cell development, has stimulated considerable interest in the role of 

AhR ligands in modulating T cell effector differentiation. Adaptive CD25+CTLA-4+ 

CD62-LlowCD4+ Tregs that were identified and characterized in TCDD-treated mice 

by our lab on day 2 of the GVH response has provided important new insights into 

the direct AhR-mediated effects of TCDD on T cells. It is challenging to 

characterize a novel type of regulatory T cell that does not express the widely 

accepted marker of most Tregs, transcription factor Foxp3. However various 

populations of Foxp3- Tregs continue to be described in the literature, and AhR may 

play a role in their induction. 

A Treg by the simplest definition is a T cell with suppressive function. We 

demonstrated suppression of naïve responder T cells by TCDD-induced CD4+ Tregs 

ex-vivo in the presence of anti-CD3 in the standard assay for Treg function, but also 

in the presence of semi-allogeneic DC stimulation. Also, consistent with the 

function of natural Foxp3+ Tregs, the cells did not produce IL-2, and suppression by 

the TCDD-induced Tregs was shown to be cell-contact dependent, and relieved by 

ligating the costimulatory molecule GITR. The cells also differed from natural Tregs 

in that they were not anergic in culture, did not sequester IL-2 from the media, and 
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produced high levels of IL-10. Collectively, the results suggest that TCDD-activated 

AhR may act as an alternative transcription factor to Foxp3 for the induction of a 

Treg with suppressive function and a unique phenotype. 

To help elucidate the direct AhR-mediated effects of TCDD on T cells 

involved in Treg induction, we chose to examine the role of IL-12Rb2 in the 

generation of Treg phenotype. IL-12Rb2 was selected because it was upregulated 

10-fold at the transcript level and because CD25, which was highly expressed by the 

Tregs, is an IL-12-responsive gene. Upon further study, we found that TCDD 

enhanced IL-12Rb2 protein expression in purified T cells in the presence of IL-12, 

and using ChIP, we found that AhR binds a DRE-rich region of DNA upstream of 

the IL-12Rb2 gene. However, IL-12Rb2 was not required for the generation of the 

CD25high Treg phenotype in TCDD-treated mice. This demonstrates that significant 

gene changes induced by TCDD-activated AhR, although seemingly important, may 

only be ancillary to a biological response. The role of TCDD-induced IL-12Rb2 

upregulation in other immune responses is not yet known, but should be examined. 

A major theme of the studies presented in this dissertation is the complex 

temporal nature of gene expression changes and gene-specific effects that occur over 

the course of T cell effector development during an alloresponse. We found that 

inhibiting IL-10 expression on days 0-1 with IL-10-specific (RXR)4-conjugated 

morpholino antisense did not affect the CD25high Treg phenotype on day 2. By 

treating the mice on days 0-3 with antisense and then examining the donor T cells on 

day 6 during CTL precursor development, we identified an increased frequency of 

CD69+ CD4+ and CD8+ T cells in TCDD-treated mice that were suppressed in mice 
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dosed with IL-10-specific antisense. The use of a reagent that temporally inhibits 

expression of a gene as opposed to using gene-deficient cell lines or animals allows 

us to study the timing of gene expression and when subsequent effects occur. Given 

that the transcripts of cytokines like IL-2 and IL-10 are rapidly degraded (Stoecklin 

et al., 2008), and that IL-2 expression rebounded within 6-24 h after we treated with 

antisense, the expression of IL-10 in-vivo would have likely rebounded on day 4. 

Thus it appears that the IL-10 present on days 0-3 was adequate to drive the increase 

in day 6 CD69+ donor T cell phenotype in TCDD-treated mice. These studies 

demonstrate that (RXR)4-conjugated morpholino antisense can be used in-vivo to 

target genes in immune cells for the study of temporal gene expression to further our 

understanding of immune responses. 

Whether Foxp3+ Tregs are induced de novo by TCDD is not yet clear. 

TCDD treatment did not increase the frequency of Foxp3+ Tregs during the GVH 

response, in fact there was a small but significant decrease in donor Foxp3+ Treg 

frequency. ChIP studies by Quintana et al. (2008) have shown that AhR interacts 

directly with the Foxp3 gene to enhance transcription. Interestingly, an increased 

frequency of Foxp3+ Tregs was found in mouse models of EAE (Quintana et al,. 

2008) and type 1 diabetes (Kerkvliet et al., 2009) with TCDD treatment. It is 

possible that Foxp3+ Tregs exported from the thymus are naturally more resistant to 

AhR-mediated effects as they are more fully differentiated compared to other 

developing effector T cells and express fewer gene transcripts. It is this same reason 

that unactivated, naive T cells appear more resistant to the effects of TCDD. Thus 

increased Foxp3+ Treg frequency may reflect Treg preservation due to the inhibition 
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of other T cell effectors that are more sensitive to the effects of TCDD. Further 

studies of the effects of TCDD on Foxp3+ Tregs are still needed to determine 

whether induction or preservation occurs and why enhanced frequency of Foxp3+ 

Tregs is only observed in certain disease models. 

The findings by Quintana et al. (2008) and Veldhoen et al. (2008) that the 

naturally-occurring high-affinity AhR ligand FICZ promotes Th17 instead of Treg 

development has led some in the field to suggest TCDD is not an optimal tool for 

studying AhR signaling. I believe that TCDD is one of the best tools for the study of 

AhR for 2 reasons: (1) If the goal is to enhance our understanding of the role of AhR 

in biological systems, I would argue that the use of a high affinity ligand that is not 

metabolized by the battery of enzymes that AhR induces, despite its anthropogenic 

origin, offers the most straightforward approach to studying AhR function. To this, 

alternative AhR ligands can then be compared. (2) The link between Treg induction 

and TCDD suggests that AhR ligands may have therapeutic potential for conditions 

such as transplant rejection and autoimmune disease. Thus studies of the AhR-

mediated effects of TCDD on biological responses may help us to identify and 

develop alternative AhR ligands or other compounds that produce comparable 

effects that could be used to improve human health. 
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Abstract 

 

Antisense technologies are used widely for inhibition of gene expression. 

Though traditionally the AUG start codon of the open reading frame is targeted to 

disrupt ribosome assembly and initiation, an emerging approach is targeting 

sequences to disrupt pre-mRNA splicing. The primary advantage to this approach is 

a positive read-out for an antisense effect through detection of a novel splice 

product. The antisense compounds used here are phosphorodiamidate morpholino 

oligomers conjugated to an Arginine-rich cell penetrating peptide (P-PMO). We 

describe a 5-step process for selecting the best candidate antisense compound for 

altering IL-12Rb2 expression including (1) detecting mRNA splice products by RT-

PCR, (2) measuring protein expression, (3) evaluating protein function, (4) checking 

cellular viability, and (5) validating efficacy of the final candidate compound. The 

significance of targeting exons consisting of a number of bp divisible by 3, and the 

recognition of cryptic splice sites are also discussed. The screening steps used to 

evaluate P-PMO targeting IL-12Rb2 expression here should be applied for designing 

and screening antisense compounds for other gene targets. 

 

Introduction 

 

Antisense technologies are widely used for altering gene expression to 

examine the role of specific genes in biological processes. Treating with antisense 

compounds conditionally affects gene expression in contrast to the use gene-
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deficient animals which are challenged by confounded developmental questions. 

The classic approach to antisense design is targeting the AUG start codon to 

interfere with ribosome initiation and assembly. However, a drawback to this 

approach is that the assay read-out for effectiveness is the lack of detection of 

mRNA and protein. This introduces the potential for false positives due to factors 

related to the assay technique or the treatment and viability of targeted cells. A 

preferred approach for measuring antisense efficacy is an assay that provides a 

positive read-out achieved by altering the normal splice pattern of pre-mRNA. The 

splicesome recognizes conserved sequences within the pre-mRNA sequence which 

determine the splice-acceptor (5’) and splice donor (3’) ends of an exon. The 

splicesome, in turn, excises intronic sequences as a lariat, and ligates the exons to 

produce a mature mRNA transcript. If the splice-recognition sequences are blocked 

due to the binding of a sequence-specific antisense molecule, the unrecognized 

splice site is excised out with the surrounding intronic sequence as the splicesome 

then proceeds along the transcript to find subsequent splice recognition sites. 

Disrupting the open reading frame using this antisense approach can produce the 

expression of a unique mRNA transcript. The unique mRNA is then quantifiable by 

RT-PCR and translates to a measurable reduction in protein levels and/or protein 

function. 

Here we used phosphorodiamidate morpholino oligomers conjugated to an 

Arginine-rich delivery peptide (P-PMO); an antisense platform repeatedly proven to 

be efficacious for altering gene expression (Mitev et al., 2009; Mourich et al., 2009; 

Stein, 2008; Wu et al., 2008), including splice-altering in leukocytes (Marshall et al., 
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2007). Six P-PMO compounds were synthesized to target a subunit of a 

heterodimeric receptor found on activated T cells, IL-12Rb2. The goal was to 

sufficiently disrupt IL-12Rb2 expression to inhibit IL-12R signaling through 

phosphorylation of STAT4. After screening for altered mRNA splice products, 

protein expression, protein function, and cellular viability, we chose a sequence 

targeting the splice-acceptor site of exon 3 (SA3). SA3 was shown to sufficiently 

disrupt IL-12Rb2 mRNA expression in a dose-dependent manner by inducing 

excision of exon 3, which effectively inhibited expression of phosphorylated 

STAT4. These same steps were then used to screen P-PMO targeting the ligand of 

IL-12Rb2, IL-12A. The best candidate compound targeting the splice acceptor site 

of exon 6 induced recognition of an apparent cryptic splice site, resulting in 

inclusion of intron sequence in the mature mRNA to effectively disrupt normal IL-

12 expression. 

 

Materials and Methods 

 

Mice 

C57Bl/6 mice (Jackson Laboratories) were housed in microisolator cages 

under pathogen-free conditions and treated according to animal use protocols 

approved by the Institutional Animal Care and Use Committee of Oregon State 

University. 

 

Cell isolation and culture 
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Splenocyte suspensions were prepared by dissociation of spleens between 

frosted microscope slides in HBSS containing 2.5% FBS, 50 µg/ml gentamicin, and 

20 mM HEPES followed by a 10-s hypotonic water lysis of red blood cells. 

Splenocytes were cultured in RPMI 1640 medium containing L-glutamine and 

supplemented with 10% FBS, 50 µg/ml gentamicin, and 50 µM 2-ME. Cells were 

stimulated for 48 hrs with either 5 µg/ml platebound anti-CD3, soluble anti-CD3 

(0.5 µg/ml) and anti-CD28 (1 µg/ml) (eBioscience), or 5 µg/ml concanvalin-A 

(Sigma) as indicated. RAW 264.7 cells were cultured in DMEM supplemented with 

10% FBS and 50 µg/ml gentamicin, and stimulated for 48 hrs with 100 ng/ml LPS 

(E. coli 0111:B4, Sigma). 

 

P-PMO antisense compounds 

Phosphorodiamidate morpholino oligomers conjugated to Arginine-rich 

peptide NH2-RXRRXRRXRRXRXB-COOH (where X represents 6-aminohexanoic 

acid, and B represents β-alanine) (P-PMO) were designed and synthesized at AVI 

BioPharma Inc. (Corvallis, OR. USA) to greater than 90% purity. Lyophilized P-

PMO were dissolved in DI water at 1-2 mM and added to culture media at a final 

concentration (µM) as indicated. 

 

Flow cytometry 

Cultured splenocytes were washed and stained on ice in PBS supplemented 

with 1% BSA and 0.1% sodium azide. Cells were first incubated with Rat IgG (200 

µg/ml; Jackson ImmunoResearch) for FC receptor blocking, and stained with 
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optimal concentrations of anti-mouse monoclonal antibodies including: APC-Alexa 

Fluor 750-CD4 (clone RM4-5, eBioscience); purified-IL-12 R β2 (clone HAM10B9; 

BD Pharmingen), and FITC-anti-armenian hamster IgG (eBioscience). STAT4 was 

measured using BD Phosflow reagents including mouse PE-STAT4 (clone 38/p-

Stat4) as per the manufacturer’s instructions. Samples lacking one of the individual 

stains (fluorescence minus one (FMO)) were used as staining controls. Viability of 

unfixed cells was measured with 7-aminoactinomycin D (7-AAD, Calbiochem). A 

minimum of 10,000 CD4+ T cell events were collected per sample on a Beckman 

Coulter FC-500 flow cytometer. Data analysis and software compensation were 

performed using WinList (Verity Software). 

 

RT-PCR and sequencing 

Total RNA was extracted from cultured cells (Qiagen RNeasy mini kit) and 

used as template material for RT-PCR (Invitrogen SuperScript III One-Step RT-

PCR System with Platinum Taq DNA Polymerase) using sequence specific primers. 

Primer pair #1: FWD 5’-TCTGGAGAACCAGAGGTTGC-3’; REV 5’-

CTCCAATTACTCCAACTTCCTC-3’; Primer pair #2: FWD 5’-

GTCTGAATCCATCAGAGG-3’; REV 5’-TCTGCTGTCGAGTCTCGTTC-3’   

(annealed at 55°). IL-12 primers: FWD 5’TGTACCAGACAGAGTTCCAG-3’; 

REV 5’-GGGGTGACTGAGTGTTTTC-3’.  Primers were designed using Vector 

NTI software (Invitrogen) and synthesized by IDT. PCR reactions were performed 

on a DNA engine (MJ Research), and the products were visualized by agarose gel 

electrophoresis. A 100 bp DNA ladder served as a molecular weight marker 
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(Invitrogen). Selected PCR products were excised and purified (Qiagen QIAquick 

Gel Extraction Kit). The fragments were cloned into pCR4-TOPO vector (Invitrogen 

TOPO TA Cloning Kit) and plasmid DNA was purified (Qiagen QIAprep Spin 

Miniprep Kit). DNA was sequenced using an ABI Prism 3730 Genetic Analyzer at 

the CGRB Core Laboratory at Oregon State University. 

 

Results 

 

Step 1: Detecting altered splice products by end-point RT-PCR  

We chose to target the mouse IL-12Rb2 gene (Gene ID: NM_008354), part 

of the heterodimer which makes up the interleukin-12 (IL-12) receptor found on 

activated T cells. P-PMO sequences (Table A.1) were selected to target 6 areas 

within the gene’s open reading frame including the AUG start codon and 5’ splice 

acceptor (SA) ends of exons 3, 5, 7, 9, and 11 (Figure 1A). The initial step for 

screening efficacy of the compounds was visual detection of splice-altered mRNA 

products through amplification of the target region by RT-PCR. Designing primer 

pairs that amplify smaller regions of the target gene allow smaller RT-PCR products 

to be easily visualized on an agarose gel. Thus, for IL-12Rb2, we designed two 

primer sets which spanned exons 2-7 and 9-12, amplifying PCR products around 

1000 and 500 base pairs (bp), respectively. 

Whole RNA was isolated from splenocytes stimulated with concanvalin-A 

and treated with 5 µM P-PMO for 48 hrs. The RNA was reverse transcribed into 

cDNA and added to PCR reactions containing the appropriate primer pairs. As 
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shown in Figure 1B, smaller RT-PCR products were clearly identified by agarose 

gel electrophoresis for samples treated with SA3, SA5, SA9, and SA11 P-PMO 

compared to the full size product seen in the control. No full-size PCR product was 

detected in the AUG-treated sample, or the SA7 sample (due to placement of the 

reverse primer in exon 7). This confirmed that all of the antisense compounds 

targeting IL-12Rb2 effectively altered pre-mRNA splicing. 

 

Step 2: Measuring antisense effects on protein expression  

Typically, the goal of antisense treatment is to disrupt the normal translation 

of the target gene into functional protein. Thus, we measured surface expression of 

IL-12Rb2 protein on P-PMO-treated cells by flow cytometry. Splenocytes were 

stimulated for 48 hrs with plate-bound anti-CD3 and treated with 5 µM P-PMO. As 

shown in Figure 2, decreased IL-12Rb2 expression was measured on CD4+ T cells 

for AUG-, SA7-, SA9- and SA11-treated samples both in the percent of cells (Figure 

2A), and the mean fluorescence intensity (Figure 2B). This suggested AUG, SA7, 

SA9 and SA11 were effectively disrupting translation of IL-12Rb2 mRNA. 

However we did not yet exclude the other compounds, as it was possible that the 

epitope the anti-IL-12Rb2 antibody bound to was preserved on protein that was non-

functional. 

 

Step 3: Measuring antisense effects on protein function 

It is important to consider the role of the target gene within a signaling 

pathway or other cellular process as a lack of an effect on protein expression does 
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not indicate the compound is not effective. For IL-12Rb2, the binding of IL-12 to 

the IL-12Rb1 and IL-12Rb2 heterodimer causes the dimerization and 

phosphorylation of STAT4. Thus if IL-12Rb2 protein expression was disrupted, we 

expected to see a decrease in STAT4 phosphorylation. Splenocytes were stimulated 

with soluble anti-CD3 and anti-CD28 for 72 hrs with 5 µM P-PMO and pulsed with 

5 ng/ml IL-12 for 2 hrs. Intracellular phosphorylated STAT4 protein was analyzed 

by flow cytometry (Figure 3A). As shown in Figure 3B, the mean fluorescence 

intensity of phosphorylated STAT4 staining was decreased in cells treated with 

AUG, SA3, SA7, and SA9. Of these, SA3 was the only compound that did not also 

cause decreased IL-12Rb2 protein expression on treated cells (Figure 2). Thus, after 

examining mRNA splicing, protein expression, and protein function, AUG, SA3, 

SA7 and SA9 were the four leading candidate compounds. 

 

Step 4: Determining antisense effects on cellular viability  

An alternate explanation for reduced protein expression in cells is a decrease 

in viability. To determine if any of the P-PMO compounds affected cellular 

viability, splenocytes were stimulated with plate-bound anti-CD3 for 48 hrs with P-

PMO treatment and then stained with 7-Amino-actinomycin D (7-AAD) which is 

excluded from intact viable cells, and then analyzed by flow cytometry (Figure 4A). 

As shown in Figure 4B, there was a decrease in the percentage of cells that excluded 

7-AAD in the AUG-, SA5- and SA7-treated samples suggesting a loss of cellular 

integrity, likely due to cell death. A loss in viability likely explains why a decrease 

in IL-12Rb2 protein expression was measured for cells treated with these three 
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compounds. Thus, due to their effects on cellular viability, AUG, SA5 and SA7 

were omitted as candidate compounds. In some cases however, inhibiting expression 

of a target gene could cause a cell to die, as the gene may play a role in preserving 

cell survival. Thus the decision to exclude compounds that impact cellular viability 

must be carefully considered depending on the gene target.  

An interesting observation we have made when treating T cells with various 

AUG-specific P-PMO is a reduction in cellular viability. We have observed this in 

cells treated with P-PMO targeting the AUG of CTLA-4, a negative costimulatory 

molecule expressed by T cells, and the AUG of Foxp3, a transcription factor that 

confers suppressive regulatory function to T cells (data not shown). We again saw 

this effect when targeting the AUG of IL-12Rb2. The significance of this is not 

know, however it presents another advantage to using a splice-altering approach to 

antisense design over targeting the AUG start codon, particularly in T cells. 

 

Step 5: Final selection and validation of the optimal antisense compound 

We had excluded AUG, SA5, SA7 and SA11 because treatment either 

reduced the viability of the T cells and/or had no effect on phosphorylated STAT4 

protein expression. This left SA3 and SA9 as the two remaining candidate 

compounds. The altered RT-PCR product from the SA3-treated sample was cloned 

and sequenced to determine why a change in expression of IL-12Rb2 protein was 

not detected, despite altered mRNA expression and decreased expression of 

phosphorylated STAT4. The sequence lacked exon 3, instead replaced by the joining 

of exons 2 and 4 (Figure 5A). This indicated that the splicesome had continued onto 
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the exon 4 SA site when the exon 3 SA site was blocked by the P-PMO. 

Interestingly, exon 3 is made up of 327 bp which is divisible by 3, the number of 

nucleotides in a codon which encodes for an amino acid. Thus, after excision of 

exon 3, the remaining transcript was left in frame for further translation, explaining 

why we were unable to measure a change in IL-12Rb2 protein expression. To 

further validate the efficacy of SA3, a dose-dependent induction of altered splicing 

of IL-12Rb2 mRNA in SA3-treated cells was measured (Figure 5B). After 48 hours, 

a full conversion to the splice-altered product was visible at the 2- and 4-µM 

treatments. 

We then followed these same screening steps used for P-PMO targeting IL-

12Rb2 for screening P-PMO targeting the ligand of IL-12Rb2, IL-12A. 

Interestingly, we found that the altered splice product produced in RAW 264.7 cells 

treated with P-PMO targeting the SA site of exon 6 (IL-12SA6) (Table 1) was larger 

than the control RT-PCR product (Figure 6A). Upon cloning and sequencing, we 

discovered that this altered RT-PCR band included 153 bp of intronic sequence 

directly 5’ of exon 6 (Figure 6B). This suggests a cryptic splice site was recognized 

by the splicesome when the SA site of exon 6 was blocked by the P-PMO. This 

resulted in out-of-frame translation, introduction of a premature stop codon, and loss 

of detectable IL-12 protein (data not shown). Thus preservation of in-frame 

translation and/or recognition of cryptic splice sites are a potential consequence of 

this antisense approach; thus it is important to recognize when it occurs when 

validating an antisense compound and elucidating its mechanism of action.  
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Discussion 

 

Five screening steps were utilized to select the best candidate P-PMO 

targeting IL-12Rb2; (1) detecting mRNA splice products by RT-PCR, (2) measuring 

protein expression, (3) evaluating protein function, (4) checking cellular viability, 

and (5) validating efficacy of the final candidate compound. The initial screen for 

splice-altered mRNA products by RT-PCR showed that all P-PMO tested disrupted 

normal IL-12Rb2 mRNA expression. Next, AUG, SA7 and SA9 were found to 

inhibit IL-12Rb2 protein expression, and along with SA3, inhibited expression of 

phosphorylated-STAT4. Of these four remaining candidates, AUG and SA7 were 

eliminated due to decreased cellular viability in treated cells. With SA3 and SA9 

remaining, we ultimately chose SA3 because it potently induced splice-altering of 

the mRNA transcript to produce a single alternate PCR product.  We learned its 

mechanism of action was removal of exon 3 from the mature IL-12Rb2 mRNA 

transcript which preserved in-frame translation of the protein, but sufficiently 

disrupted IL-12Rb2 protein function. 

And yet, the skipping of exons made up of a number of bp divisible by 3 by 

the splicesome does not guarantee a frame-shift will not occur. Rather than find the 

next splice acceptor/donor site on the subsequent exon, the splicesome may identify 

a cryptic splice site within exonic or intronic sequence as observed in cells treated 

with IL-12SA6. There are natural protective mechanisms in place for when this 

occurs as aberrant mRNA and protein expression could be detrimental to the 

organism. Exon-junction complexes and the ribosome can recognize where aberrant 
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splicing occurs according to the position of other landmarks on the transcript. This 

results in nonsense-mediated decay of the transcript by the proteosome (Chang et al., 

2007) resulting in degradation of the nonsense mRNA. For antisense targeting of 

splice recognition sites, this is likely a common mechanism for inhibition of normal 

gene expression. 

The greatest advantage to targeting 5’ and 3’ splice recognition ends of 

exons to disrupt mRNA splicing is a positive read-out for an antisense effect. 

Though often the goal of antisense treatment is to inhibit normal gene expression, it 

is estimated that at least 50% of genes are alternatively spliced, producing 

spliceforms that play a specific role in biological processes. This then allows 

antisense to be used to redirect splicing to induce naturally-occurring splice forms as 

an approach to altering the function of a gene product. For example, targeting the 

SA site on exon 2 of the mouse CTLA-4 gene with P-PMO resulted in removal of 

exon 2 which encodes for the domain which interacts with B7 molecules on 

dendritic cells (Mourich, D.V. et al., manuscript in preparation). This form can occur 

naturally in mice, although at disproportionally low levels in the non-obese diabetic 

(NOD) mouse which is linked to their spontaneous development of Type 1 diabetes 

(Vijayakrishnan et al., 2004). Treating NOD mice with SA2 P-PMO resulted in the 

protection from development of diabetes through the increased production of a 

CTLA-4 spliceform that was ligand-independent.  Thus, there are numerous 

possibilities for the use of gene-specific splice-altering antisense compounds to alter 

biological processes. The critical step remains careful screening for efficacious 

compounds as it is otherwise easy to overlook the best candidate. 
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Figure A.1. P-PMO targeting IL-12Rb2 alter pre-mRNA expression. 
P-PMO were designed to target the AUG start codon and 5’ splice acceptor sites 
(SA) of exons 3, 5, 7, 9, and 11 of the IL-12Rb2 gene (A). C57/Bl6 splenocytes 
were stimulated with 5 µg/ml concanvalin-A and treated with 5 µM P-PMO for 48 
hrs. Whole RNA was isolated and reverse transcribed into cDNA then added to PCR 
reactions containing primer pairs (FWD, REV) #1 or #2 (A) to amplify the target 
region. The RT-PCR products were visually examined by agarose gel 
electrophoresis (B). The white arrows indicate expected RT-PCR products. 
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Figure A.2. The effects of P-PMO on IL-12Rb2 protein expression on CD4+ T 
cells.  
Splenocytes were stimulated for 48 hrs with plate-bound anti-CD3 (5 µg/ml) with 5 
µM P-PMO. Cells were stained with anti-mouse APC-Alexa Fluor 750-CD4 and IL-
12Rb2 followed by FITC-anti-hamster IgG secondary and analyzed on a flow 
cytometer. The percent of cells that were IL-12Rb2-FITC+ (A) and the mean FITC 
fluorescence intensity (B) was measured on CD4+ T cells (mean ± SEM).  
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Figure A.3. The effects of P-PMO on phosphorylated-STAT4 protein expression in 
CD4+ T cells. 
Splenocytes were stimulated with soluble anti-CD3 and anti-CD28 for 72 hrs with 5 
µM P-PMO and pulsed with 5 ng/ml IL-12 for 2 hrs. Phosphorylated STAT4 protein 
was measured intracellularly using BD PhosFlow reagents and analyzed by flow 
cytometry (A). The mean fluorescence intensity of phospho-STAT4 staining was 
measured in CD4+ T cells (mean ± SEM) (B). 
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Figure A.4. The effects of P-PMO on CD4+ T cell viability (7-AAD exclusion). 
Splenocytes were stimulated for 48 hrs with plate-bound anti-CD3 (5 µg/ml) and 
treated with 5 µM P-PMO. Cells were harvested and stained with anti-mouse APC-
Alexa Fluor 750-CD4, washed, and stained with 2 µg/ml 7-AAD for 15 minutes, 
and analyzed by flow cytometry (A). The percent of CD4+ cells that excluded 7-
AAD was measured (mean ± SEM) (B). 
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Figure A.5. SA3 induces dose-dependent excision of exon 3 from the IL-2Rb2 
mRNA transcript.            
The splice-altered PCR product produced from SA3-treated cells was excised from 
the agarose gel, cloned, and sequenced. The sequence showed the absence of exon 3 
and the joining of exons 2 and 4 (A). Splenocytes were stimulated with 0.5 µg/ml 
soluble anti-CD3 and 1 µg/ml anti-CD28 and treated with 0, 0.5, 1, 2, or 4 µM SA3 
or 4 µM control P-PMO for 48 hrs. IL-12Rb2-specific RT-PCR products were 
identified by agarose gel electrophoresis (B). 
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Figure A.6. IL-12SA6 treatment induces dose-dependent inclusion of intronic 
sequence 5’ to exon 6 in IL-12 pre-mRNA transcript. 
RAW 264.7 cells were stimulated with 100 ng/ml LPS and treated with 0, 1, 3, or 6 
µM IL-12SA6 for 48 hrs. IL-12-specific RT-PCR products were identified by 
agarose gel electrophoresis (A). The splice-altered RT-PCR product produced from 
IL-12SA6-treated cells was excised from the agarose gel, cloned, and sequenced. 
The sequence showed inclusion of 153 bp of intronic sequence 5’ of exon 6 (B). 
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Table A.1. P-PMO Sequences 
 

Name Sequence (5´→ 3´) 

Control* CCTCTTACCTCAGTTACA 
AUG CAGTCTGTGCCATGAGTCTTC 
SA3 CAGTGCCAAGCTTGCACACAT 
SA5 AGATTGTTTGGTCCACTTAAC 
SA7 TTTGGCATTTGTAGCATTGAC 
SA9 TGCCTCTGATGGATTCAGACT 
SA11 AGATATAGGGCTTTATGTTCT 
IL-12SA6                                                                                                                                      CTCGCCATTATGATTCAGAGA 
 

* Control sequence is non-specific for mouse. 
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