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ABSTRACT 
 

THE ROLE OF LCK AND PD-1 IN TCDD-MEDIATED SUPPRESSION OF THE IgM 
RESPONSE BY HUMAN CD5+ INNATE-LIKE B CELLS  

 
By 

 
Jiajun Zhou 

 
The aryl hydrocarbon receptor (AHR) is a cytosolic ligand-activated transcription 

factor involved in xenobiotic sensing and cell regulation. The activation of AHR by 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), has been shown to impair immunoglobulin M (IgM) 

responses in all laboratory animals. Previous studies in mouse splenocytes and purified 

mouse B cells revealed that AHR activation leads to a decrease of IgM production. It has 

been widely assumed that the molecular mechanisms responsible for AHR-mediated 

suppression of the IgM response would be similar across animal species. However, no 

direct comparison has been conducted between mice and humans. Therefore, the first 

part of this dissertation is focused on comparing AHR-mediated suppression of IgM 

responses in mouse and human B cells. Contrary to the observations in mouse B cells, 

TCDD treatment results in a significant suppression of the number of IgM secreting cells, 

but it is not due to a decrease in IgM molecules in human B cells. These results suggested 

that AHR-mediated suppression of the IgM response involves different mechanism 

between mice and humans. 

The second part of this dissertation is focused on elucidating the role of 

lymphocyte-specific protein tyrosine kinase (LCK) in AHR-mediated suppression of the 

IgM response in human B cells. LCK is a well-characterized tyrosine kinase in T cell 

biology. In contrast, limited research has been done to understand the role of LCK in 

human B cells. An upregulation of LCK protein has been observed in AHR-activated 



  

human B cells. Treatment with an AHR antagonist reversed the AHR-mediated increase 

of LCK. Furthermore, LCK specific inhibitors also reversed the AHR-mediated 

suppression of the IgM response by human B cells. Collectively, the studies demonstrate 

a novel role of LCK in IgM secretion and provide new insights into the mechanism for 

AHR-mediated impairment of immunoglobulin secretion by human B cells. 

The third part of this dissertation is focused on understanding the role of LCK and 

program cell death protein-1 (PD-1), in CD5+ innate-like B cells (ILBs). Human CD5+ ILBs 

express high levels of LCK and PD-1 compared to CD5- B cells. Therefore, studies were 

conducted to determine the role of LCK and PD-1 in AHR-mediated suppression of the 

IgM response in CD5+ ILBs. In the current studies, AHR activation significantly 

upregulated total LCK and PD-1 proteins in CD5+ ILBs.  LCK inhibitor treatment prevented 

the PD-1-mediated suppression of the IgM response in CD5+ ILBs. Furthermore, PD-1 

blocking antibody prevented the suppression of the IgM response in CD5+ ILBs. 

Collectively, results from these studies support the critical role of LCK and PD-1 in AHR-

mediated suppression of the IgM response by human CD5+ ILBs.    

Taken together, the results from these studies indicate that a) AHR-mediated 

suppression of the IgM responses is mechanistically different between mouse and human 

B cells; b) in humans, activation of AHR suppresses the IgM response through the 

modulation of LCK; c) LCK and PD-1 play a critical role in AHR-mediated suppression of 

the IgM response in CD5+ ILBs. 
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CHAPTER 1: LITERATURE REVIEW 

1.1. Purpose of this research 

Aryl hydrocarbon receptor (AHR) is a cytoplasmic receptor involved in the 

regulation of cell functions and xenobiotic sensing (1-6). AHR also plays a role in immune 

modulation, especially in the expansion, maturation and differentiation of B cells (7-11). 

High affinity ligands, like 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), have been widely 

used to study the physiological role of the AHR. B cells are a sensitive target for AHR 

activation as evidenced by significant impairment of B cell lineage commitment and the 

suppression of humoral immune responses (12-14). However, the underlying mechanism 

of how AHR modulates antibody responses in B cells is still largely unknown. Therefore, 

this dissertation research aims to understand AHR-mediated immune suppression, with 

a special focus on signal pathway in order to provide insights into mechanisms 

responsible for AHR-mediated suppression of human B cells. 

1.2. History and general toxicity of dioxins 

Dioxins and dioxin-like compounds (DLCs) are ubiquitous environmental 

contaminants. Dioxins belong to the family of halogenated aromatic hydrocarbons 

including dibenzo-p-dioxins, polychlorinated dibenzo-p-furans, polychlorinated biphenyls 

and polybrominated biphenyls. Within dioxins and DLCs, 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD) is the most potent congener with the highest binding affinity to the AHR. 

Dioxins and DLCs were mainly found as contaminant during herbicide manufacture and 

chlorinated bleach production in the industrial era. The production of chlorophenols used 

as fungicides also led to the release of dioxins and DLCs into the environment. Other 
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sources of dioxin and DLCs emission included industrial burning of steel and ceramic, 

landfill fires, backyard burning of trash and incineration of municipal solid waste.  

 Dioxins and DLCs are lipophilicity and they have high tendency of bioaccumulation 

in the environment (15). Therefore, consumption of a high fat diet is thought to account 

for more than 90% of the body burden of dioxin and DLCs in the human population (16). 

The toxicity of dioxin in humans has been subjected to numerous evaluations in the past 

decades. Even though the level of dioxins has been declined, public concern still 

continues with respect to the potential toxic effects of DLCs exposure in sensitive and 

highly exposed populations.  

It has been demonstrated that TCDD elicits a broad spectrum of species and 

tissue-specific toxicity and biochemical effects. Hepatoxicity, immunotoxicity including 

lymphoid involution, dermal toxicity, teratogenicity, tumor promotion and wasting 

syndrome are some of the hallmark toxic effects observed in animal models (12, 17-19). 

Biochemical effects include alteration in proliferation and differentiation, endocrine 

homeostasis and the induction of cytochrome P450 enzymes (2). Animals are known to 

have different sensitivities toward TCDD exposure owning to the rate of metabolism of 

TCDD. The median lethal dose (LD50) for TCDD varies about 5000-fold between the 

sensitive guinea pig (LD50: 1 µg/kg) and the tolerant Syrian hamster (LD50: 5000 µg/kg) 

(20). In addition, variations in strain-sensitivity to TCDD were demonstrated by using 

inbred mouse strains. The C57BL/6 strain was classified as a “responsive” strain due to 

their ability for 3-methylcholanthrene (3-MC) to induce hepatic microsomal aryl 

hydroxylase (AHH) activity (21). In contrast, the DBA/2 strains were classified as “non-

responsive” due to the inability to induce AHH activity by 3-MC. The decreased binding 
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to these chemicals was thought to depend on a mutation in the inducer binding site of the 

non-responsive mice (22). The genetic locus governing this trait was later identified to be 

the AH (Aromatic hydrocarbon) locus. The allele conferring responsiveness in the mouse 

strains is denoted as Ahb for responsive strains (b-C57BL/6 mice) or Ahd for non-

responsive strains (d-DBA/2 mice). Similar effects were observed when C57BL/6 or 

DBA/2 mice were treated with TCDD; however, TCDD was bound to the same locus with 

a 30,000-fold higher affinity compared to 3-MC. The C57/BL6 mouse strain was found to 

elicit cytokine p450 (CYP) activity with 10-fold higher affinity compared to the DBA/2 

mouse (23). The inheritance of AHR-mediated CYP induction was an autosomal 

dominant trait and is thought to be the basis for TCDD-induced toxic effects as well as 

biochemical effects (24). These findings led to the search for a cellular receptor that 

initiated the biological response, which is now known to be aryl hydrocarbon receptor 

(AHR). 

Aryl hydrocarbon receptor (AHR) 

AHR is a cytoplasmic receptor that can be activated by environmental 

contaminants and endogenous ligands (1, 2). Persistent AHR activation, which appears 

to be a characteristic associated with toxicity, is a consequence of exposure to high affinity 

AHR ligands such as members of the halogenated dibenzo-p-dioxins, dibenzofunrans 

and biphenyls. The amino acid sequence of AHR is highly conserved across different 

animal species, especially in vertebrates (25). In addition, AHR orthologs found in 

invertebrate species was lacking ligand binding but possessing physiological functions 

(26, 27). The identification of endogenous AHR ligands such as indoles, indigoids and 

tryptophan metabolites has changed the understanding and perception of AHR (4-6). It is 
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believed that endogenous AHR activation is critical for maintaining the homeostasis and 

upregulate the expression of cytochrome P450 enzymes that degrade endogenous 

ligands (28). Studies using endogenous and exogenous AHR ligands, AHR antagonists, 

and AHR knockout animal models have clarified the physiological roles for the AHR is in 

regulating various biological processes, including cell cycle (29, 30), apoptosis (31), tumor 

progression (32), neuronal development (33), vascular development (9), and ovarian 

development (34). From the standpoint of the immune system, AHR also plays a role in 

the expansion, maturation (10) and differentiation of immune cells (11). Within the 

immune system, AHR has been demonstrated to be involved in inflammatory responses 

(35, 36), autoimmune responses (5) and allergy (37) by regulating the development, 

homeostasis and function of immune cell populations (38). Additionally, the activation of 

AHR is also important for the differentiation of Th17 cells, induction of IL-22; generation of 

Treg from CD4+ T cells; differentiation of Th17 cells; maintenance of innate lymphoid cells; 

immunogenicity of dendritic cells; and function of mature B cells (39-42). The B 

lymphocyte is the most sensitive target for AHR activation as evidenced by significant 

suppression of humoral immune responses (12-14).  

From a toxicological standpoint, TCDD serves as a prototypical ligand for AHR 

activation due to its high binding affinity. Thus, TCDD has been widely used to study the 

physiological role of AHR. TCDD-mediated activation of the AHR can produce a wide 

range of biological and toxicological responses including hepatotoxicity and immune 

suppression in different animal species (2, 12, 17-19). AHR null mice and rats (43) are 

resistant to hepatotoxicity, the induction of AHR gene battery and suppression of humoral 

immune responses upon exposure to DLCs or TCDD (44, 45). Previous studies have also 
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shown that exposure to inflammatory stimuli results in substantial defects in mucosal 

immunity in AHR null mice (46). The toxicity of AHR activation is primarily mediated 

through the AHR canonical pathway (Fig.1.1). In the absence of ligand, AHR remains 

quiescent as a multiprotein complex as it is bound by heat shock proteins (hsp90), Ah-

associated protein-9 (Ara9) and co-chaperone protein (p23) in the cytosol (47). Upon 

ligand binding, the AHR undergoes a conformational change, exposing the nuclear 

localization sequence at its N-terminal, which facilitates translocation into the nucleus 

(48). In the nucleus, the ligand-receptor complex heterodimerizes with AHR nuclear 

translocator (ARNT) (49), thereafter, binds to Dioxin Response Elements (DREs) as a 

transcription factor throughout the genome. Negative regulation of AHR occurs after the 

dissociation of AHR from the DRE, followed by export to the cytoplasm and subsequent 

degradation through the ubiquitin-26S proteasome pathway or by a secondary pathway 

involving repression of AHR transcriptional activity by the AHR repressor (AHRR) (50) 

(Fig.1.2).  
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Figure 1.2.1. General organization of Aryl Hydrocarbon Receptor (AHR) 

The figure above illustrates the different domains within the AHR. The DNA binding 

domain is located N terminus (27 – 39). The PAS-B domain is involved in ligand binding 

(230 – 397). Binding of chaperon protein (Hsp90) involves the basic helix-loop-helix 

domain and the PAS-A domain (27 – 79, 182 – 374). Transcriptional activation domain 

is located at the C terminal region.   
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Figure 1.2.2. TCDD-mediated AHR activation. 

Upon entering the cytoplasm, TCDD can bind to AHR. Without ligand binding, AHR 

remained bound to chaperon proteins (HSP90, XAP2 and P23). When TCDD binds to 

AHR, the TCDD-AHR complex then translocates into the nucleus. Upon entering the 

nucleus, AHR sheds the chaperon proteins and then binds to AHR nuclear translocator 

(ARNT). The TCDD-AHR-ARNT complex then acts as a transcription factor that can bind 

to dioxin responsive element (DRE) on the chromosome.  
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Immunotoxicity of TCDD 

The immune system is particularly sensitive to toxicity of TCDD, and the effects 

has been observed in virtually all laboratory species (12). Some of the earliest studies 

have indicated the effects of TCDD on the immune system and demonstrated that TCDD 

could suppress cell-mediated immune responses in guinea pigs and mice (51). Thymic 

involution was also identified and later determined to be due to the suppression in 

differentiation of thymic epithelial cells, which in turn affected the maturation of T 

lymphocytes (52). Subsequently, it was shown that TCDD treatment significantly 

decreased the number of CD4+ and CD8+ T cells in the thymus (53). Administration of 

TCDD in vivo also led to a decrease in cytotoxic T lymphocyte (CTL) activity (54). Overall, 

the effects of TCDD on cell-mediated immunity occurred at high concentrations of TCDD, 

which significantly decreased cellular viability. Single doses of TCDD significantly 

impaired primary and secondary humoral immune responses to T-dependent and T-

independent activation (55). In the early 1980s, one of the first studies showed selective 

suppression of the plaque-forming cell response following sheep red blood cell treatment 

(sRBC) or LPS-stimulation without affecting cellular viability. Suppression of in vivo IgM 

responses to sRBC, dinitrophenyl-Ficoll (DNP-Ficoll) or trinitrophenyl-LPS (TNP-LPS) 

with TCDD treatment had been shown in mice (56, 57). Moreover, direct addition of TCDD 

to naïve splenocyte cultures followed by in vitro activation with LPS or sRBC led to a 

concentration-dependent suppression of the IgM response (12). As the splenocytes 

contain several cell types, it was thought that the effect of TCDD on the IgM response 

was due to overall effects on leukocytes rather than direct effects on the B cells. To 

address this concern, separation-reconstitution experiments were performed on B cell, T 
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cell and macrophage fractions isolated from the spleens of mice treated with vehicle or 

TCDD treatment. Only those cell fractions containing B cells from TCDD-treated mice 

showed suppression of the IgM response thus suggesting that the B cells were indeed 

the main cell type affected by TCDD within the context of IgM suppression (56). 

Additionally, the direct effects of TCDD on B cells were also determined using magnetic 

purified mouse B cells, which were sensitive to the LPS-induced IgM response (58). 

Additional studies were performed to understand whether the immunotoxicological 

effects of TCDD were dependent on the activation of AHR. The first study utilized the 

differences in binding affinity of AHR among the different PCDD, PCDF and PCB 

congeners; and the second study used congenic mice differing at the Ah locus. The 

structure-activity relationship study provided evidence for a correlation between 

significant suppression of antibody response to the affinity of AHR binding (57). The other 

study using congenic mice shows that the antibody response to sRBCs was differentially 

suppressed by TCDD in the mice harboring Ahb allele as opposed to the Ahd allele mice 

which required a 10-fold higher dosage of TCDD to elicit similar toxic effects (55). The 

most conclusive evidence for the role of AHR in suppression of the immune response 

was observed and verified through the generation of AHR null mice and cell lines. The 

highly sensitive mouse B cell line, CH12.LX, showed suppression of the primary IgM 

response at a concentration of 0.03 nM. In contrast, the BCL-1 mouse B cell line, which 

lacked AHR expression was unaffected by TCDD at 100 times higher concentrations (59). 

In addition, the presence of AHR was essential for TCDD-mediated suppression of the 

primary IgM response in mice (60). Studies performed in AHR null rats also confirmed the 

role of AHR in suppression of the antibody response (43). Interestingly, the basal level of 
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IgM in AHR null rats were significantly higher compared to the wild type (WT) rats, 

indicating the possible role of AHR in regulating IgM in rats.  

From an immunological standpoint, activation is critical to determine the fate of the 

immune cell (61). For the immunotoxicological effects of TCDD, it is important to identify 

the critical window of sensitivity of TCDD, in order to determine the critical time for TCDD 

to elicit toxic effects in the immune system. Addition of TCDD on day 1 after cell activation 

led to no suppression of the IgM response (57). An additional study also showed that 

TCDD-mediated suppression of the primary IgM response could only be produced if 

TCDD was added to splenic cultures 3h prior to LPS activation (61). Recently, in a human 

B cell line and in mature B cells, the window of sensitivity of TCDD was determined to be 

within the first 24-hour of B cell activation (62, 63). The narrow window of susceptibility to 

TCDD strongly suggests that TCDD alters critical early B cell activation events, which 

subsequently lead to the alteration in antibody response. Subsequent studies have 

demonstrated that TCDD impaired the expression of B cell activation markers (CD69, 

CD80 and CD86) and BCL-6, a critical transcription factor that governs the transition of 

naïve B cell into plasma cells (64). With the development of flow cytometric analysis, 

studies have demonstrated that TCDD treatment significantly decreased CD69 in 

individual AHRhi human B cell (by measuring CYP1A1 mRNA as a biomarker), further 

suggesting that TCDD treatment altered the activation and differentiation processes of 

human B cells (65).  

Along with the effects on mature B cells, TCDD has also been shown to be a potent 

immunotoxicant for hematopoietic stem cells (HSCs). Stem cells express high levels of 

AHR, suggesting a potential physiological role for the AHR in stem cell maturation and 
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development of immune cell precursors. AHR null mice exhibited an increase in the Lin- 

Sca-1+ c-Kit+ (LSK) population in the bone marrow (66), suggesting that AHR plays a role 

in maintaining quiescence of HSCs. Another important study has highlighted that AHR 

antagonists promote expansion of human hematopoietic stem cells (39). TCDD also 

impair the long-term ability to reconstitute stem cells in the bone marrow of irradiated host 

mice (67). Recently, an in vitro model using cord blood HSCs to mimic the development 

of stem cell to B cell lineage commitment has shown the role of TCDD-mediated AHR 

activation in regulating human B cell development and the transcriptional alteration of 

EBF1 and downstream transcriptional factors (PAX5, ETS1) by TCDD treatment. (13, 14).  

TCDD immunotoxicity also extends to the innate immune system with effects seen 

on soluble mediators such as the complement protein C3 (68). TCDD exposure leads to 

increased susceptibility to several bacterial and viral infections (69). Recent studies have 

also determined that TCDD-treatment increased the expression of MHCII, CD80 and 

CD86 in dendritic cells in an AHR-dependent manner (70, 71). 

 

Human health effects of TCDD 

The effects of dioxins and DLCs on humans have mainly been obtained through 

epidemiological and occupational studies. There have been several instances of 

accidental exposure to dioxins and DLCs in the past several decades. One of the more 

well-documented incidents of dioxin exposure was the usage of Agent Orange during the 

Vietnam war as a defoliant in aerial spraying of herbicides (72). TCDD was present as a 

contaminant in 2,4,5-T at a mean level of 2 parts per million (NRC, 1994). However, the 

toxic effects of TCDD were only reported in the early 1970s. Around the same time, 
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researchers assessed the effects of TCDD in several other areas contaminated with 

dioxins. For example, the dioxin contaminated chemical waste disposed on Times Beach, 

Missouri was as high as 300 parts per billion that led to an evacuation of the residential 

area. One major event associated with occupational and environmental exposure to 

TCDD was during an accidental release of dioxin contaminated chemicals at Monsanto’s 

chemical manufacturing plant in Nitro, West Virginia. Trichlorophenol contaminated with 

TCDD was accidentally released into the environment. Workers from this plant developed 

symptoms of ‘chloracne’ that involved hyperplastic and hyperkeratotic changes to the skin 

after expose to the contaminants (NAS, 1994). Chloracne has been referred to as a 

hallmark of acute TCDD toxicity in humans (72). Among international incidents of 

environmental exposures to TCDD, one of the largest exposures occurred in 1976, in 

Seveso, Italy. A chemical reactor containing TCDD-contaminated 2,4,5-trichlorophenol 

exploded and generated a chemical cloud which contaminated the nearby residential 

area. In Japan and Taiwan, rice oil contaminated with polychlorinated biphenyls and 

polychlorinated dibenzofurans led to serious food poisoning in the population (73). Apart 

from exposure through environmental disasters, one of the major ways by which humans 

are exposed to TCDD is through a high-fat diet. Average daily exposure to TCDD is about 

0.1 to 0.3 pg TCDD/kg/day and adults in developed countries had approximately 6 ppt 

TCDD per mL serum (72, 74), which is several fold lower than the exposure due to the 

aforementioned environmental accidents. In 2011, a comprehensive reassessment of the 

concentrations of TCDD in human serum reported that the levels of dioxins have declined 

over the past 30 years (75). However, concerns still remain pertaining to the potential 

consequences of dioxin and DLCs exposure on human health due to the persistent effects 
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of this toxic contaminant. Some of the epidemiological studies performed in dioxin 

contaminated areas have examined relationships between occupational or environmental 

exposure to dioxins and their relative cancer risk. A cohort study conducted in two 

chemical factories in the Netherlands showed positive associations between the risk for 

developing non-Hodgkin’s lymphoma (NHL) with TCDD exposure (76). A case-control 

cohort-based study in Sweden indicated that an increased risk for NHL upon exposure to 

herbicides containing phenoxyacetic acid and mixture of 2,4-D or 2,4,5-T containing 

chlorophenols (77). Other studies investigating the effects of TCDD exposure on industrial 

workers showed potential correlation between increased total cancer rates with increased 

exposure to TCDD (76, 78-80). Modulation in humoral immune responses, specifically in 

the decrease in the serum IgM and IgA levels and a suppression of cellular immunity was 

reported in the ‘Yusho’ rice-bran oil poisoning incident in Japan (73). Additionally, 

samples collected from exposed subjects during the Seveso incident found to have a 

decrease in IgG levels with increasing lipid-adjusted TCDD plasma concentrations (81). 

A follow-up study performed on Vietnam war veterans exposed to contaminated Agent 

Orange also displayed an increase in IgE levels with a modulation in the immune 

responses towards the Th2 type, indicating an increase of sensitivity to allergic diseases 

(82). Evidence for NHL and soft-tissue sarcomas was also found in Beçanson, France, 

an area containing a municipal solid waste incinerator. A logistic regression analysis 

suggests that individuals living in the contaminated area had 2.3-fold higher risk to 

develop NHL as compared to individuals residing in areas with lower exposure (83). A 

study in a Netherlands cohort, measured effects of peri-natal exposure to dioxins reported 

a reduction of granulocyte numbers along with an increase in the incidence of infectious 
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diseases like otitis media and chicken pox (84, 85). The levels of dioxin in the same study 

indicated a significant correlation with increased peripheral CD8+ T cell populations and 

decreased B cell markers. All these studies provided supportive experimental evidence 

for a positive correlation between environmental exposures to dioxin (TCDD) or DLCs 

and the incidence of lymphoma and immune modulation. However, a direct link between 

TCDD exposure and cancer in humans is hard to derive as several critical factors could 

influence epidemiological outcomes (86). Furthermore, human variability including 

confounders such as age, body weight, smoking, alcohol consumption, incidence of 

diseases and genetic composition, which underlies differences in the responses to 

environmental contaminants (87). Apart from human variability, differences in time frame 

of studies post-exposure, composition of the experimental cohort, levels of exposure and 

methods of assessment tend to also influence the results (81). Based on the experimental 

observations and data, it is rational to speculate that a possible correlation can exist 

between TCDD exposure and cancer development; however, the mechanism is still 

uncleared in the field. It is crucial to know if human cells exhibit polymorphisms at the Ah 

locus like in mouse species, especially for assessment of mechanisms of toxicity in 

human cells and estimating potential human risk posed by dioxins and DLCs. Most of the 

identified human polymorphisms are concentrated in the AHR transactivation domain in 

exon 10. Polymorphisms at codons 517 (1549 C > T), 554 (1661 G > A) and 570 (1708 

G > A) were identified by single-strand conformation polymorphisms in Japanese subjects 

(88). A combination of three polymorphisms resulting in a haplotype coding for serine at 

517, lysine at 554 and isoleucine 570. These three polymorphisms greatly affected 

CYP1A1 induction in vitro (89). Other polymorphisms have also been reported in the 5’ 
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flanking sequence of AHR. However, their polymorphisms have not been associated with 

altering AHR function. Human AHR encoding valine at codon 381, which has a 10-fold 

lower binding affinity to TCDD as compared to the mouse AHR encoding alanine at codon 

375 but no humans have been identified with any polymorphism at that locus (88, 90). It 

has been reported that the polymorphism at codon 554 (lysine to arginine) is associated 

with lower AHR, ARNT and CYP1B1 expression levels; however, the mechanistic basis 

of the differences between gene expression levels remains to be determined (62, 91). 

Recently, the polymorphisms at codon 517, 554 and 570 has been reported to be critical 

for the TCDD-mediated suppression of the IgM suppression in human SKW 6.4 B cell line 

(62). However, it is raw that all three of the polymorphisms would be present together in 

humans. Therefore, taking into consideration of the role of polymorphisms along with the 

toxic effects exhibited by TCDD upon binding to AHR can provide a comprehensive 

understanding of the diverse response of AHR activation in human cells. 

   

Effect of TCDD on B cell function 

With the advance in technologies, advancements have also been made in 

toxicological studies. Previous studies conducted in animal models have been validated 

with in vitro studies focusing on a better understanding of the molecular basis of toxicity. 

Development of cell line-based in vitro models has enabled detailed investigations into 

the transcriptional and translational processes taking place during B cell differentiation. 

Mouse CH12.LX B cell line was isolated from a mouse CH12 lymphoma using 

cloning by limiting dilution (92). The CH12.LX cells can be induced to secrete large 

amount of IgM upon polyclonal activation (LPS or PWM) and were found to be sensitive 
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to TCDD treatment (59). The basal expression of AHR and ARNT in the CH12.LX cells 

has been reported to be much higher to the levels detected in primary lymphocytes  and 

has showed an increase in AHR protein upon activation in agreement with the previous 

findings (93, 94). The TCDD-mediated suppression of the primary immune response has 

been documented and correlated with an inability of mature B cells to differentiate into 

antibody secreting plasma cells. At the molecular level, the TCDD-AHR complex was 

found to bind to the DREs in the Ig3’α enhancer region. TCDD-AHR has shown to bind to 

the regulatory region of Ig heavy (IgH) chain. The decrease of expression in heavy (H) 

chain led to a decrease in IgM protein secretion (95, 96). Additional studies further 

illustrated the mechanism underlying suppression of the IgM response by focusing on the 

upstream activators of IgM (Pax-5, Blimp-1, AP-1 and NFκB). LPS-induced DNA binding 

activity of AP-1 was significantly inhibited by TCDD in an AHR-dependent manner (97). 

Furthermore, LPS-activated mouse B cells showed elevated expression of Pax-5 with 

TCDD treatment further suggesting that the TCDD-AHR complex altered the IgM 

response through Pax-5 expression. Concordantly, IgH, Igκ, IgJ chain and Xbp-1 genes 

were significantly suppressed in presence of TCDD (98). Blimp-1, a positive regulator of 

B cell differentiation was significantly suppressed in a TCDD concentration dependent 

manner with a decrease in its DNA-binding ability at the Pax-5 promoter region. The 

binding of AP-1 within Blimp-1 promoter was also decreased by TCDD treatment 

suggesting that TCDD altered IgM expression through Blimp-1 and Pax-5 (99). Primary 

splenocytes from TCDD-treated mice also displayed a TCDD dose-dependent 

suppression of Blimp-1, XBP-1, IgH, IgJ and Igκ along with a decrease in the total number 

of CD19+ and CD138+ plasma cells (100). An increase in BCL-6 levels was also observed 
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in TCDD treated primary mouse B cells (101). In addition, TCDD-mediated suppression 

of B cell differentiation involved the effects on proximal B cell signaling. Some of the 

earliest studies have shown TCDD treatment increased basal kinase activity (102) and 

altered phosphorylation of kinases in activated B cells (103). TCDD treatment has also 

been shown to increase membrane protein phosphorylation in B cells. This increase was 

proportional to the suppression of B cell antibody synthesis, therefore, suggesting that 

changes of early phosphorylation events could potentially affect B cell signaling and 

differentiation (104). Mobilization of Ca2+ is another important signaling event during 

proliferation of B cells when stimulated through the B cell receptor (105). TCDD was 

shown to attenuate B cell proliferation activated by ionomycin when phorbol ester and 

calcium ionophore (PMA/Io) was used to cross-link BCR signaling pathway (106). 

Disruption of Ca2+ was thought to be another mechanism by which TCDD affected IgM 

secretion (107). However, the exact mechanism by which these kinases could alter B cell 

function is not yet known with several hypotheses suggesting an abrogation of 

downstream cellular signaling phosphorylation or a signaling-mediated change in binding 

partners, which could eventually affect transcriptional control of B cells.  

The ability of TCDD to suppress B cell activation and differentiation was further 

investigated by measuring LPS-induced kinase phosphorylation in presence of TCDD in 

mouse primary B cells (101). The results from this study suggested an involvement of 

signaling molecules (AKT, ERK and JNK) in the presence of TCDD. Moreover, TCDD 

decreased B cell activation by suppressing MHCII, CD69, CD80 and CD86 expression in 

mouse B cells (101). All these studies have indicated a multi-faceted mechanism 

controlling B cell activation and differentiation by TCDD. Genome-wide studies further 
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contributed towards the understanding of TCDD and AHR-mediated molecular 

alterations. A combination of Chromatin Immunoprecipitation (ChIP) on whole genome 

tiling arrays (ChIP-on-chip) analysis and gene expression microarray analysis identified 

genomic regions directly regulated by AHR, resulting in the changes in downstream gene 

expression. A total of 78 genes were directly bound by AHR and significantly altered in 

gene expression (upregulation or downregulation) upon TCDD-treatment in LPS 

activated CH12.LX cells (108). Signaling networks were reconstructed to connect the 78 

new target genes to the existing transcriptional network genes, including Blimp-1, Pax-5 

and Bcl-6, and multiple connections were identified. Overall this study highlighted that 

AHR-mediated suppression of B cell differentiation involved multiple pathways and 

mechanisms including the direct effects of AHR on regulatory elements of transcription 

factors and/or indirectly through disruption of signaling pathways and co-regulation of key 

target genes by TCDD and AHR (108). Additionally, studies have indicated that addition 

of IFNg could restore the TCDD-mediated suppression of the IgM response in mouse B 

cells. IFNg could also attenuate the increase of CYP1A1 in TCDD treated mouse B cells. 

This phenomenon was only observed with IFNg treatment, but not with type I IFN (IFNa 

and IFNb) (100). 

Mice have been in the focus for in vivo immunological experiments for several 

decades. In many ways, mice have been reliable models for research in human disease. 

Despite significant genomic conservation between mice and humans, there are significant 

differences in development, activation and response of the innate and adaptive immune 

systems between mice and humans (109). The validity of using mouse models for 

research has been questioned in several articles and reviews (110). From a toxicological 
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standpoint, it is informative to know the effects of toxicants on humans especially for risk 

assessment. A majority of the historical toxicological data has been obtained using animal 

models with a few exceptions of human epidemiological studies. Human risk 

assessments primarily based on extrapolation of data obtained from animal studies, 

which have been demonstrated in numerous uncertainties including the understanding of 

dose-response and adverse effects within species (111). One way to reduce the 

uncertainty would be to include experiments using primary cells obtained from healthy 

human donors or human tissues. Despite challenges associated with working with 

primary human cells, some pioneering studies were performed to detect and characterize 

AHR in the cytosols from homogenized human tonsils (112). From this study, TCDD 

treatment was shown to decrease the IgM responses of pokeweed mitogen (PWM)-

activated human tonsillar lymphocytes (113). A TCDD dose-dependent increase in 

ethoxyresorufin-O-deethylase (EROD) activity was observed in PWM activated tonsillar 

lymphocytes. Resting lymphocytes were mostly refractory to TCDD treatment, but LPS 

and T cell substituting factor- activated human B cells demonstrated suppression of IgM 

secretion in a dose-dependent manner (114). Furthermore, studies indicated that the toxic 

shock syndrome toxin-superantigen-induced IgM response was sensitive to TCDD in 

human lymphocytes (114, 115). Taking together, these pioneering studies provided 

significant movement to understand the effects of TCDD on human B cells. In addition, 

the TCDD-AHR complex was found to bind to DREs in the human CD19 gene thereby 

suppressing the expression of CD19 upon TCDD treatment (116). These studies 

demonstrated AHR transcription altering human B cell function by down regulating a 



  20 

mature B cell marker, CD19. However, a significant data gap existed in the field with 

regards of the sensitivity of human cells to TCDD.  

The establishment of an IgM antibody-forming cell response model utilizing human 

primary B cells isolated from healthy human donors bridged this data gap. In this in vitro 

model, B cells were activated using CD40 ligand and cytokines in a T cell-dependent like 

manner (117). TCDD treatment in human primary B cells increased the expression of 

AHR-responsive genes such as CYP1A1, AHRR and TIPARP as expected. A 

suppression of the primary IgM response was observed in a TCDD-concentration 

dependent manner in TCDD-responsive human donors. One out of seven donors were 

refractory to the suppression of the IgM response (non-responders) possibly due to 

differences in AHR polymorphisms in human donors (27, 118). One of the interesting 

observations from this study was that the human cells showed a lower magnitude of 

increase in the AHR battery genes as compared to mouse B cells activated using a similar 

method. It is likely that the differences were a result of an approximately 10-fold difference 

in the binding affinity of TCDD between mouse and human AHR and epigenetic 

differences between mouse and human B cells. In addition, it is known that genes 

involved in the immune response were regulated differently in mice compared to humans 

(119). This potentially explains the differences observed between mouse and human 

responses to TCDD. It was also noted that TCDD did not alter the expression of 

plasmocytic differentiation genes such as Blimp-1 and Pax-5 in human cells as observed 

in mouse B cells (26). Instead, a significant suppression of B cell activation markers 

namely CD80, CD86, CD69 was observed in human cells. This result is intriguing as 

mouse B cells were seen to be activated and viable in contrast to the human B cells which 
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demonstrated decreased activation and consequently lower viability along with a 

decrease in the ability to differentiate into a plasma cell (26). Recent transcriptomic study 

comparing AHR-mediated gene regulations in both primary human and mouse B cells 

revealed few common genes, suggesting that the AHR-TCDD altered distinct 

transcriptomic makers in human and mouse B cells (120). It was also eluded that TCDD 

could potentially abrogate a proximal signaling event in human and mouse cells, which 

could lead to varied downstream effects owing to phenotypic differences between mouse 

and humans. In addition, previous studies have demonstrated that TCDD treatment 

increased expression level of BACH-2 and BCL-6, two key regulators in B cell activation, 

in human primary B cells (64, 121). TCDD treatment also increased the total expression 

level of SHP-1 in human B cell, strongly indicating that the role of TCDD and AHR in 

modulating signaling events (122). Furthermore, TCDD treatment altered the activation 

of human B cells through upregulation of both BCL-6 and SHP-1 in human B cells (43, 

64).  Recent studies also showed that TCDD treatment modulated the STAT-3 

phosphorylation in mature human B cells (Manuscript under preparation). Furthermore, 

IFNg treatment restored the TCDD-mediated alteration in STAT3 phosphorylation and the 

IgM response in human (Manuscript under preparation). 

These differential effects of TCDD on mouse and human cells highlight important 

differences in their response to TCDD and reflect on potential mechanistic differences in 

the toxicity of TCDD in the two species. These studies are critical in comprehensively 

characterizing the immunotoxicity of TCDD in human cells.  
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1.3. Immune system and humoral immunity 

Immune system  

The Immune system plays a critical role in protecting an individual from infections 

and diseases. The three major functions of the immune system are: 1) recognition of 

antigens, 2) elimination of antigen with appropriate effector response and 3) 

establishment of immunological memory. There are two major components for the 

immune system; the innate and adaptive immune systems. From bone marrow, 

leukocytes migrate to secondary lymphoid organs after maturation. Mature leukocytes 

are then trafficked to site of infection through the lymphatic system. Mature leukocytes 

remain in circulation in the absence of bacterial or viral infections.  

The innate immune system is a non-specific host defense mechanism that acts as 

the first line of defense against infectious pathogens. The innate immunity involves the 

phagocytic cells, i.e. macrophages and neutrophils, with the capability to directly destroy 

infective agents. Innate cells can recognize conserved pathogen associate molecular 

patterns and become activated to eliminate infections. The skin and epithelial surfaces, 

cytokines, chemokines and plasma proteins are known as the compliment constitute of 

the innate immune system. Another important function of the innate immunity is to assist 

the adaptive immunity through antigen presentation.  

The adaptive immune system is responsible to effectively recognize and eliminate 

specific pathogens, and then provided memory from past infection to enhance earlier and 

more effective immune response should the pathogen be encountered again. Adaptive 

immunity requires lymphoid cells to recognize specific antigens on the infected cells. 

Antibodies produced by lymphoid cells provide long-lasting immunity to different 
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infectious pathogens. Adaptive immunity can be further classified into cell-mediated and 

humoral immunity with specific effector functions carried out by T and B lymphocytes 

respectively. Cell-mediated immune responses are mainly directly against intracellular 

pathogens and involves the lysis of infected cells. Humoral immunity is mediated by 

immunoglobulin-secreting B cells.  

The activation, proliferation and differentiation of immunoglobulin-secreting B cells 

during infections is regulated at both the cellular and molecular levels. B cells can respond 

to various activation signals through cell surface receptors, including binding to the B cell 

receptor (BCR), CD40 receptor or signal molecules (cytokine and chemokines). Upon 

activation, B cells can differentiate into antibody-secreting plasma cells or memory cells. 

Specific antibodies are the effectors for humoral immunity to provide specific binding to 

antigens and recruit phagocytic cells to destroy infectious pathogens. Each 

antibody/immunoglobulin is comprised of a variable (V) region, also known as the antigen-

binding region and the constant (C) region (Fig.1.3A). The variety of antigen specificities 

present in the V region arises from somatic rearrangement between gene segments (V, 

D and J segments). B cell-specific recombinase (RAG) proteins facilitate the 

rearrangement of the variable gene region. Somatic hypermutation further alters the 

genetic sequence of immunoglobulin variable gene by point mutation, and class switch 

recombination can bring further diversification to variable region specificity of antibodies. 

Class switch recombination can improve the functional diversity of immunoglobulin 

repertoire by generating different classes of antibodies (IgM, IgG, IgA, IgG and IgE). IgM 

is the first wave of antibody produced by mature naïve B cells upon activation. Secreted 

IgM has a pentameric structure consisting of five IgM monomers linked by a joining (J) 
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chain (Fig.1.3B). In the course of an immune response, effector B cells are selected on 

the basis of the antigen specificity. Cells having a high affinity for a given antigen BCR 

are selected and expanded clonally. This process of selection of high affinity BCR 

possessing B cells is called affinity maturation. All these processes greatly contribute to 

the antigen specifics of B cells in combating infectious agents and conferring appropriate 

immunity to the host.  
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Figure 1.3.1. General immunoglobulin M (IgM) structure. 

Structure of IgM is illustrated in the figure above. A) IgM monomer. The IgM molecule 

comprises of two identical heavy chains and light chains. 1: Fab region; 2: Fc region; 3: 

heavy chains; 4: light chains; 5: antigen binding region. B) IgM pentameric structure. IgM 

pentamer was formed by linking five IgM monomers via J chain. 
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B cell signaling and activation 

The two-major functions of the BCR are to convey signals that regulate B cell 

activation/differentiation and to mediate antigen processing and presentation to T helper 

(Th) cells (123). The BCR complex is composed of an immunoglobulin (Ig) heavy and light 

chain along with two additional signaling components (Iga and Igb). Upon ligand binding 

to the BCR, the proximal protein kinases LYN and SYK are activated by phosphorylation 

at the SH-2 domain (124). LYN then phosphorylates the ITAMs domain on Iga and b, 

which in turn activate SYK and BTK kinases. PI3K, AKT and PLCg2 are critical signal 

transducers enabling activation of secondary messengers such as Ca2+ and PKC. 

Subsequently, there is activation of the mitogen-activation protein kinase (MAPK) 

pathway, including the activation of extracellular signal regulated kinase (ERK), c-jun 

terminal kinase (JNK) and p38 (125, 126). The activation of ERK then enters the nucleus 

and activates nuclear factor kappa B (NFkB) and nuclear factor of activated T cells 

(NFAT) (Fig.1.2). Along with positive activation signal, negative feedback signals can also 

regulate the excessive activation and proliferation of B cell. The paired immunoglobulin-

like receptor (PIR), FcgRIIB and CD5 mediate negative regulation of BCR signaling 

(Fig.1.4).  

 B cell activation can occur in two ways: 1) T helper (Th) cell-dependent manner; or 

2) Th cell-independent manner. For instance, microbial elements and lipopolysaccharide 

(LPS) can activate TLR-4, single stranded RNA from viruses can activate TLR-3/7 and 

single stranded DNA (CpG) can activate TLR-9 ultimately leading to the direct activation 

of B cells. In contrast, to T cell-independent activation, activation of B cell, in a T cell-

dependent manner requires antigen to be processed and presented on the B cell MHCII 
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complex (Fig 1.5). This complex is then recognized by Th cells or T follicular helper (Tfh) 

cell in the germinal centers located in the spleen. The MHC complex is critical for the 

recognition of antigenic derived peptide, that can also lead to complete B cell activation. 

Co-stimulatory signals include the binding of CD28/B7 protein families to their ligands, 

CD80 (B7.1) and CD86 (B7.2), on the B cell surface. T cells can also secrete 

extracellular/soluble CD40 ligand that can bind to the CD40 receptor on the surface of B 

cells. CD40 receptor is constitutively expressed on B cell and it is involved in the 

proliferation and class switching in B cells. The binding of the CD40 to CD40 ligand 

(CD40L) results in the clustering of CD40 on the B cell surface thereby triggering the 

recruitment of TNFR-associated factors (TRAFs) to the cytoplasmic tail of CD40 (Fig. 

1.2). TRAF proteins then activate NFkB, MAPK and PI3K/PLCg pathways. CD40 can also 

activate downstream signal factors and transcription factors, for example, activator 

protein-1 (AP-1), NFkB and NFAT. The activation of these signaling pathways results in 

the upregulation of CD80, CD86 and CD69 along with MHCII and intracellular cell 

adhesion molecule-1 (ICAM-1). The importance of CD40-CD40L interaction has been 

demonstrated by using monoclonal CD40 antibody in CD40 null mice, which show defects 

in B cell activation, proliferation and development of hyper-IgM syndrome. Activated Th 

cells can also secrete cytokines (IL-2, IL-4, IL-6, IL-10 and IL-21), which enhance B cell 

proliferation. Therefore, in an in vitro culturing system, human B cells can be activated via 

CD40 with either soluble recombinant CD40 ligand or CD40 ligand expressing L cells, 

and appropriate cytokines to induce B cell proliferation and differentiation into antibody 

secreting cells.   
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Figure 1.3.2. B cell receptor signaling. 

Upon ligand binding to the BCR, the proximal protein kinases LYN and SYK are activated. 

Activated LYN and SYK could activate PLCg2, which in turn activate ERK and NFkB. 

Activated ERK and NFkB serve as a transcription factors, which turn on critical gene 

transcription (i.e. CCL4). Inhibitory receptors, like CD5 and CD22, inhibit the BCR 

activation by providing inhibitory signaling to ERK and NFkB. 
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Figure 1.3.3. B cell differentiation. 

Progression of the B cell differentiation. Interaction of MHCII – BCR, co-stimulatory 

receptors and cytokine receptors provide the signals required for B cell activation. After 

interacting with activated T cells, activated B cells then undergo proliferation followed by 

differentiation into antibody producing plasma cells.   
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B cell differentiation  

Differentiated B cells are terminally committed to undergo an irreversible, tightly 

regulated differentiation process into antibody-producing plasma cells or long-lasting 

memory cells. Plasma cells can be generated from differentiated naïve B cells and 

memory cells. This process is associated with major changes in the cell structural 

morphology and gene expression governs the key events for cell differentiation. Terminal 

differentiation is preceded by robust proliferation of mature B cells. Plasma cells also 

undergo an increase in their cytoplasmic to nuclear ratio to accommodate increased 

immunoglobulin synthesis. On the cell surface, there is decreased of MHCII, CD45R 

(B220) and CD19. Expression of Syndecan-1 and CD38 marks the differential 

progression of mature B cells to plasma cells. Additionally, chemokine receptors (i.e. 

CXCR5 and CCL7) decrease expression in plasma cells, with the exception of CXCR4. 

This allows the migration of plasma cells from the follicles in the spleen to the bone 

marrow. Mature B cells residing in the spleen undergo differentiation into antibody-

secreting plasma cells upon encountering antigen or stimulation through T cell-

independent antigens. B cell differentiation is thought to be an all-or-none process 

established by the gene expression of critical transcription factors (BCL-6, BLIMP-1, PAX-

5 and BACH2). BCL6, BACH2 and PAX5 are repressors of B cell differentiation and are 

expressed at high levels in mature B cells. The expression of PAX5 is critical for the B 

cell to maintain its identity and is expressed from the pro-B to plasma cell stage. PAX5 

controls the expression of BCR components (BLNK, Iga, CD19 and IRF4) and it actively 

suppresses genes involved in the antibody secretion process (IgH, IgJ, Igk and XBP1). 

Plasma cells are identified by the expression of CD27 and CD138 on the cell surface.  
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CD5+ Innate-like B cells (ILBs) 

With the increase of sensitivity in flow cytometric analysis, subsets of B cells with 

unique surface markers have been identified. One of these subsets is innate-like B cells, 

characterized by the expression of CD5 in both the mouse and humans; however, human 

ILBs have been less characterized compared to mouse ILBs (Fig1.6). CD5+ ILBs 

constitute around 5 to 15% of the circulating B cells and they are the source for the vast 

majority of circulating IgM; playing a critical role in immunity against infectious agents, 

especially early in life during immune system development and late in life when the 

immune system is in decline (127). ILBs have been shown to provide long-lasting 

immunity to Lyme disease and relapsing fever spirochete.  

ILBs have been well characterized in rodent models, commonly described as B-1 

cells. Within B-1 cells, there are two sub-classes B-1a and B-1b in mouse innate-like B 

cells (128) (Fig. 1.4). B-1 cells can be derived from stem cells in the bone marrow and 

fetal liver (129, 130). B-1 cells are the major population in pleural and peritoneal cavities 

(131). B-1 cells within spleen and bone marrow secrete large amounts of IgM and are 

believed to contribute the majority of systemic circulating natural antibodies (132-134). 

The steady state levels of natural IgM (nIgM) in the circulation provides a critical first line 

of defense against pathogen replication before establishment of specific immunological 

responses (135-140). nIgM and B-2 cell-dependent pathogen-specific IgG response 

through the deposition of IgM antibody complexes on follicular dendritic cells (136, 141). 

In mice, due to the expression of CD5, B-1 cells are relatively insensitive BCR crosslinking 

(142). Recent studies demonstrated that the inhibition of BCR-mediated B-1 cell 

proliferation requires the expression of both CD5 and LCK (143, 144). Taken together, B-
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1 cells have a selective unresponsiveness toward BCR-induced clonal expansion but 

increase responses with innate immune signaling (TLR signaling). Within the CD5 

expressing B cells, recent studies also indicate that IL-10 producing B regulatory cells 

(Breg) also express CD5; however, the link between B-1 cells and Breg cells are currently 

unknown (145). CD5+ ILBs express high basal levels of PD-1, an inhibitory receptor that 

suppresses immune response (146). LCK is one of the primary kinases responsible for 

the phosphorylation of the PD-1 cytoplasmic tail (147). These phosphorylated tyrosine 

residues allow for the docking of SH2-domain containing phosphatases such as SHP-1, 

SHP-2, and others (147, 148), which can then negatively regulate cellular functions (147, 

148).  
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Figure 1.3.4. B cell subsets 

5 major subsets of mature B cells (figure is modified based on the mature splenic B cell 

model). There were three major subsets of B cells, A) B-1 cells, B) B-2 cells and C) B 

regulatory (Breg) cells. B-1 cell also include of CD5+ B-1a cells and CD5+ B-1b cells. B-2 

cells were CD5- and comprised of B-2a and B-2b cells. B-1 cells are commonly known as 

innate-like B cells (ILBs), with the characteristic of secreting polyvalent IgM. B-2 cells are 

known as adaptive B cells, with the characteristic of secreting antigen specific antibodies.  

  

CD5+ 
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Immunoglobulin M (IgM) 

IgM is the first wave of antibodies produced by activated B cells. Membrane 

bounded IgM/B cell receptor (BCR) and secreted IgM (sIgM) are the same molecule, 

except that BCR has a membrane localization sequence on the C terminus. In place of 

the transmembrane domain, the sIgM has hydrophilic tail piece with one key cysteine for 

preventing premature secretion and for the assembly of mature secretory IgM. 

Recognition of antigen by the membrane bound BCR on naïve B cells can provide 

activation signals to B cells and initiate humoral immune responses. Activated B cells 

undergo cytoplasmic modification to increase the size of ER and Golgi in order to increase 

the capability to produce a large number of antibodies. IgM molecules are synthesized 

and assembled in the endoplasmic reticulum (ER). Expression of ERGIC-53 and ERp44 

are critical for the transport and assembly of IgM molecules from the ER to the Golgi. IgM 

monomers are assembled to form the pentamers with the assistance of chaperones in 

the intermediate compartment between ER and Golgi (149, 150). Correctly assembled 

IgM pentamers then detach from chaperone proteins and continue through the secretory 

pathway in the Golgi (151) and secrete via vesicular transport to extracellular space.  

Secreted IgM can be divided into nIgM and antigen-specific IgM. nIgM is 

polyreactive and fixes complement. As discussed earlier, nIgM plays a critical role in 

immunity against infectious agents, especially early in life during immune system 

development, and late in life when the immune system is in decline (127). Specific IgM is 

produced after B cells encounter antigens through antigen presenting cells (APCs). 

Studies have demonstrated that natural and specific IgM are critical for the protection 

against viral infection (152). The repertoire of natural IgM is not affected by external 



  35 

antigens. Innate-like B cells (ILBs) have been shown to be the major producer for nIgM. 

Using allotype chimeric mice under germ-free condition, it was found that approximately 

50% of IgM in circulation is produced by ILBs in the absence of infection or vaccination, 

though they can be induced to higher levels with activation (136, 153-155). nIgM is 

encoded by non-mutated germline variable gene segments providing the polyreactive 

binding specificities (156). Polyreactivity is defined as the ability to bind shared structures 

and epitopes on self or non-self-antigen. The polyreactivity of soluble IgM (sIgM) allows 

binding to different structures on the same pathogen, thereby, enhancing neutralization 

and opsonization of the pathogen. nIgM can commonly recognize epitopes on 

phosphorycholine (PC), which presents on the membrane of apoptotic cells and microbes 

(157, 158). nIgM has shown to enhance the clearance of apoptotic cells and to prevent 

the development of inflammation by activating complement (159-161). nIgM are a critical 

bridge between the innate and adaptive immune response.  

 

Lymphocyte-specific protein tyrosine kinase (LCK) 

The role of lymphocyte-specific protein tyrosine kinase (LCK) in B cells has not 

been well characterized. However, LCK has been well studied in the context of T cell 

activation and proliferation. LCK is a critical signaling molecule involved in signal 

transduction downstream of the T cell receptor and PD-1. Upon ligand binding to the TCR, 

phosphorylation at the immunoreceptor tyrosine-based activation motif (ITAM) of the TCR 

complex then transfers a phosphate to the Src homology 2 (SH2) domain on LCK (162). 

The phosphorylation of LCK is critical for recruitment and activation of ζ chain–associated 

protein kinase of 70 kD (ZAP70), which in turn phosphorylates signal adaptors which are 
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important for Ca2+ mobilization (163), and the activation of MAP kinase and NF-AT 

pathways (164) essential for cell proliferation. LCK also plays a role in protein secretion 

and cytoskeleton remodeling in T cells. Upon TCR ligation, the activated LCK can 

phosphorylate the membrane-associated adaptor protein LAT and VAV-1 to from distinct 

microclusters (165). The activation of vesicular associated proteins LAT and VAV-1 plays 

a critical role in vesicle transport and cytoskeleton remodeling. Little is known about the 

role of LCK in B lymphocytes. Recent studies have suggested a critical role for LCK in B 

cell receptor (BCR) signaling in chronic lymphocytic leukemia (CLL) cells, the increase of 

LCK has been used as a biomarker for the progression of CLL in patients (127, 166). In 

addition, CD5+ B cells have been shown to express high level of LCK (167). LCK has also 

been reported to be one of the primary kinases responsible for the phosphorylation of the 

PD-1 cytoplasmic tail which contain ITIM sequences (147).  

 

Programmed cell death protein 1 (PD-1) 

PD-1 is an inhibitory receptor that primarily functions to suppress immune 

responses (146). High basal expression of PD-1 has been found by CD5+ ILBs (168). 

There are two well-characterized PD-1 ligands, PDL1 and PDL2 (169). Both ligands are 

widely expressed on all immune cells; however, different immune cell types preferentially 

express either PDL1 or PDL2 (170). Binding of ligands to PD-1 initiate inhibitory signaling 

cascades that can suppress immune responses on PD-1 expressing cells. PD-1 signaling 

involves the phosphorylation of the immunoreceptor tyrosine switch motifs (ITSMs) and 

immunoreceptor tyrosine inhibitory motifs (ITIMs) (169). Phosphorylated PD-1 can then 

recruit Src homology 2 (SH2) domain containing phosphatases such as SHP-1, SHP-2, 
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and others, which can then negatively regulate immune activation and cellular functions 

(147, 148). 

 

Interferon g (IFNg) 

IFNg is a well characterized cytokine that plays various roles in cellular regulation. 

IFNg is classified as a type II IFN. IFNg is primarily produced by lymphocytes and 

professional antigen-presenting cells (APCs) (171). T cells are the main producer of IFNg, 

which induces innate cell-mediated immunity and macrophage activation (172-174). IFNg 

has also been shown to modulate cell cycle, cell growth and apoptosis (175, 176). IFNg 

mainly signals through the Jak-Stat pathway, including the activation of Janus family of 

kinases (Jak 1 – 3 and Tyk2) and Stats (Stat 1 – 6) (177). IFNGR1 and IFNGR2 are the 

two subunits of the IFNg receptor (178). Upon ligand binding, intracellular domains of the 

receptor open to allow the binding of downstream signaling components. Binding of IFNg 

to the receptor induces Jak2 autophosphorylation and activation, which allows Jak1 

transphosphorylation by Jak2 (177). The activation of Jak1 then phosphorylates the SH-

2 domain on the receptor subunits to provide the docking site for Stat1 (179). The 

phosphorylated Stat1-Stat1 homodimers then translocate into the nucleus and acts as a 

transcription factor to regulate gene expression (180). Previous studies indicated 

pretreatment with IFNg can block AHR-mediated suppression of the IgM responses in 

mouse splenocytes (100). IFNg secretion by Natural Killer (NK) cells and APCs are 

important in the early stage of host defense against infections. 
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Rationale 

AHR is a cytoplasmic receptor involved in the regulation of cell functions and 

xenobiotic sensing (1-6). AHR also plays a role in immune modulation, especially in the 

expansion, maturation and differentiation of B cells (7-11). High affinity ligands, like 

TCDD, have been widely used to study the physiological role of the AHR in B cells. AHR 

activation has also been demonstrated to suppress humoral immunity (101). Therefore, 

the overarching goal of this dissertation is to elucidate the mechanism by which TCDD-

mediated activation of AHR induces suppression of the IgM response in human B cells. 

This dissertation research is comprised of three components: 1) Comparison of TCDD-

mediated impairment of the IgM response by mouse and human B cells; 2) Elucidation of 

the role of LCK in TCDD-mediated suppression of the IgM by human B cells; and 3) 

Ascertainment of the role of LCK and PD-1 in TCDD mediated suppression of the IgM 

response by human CD5+ ILBs. For this dissertation research, I will specifically test the 

hypothesis: TCDD-mediated impairment of the IgM response occurs through upregulation 

of lymphocyte-specific protein tyrosine kinase (LCK) and inhibitory receptors, PD-1 by 

human CD5+ B cells.  

 A recent transcriptomic study has indicated little overlap between mouse and 

human B cell in response to AHR activation by TCDD, indicating a divergent of 

mechanism for these two species. Therefore, in the first part of this dissertation, a 

comparison of AHR-mediated impairment of IgM responses in mouse and human 

provides detailed mechanistic differences between these two species. In the 

transcriptomic study, LCK was significantly upregulated with TCDD treatment in only 

human B cells, therefore, the second part of this dissertation focused on understanding 



  39 

the role of LCK in the AHR-mediated suppression of the IgM response by human B cells. 

Previous studies have also indicated that human CD5+ innate-like B cells (ILBs) express 

high levels of LCK and PD-1. Therefore, in the third part of this dissertation, studies were 

conducted to further understand the role of LCK and PD-1 in AHR-mediated suppression 

of the IgM response by CD5+ ILBs. Taken together, this dissertation research provides a 

mechanistic framework describing AHR-mediated impairment of the IgM responses in 

humans.  
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CHAPTER 2: MATERIALS AND METHODS  

2.1. Chemicals and Reagents 

99.1% pure TCDD in dimethylsulfoxide (DMSO) was purchased from 

Accustandard Inc (New Haven, Connecticut). DMSO was purchased from Sigma-Aldrich 

(St. Louis, Missouri) and used to dilute the TCDD for all the studies. Approximate 0.02% 

DMSO was used for all treatments. The AHR antagonist (CH-223191) was purchased 

from Sigma-Aldrich (St. Louis, MO). LCK small peptide inhibitor (EGQYpEEIP) and 

control peptide (EGQYEEIP) were purchase from GenScript (Pascataway, NJ). LCK 

small molecule inhibitor (CAS213743-31-8) was purchased from Sigma-Aldrich. Human 

recombinant IFN-gamma (IFNg) protein was purchased from Biolegend (San Diego, 

California). PD-1 blocking antibody (S228P) was purchased from Invivogen (San Diego, 

California). 

 

2.2. Cell culturing and cell line 

 CD40 ligand-L cells were obtained as a generous gift from Dr. David Sherr (Boston 

Univeristy). CD40 ligand-L cells were a mouse fibroblast cell line stably transfected with 

human CD40 ligand (CD40L). The cells were cultured in Dulbecoo’s Modified Eagle’s 

Medium (Thermo Fisher Scientific, Waltham, MA) supplemented with 10% bovine calf 

serum (ThermoScientific, Lafayette, Colorado), 50 µM of 2-mercaptoethanol, and HT 

supplement (Invitrogen).  CD40 ligand-L cells were thawed 4 days before irradiation with 

3500 rad of x-rays using X-Rad 320 (Precision X-Ray, Inc, North Branford, Connecticut) 

a day before co-culturing with human primary B cells. CD40 ligand-L cells were seeded 

at a concentration of 1 x 104 cells/ml in 500 µl of media per well in 48-well tissue culture 
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plates (Costar, Corning) for the culture period. The expression of human CD40L on the 

surface of the cells was monitored routinely to select for high CD40L-expressing cells. 

Human peripheral blood B cells were cultured in Roswell Park Memorial Institute (RPMI) 

1640 medium supplemented with 5% human AB serum (Vally Biomedical, Virginia), and 

50 µM of 2-mercaptoethanol. In all cases, cells were cultured in 5% CO2 incubator at 

37°C. The B cell activation schematic used in this dissertation research was illustrated in 

Fig. 2.1. 
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Figure 2.2.1. B cell activation schematic. 

Cells were treated with either VH or TCDD and activated by co-culturing with CD40L 

expression L cells or soluble CD40 ligand and supplied with cytokines on day 0. The 

treated cells were then cultured for total 7 days. On day 7, cells were collected for analysis 

via IgM ELIspot/ELSA and flow cytometric analysis.  
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2.3. Flow cytometry 

 All antibodies used in the studies can be found in Table 2.1. For flow cytometry 

staining, approximately 0.5 x 106 cells were harvested at the indicated time points and 

viable cells were identified by Fixable Live/Dead Near-IR dye (Thermo Fisher, 

Massachusetts) following manufacturer’s instructions prior to cell surface or intracellular 

staining. Surface Fc receptors were blocked using human AB serum before staining for 

surface and intracellular proteins. For surface staining, cells were resuspended in FACS 

buffer (1x phosphate-buffered saline, 1% bovine serum albumin [BSA] and 0.1% sodium 

azide, pH: 7.6) in the presence of 20% human AB serum and antibodies were added at 

the manufactural specified concentrations and incubated at 4°C for 15 min and then fixed 

by incubation in the BD Cytofix fixation buffer (BD Biosciences, California) for 10 min.  For 

intracellular protein staining, cells that were previously fixed after surface staining were 

permeabilized with 1X BD PermWash buffer (BD Biosciences, California) for 30 min and 

then incubated with antibodies for 30 min. For phospho staining, cells were incubated 

with phospho antibodies as instructed by BD Biosciences. In brief, cells were fixed using 

BD Cytofix buffer for 10 min at 37°C then permeabilized using 1X of Perm buffer IV, 

stained for 1 h under continuous motion. Cells were then washed three times with 0.5X 

perm buffer and analyzed by flow cytometry. In all cases, cells were analyzed on BD 

FACSCanto II using FACS Diva software (BD Biosciences) and subsequently analyzed 

using FlowJo analytical software (Version 10, Treestar Software Ashland, Oregon). 

Unless stated, cells were gated on singlets, live (as determined by Live/Dead dye) 

followed by gating on lymphocyte populations. Gates were drawn based on the 
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unstimulated cells (resting human B cells, without CD40L and cytokine activation) or 

unstained cells as appropriate.  
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Table 2.2.1. List of antibodies used in the studies.  

All the antibodies were used as suggested by the manufactures. Specific concentration 

of each antibody could be found on the manufacture’s website. The process of staining 

was described above in the Material and Method section.  

Name Clone Fluorophore Company 

Anti-human LCK  LCK-01 Alexa Fluor 647  Biolegend 

Anti-human IgM MHM-88 PE Biolegend 

Anti-human Ig light chain k  MHK-09 PE Biolegend 

Anti-human Ig J chain   PE Assaypro 

Anti-human CD19 HIB19 PE/Cy7  Biolegend 

Anti-human LCK-pY505 Clone 4 PE BD Biosciences 

Anti-human ZAP70-pY319  Clone 17A Alexa Fluor 647  BD Biosciences 

Anti-human ZAP70-pY292  J34-602 Alexa Fluor 647  BD Biosciences 

Anti-human CD5 UCHT2 APC Biolegend 

Anti-human CD5 UCHT2 Biotin Biolegend 

Anti-human CD279 (PD-1) EH122H7 APC Biolegend 

Anti-human CD273 (PD-L2) 24F.10C12 PE Biolegend 

Anti-human CD274 (PD-L1) 29E.2A3 Per/Cy5.5  Biolegend 

Anti-mouse IgM  II/41 FITC Biolegend 

Anti-mouse Igk  RMK-45 PE Biolegend 

Anti-mouse IgJ  

PA5-

13486 Unconjugated Biolegend 

Anti-rabbit IgG RJ243415 Alexa Fluor Plus 647  Thermo Fisher 
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2.4. Human leukocyte packs and human B cells purification 

 Peripheral blood mononuclear cells (PBMC) collected from anonymous platelet 

donors were obtained from Gulf Coast Regional Laboratories (Houston, Texas). All 

human leukocyte packs were tested to be negative for HIV, HBV, HCV and HTLV before 

shipment. For each experiment, blood packs were diluted with HBSS and overlaid on 

Ficoll-Paque Plus density gradient (GE Healthcare, Piscataway, New Jersey) and 

centrifuged at 1300g for 25 minutes with low acceleration and brake.  The PMBCs were 

isolated post-centrifugation, washed, counted and subjected to magnetic column-based 

isolation that enriched CD19+CD27- naïve human B cells (more than 95% purity). This 

negative selection was conducted using the MojoSortMT human naïve B cell isolation kit 

(Biolegend, San Diego) following manufacturer’s instructions. Purified human B cells at 

the concentration of 1 x 106 cells/ml were then treated with either 0.02% DMSO (VH) or 

various concentrations of TCDD. The treated B cells were then activated by co-cultured 

with sublethally irradiated CD40 ligand-L cells (1 x 104 cell /ml) in a 48-well cell culturing 

plate. Cells were cultured with recombinant human cytokines IL-2 (1 ng/ml), IL-6 (1ng/ml) 

(Roche Applied Science, Indianapolis, Indiana), and IL-10 (4 ng/ml) (Biovision Inc, 

Milpitas, California) for total 7 days (Fig.2.1). In order to obtain optimal B cell activation, 

the VH or TCDD treated B cells were activated by soluble human CD40 ligand (10 ng/mL) 

and supplying with recombinant human cytokines IL-2 (1 ng/ml) (Roche Applied Science, 

Indianapolis, Indiana), and IL-21 (50 ng/mL) (R&D system, Minnesota) for total 7 days. In 

order to obtain human CD5+ ILBs, a second positive isolation was conducted following 

CD19+ naïve B cell isolation to obtain CD5+ ILBs. In brief, 10 µL of biotin anti-human CD5 

antibodies per 106 cells was incubated with CD19+ naïve B cells for 15 min on ice, 
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following with 10 µL of anti-biotin microbeads per 106 cells for additional 15 min. The detail 

of the isolation and enriching could be found in Blevins. et al (Manuscript under 

prepartion). Purified CD5+ ILBs at the concentration of 0.25 x 106 cells/ml were then 

treated with either 0.02% DMSO (VH) or various concentration of TCDD and follow the 

culture schematic in Fig. 2.1. 
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Figure 2.4.1. CD5+ ILBs enrichment via magnetic separation.  

Human PBMCs obtains from human blood pack were subjected to negative magnetic 

separation obtained from naïve CD19+CD27- B cells. Naïve human B cells were then 

further enriched using a positive magnetic selection to separate CD5+ cells and CD5- 

cells.  
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2.5. Mouse B cell purification 

 Pathogen-free female C57BL/6 mice (6 weeks of age) were purchased from 

Charles River (Portage, Michigan). Mice were randomized, transferred to plastic cages 

containing sawdust bedding (five mice per cage), and quarantined for 1 week. Mice were 

provided food (Purina certified laboratory chow) and water ad libitum and were not used 

for experimentation until their body weight was 17–20 g. Animal holding rooms were 

maintained at 21°C –24°C and 40–60% humidity with a 12-h light/dark cycle. The 

Michigan State University Institutional Animal Care and Use Committee approved all 

animal procedures used in this investigation. Mouse splenocytes were made into single-

cell suspension by passage through a 40 µm cell strainer (BD Bioscience, San Jose, 

California). Negative selection of mouse B cells was conducted using MojoSortTM isolation 

kits following manufacturer’s instruction (Biolegend, San Diego, California). Purity was 

above 95% in all isolations. Purified mouse B cells were cultured at a density of 1 X 106 

cells/ml in RPMI-1640 supplemented with 10% bovine calf serum, 100 U/ml 

penicillin/streptomycin and 50 µM 2-mercaptoethanol at 37 C with 5% CO2, 95% air and 

98% humidity. In all cases, mouse B cells were treated with 0.02% DMSO (VH) or various 

concentration of TCDD and activated by co-culturing with CD40L expression L cells 

supplemented with cytokines (IL2, IL6 and IL10). 

 

2.6. Gene Expression Analysis  

 The probe used in the studies with human B cells were LCK (Hs00178427_m1) 

IGHM (Hs00385741_m1), IgJ (Hs00376160_m1) and Igk (Hs02384840_gH). The probes 

used for mouse B cells were Ighm (Mm01718956_m1), IgJ (Mm00461780_m1). SYBR 
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Green system was used to quantify the level of Igk mRNA in mouse B cells. The primers 

for Igk were designed based on Schneider., et al. 2008. The control used for SYBR Green 

reactions was mouse HPRT. RNA was isolated using Qiagen RNeasy kits (Germantown, 

Maryland) per the manufacturer’s instructions. The RNA concentrations were determined 

by Nanodrop ND-1000 Scientific spectrophotometer (Thermo-Fisher Scientific, 

Wilmington, Delaware) and 500 ng of RNA was use for the reverse-transcription using 

High Capacity cDNA RT-PCR kit by Applied Biosystems (Foster City, California). The 

cDNA was amplified using Applied Biosystems Taqman Gene Expression Assays. All 

quantitative real-time PCR reactions were performed on an Applied Biosystems model 

ABI Prism 7900 Sequence Detection System.  Human 18S ribosomal RNA (Applied 

Biosystems, Foster City, California) was used as an internal control. Fold change in gene 

expression was calculated using the DDCt method.  

 

2.7. Enzyme-linked Immunospot Assay (ELIspot) 

 The number of IgM-secreting cells was quantified by ELIspot. Briefly, multiscreen 

96-well filter plates (Millipore, Billerica, Massachusetts) were coated with anti-human IgM 

antibody (5 µg/ml) (Sigma Aldrich, St. Louis, MO) for overnight and, subsequently, 

blocked with 5% bovine serum albumin (Sigma Aldrich, St. Louis, MO) for 2 h. B cells 

were washed with RPMI 1640 twice, resuspended in RPMI 1640 containing 10% bovine 

calf serum (Thermo Scientific, Lafayette, Colorado) and incubated on the primary 

antibody-coated plates overnight at 37°C with 5% CO2. Biotin-conjugated anti-human IgM 

antibody (Sigma Aldrich, St. Louis, Missouri) and, subsequently, streptavidinhorseradish 

peroxidase (HRP) (Sigma Aldrich, St. Louis, Missouri) were added for 1 h incubation at 
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37°C with 5% CO2. All incubations were followed with three washes with phosphate-

buffered saline (pH 7.4) containing 0.1% Tween-20 (Sigma Aldrich, St. Louis, Missouri) 

and three washes with nanopure water. The spots were developed with an 

aminoethylcarbazole staining kit (Sigma Aldrich, St. Louis, Missouri). The number of spots 

per well between 0.0001mm2 and 9.6372mm2 were quantified via the Immunospot 

Software (Cellular Technology, Ltd, Shaker Heights, Ohio) and normalized to the number 

of viable cells plated in each well. 

 

2.8. Enzyme-linked Immunosorbent Assay (ELISA)  

 The amount of IgM secreted into the culture supernatant was quantified by 

sandwich ELISA. Briefly, Immulon 4 HBX 96-well microtiter plates (VWR International, 

Radnor, Pennsylvania) were coated with anti-human IgM antibody (1 µg/ml; Sigma 

Aldrich, St. Louis, Missouri) overnight. Culture media collected from human B cells was 

incubated over primary antibody-coated plates for 90 min at 37°C with 5% CO2 and was 

followed by overlaying to an anti-human IgM-HRP conjugate antibody (Sigma Aldrich, St. 

Louis, MO). Incubations were followed by washes with phosphate-buffered saline (pH 

7.4) containing 0.05% Tween-20 (Sigma Aldrich, St. Louis, Missouri) and nanopure water. 

2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS, Roche Diagnostics) was 

then added as a colorimetric substrate for HRP. The rate of colorimetric change was 

quantified with a Synergy HT microplate reader (BioTek, Winooski, Vermont) at 405 nm 

for 1 h. Concentrations of IgM in media were calculated based on a standard curve 

created in each plate. 
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2.9. Proliferation Assay 

 Isolated human primary B cells were washed and resuspended in 1X HBSS to 

remove traces of serum and were incubated with 2mM Cell Trace Violet Dye (Cell Trace 

Violet Cell proliferation kit, Thermo Fisher) at 1 X 106 cells/ml for 20 min in the dark at 

37°C. The labeled cells were then washed twice with complete RPMI and then the cell 

density was adjusted as desired prior to treatment of cells with TCDD or VH (0.02% 

DMSO) and activation.  

 

2.10.   Western Blotting and Native PAGE 

Total cell lysates were prepared by lysing cells with Radioimmunoprecipitation 

assay (RIPA) containing protease inhibitor (Roche Applied Science, Indianapolis, 

Indiana). Cell lysates were stored at -20°C. The denatured samples were obtained by 

heating the cell lysates in 95°C for 10 min and were followed by loading the sample on 

an 10% SDS-PAGE gel at the Mini-PROTEAN Precast System (Biorad, Hercules, 

California). The gel was then transferred to a nitrocellulose blotting membrane (GE 

healthcare, Little Chalfont, United Kingdom) on a semi-dry transfer system TE70 DWR 

(GE healthcare, Little Chalfont, United Kingdom) for 1 h. The membrane was then blotted 

with antibodies for 1 h followed by washes with Tris-buffered saline (TBS) containing 0.1% 

Tween-20 (Sigma Aldrich, St. Louis, MO). SuperSignal West Pico Chemiluminescent 

substrate (Thermo Scientific, Lafayette, Colorado) was used with the HRP. The 

membrane was developed in an image developer to visualize the protein distribution. The 

amount of protein was quantified by densitometry and the total target protein levels were 

normalized to actin protein levels in each corresponding lane. For Native PAGE, it was 



  53 

conducted using ThermoFisherTM mini gel tank. A total of 10 µg of protein from each 

sample was loaded per well. Protein sample must remain in cold to retain the native 

structure. The gel was then transferred to AmershamTMHybondTM 0.2 µm PVDF 

membrane and blotted with specific anti-human IgM antibodies. SuperSignal West Pico 

Chemiluminescent substrate (Thermo Scientific, Lafayette, Colorado) was used with the 

HRP. The membrane was developed in an image developer to visualize the protein 

distribution. 

 

2.11.   Statistical Analysis  

 Linear regression was used in the correlation study. Student’s t-test was used to 

compare VH control to TCDD treatment group. For multiple comparisons, one-way 

ANOVA followed by Fisher’s LSD post hoc test or two-way ANOVA followed by Fisher’s 

LSD post hoc test was used. Significant differences were indicated by * p < 0.05, ** p < 

0.01, *** p < 0.001. The error-bars represent standard deviation. 
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CHAPTER 3: EXPERIMENTAL RESULTS  

Suppression of the humoral immunity after exposure to TCDD has been 

demonstrated in different animal species with the largest body of work conducted in 

mouse models. To gain further insight into the molecular mechanism by which AHR 

activation suppresses the IgM response, a side-by-side comparison was performed in 

human and mouse primary B cells using an in vitro CD40 ligand activation system. 

Previous study has indicated upregulation of LCK in only human B cells, therefore, the 

second part of the result section was focused on understanding the role of LCK in the 

suppression of the IgM response by human B cells. Finally, the role of LCK and PD-1 

were investigated in the suppression of the IgM response by CD5+ ILBs. 

 

3.1. Comparison of AHR-mediated suppression of the IgM response in mouse 

and human B cells  

AHR activation suppressed IgM response in mouse and human primary B cells.     

In the current studies, the IgM concentration was quantified by ELISA and the 

number of IgM secreting cells was quantified by ELIspot in both mouse and human B 

cells. Mouse B cells were treated with VH (0.02% DMSO) or TCDD (0.1, 1 and 10 nM) 

and, subsequently activated by co-culture with CD40 ligand expressing L cells plus 

cytokines (IL-2, IL-6 and IL-10) for 6 days (Fig. 3.1.1). The IgM concentration in 

supernatants from mouse B cells ranged from 16,000 – 25,000 ng/mL in the VH control 

group. The number of IgM secreting mouse B cells ranged from 12,000 – 20,000 per 106 

cells in the VH control group. The number of IgM secreting B cells and the concentration 
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of supernatant IgM in mouse B cells were significantly suppressed by TCDD-mediated 

AHR activation (Fig. 3.1.1A and B).  

Human primary B cells were treated with VH (0.02% DMSO) or TCDD (0.1, 1 and 

10 nM) and, subsequently activated by co-culture with CD40 ligand expressing L cells 

plus cytokines (IL-2, IL-6 and IL-10) for 7 days. The IgM concentration in the supernatants 

ranged from 12,000 – 27,000 ng/mL in VH control group. The number of IgM secreting B 

cells ranged from 10,000 – 20,000 per 106 cells in the in the VH control group. Similar to 

mouse B cells, the number of IgM secreting B cells and the concentration of supernatant 

IgM in human B cells were significantly suppressed by AHR activation (Fig. 3.1.1C and 

D).  
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Figure 3.1.1. AHR-mediated suppression of the IgM response in mouse primary B 

cells. 

Mouse and human primary B cells were treated with VH (0.02% DMSO) or TCDD (0.1, 1 

and 10 nM) and, subsequently activated by co-culture with CD40 ligand expressing L cells 

plus cytokines (IL-2, IL-6 and IL-10) for 6 days (mouse) or 7 day (human). A) Mouse 

primary B cells were collected to quantify the concentration of secreted IgM by ELISA on 

day 6. B) Mouse primary B cells were collected to quantify the number of IgM producing  

cells by ELIspot on day 6. The number of IgM secreting mouse B cells ranged from  
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Figure 3.1.1. (cont’d) 

12,000 – 20,000 per 106 cells in the VH control group. C) Supernatant from human primary 

B cell cultures were collected and quantified for IgM by ELISA on day 7. D) Human 

primary B cells were collected to quantify the number of IgM secreting cells by ELISPOT 

on day 7. Data were normalized to the VH control for each human donor. Results were 

the normalized percentage to the VH group. N number indicated the number of animals 

or human donors in the study. Significant differences from VH control were indicated by 

** p < 0.01, *** p < 0.001 by one-way ANOVA following by Fisher’s post hoc test. 
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AHR antagonist reversed the AHR-mediated suppression of IgM response in 

human B cells. 

Previous studies using AHR null mice showed an absolute requirement for the 

AHR in suppression of humoral immune responses by TCDD, demonstrating the receptor 

is required for the suppression of the IgM response (44, 45). To further determine the 

involvement of the AHR in the decrease of IgM secretion by human primary B cells, the 

AHR antagonist (CH-223191) was employed to block the interaction between TCDD and 

the AHR. Naive human primary B cells were treated with AHR antagonist, CH-223191 

(CH) for 30 min. After treatment with antagonist, B cells were then treated with either VH 

(0.02% DMSO) or TCDD (10 nM) and activated as described in the Materials and 

Methods section. Treatment of CD40L-activated human B cells with the AHR antagonist 

alone increased the number of IgM secreting cells and enhanced the supernatant IgM 

concentration, compared to vehicle control (Fig. 3.1.2A and B). Treatment of human B 

cells with TCDD in combination with increasing concentrations of AHR antagonist 

produced a reversal of the IgM response. (Fig. 3.1.2A and B).  
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Figure 3.1.2. AHR antagonist reversed the AHR-mediated suppression of the IgM 

response in human primary B cells. 

Human B cells were pre-treated with AHR antagonist (CH-223191) for 30 min before 

treatment with VH (0.02% DMSO) or TCDD (10 nM) and, subsequently activated by co-

culture with CD40 ligand expressing L cells plus cytokines (IL-2, IL-6 and IL-10) for or 7 

days. A) Concentration of secreted IgM in culture supernatants was quantified by ELISA 

on day 7. B) The number of IgM secreting B cells was quantified by ELIspot on day 7. a 

indicated a significant difference at p < 0.05 compared to the respective VH groups as 

determined by two-way ANOVA followed by Fisher’s LSD post hoc test. b indicated a 

significant difference at p < 0.05 compared to the respective TCDD (10 nM) groups by 

two-way ANOVA as determined by Fisher’s LSD post hoc test. N number indicated the 

number of human donors in the study. Results were the normalized percentage to the VH 

group. 
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AHR activation by TCDD suppressed IgH, IgJ and Igκ chains in mouse primary B 

cells.  

Previous studies have shown that induction of mRNA levels of IgH, IgJ and Igk 

chains in activated mouse splenocytes where impaired after AHR activation by TCDD 

(181). Therefore, studies were conducted to compare the effect of TCDD treatment on 

intracellular protein levels of IgH, IgJ and Igk in mouse and human B cells. First and 

foremost, mouse B cells were treated with VH (0.02% DMSO) or TCDD (0.1, 1 and 10 

nM) and then activated by co-culture with CD40 ligand expressing L cells plus cytokines 

(IL-2, IL-6 and IL-10) for 6 days. On day 6, cells were collected to measure the intracellular 

expression of IgH, IgJ and Igk. The intracellular protein levels of IgH and IgJ were 

significantly suppressed by TCDD in a concentration-dependent manner in mouse 

primary B cells; whereas, Igk was less sensitive to suppression and was only significantly 

decreased at the highest TCDD concentration (Fig. 3.1.3).  
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Figure 3.1.3. AHR activation by TCDD suppressed IgH, IgJ and Igκ chains in mouse 

B cells.  

Mouse B cells were treated with VH (0.02% DMSO) or TCDD (0.1, 1 and 10 nM) and then 

activated by co-culture with CD40 ligand expressing L cells plus cytokines (IL-2, IL-6 and 

IL-10) for 6 days. A) Flow cytometry dot plots of intracellular IgH, IgJ and Igκ chains with 

VH or TCDD treatment in mouse B cells. B) Level of intracellular IgH protein. C) Level of 

intracellular IgJ protein. D) Level of intracellular Igκ protein. N indicates the number of 

mice use in the study. Results were the normalized percentage to the VH group.  

 



  62 

Figure 3.1.3. (cont’d) 

Significant differences from VH control were indicated by * p < 0.05, ** p < 0.01 and *** p 

< 0.001 as determined by a one-way ANOVA followed by Fisher’s LSD post hoc test. 
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AHR activation did not alter the intracellular IgH, IgJ and Igκ chains in human 

primary B cells. 

To compare with mouse B cells, human primary B cells were treated with VH 

(0.02% DMSO) or TCDD (0.1, 1 and 10 nM) and then activated by co-culture with CD40 

ligand expressing L cells plus cytokines (IL-2, IL-6 and IL-10) for 7 days. On day 7, cells 

were collected to measure the intracellular expression of IgH, IgJ and Igk. Contrary to the 

observation in mouse B cells (Fig. 3.1.3), the intracellular protein levels of IgH, IgJ and 

Igk were not suppressed by TCDD treatment in human B cells (Fig. 3.1.4).  
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Figure 3.1.4. AHR activation did not alter the intracellular IgH, IgJ and Igκ chains in 

human B cells. 

Human B cells were treated with VH (0.02% DMSO) or TCDD (0.1, 1 and 10 nM) and 

activated by co-culture with CD40 ligand expressing L cells plus cytokines (IL-2, IL-6 and 

IL-10) for 7 days. A) Flow cytometry dot plots of intracellular IgH, IgJ and Igκ in human B 

cells. B) Level of intracellular IgH protein. C) Level of intracellular IgJ protein. D) Level of 

intracellular Igκ protein. Results are the normalized percentage for each donor’s VH 

control response. N indicates the number of human donors. Results were the normalized 

percentage to the VH group. Significant differences from VH control were  
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Figure 3.1.4. (cont’d) 

indicated by ** p < 0.01 as determined by a one-way ANOVA followed by Fisher’s LSD 

post hoc test. 
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AHR activation decreased the intracellular IgH in mouse but not human B cells 

quantified by Western Blotting.  

To further verify the flow cytometry results, Western blotting was performed to 

assess the total expression level of IgH in both mouse and human B cells. For mouse B 

cells, similar to the intracellular measurement done via flow cytometry, the expression of 

IgH was impaired by TCDD treatment (Fig. 3.1.5A and B). In contrast, Western blotting 

revealed that TCDD treatment (10 nM), in fact, significantly increased intracellular IgM 

compared to the respective VH control group in human B cells (Fig. 3.1.5C and D). To 

further confirm the observation that AHR activation did not impair IgM production by 

human primary B cells, the effect of TCDD was assessed using a different activation 

stimulus, pokeweed mitogen (PWM). As observed with CD40L, PWM-activated human 

primary B cells showed no decrease in intracellular IgM protein levels at any of the TCDD 

concentrations tested (Fig. 3.1.5E). 
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Figure 3.1.5. Comparison of IgH in mouse and human B cells via West blotting. 

A) Western blotting for IgM in whole cell lysates for mouse B cells. B) Level of total IgM 

protein from A) normalized to actin protein quantified by Western blotting. C) Western 

blotting for IgM in whole cell lysates for human B cells. D) Level of total IgM protein from 

C) normalized to actin protein quantified by Western blotting. E) Human B cells were 

treated with VH (0.02% DMSO), or TCDD (1 and 10 nM) and activated with pokeweed 

mitogen (PWM) for 5 days. On day 5, human B cells were collected and quantified for 

intracellular IgH protein by flow cytometry. N indicates the number of human donors. 

Results were the normalized percentage to the VH group for each individual donor. 

Significant differences from VH control werw indicated by ** p < 0.01 as determined by a 

one-way ANOVA followed by Fisher’s LSD post hoc test. 
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AHR activation suppressed the mRNA levels of IgH, IgJ and Igk in mouse but not 

human primary B cells. 

Previous studies have demonstrated that AHR activation decreased the mRNA 

expression levels of IgH, IgJ and Igk chains in mouse B cells after LPS activation (181).  

In the current studies, the mRNA level of IgH, IgJ and Igk chains were assessed in both 

mouse and human B cells. A concentration-dependent decrease of the mRNA levels of 

IgH, IgJ and Igk in CD40L-activated mouse B cells when treated with TCDD (Fig. 3.1.6A 

– C). In contrast, the mRNA levels of IgH, Igk and IgJ were not altered in CD40 ligand-

activated human B cells with AHR activation at TCDD concentrations as high as 10 nM 

(Fig. 3.1.6D – E).  
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Figure 3.1.6. AHR activation suppressed the mRNA levels of IgH, IgJ and Igk in 

mouse B cells, but not in human B cells. 

Mouse and human B cells were treated with VH (0.02% DMSO), or TCDD (0.1, 1 and 10 

nM) and activated by co-culture with CD40 ligand expressing L cells plus cytokines (IL-2, 

IL-6 and IL-10) for 6 days. A) Mouse B cells treated with VH or TCDD were collected on 

day 6 and quantified for mRNA levels of IgH, B) IgJ or C) Igk. D) Human B cells were 

quantified for the mRNA levels of IgH, E) IgJ or F) Igκ. Results were presented as the 

normalized fold change for each treatment to VH control for both human donors and mice. 

N indicates the number of mice or donors use in the study. Significant differences from  

VH control were indicated by * p < 0.05 and ** p < 0.01 as determined by a one-way 

ANOVA followed by Fisher’s LSD post hoc test. 



  70 

AHR activation by TCDD caused intracellular accumulation of the assembled IgM 

pentamers. 

The secreted IgM pentamer consists of five IgM monomers that are joined together 

by a single J chain (182). Due to the observation by Western blotting, that intracellular 

IgM was accumulating in human B cell treated with TCDD (Fig. 3.1.5C), studies were 

conducted to explore the possibility that AHR activation interfered with the assembly of 

the IgM pentamer. Native-PAGE assays were used to assess the amount of intracellular 

IgM pentamers in activated human B cells. Human B cells were treated with either VH 

(0.02% DMSO) or TCDD (10 nM) and activated by co-culture with CD40 ligand 

expressing L cells plus cytokines (IL-2, IL-6 and IL-10). Cells were collected on day 7 and 

whole cell lysates were prepared for identification of IgM isoforms using Native-PAGE 

assay. The analysis was performed on B cells isolated from three separate human donors 

with all three of the donor’s B cells exhibiting suppression of the IgM response by TCDD 

treatment as quantified by ELISA and ELIspot. The top band represents the 1024 kD an 

IgM pentamer (Fig. 3.1.7A). As shown in Fig.3.1.7, the large dark band located at the 

bottom showed a combination of IgM trimers (720 kDa) and dimers (480 kDa). TCDD-

treatment increased the intracellular levels of IgM pentamers, trimers and dimers 

compared to the VH control (Fig. 3.1.7A). Longer exposure of the same Native PAGE 

showed noticeably more intracellular IgM pentamer in the TCDD treatment groups 

compared to VH group controls (Fig.3.1.7B)  
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Figure 3.1.7. AHR activation by TCDD caused intracellular accumulation of the 

assembled IgM pentamers. 

Human primary B cells were treated with VH (0.02% DMSO) or TCDD (10 nM) and 

activated by co-culture with CD40 ligand expressing L cells plus cytokines (IL-2, IL-6 and 

IL-10). Cells were collected on day 7 and whole cell lysates were prepared for 

identification of IgM isoforms using Native-PAGE assay. The top band represents the 

1024 kD IgM pentamer. The bottom large dark band indicates the combination of IgM 

trimers (720 kDa) and dimers (480 kDa). The analysis was performed on B cells isolated 

from three separate human donors with all three of the donor’s B cells exhibiting 

suppression of the IgM response by TCDD treatment as quantified by ELISA and ELIspot. 

The Native PAGE was conducted using ThermoFisherTM mini gel tank. A total of 10 µg of 

protein from each sample was loaded per well. The gel was then transferred  

10 min exposure  30 min exposure  
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Figure 3.1.7. (cont’d) 

to AmershamTMHybondTM 0.2 µm PVDF membrane and probed with specific anti-human 

IgM antibodies. A) The membrane was exposed for 10 min prior to being developed. From 

left to right, lane 1: Donor 1 VH group; lane 2: Donor 1 TCDD group; lane 3: Donor 2 VH 

group; lane 4: Donor 2 TCDD group; lane 5: Donor 3 VH group; lane 6: Donor 3 TCDD 

group. B) Membrane exposed for 30 min prior to being developed.  
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TCDD-mediated activation of AHR decreased the secreted IgG in human primary B 

cells.   

IgG was secreted by B cells after undergoing class switching and was the mature 

form of immunoglobulin secreted by B cell (183). Activation by cytokines has also shown 

to promote class switch in human B cells (184). Therefore, further studies were conducted 

to determine if impairment of immunoglobulin secretion was limited to IgM by AHR 

activation. Human primary B cells were treated with VH (0.02% DMSO) or TCDD (1 and 

10 nM) and activated by co-culture with CD40 ligand expressing L cells plus cytokines 

(IL-2, IL-6 and IL-10). On day 7, The culture medium was collected and quantified for IgG 

and IgM in the same human donor by ELISA. These studies showed that the levels of 

supernatant IgG in culture medium decreased as TCDD concentrations increased, with a 

significant decrease at 10 nM TCDD (Fig. 6). 
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Figure 3.1.8. TCDD-mediated activation of AHR decreased the secreted IgG in 

human primary B cells.   

Human B cell were treated with VH (0.02% DMSO) or TCDD (1 and 10 nM) and activated 

by co-culture with CD40 ligand expressing L cells plus cytokines (IL-2, IL-6 and IL-10). 

On day 7, The culture medium was collected and quantified for A) IgG; and B) IgM by 

ELISA. Results were normalized to the individual VH group for each donor. The level of 

IgG ranged from 9,000 - 10,000 ng/mL and the level of IgM ranged from 15,000 – 25,000 

ng/mL in the VH treated control B cells. “N” indicates the number of donors. Results were 

the normalized percentage to the VH group for each individual donor. Significant 

differences from VH control were indicated by * p < 0.05, ** p < 0.01 as determined by a 

one-way NOVA following by Fisher’s LSD post hoc test. 

  

IgG IgM 
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3.2. Determine the role of LCK in the suppression of IgM response by human B 

cells 

Previous transcriptomic analysis identified the upregulation of LCK in AHR 

activated human primary B cells, but not in mouse B cells (120). While little is known 

concerning the role of LCK in B cells, studies have implicated an important role for LCK 

in B cell receptor (BCR) signaling in chronic lymphocytic leukemia (CLL) cells, such that 

the increase of LCK has been used as a biomarker in CLL patients (127, 166). This 

observation prompted the further investigation of the role LCK in the context of AHR-

mediated impairment of the IgM response in human B cells.  

 

AHR activation increased LCK expression in naïve human primary B cells. 

In the current study, mRNA and protein levels of LCK were quantified in activated 

human primary B cells. LCK mRNA significantly increased with AHR activation in a 

concentration dependent manner on day 3 (Fig. 3.2.1A). Likewise, the protein level of 

LCK increased significantly with AHR activation from day 3 to day 7 (Fig. 3.2.1C and D).  
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Figure 3.2.1. AHR activation increased LCK expression in naïve human primary B 

cells. 

Human B cells were treated with VH (0.02% DMSO), or TCDD (0.3, 3 and 30 nM) on day 

0 and cultured for 3 days, mRNA samples were collected on day 3. A) mRNA levels of 

LCK as determined by real-time qPCR in B cells. B cells were treated with VH (0.02% 

DMSO), or TCDD (30 nM) and cultured for 7 days. B) Flow cytometry dot plot of 

intracellular LCK in B cells with VH or TCDD treatment on day 7. Cells were collected on 

all 7 days to analyze the LCK protein level. C) Un-normalized percent positive LCK in B 

cells on day 0 (background) and day 3 to 7 post B cell activation with no treatment. D) 

Normalized percent LCK positive B cells with VH or TCDD (30 nM) treatment from day 3  
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Figure 3.2.1. (cont’d) 

to day 7. Day 1 and 2 were excluded from the graph due to undetectable levels of LCK in 

human B cells. The circular dot indicates one individual human donor. N indicated the 

number of donors in the study. Results were normalized to the individual VH group for 

each donor. Significant differences from VH control were indicated by * p < 0.05, ** p < 

0.01, *** p < 0.001 by one-way ANOVA following by Fisher’s LSD post hoc test.  
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Concentration-dependent increase of LCK+ cells with TCDD treatment in human B 

cells. 

Human B cells were treated with VH or TCDD (0.1, 1 10 nM) and activated by co-

cultured with CD40L-expressing L cells with cytokines (IL-2, IL-6 and IL-10) for 7 days. 

On day 3 and 7, cells were harvested to measure intracellular LCK protein via flow 

cytometry. TCDD-mediated AHR activation significantly increased LCK protein, and it was 

concentration dependent with TCDD in human B cells on both day 3 and 7 (Fig. 3.2.2).  
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Figure 3.2.2. Concentration-dependent increase of LCK+ cells with TCDD treatment 

in human B cells.  

Human B cells were treated with VH (0.02% DMSO) or TCDD (10 nM) for 7 days. Cells 

were collected on days 3 and day 7 to analyze the percent positive of LCK in human B 

cells. Percent LCK positive B cells on A) day 3 and on B) day 7 measured by flow 

cytometry. Results were normalized to the individual VH group for each donor. N indicated 

the number of donors in the study. Significant differences from VH control were indicated 

by * p < 0.05, ** p < 0.01, *** p < 0.001 by one-way ANOVA following by Fisher’s LSD 

post hoc test.  
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AHR antagonist treatment reversed the AHR-mediated increase of percent positive 

LCK in human B cells. 

To further determine if the increase in LCK was dependent on AHR activation, the 

AHR antagonist (CH-223191) was employed to block the activation of AHR in human B 

cells. First, the specificity of the antagonist (CH-223191) was verified by measuring the 

CYP1A1 mRNA induction with TCDD treatment. With the addition of AHR antagonist, the 

expression of CYP1A1 mRNA was attenuated. (Fig. 3.2.3A). After verifying the specificity 

of the antagonist, human B cells were treated with AHR antagonist, following with VH or 

TCDD (10 nM) treatment and activated as described in the Materials and Methods 

Section. Interestingly, the percent positive of LCK was suppressed with 10 µM AHR 

antagonist treatment. With both antagonist and TCDD treatments, the LCK protein was 

reduced to similar to the VH control (Fig. 3.2.3B). 
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Figure 3.2.3. AHR antagonist treatment prevented the increase of percent positive 

LCK in human B cells. 

Naive human primary B cells were treated with AHR antagonist, CH-223191 (CH) on day 

0. Following antagonist treatment, cells were treated with VH (0.02% DMSO) or TCDD 

(10 nM) for 7 days. A) CYP1A1 mRNA induction with TCDD, TCDD and CH-223191 (CH) 

treatments on day 1. B) Percent LCK positive B cells on day 7. N indicated the number 

of donors in the study. Two-way ANOVA followed by Fisher’s LSD post hoc test has been 

performed to compare all treatment groups. Significant differences from VH control were 

indicated by a (p < 0.05); significant differences from the TCDD group were indicated by 

b (p < 0.05). Results were presented as the normalized percentage compared to the VH 

group for each donor. “N” indicates the number of donors used in the study. 
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AHR activation increased the percentage of LCK+ cells in naïve human primary B 

cells activated with different stimuli. 

To ascertain whether upregulation of LCK by AHR activation was specific to the 

mode of B cell activation, B cells were activated in several different methods (CD40L 

fibroblast plus IL-2 and IL-21; by soluble CD40L plus IL-2 and IL-21 and by pokeweed 

mitogen [PWM)). Irrespective of the manner in which the cells were activated AHR 

activation resulted in upregulation of LCK in human primary B cells (Fig. 3.2.4A – C). 
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Figure 3.2.4. AHR activation increased the percentage of LCK+ cells in naïve human 

primary B cells activated with different stimuli. 

B cells were treated with VH (0.02% DMSO) or TCDD (10 nM) and activated by A) CD40 

ligand expressing L cells plus cytokines (IL-2 and IL-21); B) soluble CD40 ligand plus 

cytokines (IL-2 and IL-21); or C) PWM. The percent positive of LCK was quantified by 

flow cytometry on day 7. N indicates the number of donors used in the study. Significant 

differences from VH control were indicated by * p < 0.05 by Student’s t-test. Results were 

presented as the normalized percentage compared to the VH group for each human 

donor.  
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Upregulation of LCK and suppression of IgM secretion were dependent on AHR 

activation within the first 24 h post B cell activation. 

Murine B cells are sensitive to suppression of IgM responses only when exposed 

to TCDD within the first 24 h post B cell activation, after which time they become refractory 

to TCDD-mediated suppression (12). Likewise, SKW-AhR+ 6.4 cells, a mature human B 

cell line transduced with AHR, exhibited the same temporal sensitivity to TCDD (i.e., 

within first 24 h post B cell activation) (62). In the present study, human naïve B cells were 

activated with CD40L expressing fibroblasts plus cytokines (IL-2, IL-6 and IL-10) and 

treated with TCDD (1 and 10 nM) on the day of activation (D0), day 1 (D1), day 2 (D2) or 

day 3 (D3) post activation. On day 7, cells were collected and assayed for intracellular 

LCK protein, the number of IgM secreting cells, and the IgM concentration in culture 

supernatants (Fig. 3.2.5). A temporal relationship was observed with respect to the 

TCDD-mediated increase in LCK protein level, with the maximum percentage of LCK+ B 

cells being observed when TCDD was added to B cells on day 0 (Fig. 3.2.5A).  Similarly, 

the number of IgM secreting cells and the concentration of supernatant IgM was not 

affected by the TCDD treatment when TCDD was added to cultures on day-2 after B cell 

activation or later (Fig. 3.2.5B and C), which is consistent with a number of prior reports 

(57, 62).  
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Figure 3.2.5. Upregulation of LCK and suppression of IgM secretion were 

dependent on AHR activation within the first 24 h post B cell activation. 

B cells were activated by co-culture with CD40 ligand expressing L cells plus cytokines 

(IL-2, IL-6 and IL-10) on day 0. Following activation, B cells were treated with VH (0.02% 

DMSO), or TCDD (1 and 10 nM) on day 0, 1, 2 or 3 and cultured for a total of 7 days. A) 

Percent LCK positive B cells measured by flow cytometry on day 7; B) IgM concentration  
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Figure 3.2.5. (cont’d) 

in supernatants as quantified by ELISA and C) The number of IgM secreting cells as 

quantified by ELIspot on day 7. N indicates the number of donors used in the study. 

Significant differences from VH control were indicated by * p < 0.05, ** p < 0.01 by one-

way ANOVA following by Fisher’s LSD post hoc test. Results were presented as the 

normalized percentage compared to the VH group.   
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Specific small peptide LCK inhibitors restored IgM secretion in the present of TCDD 

The upregulation of LCK has been observed in chronic lymphocytic leukemia (CLL) 

patients, and LCK has been suggested as a biomarker for the progression of CLL in 

patients (166). However, little is known about the role of LCK in B cell function. To more 

directly explore whether LCK played a role in AHR-mediated suppression of IgM 

secretion, an LCK-specific inhibitor was used as a molecular probe to block the activity of 

LCK in human B cells. Based on our prior observation that TCDD treatment impaired IgM 

secretion on day 7 coupled with the kinetics of LCK induction (peak levels occurring 

around day 3 to day 5), day 5 was selected for treatment with the LCK inhibitors. The LCK 

inhibitor is a well-characterized small peptide (PI) (EGQYpEEIP) that directly binds to the 

SH-2 domain of LCK. A control peptide (EGQYEEIP) was created to ensure the peptide 

was not affecting cell function. The percentage of LCK+ cells increased with the peptide 

control (Fig. 3.2.6A). No protection from the suppressive effects of TCDD on the number 

of IgM secreting cell or the amount of IgM secreted was observed with the control peptide 

(Fig. 3.2.6). By contrast, in the presence of the PI, the percentage of LCK+ cells were 

increased by AHR activation but to a lesser extent than in the absence of the inhibitor 

(Fig. 3.2.6). The number of IgM secreting cells and the IgM concentration in supernatant 

was restored with the addition of PI (Fig. 3.2.6B and C).  
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Figure 3.2.6. Specific small peptide LCK inhibitor restored IgM secretion in the 

presence of TCDD. 

B cells were treated with VH (0.02% DMSO), or TCDD (10 nM) and activated by co-

culture with CD40 ligand expressing L cells plus cytokines (IL-2, IL-6 and IL-10) for 7 

days. On day 5, the LCK inhibitor (EGQYpEEIP) or control peptide (EGQYEEIP) was 

added to the cell cultures. A) Percent LCK positive human B cells measured by flow 

cytometry on day 7; B) IgM concentration in supernatant as quantified by ELISA; and C) 

The number of IgM secreting B cells as quantified by ELIspot on day 7. N indicates the 

number of donors used in the study. Significant differences from VH without LCK inhibitor 

were indicated by a (p < 0.05) by two-way ANOVA following by Fisher’s LSD post hoc 

test; significant differences from TCDD (10 nM) group without LCK inhibitor were 

indicated by b (p < 0.05) by two-way ANOVA following by Fisher’s LSD post hoc test. 

Results are presented as the normalized percentage compared to the VH group.  
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Small molecule LCK inhibitor (RK24466) restored IgM secretion in the presence of 

TCDD. 

To further verify our finding, we employed a second and more potent small 

molecule LCK inhibitor (RK24466) with high LCK binding affinity to attenuate the LCK 

activity in human B cells. Similar to PI, RK24466 was added in the cell culture on day 5 

to allow the upregulation of LCK to reach its peak level. RK24466 possessed an IC50 for 

1 – 2 nM for LCK in human cells, with minimal effects on other kinases. The results with 

RK24466 were similar to the PI LCK inhibitor such that the TCDD-mediated suppression 

of IgM secretion was restored to the VH control level with RK24466 treatment (Fig. 3.2.7A 

– C). Collectively, these findings show that LCK activity influences IgM secretion in 

response to AHR activation in B cells.  
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Figure 3.2.7. Small molecule LCK inhibitor (RK24466) restored IgM secretion in the 

presence of TCDD. 

B cells were treated with VH (0.02% DMSO), or TCDD (10 nM) and activated by co-

culture with CD40 ligand expressing L cells plus cytokines (IL-2, IL-6 and IL-10) for 7 

days. On day 5, the LCK inhibitor (RK24466) was added to the cell cultures and the cells 

were harvested on day 7. A) Percent LCK positive B cells measured by flow cytometry 

on day 7. B) IgM concentration as quantified by ELISA on day 7. C) The number of IgM 

secreting cells as quantified by ELIspot on day 7. N indicates the number of donors used 

in the study. Significant differences from VH without LCK inhibitor were indicated by a (p 

< 0.05) by two-way ANOVA following by Fisher’s LSD post hoc test; significant differences 

from TCDD (10 nM) group without LCK inhibitor were indicated by b (p < 0.05) by two-

way ANOVA following by Fisher’s LSD post hoc test. Results are presented as the 

normalized percentage compared to the VH group.  
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Matrix analysis of TCDD treatment and LCK inhibitor treatment on human B cells. 

As we observed in Fig. 3.2.6 and Fig. 3.2.7, the LCK inhibitors reversed the AHR-

mediated suppression of the IgM response. More interestingly, the addition of LCK 

inhibitor to human B cells without TCDD treatment also showed a significant decrease of 

the IgM response. In order to further understand the interplay between AHR activation 

and LCK, we designed a matrix study with varying combinations of RK24466 and TCDD 

concentrations. The decision of using RK24466 over small peptide inhibitor was RK24466 

had high potency and binding affinity toward LCK compared to PI. In the absence of 

RK24466, there was a concentration-dependent suppression in IgM secretion (Fig. 3.2.8A 

and B). Similarly, in the absence of AHR activation, there was also a concentration-

dependent suppression of the IgM response with increasing concentrations of LCK 

inhibitor. Interestingly, for cells treated with both TCDD and LCK inhibitor simultaneously, 

their individual suppressive effects on the IgM response, rather than being additive, were 

opposing, i.e., the LCK inhibitor can restore the IgM response in the presence of TCDD. 

When assessed using the number of IgM secreting cells, a similar profile of activity was 

observed (Fig. 3.2.8). 
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Figure 3.2.8. Matrix study on the interplay between LCK inhibitor treatment and 

TCDD treatments on human B cells. 

B cells were treated on day 0 with TCDD (0.1, 1 and 10 nM) and LCK inhibitor (0, 0.25, 

0.5 and 1 nM) and cultured for 7 days. On day 5, the LCK inhibitor (RK24466) was added 

to the cell cultures and the cells were harvested on day 7. Cells were collected on day 7 

to quantify A) IgM concentration in supernatant; and B) The number of IgM secreting 

cells. N indicates the number of donors used in the study. Significant differences from VH  

b 
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Figure 3.2.8. (cont’d) 

without LCK inhibitor were indicated by a (p < 0.05) by two-way ANOVA following by 

Fisher’s LSD post hoc test; significant differences from TCDD (10 nM) group without LCK 

inhibitor were indicated by b (p < 0.05) by two-way ANOVA following by Fisher’s LSD 

post hoc test. Results are presented as the normalized percentage compared to the VH 

group without RK24466 treatment for each human donor.  
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Modeling the XNOR gate effect of TCDD and LCK inhibitor on IgM secretion. 

The counterintuitive effects of TCDD and LCK inhibitor on IgM secretion are 

reminiscent of an XNOR logic gate, where the output is 1 (unsuppressed IgM secretion 

in this case) when both inputs are absent or present, whereas the output is 0 (suppressed 

IgM secretion) when only one of the two inputs is present (Fig. 3.2.9A). The heat map in 

Fig. 3.2.9B, which summarized the findings in Fig. 3.2.8, is clearly consistent with an 

XNOR gate I/O relationship. To interpret this interesting result, we formulated a simple 

XNOR gate model (see Methods for model details) by hypothesizing that the activity of 

LCK has a dual effect on IgM secretion and needs to reach an optimal level during the B 

cell activation and differentiation process; deviation from this optimal level, either too high 

or too low, will lead to impaired IgM secretion (Fig. 3.2.9D). Specifically, based on the 

effects of TCDD on LCK expression described above, we postulate that TCDD exposure 

alone results in an increase in total LCK activity from its optimal level. Conversely, LCK 

inhibitor alone results in a decrease in total LCK activity from its optimal level; however, 

when both are present in the appropriate ratio, their effects are opposing leading to near-

optimal LCK activity (Fig. 3.2.9E). As a result, IgM secretion exhibits an XNOR gate 

response profile (Fig. 3.2.9F). After parameter optimization, our model quantitatively 

recapitulated the concentration response matrix effects observed experimentally 

(compare Fig. 3.2.9B and C). 
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Figure 3.2.9. Modeling the XNOR gate effect of TCDD and LCK inhibitor on IgM 

secretion.  

A) The combined effects of TCDD and LCK inhibitor follow an XNOR logic gate 

phenomenon. B) Heat map of data showing percent suppression of IgM secretion by 

combinations of TCDD and LCK inhibitor concentrations in human B cells. C) Heat map 

of simulated % inhibition of IgM secretion using the model in D. D) The model structure 

used to emulate an XNOR gate; see text for model details. LCK activity has a biphasic 

effect on IgM secretion: below an optimal level, as LCK activity increases IgM secretion 

increases; above the optimal level, as LCK activity increases IgM secretion decreases. 

E) Simulated LCK activity under different combinations of TCDD and LCK inhibitor  
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Figure 3.2.9. (cont’d) 

concentrations. F) Simulated IgM secretion under different combinations of TCDD and 

LCK inhibitor concentrations.  
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AHR activation increased the level of active LCK. 

LCK activation is critical for T cell receptor (TCR) signaling and cytokine secretion 

(185). Upon TCR activation, the phosphorylation of the inhibitory site (Tyr505) on LCK is 

dephosphorylated, which in turn allows the activation of LCK (185). Once activated, LCK 

phosphorylates ZAP70 at Tyr319 and Tyr292 (186, 187), which then phosphorylates 

downstream signal adaptors. In the current studies, the activity of LCK was examined 

using phospho-intracellular staining targeting the inhibitory phosphorylated site (Try505) 

on LCK measured by flow cytometry (185). The activation of AHR decreased the 

percentage of inhibitory pLCK (Tyr505), thereby increasing the ratio of active LCK in 

human B cells (Fig. 3.2.10A and B). In addition, we quantified the percent of ZAP70+ B 

cells following treatment with VH or TCDD. The total ZAP70 in human B cells did not 

change with TCDD treatment. The activation of AHR slightly increased intracellular 

ZAP70 only at the highest TCDD concentration (Fig. 3.2.10C).  
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Figure 3.2.10. AHR activation increased the level of active LCK.  

B cells were treated with VH (0.02% DMSO) or TCDD (0.1, 1 and 10 nM) and activated 

by soluble human recombinant CD40 ligand and cytokines (IL-2 and IL-21) for 7 days. A) 

Ratio of inhibitory pLCK (Tyr505) versus total LCK; and B) Ratio of active pLCK (Tyr505) 

versus inhibitory pLCK. The ratio was calculated based on the flow cytometry 

measurement of total LCK and pLCK (Tyr505) on each donor. C) Percent total ZAP70+ B 

cells measured by flow cytometry on day 7. N indicates the number of donors used in the  
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Figure 3.2.10. (cont’d) 

study. Significant differences from VH control were indicated by ** p < 0.01 by one-way 

ANOVA following by Fisher’s LSD post hoc test. Results are presented as the normalized 

percentage compared to the VH group for each donor.   
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LCK inhibitor did not change the phosphorylation of LCK. 

The activation of AHR decreased the percentage of inhibitory pLCK (Tyr505), 

thereby increasing the ratio of active LCK in human B cells (Fig. 3.2.10A and B). Similar 

to previous observation, the percent positive of pLCK and the expression level of pLCK 

(Tyr505) decreased significantly with TCDD treatment (Fig. 3.2.11A and B), indicating 

that there was more active LCK with TCDD treatment in human B cells. However, the 

addition of high affinity LCK inhibitor (RK24466) did not alter the pLCK positive cells or 

the level of pLCK (Tyr505) (Fig. 3.2.11A and B);  
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Figure 3.2.11. LCK inhibitor did not change the phosphorylation of LCK. 

B cells were treated with VH (0.02% DMSO) or TCDD (10 nM) and activated by soluble 

human recombinant CD40 ligand and cytokines (IL-2 and IL-21) for 7 days. All samples 

were measured by flow cytometry. A) Percent pLCK-Tyr505 positive and B) Level of 

pLCK-Tyr505+ B cells with or without the addition of LCK inhibitor (RK24466). N indicates 

the number of donors used in the study. Significant differences from VH control were 

indicated by * p < 0.05 by one-way ANOVA following by Fisher’s LSD post hoc test. 

Results are presented as the normalized percentage compared to the VH without 

RK24466 treatment.  
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LCK inhibitor attenuated downstream phosphorylation in pZAP70 

As observed in Fig. 3.2.10, AHR activation increased the proportion of active LCK 

in human B cells. To further verify this finding, we measured the known downstream target 

of LCK, ZAP70. With TCDD treatment, the overall level and the percent positive of 

pZAP70 at both Tyr319 and Tyr292 increased, indicating that TCDD treatment upregulate 

the activity of LCK (Fig. 3.2.12A and B). The addition of LCK inhibitor (RK24466) 

attenuated the overall level of downstream phosphorylation of ZAP70 (Fig. 3.2.12C and 

D). Overall, the effects of TCDD and LCK inhibitor on the activity of LCK, as monitored by 

ZAP70 phosphorylation, was consistent with that predicted by the XNOR gate model (Fig. 

3.2.9).  
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Figure 3.2.12. LCK inhibitor attenuated downstream phosphorylation in pZAP70. 

B cells were treated with VH (0.02% DMSO) or TCDD (10 nM) and activated by soluble 

human recombinant CD40 ligand and cytokines (IL-2 and IL-21) for 7 days. All samples 

were measured via flow cytometry. A) Level of pZAP70-Tyr319; and B) Level of pZAP70-

Tyr292 in B cells with or without the additional of LCK inhibitor. N indicates the number of 

donors used in the study. Significant differences from VH control were indicated by * p < 

0.05 by one-way ANOVA following by Fisher’s LSD post hoc test. Results are presented 

as the normalized percentage compared to the VH without RK24466 treatment in each 

human donor.  
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Comparison of total LCK expression levels in responsive and non-responsive 

donors. 

Approximately one in seven human donors are “non-responders” to TCDD 

treatment as defined by the absence of TCDD-mediated suppression of IgM secretion by 

B cells from these human donors (26, 118). Specifically, responders were classified by a 

greater than 20% suppression of IgM in the presence of 10 nM TCDD treatment compared 

to VH control as measured by ELISA and ELIspot. The explanation for why an individual 

is non-responsive to TCDD treatment is still largely unknown. Interestingly, comparing the 

total LCK expression level between responsive and non-responsive human donors, with 

TCDD treatment (10nM), the level of total LCK significantly increased in responders (Fig. 

3.2.13A, C and E) while not affected in non-responders (Fig. 3.2.13B, D and F).  
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Figure 3.2.13. Comparison of total LCK expression levels in responsive and non-

responsive donors. 
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Figure 3.2.13. (cont’d) 

B cells were treated with VH (0.02% DMSO) or TCDD (10 nM) and activated by co-culture 

with CD40 ligand expressing L cells plus cytokines (IL-2, IL-6 and IL-10) for 7 days. The 

IgM concentration in culture supernatants in: A) responders; and B) non-responders. 

Number of IgM secreting B cells in: C) responders; and D) non-responders. Percent LCK 

positive human B cells in: E) responders; and F) non-responders. N indicates the number 

of donors used in the study. Significant differences from VH control were indicated by ** 

p < 0.01 and **** p < 0.0001 by Student’s T-test. Results are presented as the normalized 

percentage compared to the VH control group.  
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Activation of AHR by TCDD did not affect cell division 

 B cells were treated with CellTraceTM Violet Cell Proliferation dye for 30 min 

followed by VH (0.02% DMSO) or TCDD (30 nM) treatment and activated by co-culture 

with CD40 ligand expressing L cells plus cytokines (IL-2, IL-6 and IL-10) for 7 days. On 

day 7, cells were collected to quantify the CellTraceTM dye in individual B cells via flow 

cytometry. AHR activation did not change the overall division of B cell, evidenced by the 

same cell number within each division generation (Fig. 3.2.14A). Interestingly, the highly 

dividing cells express high percentage of LCK (Fig. 3.2.14B). 
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Figure 3.2.14. No change in cell division with AHR activation by TCDD. 

B cells were treated with CellTraceTM Violet Cell Proliferation dye for 30 min followed by 

VH (0.02% DMSO) or TCDD (10 nM) treatment and activated by co-culture with CD40  

G3    G4    G5 
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Figure 3.2.14. (cont’d) 

ligand expressing L cells plus cytokines (IL-2, IL-6 and IL-10) for 7 days. On day 7, cells 

were collected to quantify the CellTraceTM dye in individual B cells via flow cytometry. A) 

Cell number; and B) Percent positive LCK in each cell division with VH or TCDD treatment 

in B cells. N indicates the number of donors used in the study. Significant differences from 

VH control were indicated by ** p < 0.01 by one-way ANOVA following by Fisher’s LSD 

post hoc test. Results are presented as the normalized percentage compared to the VH 

group on G0.  
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The percentage of LCK+ cells did not change upon B cell activation. 

 Upon B cell activation, we did not observe LCK expression from day 0 to day 2 in 

our culture system. From day 3 to 7, LCK protein was detectable via flow cytometry in our 

system. Interestingly, after B cells activation, the overall expression of intercellular LCK 

did not change in human B cells (Fig. 3.2.15). 
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Figure 3.2.15. The percentage of LCK+ cells from day 3 to 7 post human B cell 

activation.  

B cells were activated by co-culture with CD40 ligand expressing L cells plus cytokines 

(IL-2, IL-6 and IL-10) for a total 7 days. Cells were collected from day 0 to day 7 to 

measure the level of total intracellular LCK protein expression. Day 1 and 2 were excluded 

from the graph due to undetectable levels of LCK in human B cells. Each dot indicated 

one human donor. 
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3.3. Ascertain the role of LCK in TCDD-mediated suppression of the IgM 

response in human CD5+ innate-like B cells 

A recent study reported high LCK expression in CD5+ B cells in human (167). Our 

previous studies also demonstrated that AHR activation significantly upregulated total 

LCK in human B cell. A previous study by Till et al. demonstrated high LCK expression in 

human CD5+ B cells in circulation (167). Therefore, studies are conducted to further 

investigate the role of LCK in CD5+ ILBs. In order to understand the role of LCK in CD5+ 

ILBs, a double magnetic enrichment was used as described in the Materials and Methods 

section. By using this strategy, we were able to achieve approximately 90% enrichment 

of CD5+ ILBs (Fig. 3.3.1). In the third part of the thesis research, studies were designed 

to understand the role LCK and inhibitory receptor in CD5+ ILBs.  
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Figure 3.3.1. CD5+ ILBs enrichment via magnetic separation.  

Human PBMCs obtains from human blood pack were subjected to negative magnetic 

separation to obtain naïve human B cells. Naïve human B cells were then further enriched 

using positive magnetic selection to separate CD5+ cells and CD5- cells. In brief, biotin 

anti-human CD5+ antibodies were added to the CD19+ B cells, followed by addition of 

anti-biotin microbeads. After antibody binding, CD5+ B cells were eluded from the total B 

cell pool using MojoSortTM system. 
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AHR-mediated increase of total LCK and suppression of the IgM responses in CD5+ 

ILBs. 

Previous studies showed that AHR activation significantly upregulated LCK in total 

human B cells. Furthermore, LCK inhibitor treatment reversed the AHR-mediated 

suppression of the IgM response in total B cells (188). Recent studies by Blevins et al. 

also showed that CD5+ ILBs were extremely sensitive toward AHR activation as 

evidenced by the significant impairment of the IgM response (Manuscript under 

preparation). Therefore, in the current study, the role of LCK was investigated in CD5+ 

ILBs. A significant correlation of CD5+ cells and high LCK+ cells was observed in total B 

cells (Fig. 3.3.2A). In order to further understand the role of LCK in CD5+ ILBs, studies 

were conducted to measure the LCK expression in CD5+ ILBs. Interestingly, after 

enrichment, the percent positive LCK was significantly higher in CD5+ ILBs compared to 

CD5- B cells on day 0 (Fig. 3.3.2B and C). With AHR activation, an increase of total LCK 

protein was observed at all time points measured, with the most marked increase on both 

day 1 and 7 (Fig. 3.3.2D and E). In contrast, the percentage of LCK positive cells was not 

altered in CD5- B cells with AHR activation (Fig. 3.3.2E). In addition, CD5+ ILBs exhibited 

marked IgM suppression which occurred concordantly with the increase in LCK (Fig. 

3.3.2F – E). Conversely, CD5- B cells were refractory IgM suppression by AHR activation 

(Fig. 3.3.2F – E).  
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Figure 3.3.2. AHR-mediated increase of the percentage of LCK+ cells and 

suppression of the IgM responses in CD5+ B cells.  

Human CD5+/- B cells were activated and treated with VH (0.02% DMSO), or TCDD (10 

nM) on day 0 and cultured for 7 days. A) Correlation of percent CD5+ B cells and percent 

LCK+ B cells; B) Flow cytometry dot plot of CD5+ and LCK+ cells; C) Percent LCK+ B cells  
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Figure 3.3.2. (cont’d) 

within the CD5+/- populations on day 0; D) Flow cytometry dot plot of LCK+ cells within 

CD5+/- populations;  E) Percent LCK+ B cells within CD5+/- populations on day 1, 3, 4 and 

7 with VH or TCDD treatment; F) IgM secreting cells measured via ELIspot within CD5+/- 

populations with VH or TCDD (10 nM) treatment on day 7; G) Number of IgM secreting 

cells; and H) IgM concentration in CD5+/- populations with VH or TCDD treatment. 

Determinations were made using B cells from 6 human donors (N = 6). For E), data were 

normalized to CD5- VH on day 1. For G) and H), data were normalized to CD5- VH. 

Significant differences are indicated by * p < 0.05 and ** p < 0.01 (Student’s T test or two-

way ANOVA following with Fisher’s LSD post hoc test).  
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AHR antagonist treatment prevented the AHR-mediated upregulation of LCK and 

the suppression of the IgM response in CD5+ ILBs. 

To further confirm the role of the AHR in induction of LCK and suppression of the 

IgM response, the specific AHR antagonist (CH-223191) was employed to block the 

activation of AHR. Addition of AHR antagonist alone and the combination of AHR 

antagonist and TCDD treatment both caused a reduction in total LCK compared to the 

TCDD treatment group in CD5+ ILBs (Fig. 3.3.3A – C). Furthermore, AHR antagonist 

treatment alone did not decrease the IgM response by CD5+ ILBs when compared to the 

TCDD-treated group (Fig. 3.3.3D and E).  
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Figure 3.3.3. AHR antagonist treatment prevented the AHR-mediated upregulation 

of LCK and the suppression of the IgM response in CD5+ ILBs.  
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Figure 3.3.3 (cont’d) 

Human CD5+/- B cells were pre-treated with 1 or 10 µg/ml of AHR antagonist (CH-223191, 

abbreviated as CH, for 30 minutes and then followed by activation and treatment with VH 

(0.02% DMSO) or TCDD (10 nM) on day 0 and cultured for 7 days. A) Flow cytometry dot 

plot of CD5+ ILBs with or without AHR antagonist treatment; B) Percentage of LCK+ cells; 

C) Mean florescence intensity (MFI) of LCK in CD5+/- populations; D) Number of IgM 

secreting cells; and E) IgM concentration within CD5+/- populations with VH or TCDD 

treatment. Determinations were made using B cells from 6 human donors (N = 6). Data 

were normalized to CD5- VH group. Significant differences are indicated by ** p < 0.01 

(two-way ANOVA following with Fisher’s LSD post hoc test).  
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LCK inhibitor reversed the AHR-mediated suppression of the IgM responses in 

CD5+ ILBs. 

LCK inhibitor (RK24466) was shown to have high binding affinity to LCK and could 

reverse the AHR-mediated suppression of IgM response (188, 189). Therefore, RK24466 

was used as a probe in the current studies to further understand the role of LCK in CD5+ 

ILBs. With LCK inhibitor (RK24466) treatment, AHR-mediated suppression of the IgM 

response was restored in CD5+ ILBs but not in the CD5- B cells (Fig. 3.3.4A and B). 

Consistent with previous observations, the percentage of LCK positive cells continue to 

increase with AHR activation even in the presence of LCK inhibitor (Fig. 3.3.4C). 
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Figure 3.3.4. LCK inhibitor reversed the AHR-mediated suppression of the IgM 

responses in CD5+ ILBs.  

Human CD5+/- B cells were treated with VH (0.02% DMSO), or TCDD (10 nM) on day 0 

and cultured for 7 days. LCK inhibitor (RK24466) was added on day 5 to the cell culture. 

A) IgM secreting cells measured via ELIspot within CD5+/- B populations with VH or TCDD 

(10 nM) and the addition of LCK inhibitor (1 nM) treatment on day 7; B) Number of IgM 

secreting cells; C) IgM concentration; and D) Percentage of LCK+ cells within CD5+/- 

populations with or without LCK inhibitor treatment. Determinations were made using B 

cells from 6 human donors (N = 6). Data presented in the figure were normalized to CD5-  
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Figure 3.3.4. (cont’d) 

VH. Significant differences are indicated by * p < 0.05 and ** p < 0.01 (two-way ANOVA 

following with Fisher’s LSD post hoc test).  

  



  123 

Treatments of soluble PD-1 ligands (sPD-L1 and sPD-L2) suppressed the IgM 

response in CD5+ ILBs. 

LCK has been shown to have at least two important roles in initiating signaling 

events in T cells: 1) upon engagement of the TCR (190); and 2) PD-1 signaling (191). 

Based on the previous studies, the level of LCK increased significantly with AHR activated 

in CD5+ ILBs. Due to ILBs have limited diversity within the BCR and the expression of 

CD5, ILBs do not receive activating signals through the BCR. Hence, it is unlikely that 

LCK is involved in BCR signaling in CD5+ B cells. In addition, previous studies have 

indicated that CD5+ ILBs expressed higher basal levels of PD-1 and its ligands compared 

to CD5- B cells (Manuscript under preparation). Therefore, the involvement of LCK in PD-

1 signaling in CD5+ ILBs was investigated in the current studies. Soluble PD-1 ligands 

(sPDL1 and sPDL2) were used to activate PD-1 in CD5+ ILBs. The ligand concentrations 

used in the current studies were determined to provide equivalent binding affinity to PD-

1 (sPDL1: 1 µg/mL and sPDL2: 50 ng/mL). Interestingly, ligand treatment resulted in 

significant suppression of the IgM response in CD5+ ILBs (Fig. 3.3.5A and B). However, 

greater suppression was observed with PDL2 treatment or the combination of both 

ligands compared to PDL1 treatment alone (Fig. 3.3.5A and B). In addition, PD-1 ligand 

treatment did not change the percent positive LCK in CD5+/- B cells (Fig. 3.3.5C). Similar 

to previous observations, CD5- B cells were refractory to treatment with PD-1 ligands (Fig. 

3.3.5A – C).  
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LCK inhibitor reversed the PD1-mediated suppression of the IgM response in CD5+ 

ILBs. 

Previous studies have demonstrated that LCK could phosphorylate the ITSM domain on 

PD-1, which in turn activate PD-1 for the docking of SHP-1 or SHP-2 (191). Therefore, to 

further investigate the involvement of LCK in PD-1 signaling in the context of CD5+ ILBs, 

LCK inhibitor (RK24466) (1 nM) was added in addition to sPDL2 (50 ng/mL) treated CD5+/- 

B cells. PDL2 was selected based on the previous observation that sPDL2 treatment had 

greater suppression of IgM response in CD5+ ILBs compared to sPDL1 (Fig. 7). In this 

study, LCK inhibitor was supplied to the cells on day 0 (D0) or day 5 (D5) post activation. 

Treatment of LCK inhibitor significantly reversed the PD-1 mediated suppression of the 

IgM response in only CD5+ ILBs (Fig. 3.3.5D and E).  
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Figure 3.3.5. Treatment with soluble PD-1 ligands (PDL1 and PDL2) suppressed the 

IgM response and LCK inhibitor reversed the PD1-mediated suppression of the IgM 

response in CD5+ ILBs. 

Human CD5+/- B cells were treated with soluble PDL1, PDL2 or the combination of both 

on day 0 and cultured for 7 days. LCK inhibitor (RK24466) was added on day 0 or day 5 

to cell culture. A) Number of IgM secreting cells; B) IgM concentration; C) Percentage of 

LCK+ cells within CD5+/- populations on day 7; D) Number of IgM secreting cells; and E) 

IgM concentration within CD5+/- populations with PDL2 and LCK inhibitor treatments. 

Determinations were made using B cells from 6 human donors (N = 6). For A – C data 

presented in the figure were normalized to CD5- B cell without PD-1 ligand treatment.  
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Figure 3.3.5. (cont’d) 

For D and E, data were normalized to CD5- B cells without PDL2 or LCK inhibitor 

treatment.  Significant differences are indicated by * p < 0.05 and ** p < 0.01 (two-way 

ANOVA following with Fisher’s LSD post hoc test).  
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Treatment with PDL2 did not further suppress the IgM response than AHR activated 

alone in CD5+ ILBs. 

In order to further understand whether there was a synergistic effect between PD-

1 and AHR activations, treatment with soluble PDL2 and TCDD were administrated to 

CD5+/- B cells and the IgM response was measured on day 7. The combination of PDL2 

and TCDD treatment did not suppress the IgM response further compared to the TCDD 

only group in CD5+ ILBs (Fig. 3.3.6A and B). Similar to previous observations, CD5- B 

cells were refractory to AHR or PD-1 activation (Fig. 3.3.6A and B). 
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Figure 3.3.6. Treatment with PDL2 did not further suppress the IgM response than 

the AHR activated alone in CD5+ ILBs. 

Human CD5+/- B cells were treated with VH (0.02% DMSO), or TCDD (10 nM) on day 0. 

In addition, cells were treated with PDL2 on day 0 or day 3 and cultured for 7 days. A) 

Number of IgM secreting cells; and B) IgM concentration within CD5+/- populations on day 

7. Determinations were made using B cells from 6 human donors (N = 6). Data presented 

in the figure were normalized to CD5- B cell without PDL2 treatment. Significant 

differences are indicated by ** p < 0.01 (two-way ANOVA following with Fisher’s LSD post 

hoc test).  
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PD-1 blocking antibody prevented the AHR-mediated suppression of the IgM 

response in CD5+ ILBs. 

In the current studies, we have observed upregulation of PD-1 with AHR activation 

and PD-1 activation significantly suppressed IgM response in CD5+ ILBs. Therefore, we 

hypothesized that increase of PD-1 plays a critical in the AHR-mediated suppression of 

IgM response in CD5+ ILBs. To test this hypothesis, we used a PD-1 blocking antibody 

(10 ng/mL, S228P), commonly known as nivoumab, to block the PD-1 signal in CD5+ 

ILBs. In order to obtain maximum blockage of PD-1, the blocking antibodies were added 

on day 3, therefore, cells could upregulate PD-1 during day 1 to 2 post activation. With 

PD-1 blocking antibody treatment, the AHR-mediated suppression of the IgM response 

was abrogated in CD5+ ILBs (Fig. 3.3.7A – C). Similar to previous observations, CD5- B 

cells did not respond to either TCDD or anti-PD-1 treatment (Fig. 3.3.7).   
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Figure 3.3.7. PD-1 blocking antibody prevented the AHR mediated suppression of 

the IgM response in CD5+ ILBs 

Anti-PD-1 blocking antibody (S228P) was added to CD5+/- B cells after activation and 

treatment with VH (0.02% DMSO) or TCDD (10 nM) and cultured for 7 days. A) IgM 

secreting cells measured via ELIspot within CD5+ population with or without anti-PD-1 

treatment; B) Number of IgM secreting cells; and C) IgM concentration within CD5+/- 

populations. Determinations were made using B cells from 7 human donors (N = 7). Data 

presented in the figure were normalized to CD5- VH without anti-PD-1 treatment. 

Significant differences are indicated by ** p < 0.01 (two-way ANOVA following with 

Fisher’s LSD post hoc test).  
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IFNg reversed the AHR-mediated suppression of the IgM response by reducing the 

total LCK in CD5+ ILBs. 

Our previous studies have shown that an optimum level of LCK has to be achieved 

in order to have optimum IgM production (188). Additionally, Blevins et al. has 

demonstrated that IFNg treatment reversed the AHR-mediated IgM suppression in human 

B cells via modulation of STAT3 (Manuscript under preparation). Therefore, in the current 

studies, we also employed IFNg as a molecular probe to further understand the role of 

AHR activation in CD5+ ILBs. First and foremost, a matrix study with increasing 

concentrations of both IFNg and TCDD was conducted to investigate the interplay 

between LCK and IFNg. Interestingly, with increase concentration of IFNg, the percentage 

of LCK positive cells decreased in a concentration-dependent manor, with significant 

suppression from 0.1 to 10 U/mL of IFNg (Fig. 3.3.8A). AHR activation continued to 

increase total LCK, however, the increase was remarkably lower with IFNg  treatment 

compared to non-treated B cells (Fig. 3.3.8A). IFNg treatment also reversed the AHR-

mediated IgM response in total B cells (Fig. 3.3.8B). Previous studies have shown that 

CD5+ ILBs were particularly sensitive toward AHR activation, evidenced by the significant 

suppression of the IgM response (Fig. 3.3.2G and H). Therefore, the level of IFNg 

receptors were assessed in both CD5+ and CD5- B cell population. Interestingly, the level 

of IFNg receptor chains (IFNgR1 and IFNgR2) were significantly higher in the CD5+ ILBs 

compared to CD5- B cells (Fig. 3.3.8B and C). The high expression level of IFNg receptors 

on CD5+ ILBs suggests that this subset of B cells might elicit higher response compared 

to CD5- B cells when treated with IFNg. Therefore, treatments with TCDD (10 nM) in 

combination with IFNg (1U/mL) were used to determine the role of LCK in CD5+ ILBs. 
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Similar to the observation in total B cells (Manuscript under review), IFNg treatment also 

abrogated AHR-mediate IgM suppression in CD5+ ILBs (Fig. 3.3.8H and I). The protein 

level of LCK significantly decreased with IFNg treatment in CD5+ ILBs (Fig. 3.3.8F and 

G), similarly to the observation in total B cells (Fig. 3.3.8A). However, IFNg treatment did 

not have any effect on the level of LCK and IgM response in CD5- B cells (Fig. 3.3.8).  
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Figure 3.3.8. IFNg treatment reversed the AHR-mediated suppression of the IgM 

response through a decrease of LCK in CD5+ ILBs 
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Figure 3.3.8. (cont’d) 

Human CD5+/- B cells were activated/treated with soluble PDL1 or PDL2 on day 0 and 

cultured for 7 days. In addition, IFNg treatment (1 U/mL) was provided on day 0. A) 

Percentage of LCK+ cells; B) Number of IgM secreting cells in CD19+ B cells; C) Flow 

cytometry dot plot of IFNgR1+ and IFNgR2+ cells; D) Percent IFNgR1+ and IFNgR2+; E) 

Mean MFI of IFNgR1 and IFNgR2 within CD5+/- populations; F) Percentage of LCK+ cells; 

G) MFI of LCK within CD5+/- populations treated with IFNg; H) Number of IgM secreting 

cells; and I) IgM concentration within CD5+/- populations treated with IFNg. Determinations 

were made using B cells from 6 human donors (N = 6). For A and B, results presented in 

the figure were normalized to VH group without IFNg treatment. For F to G, results 

presented in the figure were normalized to CD5- VH without IFNg treatment. Significant 

differences are indicated by * p < 0.05 and ** p < 0.01 (two-way ANOVA following with 

Fisher’s LSD post hoc test).  
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IFNg treatment reversed the PD1-mediated suppression of the IgM response in 

CD5+ ILBs. 

In the current studies, IFNg treatment reversed the AHR-mediated IgM 

suppression through the reduction in LCK in CD5+ ILBs (Fig. 7). In addition, previous 

studies have shown that IFNg signaling regulated the expression of PD-1 and PDL1 (192, 

193). Therefore, to further understand the role of PD-1 signaling in CD5+ ILBs, 1 U/mL of 

IFNg was used to treat CD5+ ILBs in the presence of sPDL1 (1 µg/mL) or sPDL2 (50 

ng/mL). IFNg treatment restored the PD-1 mediated IgM suppression in CD5+ ILBs (Fig. 

3.3.9A – D). IFNg treatment reversed the PD-1-mediated IgM suppression in CD5+ ILBs 

(Fig. 3.3.9A - D). IFNg treatment only enhanced the percent positive PD-1 cells, but 

TCDD-mediated AHR activation with IFNg treatment did not change the percentage of 

PD-1 and PDL1 positive cells in CD5+ ILB population (Fig. 3.3.9E - F). Interestingly, IFNg 

treatment decrease the percent positive PDL2 cells in the presence of TCDD. Also, the 

decrease of PDL2 was still higher compared to the VH group without IFNg treatment (Fig. 

3.3.9G).  
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Figure 3.3.9. IFNg treatment reversed the PD-1-mediated suppression of the IgM 

response in CD5+ ILBs. 

Human CD5+/- B cells were activated, treated with soluble PDL1 or PDL2 on day 0 and 

cultured for 7 days. In addition, IFNg treatment (1 U/mL) was provided on day 0. A) 

Number of IgM secreting cells and; B) IgM concentration with soluble PDL1 treatment  
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Figure 3.3.9. (cont’d) 

within CD5+/- populations in the presence of IFNg treatment; C) Number of IgM secreting 

cells and; D) IgM concentration with soluble PDL2 treatment within CD5+/- populations in 

the presence of IFNg treatment; E) Percentage of PD-1+ cells; F) Percentage of PDL1+ 

cells; and G) Percentage of PDL2+ in CD5+/- populations with or without IFNg treatment. 

Determinations were made using B cells from 6 human donors (N = 6). For A – D, data 

were normalized to CD5- B cells without PD-1 ligand treatment. For E – G, data were 

normalized to the VH control group in CD5- B cells. Significant differences are indicated 

by * p < 0.05 and ** p < 0.01 (two-way ANOVA following with Fisher’s LSD post hoc test).  
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Figure 3.3.10. Flow cytometric dot plot for PD-1, PDL1 and PDL2. 

Human CD5+/- B cells were treated with VH (0.02% DMSO) or TCDD (10 nM) on day 0 

and cultured for 7 days. Flow cytometry dot plot of A) PD-1, B) PDL1 and C) PDL2. The 

gates were drawn based on the day 0 sample.  
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Figure 3.3.11. Flow cytometry gating scheme.  

The gating scheme used to identify LCK+CD5+ by flow cytometry. The percent positive 

gate for LCK on day 7 was identified based on the unstained control and the same gate 

was overlaid to the other experimental groups and overlaid to treatment groups.  
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CHAPTER 4: DISCUSSION 

The main objective of this dissertation is to elucidate the mechanism by which 

TCDD impairs the IgM response in human B cells. Toward this end, firstly, a side-by-side 

comparison of AHR-mediated suppression of the IgM response in mouse and human B 

cells is discussed in section 4.1. Secondly, the role of LCK in the IgM response is 

discussed in the context of AHR activation in section 4.2. Finally, the role of LCK and 

inhibitory receptor, PD-1 in the AHR-mediated suppression of the IgM response in CD5+ 

ILBs is discussed in section 4.3.  

 

4.1. Comparison of AHR-mediated suppression of the IgM response in primary 

mouse and human B cells. 

AHR-mediated suppression of the antibody responses has been observed in many 

laboratory animal species (2, 194). Investigations using animal models, especially mouse 

models, have been particularly useful to elucidate the molecular mechanism for the 

impairment of humoral immunity in response to AHR activation by TCDD (101). Previous 

studies in mice have shown that mouse B cells were particularly sensitive toward AHR 

activation by TCDD, as evidenced by the significant suppression of the IgM response 

linked to a decrease in mRNA and protein levels for the immunoglobulin chains (IgH, IgJ 

and Igk chains) (181). Studies using the CH12.LX mouse cell line further verified the 

findings and provide more mechanistic insights into the role of AHR activation by TCDD 

on IgM suppression in mice (95). Furthermore, AHR null mice did not exhibit a decrease 

in the antibody response with TCDD treatment, indicating a requisite role of AHR 

activation in the suppression of the antibody response in mouse B cells (195). Previous 
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studies have also demonstrated that AHR activation impaired the IgM response by human 

B cells to different stimuli including: PWM; co-stimulation by CD40L with cytokines; and 

toxic shock syndrome toxin (TSST) superantigen (26, 62, 64, 114). The TCDD-mediated 

activation of AHR also impaired suppression of the critical B cell activation markers, 

CD69, CD80 and CD86, and signaling proteins, thereby, down-regulating antibody 

production (26). One of our working hypotheses has been that the molecular mechanisms 

responsible for immune suppression by AHR ligands, including suppression of the IgM 

antibody response, would be similar across animal species. Therefore, the first aim of this 

dissertation research was focused on comparing AHR-mediated IgM suppression 

between mouse and human primary B cells. 

In aim 1 of the dissertation research, we compared the IgM response, mRNA and 

protein expression of IgM in both mouse and human B cells. First and foremost, we 

observed significant suppression of the IgM response with TCDD treatment in mouse B 

cells (Fig.3.1.1). Furthermore, we observed an overall decrease of immunoglobulin 

mRNA and protein (IgH, IgJ and Igk) following TCDD treatment in mouse B cells, as 

determined by qRT-PCR, intracellular staining and Western blotting (Fig. 3.1.3 and 3.1.5A 

and 3.1.6A – C). This finding is consistent with prior reports of decreased mRNA levels 

for IgH, IgJ and Igk, resulting from an impairment of B cells to develop into antibody-

secreting plasma cell through changes in the regulation of paired box 5 (Pax5) and B 

lymphocyte-induced maturation protein-1 (Blimp-1) (95, 101, 196). These observations 

further suggest that TCDD treatment impairs all processes, from antibody synthesis to 

cell differentiation, in mouse B cells. Additionally, these observations in mouse B cells 

show that the activation of AHR by TCDD impairs the key transcriptional and translational 
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regulators in immunoglobulin production. The decrease of Pax5 and Blimp-1 also indicate 

that the differentiation of mouse B cells was interrupted by TCDD treatment. Therefore, 

we conclude that TCDD treatment impairs IgM production in mice. By contrast, TCDD-

mediated AHR activation in human B cells did not alter the transcription and translation 

(Fig. 3.1.4, 3.1.5 and 3.1.6D – F), which is also consistent with an absence in altered 

Pax5 or Blimp-1 regulation in human B cells (26). Moreover, the accumulation of IgM 

pentamers with TCDD treatment suggested that TCDD-mediated activation of AHR does 

not impair the synthesis and assembly of IgM pentamers, trimers and dimers in human B 

cells (Fig. 3.1.7). The assembly of IgM dimers, trimers and pentamers occurs between 

the ER and Golgi (197), further suggesting that it is possible the trafficking of IgM proteins 

is likely being affected after Golgi-associated processes are completed. However, current 

technologies are limited to be able to measure the IgM secretion in human B cells. This 

is partly due to the high glycosylation of IgM molecules in human. An alternative 

explanation for the differences we observed in mouse and human B cells with AHR 

activation is that the locations which we obtain B cells from are different from these two 

species. Therefore, the heterogenicity of the human B cell populations could also 

contribute to the differences we observed in the first part of the dissertation research. 

Nonetheless, the results from the first aim suggested a divergence in the mechanism by 

which AHR activation suppresses the IgM response in human and mouse primary B cells. 

Transcriptomic analysis investigating the effect of AHR activation in PWM-

activated mouse and human primary B cells revealed remarkably few common 

differentially expressed genes across the two species, which provided the first insights 

suggesting a divergence in mechanism by which AHR activation influences human and 
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mouse B cell function (120). An alternative possibility that can explain our results is that 

TCDD treatment is only suppressing a small subset of human B cells, which would 

decrease the detection sensitivity of any analysis when the entire peripheral blood B cell 

pool is evaluated. Although results from aim 1 of the dissertation research suggest that 

AHR activation impairs immunoglobulin secretion, it was unclear which specific processes 

within the immunoglobulin secretory pathway might be affected. Studies by Anelli et al. 

have shown that the upregulation of critical secretory genes and the enlargement of the 

ER and Golgi are critical in the secretion of immunoglobulins by human B cells (198). B 

cells then undergo structural modification in preparation to become an antibody secreting 

cell (198). This is also supported by the transcriptomic study, since the most commonly 

downregulated pathways were cytoskeletal pathways after TCDD treatment in human B 

cells (120). ER associated proteins and secretory signal cascades, all of which have the 

potential of decreasing immunoglobulin secretion, which is supported by the observation 

in the Native PAGE (Fig. 3.1.7) (197). Likewise, activation of AHR may alter 

immunoglobulin trafficking within human B cells, therefore leading to diminution of 

antibody transport and secretion. Therefore, it was tempted to speculate that AHR 

activation by TCDD alter critical trafficking proteins for immunoglobulin secretion in 

human B cells. In these initial studies, not only did we observe a decrease in secreted 

IgM but also IgG antibodies by human B cells with AHR activation suggesting the effects 

are not limited to the IgM isotype (Fig. 3.1.8). Importantly, the pathway(s) of 

immunoglobulin secretion remain poorly characterized. 

One particular interesting phenomenon that we have consistently observed when 

studying AHR-mediated suppression of the IgM responses in human B cells is that even 
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when high concentrations of TCDD (>10 nM) are used to treat B cells, the magnitude of 

suppression rarely exceeds 50% of the vehicle control response, regardless of whether it 

is quantified by ELIspot or ELISA. The ELIspot results, which enumerate the number of 

IgM secreting cells, further suggested the possibility a sub-population of B cells is 

refractory to suppression by TCDD. One explanation for the lack of suppression in a 

subset of B cells, although unlikely, is that TCDD does not distribute homogenously to all 

of the B cells in culture, thus resulting in AHR activation in only a fraction of the cultured 

B cells. A second possible explanation is that an insufficient number of AHRs are 

activated in some of the cells, hence, impairment of IgM secretory processes only occurs 

in a subset of B cells. Although plausible and difficult to test, until the molecular targets, 

responsible for impaired IgM secretion have been elucidated, this hypothesis is worthy of 

further study. A third possibility, and what we believe may be the most plausible 

explanation, is that only a specific subpopulation of human B cells is, in fact, sensitive to 

suppression by high affinity AHR ligands such as TCDD. This would explain why close to 

a 100% suppression of the IgM response cannot be attained unless cytotoxic 

concentrations of an AHR ligands are used to treat B cells. It is well known that there are 

different sub-populations of B cells (B1a, B1b and B2) in mice. Similarly, humans also 

have different sub-populations of B cells; however, they are less well characterized 

compared to those in mice.  

Indeed, in addition to “classical” B cells, the best characterized B cell subset has 

been termed innate-like B cells. These innate-like B cells are the major source of natural 

IgM antibodies and they play a critical role in early immune responses (127). Innate-like 

B cells can produce a large amount of circulating IgM following activation through Toll-
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like receptors (TLRs) or CD40L activation to provide critical early defense against 

infections (153, 199). This newly generated circulating IgM plays an important role in 

neutralizing pathogens and enhancing complement activation to protect the host prior to 

the generation of an adaptive immune response (136). It is tempting to speculate that 

AHR activation by TCDD is affecting IgM production in innate-like B cells since they are 

characterized by producing IgM. The possibility that a subset of B cells is more sensitive 

toward TCDD treatment would be explored in the third part of this dissertation research.  

Another interesting phenomenon which we historically observed is that 

approximately one in seven donors lack the sensitivity to IgM suppression by TCDD (2). 

We have previously classified these donors as “non-responders”. This differential 

sensitivity across human donors would further support the possibility that AHR activation, 

or at least, TCDD targets a specific sub-population of B cells, for example, non-

responders may possess a very low number of B cells that are responsive to TCDD 

treatment. This possibility was, in fact, explored in the third part of this dissertation 

research.  

Our current studies also demonstrate that the AHR is directly involved with the 

impairment of IgM response by TCDD-treated human B cells as evidenced by 

pretreatment of B cells with an AHR antagonist restored IgM secretion. Interestingly, we 

have also observed increased IgM secretion in B cells treated only with AHR antagonist 

in the absence of treatment with an AHR ligand. These data suggest the AHR plays a 

role in the regulation of the antibody response through its activation by one or more 

endogenous ligands. A similar phenomenon has also been observed in AHR-null rats, 

which exhibited an increase in secreted IgM compared to wild type rats (43). Furthermore, 
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recent study has also shown that AHR plays a critical role in B cell development from 

hematopoietic stem cells (14). 

Collectively, results from aim 1 indicate divergent mechanisms governing impaired 

B cell function by AHR activation in mouse and human primary B cells. In mouse B cells, 

AHR activation impairs transcription of immunoglobulin IgH, IgJ and Igk chains and is 

therefore the likely cause for the decrease of synthesis and production of IgM. By contrast, 

in total human B cells, AHR activation has no effect on transcription, translation or IgM 

assembly. Due to this observation, studies were conducted to further investigate the 

mechanism in AHR-mediated suppression of the IgM response by human B cell in aim 2. 

Nonetheless, the findings presented in the first part of this dissertation are the first to show 

key differences in AHR-mediated suppression of IgM responses between human and 

mouse primary B cells. 
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4.2. The role of LCK in the AHR-mediated suppression of IgM secretion by human 

B cells 

Recent transcriptomic analysis by our laboratory revealed a significant increase in 

LCK mRNA in human B cells after AHR activation but not in mouse or rat B cells (120). 

This observation is particularly interesting to us, since the data from aim one indicated 

that human B cells have distinct mechanisms in the suppression of the IgM response by 

AHR activation. This observation served as the basis to further investigate the role of LCK 

in AHR-mediated impairment of humoral immunity.  

In the second aim, we demonstrate a significant increase of LCK mRNA and 

protein that coincide with AHR activation in B cells. This finding has been confirmed using 

different B cell activators (Fig. 3.2.4). The increase of total LCK with TCDD-mediated AHR 

activation using various B cell stimuli suggests that AHR ligation is critical to further 

increase LCK compared to control and does not appear to be dependent on the mode of 

B cell activation. In addition, we have observed little LCK expression in naïve resting 

human B cells (Fig. 3.2.1); however, the level of LCK increases upon B cell activation. 

This observation is particularly interesting since LCK is mainly associated with T cell 

activation.  In the absence of activation, T cells express high level of LCK and the level of 

LCK is only modestly increased upon T cell activation (200). Also interesting is the 

observation that the increase of LCK in B cells has little effect on proliferation (Fig.3.2.12). 

These observations differ from the known role of LCK in T cells. Specifically, expression 

of LCK is critical for T cell proliferation and activation with LCK null mice exhibiting thymic 

atrophy (201). Likewise, knockout LCK T cell lines show altered proliferation after 

activation when compared to the wild-type control expressing LCK T cells (202). The late 
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expression of LCK post activation in human B cells suggests a different role for the protein 

tyrosine kinase than in T cells. In addition, the modest increase of LCK when TCDD was 

added to cultures 24 h post B cell activation suggests that LCK may not be regulated 

directly by the AHR at the level of transcription (i.e., via dioxin response elements [DREs] 

binding in LCK regulatory regions) but rather through indirect mechanisms. Interestingly, 

we also observe a decrease in LCK by treatment of B cells with an AHR antagonist alone, 

suggesting that endogenous AHR ligand(s) also regulates the expression level of LCK in 

human B cells, but again likely through an indirect mechanism. This conclusion is further 

supported by the observation that LCK upregulation by TCDD, when added at day 0, is 

most marked on day 3 and continues to increase over the 7-day culture period (Fig. 3.2.1). 

Another possible explanation for this observation is that a small subset of human B cells 

expresses LCK, therefore, it is impossible to identify those cells within the total B cell pool 

without activation. Collectively, the results from the aim 2 studies suggest an important 

role for LCK in the IgM response by human B cells.  

LCK is a well characterized kinase with T cell receptor (TCR) signaling. Both LCK 

and LYN belong to the Src kinase family, LYN has been well studied in B cells, as it 

closely associates with the B cell receptor (BCR) (203). Phosphorylation of LYN is crucial 

for B cell activation (204). Therefore, a specific pathway, involving LYN and SYK 

phosphorylation has been well characterized in B cells. ZAP70 is known to act similarly 

as SYK in T cells. It is clear that there is a redundancy between the LYN-SYK pathway 

and the LCK-ZAP70 pathway (205); but each pathway is only associated to one particular 

cell type; LYN-SYK pathway with B cell and LCK-ZAP70 pathway with T cell. However, 

there are few studies describing a role for LCK-ZAP70 in B cells. Based on the 
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transcriptomic study, the significant increase of LCK appears to occur independently of 

LYN or any Src kinase proteins (LYN, SRC, BLK and HCK) (120). In addition, previous 

studies have shown no changes in the expression level of PAX-5 and BLIMP-1 in TCDD-

treated human B cells, suggesting that activation of the AHR does not alter B cell 

differentiation but rather the secretion of immunoglobulin by human B cells (26, 63). 

Alternatively, TCDD is exerting effects on a subpopulation of B cells and we lack the 

sensitivity to detect changes in PAX-5, BLIMP-1 or intracellular IgM in those cells when 

they are present in the heterogenous pool of CD19+ B cells. Previous studies indicated 

that TCDD treatment attenuate the phosphorylation of pERK, which could potentially also 

alternate the phosphorylation of LCK, due to the crosstalk between ERK and LCK (26, 

206). In addition, TCDD treatment also increases the expression level of SHP1, which 

could dephosphorylate LCK in human B cells (122). This scenario could also explain the 

small changes in phosphorylation in signaling proteins, due to the low sensitivity when 

dealing with mix populations.  

An interesting observation from the studies in aim 2 was that LCK inhibitors restore 

the AHR-mediated decrease in IgM secretion (Fig. 3.2.5 and 3.2.6). This observation 

indicates the activity of LCK as a kinase plays a critical role in the IgM response in human 

B cells. Interestingly, treatment with LCK inhibitors alone impaired the level of IgM 

secretion, indicating that there is an optimal level of LCK activity required for 

immunoglobulin secretion. The different level of LCK activity has also been reported in 

human T cells (207). However, the studies in aim 2 are the first to report the non-

monotonic response of LCK in human B cells. Upon observing this phenomenon, we have 

further investigated the inter-play between LCK and IgM secretion by treating the cells 
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with increasing concentrations of LCK inhibitor and TCDD. Using this matrix system, we 

have observed a restoration of the IgM response with increasing concentrations of LCK 

inhibitor (Fig. 3.2.8). This observation sparked a collaboration with Dr. Qiang Zhang from 

Emory University, led to the development of a XNOR logic gate model. In this model, 

suppression of the IgM response was mediated in the presence of either TCDD or the 

LCK inhibitors. However, in the presence of both TCDD and the LCK inhibitors, no IgM 

suppression was observed. The simulation from the XNOR model successfully 

recapitulated the experimental observation (Fig. 3.2.9). Taking into consideration of the 

observations from both experimental and computational models, the activity of LCK and 

IgM secretion exhibit a non-monotonic response, indicating that, in fact, an optimal level 

of LCK activity is required for the IgM response. Similar biphasic response can also be 

observed in the expression of PHD2 to tumor formation and SFRP ato Wnt signaling (208, 

209). This observation is particularly interesting, since there are no publications to our 

knowledge reporting on the involvement of LCK in immunoglobulin secretion. Since LCK 

is a tyrosine kinase, it is likely that it has multiple downstream targets. Studies have shown 

that LCK can phosphorylate PD-1, a checkpoint inhibitor, to activate inhibitory signaling 

in order to dampen immune responses. Therefore, in the third aim of this dissertation 

research, a mechanism between LCK and PD-1 was investigated.  

The activity of LCK is governed by phosphorylation of critical tyrosine residues 

located at the SH-2 domain at the C terminal of LCK (185). Since we observed an 

increase in total LCK levels with AHR activation, it is also important to identify the LCK 

phosphorylation profile. In the present study, we investigated the phosphorylation of 

tyrosine 505 (Tyr505), the dominant inhibitory site for LCK (185). Our studies show that 
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AHR activation decreased the level of phospho-Tyr505 LCK, which is consistent with an 

overall increase of active LCK (Fig. 3.2.10A and 3.2.11). The downstream increase of 

phosphorylated ZAP70 (Tyr319 and Tyr292) further confirms the increase of LCK activity 

(Fig. 3.2.12). In addition, the change in LCK phosphorylation status further shows that 

AHR activation is modulating the phosphorylation events in human B cells. This 

observation is in agreement with previous findings indicating that AHR activation changes 

the phosphorylation of AKT and ERK (26). The change of phosphorylation status by AHR 

activation could have detrimental effects on B cell activation or immunoglobulin 

production/secretion, since changes in phosphorylation could eventually impact 

downstream targets. However, the pathways presented in the current studies only offer a 

limited snapshot of a few proteins. A more global analysis using phosphoproteomics will 

be required to provide additional insights on the influence of AHR activation in mediating 

changes in phosphorylation of critical target proteins in human B cells transitioning from 

a resting status to antibody producing cells.  

As mentioned earlier, it has been well documented that B cells from approximately 

1 out of 7 human donors were refractory to suppression of IgM secretion by TCDD-

mediated AHR activation (26, 118). In our studies, the responses of AHR activation in a 

particular individual was defined by whether suppression of the IgM response is being 

observed with AHR activation. In the last part of the study, we compared the total amount 

of LCK in both responders and non-responders and observed significant upregulation of 

LCK in only responsive human donors (Fig. 3.2.13). This observation further suggesting 

a role of LCK in the impairment of immunoglobulin secretion. This observation is 

particularly interesting, since chronic lymphocytic leukemia (CLL) patients have shown to 
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have high level of LCK, which has been used as a biomarker to measure the progression 

of disease (167). In addition, epidemiological studies on TCDD that exposure indicate a 

TCDD exposure could lead to the development of NHL, which includes CLL. With this 

observation, it is likely that the AHR-mediated increase of LCK maybe as an early marker 

for the development of CLL (NHL) in humans. With continued upregulation of LCK, 

individuals exposed to TCDD likely develop lymphoma. Taken together, it is tempting to 

speculate that LCK could be used as a biomarker to assess sensitivity of a given individual 

to TCDD and dioxin-like environmental contaminants.  

Recently, studies have shown that human peripheral CD5+ B cells expressed high 

levels of LCK as evidenced in chronic lymphocytic leukemia patients (167). CD5+ B cells 

are characterized as innate-like B cells in both mice and humans. Not only do CD5+ B cell 

express high levels of LCK, these cells are also a major producer of IgM in circulation 

(128). CD5+ B cells although well defined in the mouse, are poorly characterized in the 

human, however, they are known to express CD5 as a surface marker. The high level of 

LCK expression in CD5+ human B cells leads us to speculate that LCK might play a role 

in the functionality of CD5+ B cells. Previous data have also shown that the AHR-mediated 

suppression of the IgM response cannot exceed 50% compared to the control group in 

human B cells. Likely, AHR activation by TCDD preferentially suppress the IgM response 

in certain populations of B cells within the total B cell pool. With the high level of LCK in 

CD5+ B cells, it exists a strong possibility that CD5+ B cells are preferentially affected by 

TCDD treatment. Therefore, in aim 3 of this dissertation research, studies were preformed 

to understand the role of LCK in CD5+ B cells.   
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4.3. Ascertain the role of LCK in TCDD-mediated suppression of IgM response in 

human CD5+ innate-like B cells 

In aim 2, our data showed that AHR activation increases total LCK and impairs the 

IgM response in human B cells. The upregulation of total LCK with AHR activation is an 

interesting observation, since LCK is not commonly associated with B cell activation and 

differentiation. Instead, LCK is commonly known for involvement in TCR signaling. 

Therefore, the AHR-mediated increase of LCK in human B cells is both interesting and 

puzzling. However, a recent publication by Till et al. showed that CD5+ B cells also have 

high LCK expression (167). CD5+ B cells are characterized as innate-like B cells (ILBs) 

with the ability to produce large amount of polyvalent IgM in circulation (136). Collectively, 

it is possible that different B cells could have various responses toward TCDD treatment. 

Interestingly, recent studies done by Blevins et al. demonstrated a high basal level of 

AHR, PD-1, PDL1 and PDL2 in human CD5+ ILBs. Most importantly, AHR activation in 

CD5+ ILBs suppressed the IgM response, as evidenced by the marked decrease of IgM 

secreted and by the number of IgM secreting cells (Manuscript Under Preparation). 

Therefore, in the third part of this dissertation research, we examined the role of LCK and 

PD-1 in the context of AHR-mediated suppression of the IgM response by CD5+ ILBs.  

Firstly, a positive correlation was observed between the percentage of CD5+ cells 

and the percentage of LCK+ cells by human B cells (Fig. 3.3.2A), suggesting that the 

CD5+ B cells in peripheral blood were also high LCK+ cells. Secondly, the basal level of 

the percentage of LCK+ cells was significantly higher in CD5+ ILBs compared to CD5- B 

cells (Fig.3.3.2B and C). With AHR activation, the percentage of LCK+ cells increased in 

CD5+ ILBs (Fig. 3.3.2D and E). However, CD5- B cells were refractory toward AHR 
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activation (Fig. 3.3.2E). This finding combined with the correlation that CD5+ B cell 

express high LCK further suggests that CD5+ ILBs also express a high percentage of LCK 

and are particularly sensitive toward AHR activation. AHR antagonist treatment prevented 

the AHR-mediate increase of LCK+ cells and the AHR-mediated suppression of the IgM 

response in CD5+ ILBs (Fig. 3.3.3). This observation further indicates that the increase of 

LCK+ cells within CD5+ ILBs is due to AHR activation. In aim 2, we also have 

demonstrated that specific LCK inhibitors blocked the AHR-mediated suppression of the 

IgM response in human B cells (188). Therefore, to further understand the role of LCK in 

CD5+ ILBs, the same specific LCK inhibitor was used to treat CD5+ ILBs. Similar to the 

observation in aim 2, treatments with LCK inhibitor blocked the AHR-mediated 

suppression of the IgM response in CD5+ ILBs, further demonstrating that LCK played a 

role in the IgM response by CD5+ ILBs (Fig. 3.3.4).   

Initial characterization of CD5+ ILBs has shown that ILBs express high levels of 

PD-1 and its ligands (PDL1 and PDL2) (Manuscript under preparation). PD-1 is a check-

point inhibitor that can negatively regulate immune responses. Considering the initial 

characterization of CD5+ ILBs, we investigated the role of PD-1 and AHR activation in 

the suppression of the IgM response by CD5+ ILBs in aim 3 of this dissertation. The 

percentage of PD-1+ cells and PDL2+ cells increased significantly with TCDD treament, 

indicating that TCDD treatment increased PD-1 on the surface of ILBs, which in turn 

increased the possibility of PD-1 signaling by CD5+ ILBs (Manuscript Under Preparation). 

To further investigate the role of PD-1 in the context of CD5+ ILBs, soluble PD-1 ligands 

were used to activate PD-1 in CD5+ ILBs. Therefore, CD5+/- populations were treated with 

either soluble PDL1 (sPDL1), PDL2 (sPDL2) or both in combination, and the IgM 
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response was evaluated. Treatment with PD-1 ligands significantly suppressed the IgM 

response in only CD5+ ILBs (Fig. 3.3.5A – C), indicating that PD-1 activation could 

suppress the IgM response. Therefore, an increase of PD-1 in AHR-activated CD5+ ILBs 

could have a higher chance of interacting with PD-1 ligand bearing cells, which is 

responsible for the suppression of the IgM response in CD5+ ILBs. Intriguingly, treatments 

with TCDD and sPDL2 did not further suppress the IgM response in CD5+ ILBs (Fig. 

3.3.6). This finding shows that there is likely no synergistic effect between AHR and PD-

1 activation. A second explanation could be that it is impossible to achieve 100% IgM 

suppression in CD5+ ILBs. Lastly, it is possible that ILBs are a relatively heterogenous 

population with different sub-population exhibiting differential sensitivity to AHR 

activation. 

LCK has been shown to phosphorylate PD-1 with ligand engagement (210). To 

understand the interplay between PD-1 and LCK, a specific LCK inhibitor was used in 

combination with sPDL2 to treat CD5+ ILBs. PDL2 was selected since previous 

observation suggested sPDL2 treatment resulted a higher magnitude of suppression of 

the IgM response when compared to PDL1 treatment. Interestingly, LCK inhibitor 

treatment restored the PD1-mediated suppression of the IgM response, indicating that by 

blocking LCK activity, the PD-1 inhibitory signaling was terminated in CD5+ ILBs (Fig. 

3.3.5D and E). This observation further suggests LCK plays a role in PD-1 signaling and 

its activity governs the IgM response in CD5+ ILBs. Moreover, epidemiological studies 

have shown a positive correlation of TCDD exposure and the development of Non-

Hodgkin’s Lymphoma (NHL) (167, 211). Considering our data, it is likely that the 

increased of LCK and PD-1 in CD5+ ILBs with AHR activation could potentially play a role 
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in the development of CLL in humans. However, further investigation is required to 

understand whether the upregulation of PD-1 and LCK are involved in the development 

of CLL.  

IFNg treatment has been shown to regulate the expression of PD-1 and PDL1 

(193). Previous studies from our laboratory have showed that IFNg treatment can restore 

the IgM response in mouse and human B cells with TCDD treatment (100) This 

observation suggests that the addition of IFNg potentially disrupted the AHR-mediated 

signaling in B cells. Therefore, IFNg was used as a molecular probe to further determine 

the role of LCK and PD-1 in CD5+ ILBs in aim 3. An extended IFNg and TCDD 

concentration response was performed to determine in total human B cells to further 

elucidate the mechanism of IFNg in the context of AHR-mediated suppression of the IgM 

response. With increasing concentrations of IFNg, the AHR-mediated suppression of the 

IgM response was blocked in total B cells, especially with 0.1 and 1 ng/ml of IFNg 

treatment (Fig. 3.3.8B). In addition, a significant reduction of the percentage of LCK+ cells 

were observed with IFNg treatment of human B cells (Fig. 3.3.8A). Interestingly, the 

reduction of LCK with IFNg treatment correlated with the restoration of the IgM response 

in B cells. Further analysis revealed that CD5+ ILBs expressed a higher level of IFNg 

receptors compared to CD5- B cells (Fig. 3.3.8C – E). Moreover, when CD5+/- B cells were 

treated with IFNg, the blockage of AHR-mediated suppression of the IgM response was 

observed in CD5+ ILBs. CD5- B cells were refractory to both IFNg and TCDD treatments 

(Fig. 3.3.8H and I). Similar to the observation in total B cells, IFNg treatment also 

significantly decreased the expression of LCK in CD5+ ILBs (Fig. 3.3.8F and G). These 

observations suggest that IFNg treatment can block AHR-mediated suppression of the 
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IgM response by modulating LCK in CD5+ ILBs. Further investigations on how IFNg 

modulate PD-1 signaling revealed that IFNg treatments blocked the PD1-mediated 

impairment of the IgM response in CD5+ ILBs (Fig. 3.3.9A – D). These observations 

further suggest that IFNg treatment likely interferes with the PD-1 signaling cascade. 

Overall, IFNg treatment did not modulate the expression level of PD-1 and PDL1, with the 

exception of a slight reduction of PDL2 in CD5+ ILBs (Fig. 3.3.9E - G). However, the 

decrease of PDL2 with both IFNg and TCDD treatments was similar to the TCDD 

treatment alone. Taken together, the decrease in LCK with IFNg treatment could 

potentially lead to a decrease in phosphorylation of PD-1. Based on the collective results 

from aim 3, a proposed model was established in Fig 4.1. In addition, PD-1 is just one of 

the many inhibitory receptors (CTLA-4, TIM-3, CD22, BTLA and LAG-3) expressed on 

CD5+ ILBs (212). Further delineration of the susceptibility of different inhibitory receptors 

are required to better understand the mechanisms of inhibitory receptors in CD5+ ILBs.  

Interestingly, we did not observe an upregulation of LCK until day 3 post B cell 

activation in aim 2 (Fig. 3.2.1). This was in contradiction to the observation in CD5+ ILBs 

in aim 3 showing LCK expression in ILBs on day 0 (Fig. 3.3.1). One possible explanation 

is that the results from aim 2 were obtained using total B cells. Therefore, the sensitivity 

of LCK detection in such small population of cells (CD5+ ILBs) within the total B cell pool 

is not possible using our current approaches. Physical separation of CD5+ ILBs from the 

total B cells enhance our ability to detect LCK and therefore we observe the high LCK in 

this small subset of B cells.  

For the first time, the studies from aim 3 provide a detailed mechanism by which 

AHR activation causes upregulation of LCK and PD-1 (Fig. 4.1A, arrow 1). The increase 
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of LCK could potentially activate PD-1 signaling in CD5+ ILBs (Fig. 4.1A, arrow 2). The 

activation of PD-1 eventually leads to the suppression of the IgM response in CD5+ ILBs 

(Fig. 4.1A arrow 3). With IFNg treatment, the expression level of LCK decreases (Fig. 

4.1B, arrow 1), which results in the decrease of PD-1 activation (Fig. 4.1B, arrow 2). The 

decrease of PD-1 signaling leads to the restoration of the IgM response in CD5+ ILBs 

(Fig. 4.1B, arrow 3). The current studies provide a mechanistic insight into the 

upregulation of PD-1 and LCK in the AHR-mediated suppression of the IgM response in 

CD5+ ILBs. Based on the current results, the percentage of CD5+ cells in circulation can 

potentially be used as a biomarker to assess the susceptibility of an individual toward 

AHR-mediated immunomodulation. Additionally, endogenous AHR ligands, like indole 

and tryptophan metabolites, have been discovered to play a critical role in the regulation 

of gut homeostasis (213). It is likely that these endogenous ligands also preferentially 

activating AHR in CD5+ ILBs, which in turn modulate the secretion of nIgM in the 

circulation. Further characterization of the role of AHR activation with endogenous ligands 

in CD5+ ILBs will provide insight into the physiological role of AHR in immune regulations, 

especially in the context of B cell function.  
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Figure 4.3.1. Schematic of proposed mechanisms.  

A)

B)
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Figure 4.1 (cont’d) 

A) Proposed mechanism of TCDD effects in CD5+ ILBs. With the TCDD-mediated 

increase of LCK and PD-1, which eventually led to the decrease of the IgM response in  

CD5+ ILBs. B) Proposed model of IFNg signaling in CD5+ ILBs. IFNg treatment decreased 

the total LCK, which in turn decreased the activation of PD-1. 
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CHAPTER 5: FINAL CONCLUDING REMARKS  

Activation of AHR has been shown to have diverse effects on immune cells. The 

results from this dissertation provide a novel insight into the mechanism underlying the 

AHR-mediated suppression of the IgM response in human B cells. The first part of the 

dissertation focuses on comparing the mechanistic changes in both mouse and human B 

cells with TCDD treatment. The studies showed that AHR activation significantly impairs 

the IgH, IgJ and Igk, which led to the over decrease of IgM production in mouse B cells. 

This observation was in agreement with previous findings from our laboratory using 

mouse splenocytes and mouse cell line, CH12.LX (95, 159). In contrast, AHR activation 

did not alter the mRNA or protein levels of IgH, IgJ and Igk in total human B cells, but the 

overall IgM response was suppressed. One possible explanation is that the underlying 

mechanism of AHR-mediated suppression of the IgM response is different between 

mouse and human B cells. Therefore, investigations only using mouse models may not 

yield applicable toxicological effects in humans. However, it is also likely that the 

heterogeneity of the B cell populations in humans are masking the AHR-mediated 

impairment of the IgM response in subsets of B cells. In addition, the identification of the 

critical cell populations must be taken into consideration when evaluating 

immunotoxicological effects in humans. 

 In aim 2 of this dissertation, studies were conducted on further elucidating the 

mechanism of AHR-mediated suppression of the IgM response in human B cells. One 

potential target, LCK, was identified through the transcriptomic study, which 

demonstrated an AHR-mediated increase of LCK mRNA in only human B cells. The 

results from aim 2 showed a significant increase in LCK mRNA and protein with AHR 
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activation in human B cells with CD40L activation. Specific LCK inhibitor treatments 

prevented the TCDD-mediated suppression of the IgM in human B cells, suggesting that 

LCK plays a role in mediating the IgM response. The data generated from the studies 

was used to collaborate with Dr. Zhang from Emory University to develop a computational 

model (XNOR model). Similar observations can also be found in other kinases involve in 

cell activation and differentiation. The computational and experimental data further 

supported the notion that an optimal level of LCK was required to achieve IgM secretion 

in humans. Interestingly, AHR activation significantly increased the activity of LCK in 

human B cells, further suggesting that the optimum level of LCK has to be achieved in 

order to have a high IgM response in human B cells. Recent studies have demonstrated 

that CD5+ B cells express high level of LCK. It is possible that CD5+ B cells more sensitive 

toward TCDD treatment compared to CD5- B cells. Further investigation of the role of 

LCK in CD5+ B cells was conducted in aim 3.  

 In aim 3, studies were conducted using CD5+ ILBs, which demonstrate a high level 

of LCK compared to CD5- B cells. Similar to the observations in aim 2, TCDD treatment 

significantly upregulated LCK protein in CD5+ ILBs; however, CD5- B cells were refractory 

toward AHR activation, possibly due to the low AHR expression. Furthermore, the LCK 

inhibitor prevented the AHR-mediated suppression of the IgM response in only CD5+ 

ILBs, demonstrating a role of LCK in the IgM response by CD5+ ILBs. Interestingly, one 

of the targets of LCK phosphorylation is PD-1, which is highly expressed on the surface 

of CD5+ ILBs. Therefore, studies were conducted to investigate the interplay of LCK and 

PD-1 in CD5+ ILBs. Firstly, we determined that PD-1 activation by its ligands (PDL1 and 

PDL2) was able to suppress the IgM response in CD5+ ILBs. Secondly, PD-1 blocking 
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antibody also prevented the AHR-mediated suppression of the IgM response in CD5+ 

ILBs, indicating that PD-1 signaling plays a crucial role in the regulation of the IgM 

response. Additionally, a specific LCK inhibitor blocked the PD-1-mediated suppression 

of the IgM response in CD5+ ILBs, further suggesting that LCK plays a role in PD-1 

signaling. Taken together, AHR activation increased both LCK and PD-1 expression in 

CD5+ ILBs. The upregulation of LCK can phosphorylate PD-1, which in turn suppresses 

the IgM response in CD5+ ILBs. IFNg has been previously reported to modulate the 

expression of PD-1 and prevent AHR-mediated suppression of the IgM response in 

mouse and human B cells. Therefore, IFNg was used as a molecular probe in aim 3 to 

further elucidate the role of LCK and PD-1 in CD5+ ILBs. Interestingly, IFNg treatment 

inhibited the AHR-mediate suppression of IgM via the decrease of the expression of LCK 

in human CD5+ ILBs. This decrease leads to a downregulation of PD-1 signaling, 

therefore, restoring the IgM response in CD5+ ILBs. The proposed model system with 

TCDD and IFNg treatments is illustrated in Fig. 5.1. Overall, this dissertation provides a 

detailed mechanism of the AHR-mediated impairment of the IgM response due to PD-1 

signaling involving LCK in CD5+ ILBs.  

The inter-individual variability in humans plays a crucial part in understanding the 

mechanistic changes among toxic responses. The variability is taken into consideration 

during experimental design, with experiments being performed using B cells from at least 

6 individuals (N = 6) with three replicates per study. Despite the variability between 

humans, consistent and significant effects of TCDD-mediated AHR activation were 

observed in all studies. Studies conducted using human cells have become simpler and 
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easier with the development of materials to study the immune system and increase 

sensitivity of detection of the subtle changes with AHR activation.  

 The first and second parts of this dissertation research utilized the human CD40 

ligand expressing L cells with the addition of cytokines (IL-2, IL-6 and IL-10) to activate 

human B cells has proved to be useful toward understanding the mechanism by which 

AHR activation impairs B cell function. However, this system is only capable of sub-

optimal activation of human B cells. Therefore, in the third part of the study, a modified 

version of this activation system was employed consisting of soluble CD40 ligand and 

cytokines (IL-2 and IL-21). The usage of IL-21 provides stronger activation evidenced by 

the increase of the number of IgM secreting cells compared to the previous model.  
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Figure 5.1.1. Proposed mechanisms.  

The proposed mechanisms in CD5+ ILBs. A) With TCDD treatment, the level of LCK and 

PD-1 increases, which provides a negative signal to down-regulate IgM response in CD5+ 

ILBs. B) With the addition of IFNg, the level of LCK and PDL2 decreases, which in turn 

decreased the activation of PD-1. Therefore, positive signal was presented to upregulate 

IgM response in CD5+ ILBs.  

  

A) B) 
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In conclusion, this dissertation research has addressed the question of how AHR 

activation suppresses the IgM response in human B cells. The mechanistic findings in 

this dissertation have highlighted the role of LCK and PD-1 in AHR-mediated suppression 

of the IgM response. To date, this dissertation is the first to highlight the role of LCK and 

PD-1 in the IgM response and the potential contribution of LCK in the development of 

CLL. This dissertation research also demonstrated that a relatively small subset of B cells 

(CD5+ ILBs) are a sensitive target to TCDD treatment and susceptible to IgM suppression 

through the involvement of the PD-1 signaling. Furthermore, this dissertation not only 

provides an insight into the physiological role of AHR in CD5+ ILBs, a previously less 

characterized cell population, but it also elucidates the immunotoxicological effects of 

AHR activation in CD5+ ILBs.  

In this dissertation, I have highlighted the important role of PD-1 signaling in the 

TCDD-mediated suppression of the IgM response in human CD5+ ILBs. One possible 

future experiment will be to determine the activation of PD-1 via phosphorylation in the 

context of TCDD treatment. Furthermore, we have identified LCK as a key kinase in the 

PD-1 signaling in CD5+ ILBs. It is likely that there are other kinases or phosphatases also 

involve in the PD-1 signaling. Therefore, it is likely that TCDD treatment will alter the 

phosphorylation of PD-1, which changes PD-1 signaling. One prime candidate is SHP-1, 

since SHP-1 has been suggested to hydrolyze a phosphate group on PD-1. Therefore, 

studies can be conducted to understand the interplay between PD-1 signaling and SHP-

1 activity. In addition, even though PD-1 signaling has been suggested to be critical to 

IgM suppression in CD5+ ILBs, it is also crucial to investigate other inhibitory receptors 

(i.e. CTLA-4 and CD22). Thus, experiments involving the characterization of CTLA-4 and 
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CD22 can be performed to further understand the involvement of inhibitory receptors in 

the suppression of IgM response in CD5+ ILBs.  

  



  170 

 

 

 

 

 

 

BIBLIOGRAPHY  



  171 

BIBLIOGRAPHY 
 
 

1. Sorg, O. 2014. AhR signalling and dioxin toxicity. Toxicology letters 230: 225-233. 

2. Sulentic, C. E., and N. E. Kaminski. 2011. The long winding road toward 
understanding the molecular mechanisms for B-cell suppression by 2,3,7,8-
tetrachlorodibenzo-p-dioxin. Toxicological sciences : an official journal of the Society of 
Toxicology 120 Suppl 1: S171-191. 

3. Barouki, R., X. Coumoul, and P. M. Fernandez-Salguero. 2007. The aryl 
hydrocarbon receptor, more than a xenobiotic-interacting protein. FEBS letters 581: 3608-
3615. 

4. Barouki, R., X. Coumoul, and P. Fernandez-Salguero. 2007. The aryl hydrocarbon 
receptor, more than a xenobiotic-interacting protein. FEBS Lett. 581: 3608-3615. 

5. Nguyen, N., H. Hanieh, T. Nakahama, and T. Kishimoto. 2013. The roles of aryl 
hydrocarbon receptor in immune responses. Int. Immunol. 25: 335-343. 

6. Nguyen, L. P., and C. A. Bradfield. 2008. The search for endogenous activators of 
the aryl hydrocarbon receptor. Chemical research in toxicology 21: 102-116. 

7. Abbott, B. D., G. A. Held, C. R. Wood, A. R. Buckalew, J. G. Brown, and J. Schmid. 
1999. AhR, ARNT, and CYP1A1 mRNA quantitation in cultured human embryonic palates 
exposed to TCDD and comparison with mouse palate in vivo and in culture. Toxicological 
sciences : an official journal of the Society of Toxicology 47: 62-75. 

8. Bunger, M. K., S. M. Moran, E. Glover, T. L. Thomae, G. P. Lahvis, B. C. Lin, and 
C. A. Bradfield. 2003. Resistance to 2,3,7,8-tetrachlorodibenzo-p-dioxin toxicity and 
abnormal liver development in mice carrying a mutation in the nuclear localization 
sequence of the aryl hydrocarbon receptor. The Journal of biological chemistry 278: 
17767-17774. 

9. Schmidt, J. V., G. H. Su, J. K. Reddy, M. C. Simon, and C. A. Bradfield. 1996. 
Characterization of a murine Ahr null allele: involvement of the Ah receptor in hepatic 
growth and development. Proceedings of the National Academy of Sciences of the United 
States of America 93: 6731-6736. 

10. Thurmond, T. S., J. E. Staples, A. E. Silverstone, and T. A. Gasiewicz. 2000. The 
aryl hydrocarbon receptor has a role in the in vivo maturation of murine bone marrow B 
lymphocytes and their response to 2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicology and 
applied pharmacology 165: 227-236. 



  172 

11. Smith, B. W., S. S. Rozelle, A. Leung, J. Ubellacker, A. Parks, S. K. Nah, D. 
French, P. Gadue, S. Monti, D. H. Chui, M. H. Steinberg, A. L. Frelinger, A. D. Michelson, 
R. Theberge, M. E. McComb, C. E. Costello, D. N. Kotton, G. Mostoslavsky, D. H. Sherr, 
and G. J. Murphy. 2013. The aryl hydrocarbon receptor directs hematopoietic progenitor 
cell expansion and differentiation. Blood 122: 376-385. 

12. Holsapple, M. P., R. K. Dooley, P. J. McNerney, and J. A. McCay. 1986. Direct 
suppression of antibody responses by chlorinated dibenzodioxins in cultured spleen cells 
from (C57BL/6 x C3H)F1 and DBA/2 mice. Immunopharmacology 12: 175-186. 

13. Li, J., A. S. Phadnis-Moghe, R. B. Crawford, and N. E. Kaminski. 2017. Aryl 
hydrocarbon receptor activation by 2,3,7,8-tetrachlorodibenzo-p-dioxin impairs human B 
lymphopoiesis. Toxicology 378: 17-24. 

14. Li, J., S. Bhattacharya, J. Zhou, A. S. Phadnis-Moghe, R. B. Crawford, and N. E. 
Kaminski. 2017. Aryl Hydrocarbon Receptor Activation Suppresses EBF1 and PAX5 and 
Impairs Human B Lymphopoiesis. Journal of immunology (Baltimore, Md. : 1950) 199: 
3504-3515. 

15. Poland, A., and E. Glover. 1980. 2,3,7,8,-Tetrachlorodibenzo-p-dioxin: segregation 
of toxocity with the Ah locus. Molecular pharmacology 17: 86-94. 

16. Floret, N., F. Mauny, B. Challier, P. Arveux, J. Y. Cahn, and J. F. Viel. 2003. Dioxin 
emissions from a solid waste incinerator and risk of non-Hodgkin lymphoma. 
Epidemiology (Cambridge, Mass.) 14: 392-398. 

17. Harper, P. A., R. D. Prokipcak, L. E. Bush, C. L. Golas, and A. B. Okey. 1991. 
Detection and characterization of the Ah receptor for 2,3,7,8-tetrachlorodibenzo-p-dioxin 
in the human colon adenocarcinoma cell line LS180. Archives of biochemistry and 
biophysics 290: 27-36. 

18. Kerkvliet, N. I. 2002. Recent advances in understanding the mechanisms of TCDD 
immunotoxicity. International immunopharmacology 2: 277-291. 

19. Poland, A., and J. C. Knutson. 1982. 2,3,7,8-tetrachlorodibenzo-p-dioxin and 
related halogenated aromatic hydrocarbons: examination of the mechanism of toxicity. 
Annual review of pharmacology and toxicology 22: 517-554. 

20. Walden, R., and C. M. Schiller. 1985. Comparative toxicity of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) in four (sub)strains of adult male rats. Toxicology and 
applied pharmacology 77: 490-495. 



  173 

21. Harris, M. W., L. C. Uraih, and L. S. Birnbaum. 1989. Acute toxicity of 
perfluorodecanoic acid in C57BL/6 mice differs from 2,3,7,8-tetrachlorodibenzo-p-dioxin. 
Fundamental and applied toxicology : official journal of the Society of Toxicology 13: 723-
736. 

22. Poland, A., and E. Glover. 1974. Comparison of 2,3,7,8-tetrachlorodibenzo-p-
dioxin, a potent inducer of aryl hydrocarbon hydroxylase, with 3-methylcholanthrene. 
Molecular pharmacology 10: 349-359. 

23. Okey, A. B., L. M. Vella, and P. A. Harper. 1989. Detection and characterization of 
a low affinity form of cytosolic Ah receptor in livers of mice nonresponsive to induction of 
cytochrome P1-450 by 3-methylcholanthrene. Molecular pharmacology 35: 823-830. 

24. Nebert, D. W., and J. E. Gielen. 1972. Genetic regulation of aryl hydrocarbon 
hydroxylase induction in the mouse. Federation proceedings 31: 1315-1325. 

25. Hahn, M. E. 2002. Aryl hydrocarbon receptors: diversity and evolution. Chemico-
biological interactions 141: 131-160. 

26. Lu, H., R. B. Crawford, B. L. Kaplan, and N. E. Kaminski. 2011. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin-mediated disruption of the CD40 ligand-induced activation 
of primary human B cells. Toxicology and applied pharmacology 255: 251-260. 

27. Lu, H., R. B. Crawford, J. E. Suarez-Martinez, B. L. Kaplan, and N. E. Kaminski. 
2010. Induction of the aryl hydrocarbon receptor-responsive genes and modulation of the 
immunoglobulin M response by 2,3,7,8-tetrachlorodibenzo-p-dioxin in primary human B 
cells. Toxicological sciences : an official journal of the Society of Toxicology 118: 86-97. 

28. Chiaro, C. R., R. D. Patel, C. B. Marcus, and G. H. Perdew. 2007. Evidence for an 
aryl hydrocarbon receptor-mediated cytochrome p450 autoregulatory pathway. Molecular 
pharmacology 72: 1369-1379. 

29. Andrysik, Z., J. Vondracek, M. Machala, P. Krcmar, L. Svihalkova-Sindlerova, A. 
Kranz, C. Weiss, D. Faust, A. Kozubik, and C. Dietrich. 2007. The aryl hydrocarbon 
receptor-dependent deregulation of cell cycle control induced by polycyclic aromatic 
hydrocarbons in rat liver epithelial cells. Mutation research 615: 87-97. 

30. Ge, N. L., and C. J. Elferink. 1998. A direct interaction between the aryl 
hydrocarbon receptor and retinoblastoma protein. Linking dioxin signaling to the cell 
cycle. The Journal of biological chemistry 273: 22708-22713. 



  174 

31. Marlowe, J. L., Y. Fan, X. Chang, L. Peng, E. S. Knudsen, Y. Xia, and A. Puga. 
2008. The aryl hydrocarbon receptor binds to E2F1 and inhibits E2F1-induced apoptosis. 
Molecular biology of the cell 19: 3263-3271. 

32. Opitz, C. A., U. M. Litzenburger, F. Sahm, M. Ott, I. Tritschler, S. Trump, T. 
Schumacher, L. Jestaedt, D. Schrenk, M. Weller, M. Jugold, G. J. Guillemin, C. L. Miller, 
C. Lutz, B. Radlwimmer, I. Lehmann, A. von Deimling, W. Wick, and M. Platten. 2011. An 
endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature 
478: 197-203. 

33. Qin, H., and J. A. Powell-Coffman. 2004. The Caenorhabditis elegans aryl 
hydrocarbon receptor, AHR-1, regulates neuronal development. Developmental biology 
270: 64-75. 

34. Benedict, J. C., T. M. Lin, I. K. Loeffler, R. E. Peterson, and J. A. Flaws. 2000. 
Physiological role of the aryl hydrocarbon receptor in mouse ovary development. 
Toxicological sciences : an official journal of the Society of Toxicology 56: 382-388. 

35. Beamer, C. A., and D. M. Shepherd. 2013. Role of the aryl hydrocarbon receptor 
(AhR) in lung inflammation. Seminars in immunopathology 35: 693-704. 

36. Qiu, J., and L. Zhou. 2013. Aryl hydrocarbon receptor promotes RORgammat(+) 
group 3 ILCs and controls intestinal immunity and inflammation. Seminars in 
immunopathology 35: 657-670. 

37. Schulz, V. J., J. J. Smit, and R. H. Pieters. 2013. The aryl hydrocarbon receptor 
and food allergy. The Veterinary quarterly 33: 94-107. 

38. Hanieh, H. 2014. Toward understanding the role of aryl hydrocarbon receptor in 
the immune system: current progress and future trends. BioMed research international 
2014: 520763. 

39. Boitano, A. E., J. Wang, R. Romeo, L. C. Bouchez, A. E. Parker, S. E. Sutton, J. 
R. Walker, C. A. Flaveny, G. H. Perdew, M. S. Denison, P. G. Schultz, and M. P. Cooke. 
2010. Aryl hydrocarbon receptor antagonists promote the expansion of human 
hematopoietic stem cells. Science (New York, N.Y.) 329: 1345-1348. 

40. Veldhoen, M., K. Hirota, A. M. Westendorf, J. Buer, L. Dumoutier, J. C. Renauld, 
and B. Stockinger. 2008. The aryl hydrocarbon receptor links TH17-cell-mediated 
autoimmunity to environmental toxins. Nature 453: 106-109. 



  175 

41. Veldhoen, M., K. Hirota, J. Christensen, A. O'Garra, and B. Stockinger. 2009. 
Natural agonists for aryl hydrocarbon receptor in culture medium are essential for optimal 
differentiation of Th17 T cells. The Journal of experimental medicine 206: 43-49. 

42. Quintana, F. J., A. S. Basso, A. H. Iglesias, T. Korn, M. F. Farez, E. Bettelli, M. 
Caccamo, M. Oukka, and H. L. Weiner. 2008. Control of T(reg) and T(H)17 cell 
differentiation by the aryl hydrocarbon receptor. Nature 453: 65-71. 

43. Phadnis-Moghe, A. S., W. Chen, J. Li, R. B. Crawford, A. Bach, S. D'Ingillo, N. 
Kovalova, J. E. Suarez-Martinez, B. L. Kaplan, J. A. Harrill, R. Budinsky, J. C. Rowlands, 
R. S. Thomas, and N. E. Kaminski. 2016. Immunological characterization of the aryl 
hydrocarbon receptor (AHR) knockout rat in the presence and absence of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD). Toxicology 368-369: 172-182. 

44. Fernandez-Salguero, P. M., J. M. Ward, J. P. Sundberg, and F. J. Gonzalez. 1997. 
Lesions of aryl-hydrocarbon receptor-deficient mice. Veterinary pathology 34: 605-614. 

45. Vorderstrasse, B. A., L. B. Steppan, A. E. Silverstone, and N. I. Kerkvliet. 2001. 
Aryl hydrocarbon receptor-deficient mice generate normal immune responses to model 
antigens and are resistant to TCDD-induced immune suppression. Toxicology and 
applied pharmacology 171: 157-164. 

46. Stockinger, B., P. Di Meglio, M. Gialitakis, and J. H. Duarte. 2014. The aryl 
hydrocarbon receptor: multitasking in the immune system. Annual review of immunology 
32: 403-432. 

47. Whitlock, J. P., Jr. 1990. Genetic and molecular aspects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin action. Annual review of pharmacology and toxicology 30: 
251-277. 

48. Perdew, G. H. 1988. Association of the Ah receptor with the 90-kDa heat shock 
protein. The Journal of biological chemistry 263: 13802-13805. 

49. Mimura, J., M. Ema, K. Sogawa, and Y. Fujii-Kuriyama. 1999. Identification of a 
novel mechanism of regulation of Ah (dioxin) receptor function. Genes & development 13: 
20-25. 

50. Reyes, H., S. Reisz-Porszasz, and O. Hankinson. 1992. Identification of the Ah 
receptor nuclear translocator protein (Arnt) as a component of the DNA binding form of 
the Ah receptor. Science (New York, N.Y.) 256: 1193-1195. 

51. Vos, J. G. 2007. Immune suppression as related to toxicology. Journal of 
immunotoxicology 4: 175-200. 



  176 

52. Greenlee, W. F., K. M. Dold, R. D. Irons, and R. Osborne. 1985. Evidence for direct 
action of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on thymic epithelium. Toxicology 
and applied pharmacology 79: 112-120. 

53. Kerkvliet, N. I., and J. A. Brauner. 1990. Flow cytometric analysis of lymphocyte 
subpopulations in the spleen and thymus of mice exposed to an acute 
immunosuppressive dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Environmental 
research 52: 146-154. 

54. Kerkvliet, N. I., D. M. Shepherd, and L. Baecher-Steppan. 2002. T lymphocytes 
are direct, aryl hydrocarbon receptor (AhR)-dependent targets of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD): AhR expression in both CD4+ and CD8+ T cells is 
necessary for full suppression of a cytotoxic T lymphocyte response by TCDD. Toxicology 
and applied pharmacology 185: 146-152. 

55. Vecchi, A., M. Sironi, M. A. Canegrati, M. Recchia, and S. Garattini. 1983. 
Immunosuppressive effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin in strains of mice with 
different susceptibility to induction of aryl hydrocarbon hydroxylase. Toxicology and 
applied pharmacology 68: 434-441. 

56. Dooley, R. K., and M. P. Holsapple. 1988. Elucidation of cellular targets 
responsible for tetrachlorodibenzo-p-dioxin (TCDD)-induced suppression of antibody 
responses: I. The role of the B lymphocyte. Immunopharmacology 16: 167-180. 

57. Tucker, A. N., S. J. Vore, and M. I. Luster. 1986. Suppression of B cell 
differentiation by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Molecular pharmacology 29: 372-
377. 

58. Morris, D. L., J. G. Karras, and M. P. Holsapple. 1993. Direct effects of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) on responses to lipopolysaccharide (LPS) by 
isolated murine B-cells. Immunopharmacology 26: 105-112. 

59. Sulentic, C. E., M. P. Holsapple, and N. E. Kaminski. 1998. Aryl hydrocarbon 
receptor-dependent suppression by 2,3,7, 8-tetrachlorodibenzo-p-dioxin of IgM secretion 
in activated B cells. Molecular pharmacology 53: 623-629. 

60. Vorderstrasse, B. A., and N. I. Kerkvliet. 2001. 2,3,7,8-Tetrachlorodibenzo-p-dioxin 
affects the number and function of murine splenic dendritic cells and their expression of 
accessory molecules. Toxicology and applied pharmacology 171: 117-125. 

61. Holsapple, M. P., J. A. McCay, and D. W. Barnes. 1986. Immunosuppression 
without liver induction by subchronic exposure to 2,7-dichlorodibenzo-p-dioxin in adult 
female B6C3F1 mice. Toxicology and applied pharmacology 83: 445-455. 



  177 

62. Kovalova, N., M. Manzan, R. Crawford, and N. Kaminski. 2016. Role of aryl 
hydrocarbon receptor polymorphisms on TCDD-mediated CYP1B1 induction and IgM 
suppression by human B cells. Toxicology and applied pharmacology 309: 15-23. 

63. Zhou, J., J. Henriquez, R. Crawford, and N. Kaminski. 2018. Suppression of the 
IgM Response by Aryl Hydrocarbon Receptor Activation in Human Primary B cells 
involves Impairment of Immunoglobulin Secretory Processes. Toxicological sciences : an 
official journal of the Society of Toxicology. 

64. Phadnis-Moghe, A. S., R. B. Crawford, and N. E. Kaminski. 2015. Suppression of 
human B cell activation by 2,3,7,8-tetrachlorodibenzo-p-dioxin involves altered regulation 
of B cell lymphoma-6. Toxicological sciences : an official journal of the Society of 
Toxicology 144: 39-50. 

65. Henriquez, J., J. Zhou, J. Li, R. Crawford, and N. Kaminski. 2017. Application of 
gene specific mRNA level determinations in individual cells using flow cytometry-based 
PrimeFlow in immunotoxicology. Toxicology and applied pharmacology 337: 39-44. 

66. Singh, K. P., R. W. Garrett, F. L. Casado, and T. A. Gasiewicz. 2011. Aryl 
hydrocarbon receptor-null allele mice have hematopoietic stem/progenitor cells with 
abnormal characteristics and functions. Stem Cells Dev 20: 769-784. 

67. Singh, K. P., F. L. Casado, L. A. Opanashuk, and T. A. Gasiewicz. 2009. The aryl 
hydrocarbon receptor has a normal function in the regulation of hematopoietic and other 
stem/progenitor cell populations. Biochemical pharmacology 77: 577-587. 

68. White, K. L., Jr., H. H. Lysy, J. A. McCay, and A. C. Anderson. 1986. Modulation 
of serum complement levels following exposure to polychlorinated dibenzo-p-dioxins. 
Toxicology and applied pharmacology 84: 209-219. 

69. Burleson, G. R., H. Lebrec, Y. G. Yang, J. D. Ibanes, K. N. Pennington, and L. S. 
Birnbaum. 1996. Effect of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on influenza virus 
host resistance in mice. Fundamental and applied toxicology : official journal of the 
Society of Toxicology 29: 40-47. 

70. Bankoti, J., A. Burnett, S. Navarro, A. K. Miller, B. Rase, and D. M. Shepherd. 
2010. Effects of TCDD on the fate of naive dendritic cells. Toxicological sciences : an 
official journal of the Society of Toxicology 115: 422-434. 

71. Simones, T., and D. M. Shepherd. 2011. Consequences of AhR activation in 
steady-state dendritic cells. Toxicological sciences : an official journal of the Society of 
Toxicology 119: 293-307. 



  178 

72. Birnbaum, L. S. 1994. The mechanism of dioxin toxicity: relationship to risk 
assessment. Environmental health perspectives 102 Suppl 9: 157-167. 

73. Nakanishi, Y., Y. Kurita, H. Kanegae, and N. Shigemathu. 1985. [Respiratory 
involvement and immune status in polychlorinated biphenyls and polychlorinated 
dibenzofurans poisoning]. Fukuoka igaku zasshi = Hukuoka acta medica 76: 196-203. 

74. Aylward, L. L., and S. M. Hays. 2002. Temporal trends in human TCDD body 
burden: decreases over three decades and implications for exposure levels. Journal of 
exposure analysis and environmental epidemiology 12: 319-328. 

75. Hites, R. A. 2011. Dioxins: an overview and history. Environ Sci Technol 45: 16-
20. 

76. Hooiveld, M., D. J. Heederik, M. Kogevinas, P. Boffetta, L. L. Needham, D. G. 
Patterson, Jr., and H. B. Bueno-de-Mesquita. 1998. Second follow-up of a Dutch cohort 
occupationally exposed to phenoxy herbicides, chlorophenols, and contaminants. 
American journal of epidemiology 147: 891-901. 

77. Hardell, L., and M. Eriksson. 1999. A case-control study of non-Hodgkin lymphoma 
and exposure to pesticides. Cancer 85: 1353-1360. 

78. Cheng, H., L. Aylward, C. Beall, T. B. Starr, R. C. Brunet, G. Carrier, and E. Delzell. 
2006. TCDD exposure-response analysis and risk assessment. Risk analysis : an official 
publication of the Society for Risk Analysis 26: 1059-1071. 

79. Flesch-Janys, D., K. Steindorf, P. Gurn, and H. Becher. 1998. Estimation of the 
cumulated exposure to polychlorinated dibenzo-p-dioxins/furans and standardized 
mortality ratio analysis of cancer mortality by dose in an occupationally exposed cohort. 
Environmental health perspectives 106 Suppl 2: 655-662. 

80. Zober, A., D. Schilling, M. G. Ott, P. Schauwecker, J. F. Riemann, and P. 
Messerer. 1998. Helicobacter pylori infection: prevalence and clinical relevance in a large 
company. Journal of occupational and environmental medicine 40: 586-594. 

81. Baccarelli, A., P. Mocarelli, D. G. Patterson, Jr., M. Bonzini, A. C. Pesatori, N. 
Caporaso, and M. T. Landi. 2002. Immunologic effects of dioxin: new results from Seveso 
and comparison with other studies. Environmental health perspectives 110: 1169-1173. 

82. Kim, J. S., H. S. Lim, S. I. Cho, H. K. Cheong, and M. K. Lim. 2003. Impact of 
Agent Orange exposure among Korean Vietnam veterans. Industrial health 41: 149-157. 



  179 

83. Viel, J. F., N. Floret, E. Deconinck, J. F. Focant, E. De Pauw, and J. Y. Cahn. 2011. 
Increased risk of non-Hodgkin lymphoma and serum organochlorine concentrations 
among neighbors of a municipal solid waste incinerator. Environment international 37: 
449-453. 

84. Weisglas-Kuperus, N., T. C. Sas, C. Koopman-Esseboom, C. W. van der Zwan, 
M. A. De Ridder, A. Beishuizen, H. Hooijkaas, and P. J. Sauer. 1995. Immunologic effects 
of background prenatal and postnatal exposure to dioxins and polychlorinated biphenyls 
in Dutch infants. Pediatric research 38: 404-410. 

85. Weisglas-Kuperus, N., S. Patandin, G. A. Berbers, T. C. Sas, P. G. Mulder, P. J. 
Sauer, and H. Hooijkaas. 2000. Immunologic effects of background exposure to 
polychlorinated biphenyls and dioxins in Dutch preschool children. Environmental health 
perspectives 108: 1203-1207. 

86. Boffetta, P., K. A. Mundt, H. O. Adami, P. Cole, and J. S. Mandel. 2011. TCDD 
and cancer: a critical review of epidemiologic studies. Critical reviews in toxicology 41: 
622-636. 

87. Zeise, L., F. Y. Bois, W. A. Chiu, D. Hattis, I. Rusyn, and K. Z. Guyton. 2013. 
Addressing human variability in next-generation human health risk assessments of 
environmental chemicals. Environmental health perspectives 121: 23-31. 

88. Harper, P. A., J. Wong, M. S. Lam, and A. B. Okey. 2002. Polymorphisms in the 
human AH receptor. Chemico-biological interactions 141: 161-187. 

89. Wong, J. M., A. B. Okey, and P. A. Harper. 2001. Human aryl hydrocarbon receptor 
polymorphisms that result in loss of CYP1A1 induction. Biochemical and biophysical 
research communications 288: 990-996. 

90. Nebert, D. W., T. P. Dalton, A. B. Okey, and F. J. Gonzalez. 2004. Role of aryl 
hydrocarbon receptor-mediated induction of the CYP1 enzymes in environmental toxicity 
and cancer. The Journal of biological chemistry 279: 23847-23850. 

91. Helmig, S., J. U. Seelinger, J. Dohrel, and J. Schneider. 2011. RNA expressions 
of AHR, ARNT and CYP1B1 are influenced by AHR Arg554Lys polymorphism. Molecular 
genetics and metabolism 104: 180-184. 

92. Bishop, G. A., and G. Haughton. 1986. Use of the CH lymphomas as models of 
murine B cell differentiation. Immunologic research 5: 263-270. 



  180 

93. Williams, C. E., R. B. Crawford, M. P. Holsapple, and N. E. Kaminski. 1996. 
Identification of functional aryl hydrocarbon receptor and aryl hydrocarbon receptor 
nuclear translocator in murine splenocytes. Biochemical pharmacology 52: 771-780. 

94. Crawford, R. B., M. P. Holsapple, and N. E. Kaminski. 1997. Leukocyte activation 
induces aryl hydrocarbon receptor up-regulation, DNA binding, and increased Cyp1a1 
expression in the absence of exogenous ligand. Molecular pharmacology 52: 921-927. 

95. Sulentic, C. E., W. Zhang, Y. J. Na, and N. E. Kaminski. 2004. 2,3,7,8-
tetrachlorodibenzo-p-dioxin, an exogenous modulator of the 3'alpha immunoglobulin 
heavy chain enhancer in the CH12.LX mouse cell line. The Journal of pharmacology and 
experimental therapeutics 309: 71-78. 

96. Sulentic, C. E., M. P. Holsapple, and N. E. Kaminski. 2000. Putative link between 
transcriptional regulation of IgM expression by 2,3,7,8-tetrachlorodibenzo-p-dioxin and 
the aryl hydrocarbon receptor/dioxin-responsive enhancer signaling pathway. The 
Journal of pharmacology and experimental therapeutics 295: 705-716. 

97. Suh, J., Y. J. Jeon, H. M. Kim, J. S. Kang, N. E. Kaminski, and K. H. Yang. 2002. 
Aryl hydrocarbon receptor-dependent inhibition of AP-1 activity by 2,3,7,8-
tetrachlorodibenzo-p-dioxin in activated B cells. Toxicology and applied pharmacology 
181: 116-123. 

98. Yoo, B. S., D. R. Boverhof, D. Shnaider, R. B. Crawford, T. R. Zacharewski, and 
N. E. Kaminski. 2004. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) alters the regulation 
of Pax5 in lipopolysaccharide-activated B cells. Toxicological sciences : an official journal 
of the Society of Toxicology 77: 272-279. 

99. Schneider, D., M. A. Manzan, B. S. Yoo, R. B. Crawford, and N. Kaminski. 2009. 
Involvement of Blimp-1 and AP-1 dysregulation in the 2,3,7,8-Tetrachlorodibenzo-p-
dioxin-mediated suppression of the IgM response by B cells. Toxicological sciences : an 
official journal of the Society of Toxicology 108: 377-388. 

100. North, C. M., B. S. Kim, N. Snyder, R. B. Crawford, M. P. Holsapple, and N. E. 
Kaminski. 2009. TCDD-mediated suppression of the in vitro anti-sheep erythrocyte IgM 
antibody forming cell response is reversed by interferon-gamma. Toxicological sciences 
: an official journal of the Society of Toxicology 107: 85-92. 

101. North, C. M., R. B. Crawford, H. Lu, and N. E. Kaminski. 2010. 2,3,7,8-
tetrachlorodibenzo-p-dioxin-mediated suppression of toll-like receptor stimulated B-
lymphocyte activation and initiation of plasmacytic differentiation. Toxicological sciences 
: an official journal of the Society of Toxicology 116: 99-112. 



  181 

102. Kramer, C. M., K. W. Johnson, R. K. Dooley, and M. P. Holsapple. 1987. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin (TCDD) enhances antibody production and protein kinase 
activity in murine B cells. Biochemical and biophysical research communications 145: 25-
33. 

103. Snyder, N. K., C. M. Kramer, R. K. Dooley, and M. P. Holsapple. 1993. 
Characterization of protein phosphorylation by 2,3,7,8-tetrachlorodibenzo-p-dioxin in 
murine lymphocytes: indirect evidence for a role in the suppression of humoral immunity. 
Drug and chemical toxicology 16: 135-163. 

104. Clark, G. C., J. A. Blank, D. R. Germolec, and M. I. Luster. 1991. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin stimulation of tyrosine phosphorylation in B lymphocytes: 
potential role in immunosuppression. Molecular pharmacology 39: 495-501. 

105. Dennis, G. J., J. Mizuguchi, V. McMillan, F. D. Finkelman, J. Ohara, and J. J. Mond. 
1987. Comparison of the calcium requirement for the induction and maintenance of B cell 
class II molecule expression and for B cell proliferation stimulated by mitogens and 
purified growth factors. Journal of immunology (Baltimore, Md. : 1950) 138: 4307-4312. 

106. Karras, J. G., and M. P. Holsapple. 1994. Mechanisms of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD)-induced disruption of B-lymphocyte signaling in the 
mouse: a current perspective. Experimental and clinical immunogenetics 11: 110-118. 

107. Karras, J. G., D. L. Morris, R. A. Matulka, C. M. Kramer, and M. P. Holsapple. 
1996. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) elevates basal B-cell intracellular 
calcium concentration and suppresses surface Ig- but not CD40-induced antibody 
secretion. Toxicology and applied pharmacology 137: 275-284. 

108. De Abrew, K. N., N. E. Kaminski, and R. S. Thomas. 2010. An integrated genomic 
analysis of aryl hydrocarbon receptor-mediated inhibition of B-cell differentiation. 
Toxicological sciences : an official journal of the Society of Toxicology 118: 454-469. 

109. Mestas, J., and C. C. Hughes. 2004. Of mice and not men: differences between 
mouse and human immunology. Journal of immunology (Baltimore, Md. : 1950) 172: 
2731-2738. 

110. Seok, J., H. S. Warren, A. G. Cuenca, M. N. Mindrinos, H. V. Baker, W. Xu, D. R. 
Richards, G. P. McDonald-Smith, H. Gao, L. Hennessy, C. C. Finnerty, C. M. Lopez, S. 
Honari, E. E. Moore, J. P. Minei, J. Cuschieri, P. E. Bankey, J. L. Johnson, J. Sperry, A. 
B. Nathens, T. R. Billiar, M. A. West, M. G. Jeschke, M. B. Klein, R. L. Gamelli, N. S. 
Gibran, B. H. Brownstein, C. Miller-Graziano, S. E. Calvano, P. H. Mason, J. P. Cobb, L. 
G. Rahme, S. F. Lowry, R. V. Maier, L. L. Moldawer, D. N. Herndon, R. W. Davis, W. 
Xiao, and R. G. Tompkins. 2013. Genomic responses in mouse models poorly mimic 



  182 

human inflammatory diseases. Proceedings of the National Academy of Sciences of the 
United States of America 110: 3507-3512. 

111. Selgrade, M. K. 1999. Use of immunotoxicity data in health risk assessments: 
uncertainties and research to improve the process. Toxicology 133: 59-72. 

112. Lorenzen, A., and A. B. Okey. 1991. Detection and characterization of Ah receptor 
in tissue and cells from human tonsils. Toxicology and applied pharmacology 107: 203-
214. 

113. Wood, S. C., J. G. Karras, and M. P. Holsapple. 1992. Integration of the human 
lymphocyte into immunotoxicological investigations. Fundamental and applied toxicology 
: official journal of the Society of Toxicology 18: 450-459. 

114. Wood, S. C., and M. P. Holsapple. 1993. Direct suppression of superantigen-
induced IgM secretion in human lymphocytes by 2,3,7,8-TCDD. Toxicology and applied 
pharmacology 122: 308-313. 

115. Wood, S. C., H. G. Jeong, D. L. Morris, and M. P. Holsapple. 1993. Direct effects 
of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on human tonsillar lymphocytes. 
Toxicology 81: 131-143. 

116. Masten, S. A., and K. T. Shiverick. 1995. The Ah receptor recognizes DNA binding 
sites for the B cell transcription factor, BSAP: a possible mechanism for dioxin-mediated 
alteration of CD19 gene expression in human B lymphocytes. Biochemical and 
biophysical research communications 212: 27-34. 

117. Lu, H., R. B. Crawford, C. M. North, B. L. Kaplan, and N. E. Kaminski. 2009. 
Establishment of an immunoglobulin m antibody-forming cell response model for 
characterizing immunotoxicity in primary human B cells. Toxicological sciences : an 
official journal of the Society of Toxicology 112: 363-373. 

118. Dornbos, P., R. B. Crawford, N. E. Kaminski, S. L. Hession, and J. J. LaPres. 2016. 
The Influence of Human Interindividual Variability on the Low-Dose Region of Dose-
Response Curve Induced by 2,3,7,8-Tetrachlorodibenzo-p-Dioxin in Primary B Cells. 
Toxicological sciences : an official journal of the Society of Toxicology 153: 352-360. 

119. Flaveny, C. A., I. A. Murray, and G. H. Perdew. 2010. Differential gene regulation 
by the human and mouse aryl hydrocarbon receptor. Toxicological sciences : an official 
journal of the Society of Toxicology 114: 217-225. 



  183 

120. Kovalova, N., R. Nault, R. Crawford, T. R. Zacharewski, and N. E. Kaminski. 2016. 
Comparative analysis of TCDD-induced AhR-mediated gene expression in human, 
mouse and rat primary B cells. Toxicology and applied pharmacology 316: 95-106. 

121. De Abrew, K. N., A. S. Phadnis, R. B. Crawford, N. E. Kaminski, and R. S. Thomas. 
2011. Regulation of Bach2 by the aryl hydrocarbon receptor as a mechanism for 
suppression of B-cell differentiation by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Toxicology 
and applied pharmacology 252: 150-158. 

122. Phadnis-Moghe, A. S., J. Li, R. B. Crawford, and N. E. Kaminski. 2016. SHP-1 is 
directly activated by the aryl hydrocarbon receptor and regulates BCL-6 in the presence 
of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Toxicology and applied pharmacology 
310: 41-50. 

123. Niiro, H., and E. A. Clark. 2002. Regulation of B-cell fate by antigen-receptor 
signals. Nature reviews. Immunology 2: 945-956. 

124. Xu, Y., K. W. Harder, N. D. Huntington, M. L. Hibbs, and D. M. Tarlinton. 2005. Lyn 
tyrosine kinase: accentuating the positive and the negative. Immunity 22: 9-18. 

125. Elgueta, R., M. J. Benson, V. C. de Vries, A. Wasiuk, Y. Guo, and R. J. Noelle. 
2009. Molecular mechanism and function of CD40/CD40L engagement in the immune 
system. Immunological reviews 229: 152-172. 

126. Kehry, M. R. 1996. CD40-mediated signaling in B cells. Balancing cell survival, 
growth, and death. Journal of immunology (Baltimore, Md. : 1950) 156: 2345-2348. 

127. Majolini, M. B., M. M. D'Elios, P. Galieni, M. Boncristiano, F. Lauria, G. Del Prete, 
J. L. Telford, and C. T. Baldari. 1998. Expression of the T-cell-specific tyrosine kinase Lck 
in normal B-1 cells and in chronic lymphocytic leukemia B cells. Blood 91: 3390-3396. 

128. Hardy, R. R. 2006. B-1 B cells: development, selection, natural autoantibody and 
leukemia. Current opinion in immunology 18: 547-555. 

129. Ghosn, E. E., P. Sadate-Ngatchou, Y. Yang, L. A. Herzenberg, and L. A. 
Herzenberg. 2011. Distinct progenitors for B-1 and B-2 cells are present in adult mouse 
spleen. Proceedings of the National Academy of Sciences of the United States of America 
108: 2879-2884. 

130. Barber, C. L., E. Montecino-Rodriguez, and K. Dorshkind. 2011. Reduced 
production of B-1-specified common lymphoid progenitors results in diminished potential 
of adult marrow to generate B-1 cells. Proceedings of the National Academy of Sciences 
of the United States of America 108: 13700-13704. 



  184 

131. Hayakawa, K., R. R. Hardy, L. A. Herzenberg, and L. A. Herzenberg. 1985. 
Progenitors for Ly-1 B cells are distinct from progenitors for other B cells. The Journal of 
experimental medicine 161: 1554-1568. 

132. Aziz, M., N. E. Holodick, T. L. Rothstein, and P. Wang. 2015. The role of B-1 cells 
in inflammation. Immunologic research 63: 153-166. 

133. McIntyre, T. M., K. L. Holmes, A. D. Steinberg, and D. L. Kastner. 1991. CD5+ 
peritoneal B cells express high levels of membrane, but not secretory, C mu mRNA. 
Journal of immunology (Baltimore, Md. : 1950) 146: 3639-3645. 

134. Tumang, J. R., R. Frances, S. G. Yeo, and T. L. Rothstein. 2005. Spontaneously 
Ig-secreting B-1 cells violate the accepted paradigm for expression of differentiation-
associated transcription factors. Journal of immunology (Baltimore, Md. : 1950) 174: 
3173-3177. 

135. Martin, F., A. M. Oliver, and J. F. Kearney. 2001. Marginal zone and B1 B cells 
unite in the early response against T-independent blood-borne particulate antigens. 
Immunity 14: 617-629. 

136. Baumgarth, N., O. C. Herman, G. C. Jager, L. E. Brown, L. A. Herzenberg, and J. 
Chen. 2000. B-1 and B-2 cell-derived immunoglobulin M antibodies are nonredundant 
components of the protective response to influenza virus infection. The Journal of 
experimental medicine 192: 271-280. 

137. Boes, M., A. P. Prodeus, T. Schmidt, M. C. Carroll, and J. Chen. 1998. A critical 
role of natural immunoglobulin M in immediate defense against systemic bacterial 
infection. The Journal of experimental medicine 188: 2381-2386. 

138. Haas, K. M., J. C. Poe, D. A. Steeber, and T. F. Tedder. 2005. B-1a and B-1b cells 
exhibit distinct developmental requirements and have unique functional roles in innate 
and adaptive immunity to S. pneumoniae. Immunity 23: 7-18. 

139. Jayasekera, J. P., E. A. Moseman, and M. C. Carroll. 2007. Natural antibody and 
complement mediate neutralization of influenza virus in the absence of prior immunity. 
Journal of virology 81: 3487-3494. 

140. Ochsenbein, A. F., T. Fehr, C. Lutz, M. Suter, F. Brombacher, H. Hengartner, and 
R. M. Zinkernagel. 1999. Control of early viral and bacterial distribution and disease by 
natural antibodies. Science (New York, N.Y.) 286: 2156-2159. 



  185 

141. Boes, M., C. Esau, M. B. Fischer, T. Schmidt, M. Carroll, and J. Chen. 1998. 
Enhanced B-1 cell development, but impaired IgG antibody responses in mice deficient 
in secreted IgM. Journal of immunology (Baltimore, Md. : 1950) 160: 4776-4787. 

142. Bell, S. E., and C. C. Goodnow. 1994. A selective defect in IgM antigen receptor 
synthesis and transport causes loss of cell surface IgM expression on tolerant B 
lymphocytes. The EMBO journal 13: 816-826. 

143. Dal Porto, J. M., K. Burke, and J. C. Cambier. 2004. Regulation of BCR signal 
transduction in B-1 cells requires the expression of the Src family kinase Lck. Immunity 
21: 443-453. 

144. Ulivieri, C., S. Valensin, M. B. Majolini, R. J. Matthews, and C. T. Baldari. 2003. 
Normal B-1 cell development but defective BCR signaling in Lck-/- mice. European journal 
of immunology 33: 441-445. 

145. Lee, J. H., J. Noh, G. Noh, W. S. Choi, and S. S. Lee. 2011. IL-10 is predominantly 
produced by CD19(low)CD5(+) regulatory B cell subpopulation: characterisation of CD19 
(high) and CD19(low) subpopulations of CD5(+) B cells. Yonsei medical journal 52: 851-
855. 

146. Wlasiuk, P., A. Niedzielski, K. Skorka, A. Karczmarczyk, J. Zaleska, M. Zajac, M. 
Putowski, E. Pac-Kozuchowska, and K. Giannopoulos. 2016. Accumulation of 
CD5(+)CD19(+) B lymphocytes expressing PD-1 and PD-1L in hypertrophied pharyngeal 
tonsils. Clinical and experimental medicine 16: 503-509. 

147. Sheppard, K. A., L. J. Fitz, J. M. Lee, C. Benander, J. A. George, J. Wooters, Y. 
Qiu, J. M. Jussif, L. L. Carter, C. R. Wood, and D. Chaudhary. 2004. PD-1 inhibits T-cell 
receptor induced phosphorylation of the ZAP70/CD3zeta signalosome and downstream 
signaling to PKCtheta. FEBS letters 574: 37-41. 

148. Latchman, Y., C. R. Wood, T. Chernova, D. Chaudhary, M. Borde, I. Chernova, Y. 
Iwai, A. J. Long, J. A. Brown, R. Nunes, E. A. Greenfield, K. Bourque, V. A. Boussiotis, L. 
L. Carter, B. M. Carreno, N. Malenkovich, H. Nishimura, T. Okazaki, T. Honjo, A. H. 
Sharpe, and G. J. Freeman. 2001. PD-L2 is a second ligand for PD-1 and inhibits T cell 
activation. Nat Immunol 2: 261-268. 

149. Haas, I. G., and M. Wabl. 1983. Immunoglobulin heavy chain binding protein. 
Nature 306: 387-389. 

150. Melnick, J., S. Aviel, and Y. Argon. 1992. The endoplasmic reticulum stress protein 
GRP94, in addition to BiP, associates with unassembled immunoglobulin chains. The 
Journal of biological chemistry 267: 21303-21306. 



  186 

151. Zheng, C., R. C. Page, V. Das, J. C. Nix, E. Wigren, S. Misra, and B. Zhang. 2013. 
Structural characterization of carbohydrate binding by LMAN1 protein provides new 
insight into the endoplasmic reticulum export of factors V (FV) and VIII (FVIII). The Journal 
of biological chemistry 288: 20499-20509. 

152. Skountzou, I., L. Satyabhama, A. Stavropoulou, Z. Ashraf, E. S. Esser, E. 
Vassilieva, D. Koutsonanos, R. Compans, and J. Jacob. 2014. Influenza virus-specific 
neutralizing IgM antibodies persist for a lifetime. Clinical and vaccine immunology : CVI 
21: 1481-1489. 

153. Choi, Y. S., J. A. Dieter, K. Rothaeusler, Z. Luo, and N. Baumgarth. 2012. B-1 cells 
in the bone marrow are a significant source of natural IgM. European journal of 
immunology 42: 120-129. 

154. Haury, M., A. Sundblad, A. Grandien, C. Barreau, A. Coutinho, and A. Nobrega. 
1997. The repertoire of serum IgM in normal mice is largely independent of external 
antigenic contact. Eur J Immunol 27: 1557-1563. 

155. Kearney, J. F., P. Patel, E. K. Stefanov, and R. G. King. 2015. Natural antibody 
repertoires: development and functional role in inhibiting allergic airway disease. Annual 
review of immunology 33: 475-504. 

156. Kantor, A. B., C. E. Merrill, L. A. Herzenberg, and J. L. Hillson. 1997. An unbiased 
analysis of V(H)-D-J(H) sequences from B-1a, B-1b, and conventional B cells. Journal of 
immunology (Baltimore, Md. : 1950) 158: 1175-1186. 

157. Shaw, P. X., S. Horkko, M. K. Chang, L. K. Curtiss, W. Palinski, G. J. Silverman, 
and J. L. Witztum. 2000. Natural antibodies with the T15 idiotype may act in 
atherosclerosis, apoptotic clearance, and protective immunity. The Journal of clinical 
investigation 105: 1731-1740. 

158. Chou, M. Y., L. Fogelstrand, K. Hartvigsen, L. F. Hansen, D. Woelkers, P. X. Shaw, 
J. Choi, T. Perkmann, F. Backhed, Y. I. Miller, S. Horkko, M. Corr, J. L. Witztum, and C. 
J. Binder. 2009. Oxidation-specific epitopes are dominant targets of innate natural 
antibodies in mice and humans. The Journal of clinical investigation 119: 1335-1349. 

159. Notley, C. A., M. A. Brown, G. P. Wright, and M. R. Ehrenstein. 2011. Natural IgM 
is required for suppression of inflammatory arthritis by apoptotic cells. Journal of 
immunology (Baltimore, Md. : 1950) 186: 4967-4972. 

160. Chen, Y., S. Khanna, C. S. Goodyear, Y. B. Park, E. Raz, S. Thiel, C. Gronwall, J. 
Vas, D. L. Boyle, M. Corr, D. H. Kono, and G. J. Silverman. 2009. Regulation of dendritic 
cells and macrophages by an anti-apoptotic cell natural antibody that suppresses TLR 



  187 

responses and inhibits inflammatory arthritis. Journal of immunology (Baltimore, Md. : 
1950) 183: 1346-1359. 

161. Stoehr, A. D., C. T. Schoen, M. M. Mertes, S. Eiglmeier, V. Holecska, A. K. Lorenz, 
T. Schommartz, A. L. Schoen, C. Hess, A. Winkler, H. Wardemann, and M. Ehlers. 2011. 
TLR9 in peritoneal B-1b cells is essential for production of protective self-reactive IgM to 
control Th17 cells and severe autoimmunity. Journal of immunology (Baltimore, Md. : 
1950) 187: 2953-2965. 

162. Roskoski, R., Jr. 2005. Src kinase regulation by phosphorylation and 
dephosphorylation. Biochem Biophys Res Commun 331: 1-14. 

163. Shi, X., Y. Bi, W. Yang, X. Guo, Y. Jiang, C. Wan, L. Li, Y. Bai, J. Guo, Y. Wang, 
X. Chen, B. Wu, H. Sun, W. Liu, J. Wang, and C. Xu. 2013. Ca2+ regulates T-cell receptor 
activation by modulating the charge property of lipids. Nature 493: 111-115. 

164. Efremov, D. G., S. Gobessi, and P. G. Longo. 2007. Signaling pathways activated 
by antigen-receptor engagement in chronic lymphocytic leukemia B-cells. Autoimmunity 
reviews 7: 102-108. 

165. Bunnell, S. C., D. I. Hong, J. R. Kardon, T. Yamazaki, C. J. McGlade, V. A. Barr, 
and L. E. Samelson. 2002. T cell receptor ligation induces the formation of dynamically 
regulated signaling assemblies. The Journal of cell biology 158: 1263-1275. 

166. Talab, F., J. C. Allen, V. Thompson, K. Lin, and J. R. Slupsky. 2013. LCK is an 
important mediator of B-cell receptor signaling in chronic lymphocytic leukemia cells. 
Molecular cancer research : MCR 11: 541-554. 

167. Till, K. J., J. C. Allen, F. Talab, K. Lin, D. Allsup, L. Cawkwell, A. Bentley, I. 
Ringshausen, A. D. Duckworth, A. R. Pettitt, N. Kalakonda, and J. R. Slupsky. 2017. Lck 
is a relevant target in chronic lymphocytic leukaemia cells whose expression variance is 
unrelated to disease outcome. Scientific reports 7: 16784. 

168. Haro, M. A., C. A. Littrell, Z. Yin, X. Huang, and K. M. Haas. 2016. PD-1 
Suppresses Development of Humoral Responses That Protect against Tn-Bearing 
Tumors. Cancer immunology research 4: 1027-1037. 

169. Dong, Y., Q. Sun, and X. Zhang. 2017. PD-1 and its ligands are important immune 
checkpoints in cancer. Oncotarget 8: 2171-2186. 

170. Panjwani, P. K., V. Charu, M. DeLisser, H. Molina-Kirsch, Y. Natkunam, and S. 
Zhao. 2018. Programmed death-1 ligands PD-L1 and PD-L2 show distinctive and 
restricted patterns of expression in lymphoma subtypes. Human pathology 71: 91-99. 



  188 

171. Zhou, F. 2009. Molecular mechanisms of IFN-gamma to up-regulate MHC class I 
antigen processing and presentation. International reviews of immunology 28: 239-260. 

172. Arase, H., N. Arase, and T. Saito. 1996. Interferon gamma production by natural 
killer (NK) cells and NK1.1+ T cells upon NKR-P1 cross-linking. The Journal of 
experimental medicine 183: 2391-2396. 

173. Halminen, M., P. Klemetti, O. Vaarala, M. Hurme, and J. Ilonen. 1997. Interferon-
gamma production in antigen specific T cell response: quantitation of specific mRNA and 
secreted protein. Scandinavian journal of immunology 46: 388-392. 

174. Ghanekar, S. A., L. E. Nomura, M. A. Suni, L. J. Picker, H. T. Maecker, and V. C. 
Maino. 2001. Gamma interferon expression in CD8(+) T cells is a marker for circulating 
cytotoxic T lymphocytes that recognize an HLA A2-restricted epitope of human 
cytomegalovirus phosphoprotein pp65. Clinical and diagnostic laboratory immunology 8: 
628-631. 

175. Kortylewski, M., W. Komyod, M. E. Kauffmann, A. Bosserhoff, P. C. Heinrich, and 
I. Behrmann. 2004. Interferon-gamma-mediated growth regulation of melanoma cells: 
involvement of STAT1-dependent and STAT1-independent signals. The Journal of 
investigative dermatology 122: 414-422. 

176. Novelli, F., F. Di Pierro, P. Francia di Celle, S. Bertini, P. Affaticati, G. Garotta, and 
G. Forni. 1994. Environmental signals influencing expression of the IFN-gamma receptor 
on human T cells control whether IFN-gamma promotes proliferation or apoptosis. 
Journal of immunology (Baltimore, Md. : 1950) 152: 496-504. 

177. Horvath, C. M. 2004. The Jak-STAT pathway stimulated by interferon gamma. 
Science's STKE : signal transduction knowledge environment 2004: tr8. 

178. Bach, E. A., M. Aguet, and R. D. Schreiber. 1997. The IFN gamma receptor: a 
paradigm for cytokine receptor signaling. Annual review of immunology 15: 563-591. 

179. Delgado, M., and D. Ganea. 2000. Inhibition of IFN-gamma-induced janus kinase-
1-STAT1 activation in macrophages by vasoactive intestinal peptide and pituitary 
adenylate cyclase-activating polypeptide. Journal of immunology (Baltimore, Md. : 1950) 
165: 3051-3057. 

180. Podolsky, M. A., A. C. Solomos, L. C. Durso, S. M. Evans, G. F. Rall, and R. W. 
Rose. 2012. Extended JAK activation and delayed STAT1 dephosphorylation contribute 
to the distinct signaling profile of CNS neurons exposed to interferon-gamma. Journal of 
neuroimmunology 251: 33-38. 



  189 

181. Schneider, D., M. A. Manzan, R. B. Crawford, W. Chen, and N. E. Kaminski. 2008. 
2,3,7,8-Tetrachlorodibenzo-p-dioxin-mediated impairment of B cell differentiation 
involves dysregulation of paired box 5 (Pax5) isoform, Pax5a. The Journal of 
pharmacology and experimental therapeutics 326: 463-474. 

182. Kirk, S. J., J. M. Cliff, J. A. Thomas, and T. H. Ward. 2010. Biogenesis of secretory 
organelles during B cell differentiation. Journal of leukocyte biology 87: 245-255. 

183. Tangye, S. G., A. Ferguson, D. T. Avery, C. S. Ma, and P. D. Hodgkin. 2002. 
Isotype switching by human B cells is division-associated and regulated by cytokines. 
Journal of immunology (Baltimore, Md. : 1950) 169: 4298-4306. 

184. Malisan, F., F. Briere, J. M. Bridon, N. Harindranath, F. C. Mills, E. E. Max, J. 
Banchereau, and H. Martinez-Valdez. 1996. Interleukin-10 induces immunoglobulin G 
isotype switch recombination in human CD40-activated naive B lymphocytes. The Journal 
of experimental medicine 183: 937-947. 

185. Hui, E., and R. D. Vale. 2014. In vitro membrane reconstitution of the T-cell 
receptor proximal signaling network. Nature structural & molecular biology 21: 133-142. 

186. Di Bartolo, V., D. Mege, V. Germain, M. Pelosi, E. Dufour, F. Michel, G. Magistrelli, 
A. Isacchi, and O. Acuto. 1999. Tyrosine 319, a newly identified phosphorylation site of 
ZAP-70, plays a critical role in T cell antigen receptor signaling. The Journal of biological 
chemistry 274: 6285-6294. 

187. Wang, H., T. A. Kadlecek, B. B. Au-Yeung, H. E. Goodfellow, L. Y. Hsu, T. S. 
Freedman, and A. Weiss. 2010. ZAP-70: an essential kinase in T-cell signaling. Cold 
Spring Harbor perspectives in biology 2: a002279. 

188. Zhou, J., Q. Zhang, J. E. Henriquez, R. B. Crawford, and N. E. Kaminski. 2018. 
Lymphocyte-specific protein tyrosine kinase (LCK) is involved in the aryl hydrocarbon 
receptor (AHR)-mediated impairment of immunoglobulin secretion in human primary B 
cells. Toxicological sciences : an official journal of the Society of Toxicology. 

189. Menk, A. V., N. E. Scharping, R. S. Moreci, X. Zeng, C. Guy, S. Salvatore, H. Bae, 
J. Xie, H. A. Young, S. G. Wendell, and G. M. Delgoffe. 2018. Early TCR Signaling 
Induces Rapid Aerobic Glycolysis Enabling Distinct Acute T Cell Effector Functions. Cell 
reports 22: 1509-1521. 

190. Brownlie, R. J., and R. Zamoyska. 2013. T cell receptor signalling networks: 
branched, diversified and bounded. Nature reviews. Immunology 13: 257-269. 



  190 

191. Arasanz, H., M. Gato-Canas, M. Zuazo, M. Ibanez-Vea, K. Breckpot, G. Kochan, 
and D. Escors. 2017. PD1 signal transduction pathways in T cells. Oncotarget 8: 51936-
51945. 

192. Garcia-Diaz, A., D. S. Shin, B. H. Moreno, J. Saco, H. Escuin-Ordinas, G. A. 
Rodriguez, J. M. Zaretsky, L. Sun, W. Hugo, X. Wang, G. Parisi, C. P. Saus, D. Y. 
Torrejon, T. G. Graeber, B. Comin-Anduix, S. Hu-Lieskovan, R. Damoiseaux, R. S. Lo, 
and A. Ribas. 2017. Interferon Receptor Signaling Pathways Regulating PD-L1 and PD-
L2 Expression. Cell reports 19: 1189-1201. 

193. Mimura, K., J. L. Teh, H. Okayama, K. Shiraishi, L. F. Kua, V. Koh, D. T. Smoot, 
H. Ashktorab, T. Oike, Y. Suzuki, Z. Fazreen, B. R. Asuncion, A. Shabbir, W. P. Yong, J. 
So, R. Soong, and K. Kono. 2018. PD-L1 expression is mainly regulated by interferon 
gamma associated with JAK-STAT pathway in gastric cancer. Cancer science 109: 43-
53. 

194. Travis, C. C., and H. A. Hattemer-Frey. 1987. Human exposure to 2, 3, 7, 8-TCDD. 
Chemosphere 16: 2331-2342. 

195. Gonzalez, F. J., and P. Fernandez-Salguero. 1998. The aryl hydrocarbon receptor: 
studies using the AHR-null mice. Drug metabolism and disposition: the biological fate of 
chemicals 26: 1194-1198. 

196. North, C. M., R. B. Crawford, H. Lu, and N. E. Kaminski. 2009. Simultaneous in 
vivo time course and dose response evaluation for TCDD-induced impairment of the LPS-
stimulated primary IgM response. Toxicological sciences : an official journal of the Society 
of Toxicology 112: 123-132. 

197. Anelli, T., S. Ceppi, L. Bergamelli, M. Cortini, S. Masciarelli, C. Valetti, and R. Sitia. 
2007. Sequential steps and checkpoints in the early exocytic compartment during 
secretory IgM biogenesis. The EMBO journal 26: 4177-4188. 

198. Anelli, T., and E. van Anken. 2013. Missing links in antibody assembly control. 
International journal of cell biology 2013: 606703. 

199. Martins, G., and K. Calame. 2008. Regulation and functions of Blimp-1 in T and B 
lymphocytes. Annual review of immunology 26: 133-169. 

200. Koga, Y., N. Kimura, J. Minowada, and T. W. Mak. 1988. Expression of the human 
T-cell-specific tyrosine kinase YT16 (lck) message in leukemic T-cell lines. Cancer 
research 48: 856-859. 



  191 

201. van Oers, N. S., B. Lowin-Kropf, D. Finlay, K. Connolly, and A. Weiss. 1996. alpha 
beta T cell development is abolished in mice lacking both Lck and Fyn protein tyrosine 
kinases. Immunity 5: 429-436. 

202. Welte, T., D. Leitenberg, B. N. Dittel, B. K. al-Ramadi, B. Xie, Y. E. Chin, C. A. 
Janeway, Jr., A. L. Bothwell, K. Bottomly, and X. Y. Fu. 1999. STAT5 interaction with the 
T cell receptor complex and stimulation of T cell proliferation. Science (New York, N.Y.) 
283: 222-225. 

203. Wang, L., T. Kurosaki, and S. J. Corey. 2007. Engagement of the B-cell antigen 
receptor activates STAT through Lyn in a Jak-independent pathway. Oncogene 26: 2851-
2859. 

204. Ren, C. L., T. Morio, S. M. Fu, and R. S. Geha. 1994. Signal transduction via CD40 
involves activation of lyn kinase and phosphatidylinositol-3-kinase, and phosphorylation 
of phospholipase C gamma 2. The Journal of experimental medicine 179: 673-680. 

205. Oykhman, P., M. Timm-McCann, R. F. Xiang, A. Islam, S. S. Li, D. Stack, S. M. 
Huston, L. L. Ma, and C. H. Mody. 2013. Requirement and redundancy of the Src family 
kinases Fyn and Lyn in perforin-dependent killing of Cryptococcus neoformans by NK 
cells. Infection and immunity 81: 3912-3922. 

206. Helou, Y. A., V. Nguyen, S. P. Beik, and A. R. Salomon. 2013. ERK positive 
feedback regulates a widespread network of tyrosine phosphorylation sites across 
canonical T cell signaling and actin cytoskeletal proteins in Jurkat T cells. PloS one 8: 
e69641. 

207. Lovatt, M., A. Filby, V. Parravicini, G. Werlen, E. Palmer, and R. Zamoyska. 2006. 
Lck regulates the threshold of activation in primary T cells, while both Lck and Fyn 
contribute to the magnitude of the extracellular signal-related kinase response. Molecular 
and cellular biology 26: 8655-8665. 

208. Lee, K. A., J. D. Lynd, S. O'Reilly, M. Kiupel, J. J. McCormick, and J. J. LaPres. 
2008. The biphasic role of the hypoxia-inducible factor prolyl-4-hydroxylase, PHD2, in 
modulating tumor-forming potential. Molecular cancer research : MCR 6: 829-842. 

209. Liang, C. J., Z. W. Wang, Y. W. Chang, K. C. Lee, W. H. Lin, and J. L. Lee. 2019. 
SFRPs Are Biphasic Modulators of Wnt-Signaling-Elicited Cancer Stem Cell Properties 
beyond Extracellular Control. Cell reports 28: 1511-1525.e1515. 

210. Li, J., H. B. Jie, Y. Lei, N. Gildener-Leapman, S. Trivedi, T. Green, L. P. Kane, and 
R. L. Ferris. 2015. PD-1/SHP-2 inhibits Tc1/Th1 phenotypic responses and the activation 
of T cells in the tumor microenvironment. Cancer research 75: 508-518. 



  192 

211. He, R., W. Ding, D. S. Viswanatha, D. Chen, M. Shi, D. Van Dyke, S. Tian, L. N. 
Dao, S. A. Parikh, T. D. Shanafelt, T. G. Call, S. M. Ansell, J. F. Leis, M. Mai, C. A. 
Hanson, and K. L. Rech. 2018. PD-1 Expression in Chronic Lymphocytic Leukemia/Small 
Lymphocytic Lymphoma (CLL/SLL) and Large B-cell Richter Transformation (DLBCL-
RT): A Characteristic Feature of DLBCL-RT and Potential Surrogate Marker for Clonal 
Relatedness. The American journal of surgical pathology 42: 843-854. 

212. Pritchard, N. R., and K. G. Smith. 2003. B cell inhibitory receptors and 
autoimmunity. Immunology 108: 263-273. 

213. Jin, U. H., S. O. Lee, G. Sridharan, K. Lee, L. A. Davidson, A. Jayaraman, R. S. 
Chapkin, R. Alaniz, and S. Safe. 2014. Microbiome-derived tryptophan metabolites and 
their aryl hydrocarbon receptor-dependent agonist and antagonist activities. Molecular 
pharmacology 85: 777-788. 
 


