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Abstract 

Title of Dissertation:  

Monomeric IL-12p40 binds partner proteins to modulate immune cell function 

Allison N. Gerber, Doctor of Philosophy, 2021 

Dissertation Directed by: 

Nevil Singh, PhD, Assistant Professor 

Department of Microbiology and Immunology 

University of Maryland School of Medicine 

 

Cytokines are critical mediators used by immune cells to communicate as well as 

protect. The IL -12 family of cytokines are made up of a and b subunits typically 

assembled within one cell and secreted as a heterodimer. IL-12p40 is the shared ɓ-subunit 

for both IL-12 (paring with IL-12p35) and IL-23 (with IL-23p19). However, the IL-

12p40 monomer is often secreted in excess during infections, but its biological role was 

not known. In this thesis we investigated the function of secreted IL-12p40 monomer in 

vivo with the central hypothesis that the monomer combines with multiple Ŭ-subunits in 

vivo to generate IL-12 as well as other heterodimeric cytokines. Consistent with this 

hypothesis, in chimeric mice containing mixtures of cells that can only express either IL-

12p40 or IL-12p35, but not both together, we found that functionally active IL-12 was 

generated. This alternate two-cell pathway requires IL-12p40 from hematopoietic cells to 

extracellularly associate with IL-12p35 from radiation-resistant cells. The two-cell 

mechanism was sufficient to influence local T cell differentiation in sites distal to the 



 
 

initial infection and helped control systemic dissemination of a pathogen although not 

parasite burden at the site of infection. Broadly, this suggests that early secretion of IL-

12p40 monomers by sentinel cells at the infection site may help prepare distal host tissues 

for potential pathogen arrival. In addition to this role in generating IL-12 through two-cell 

assembly, we found that IL-12p40 has a novel partner protein, CD5L. This novel 

heterodimer was present in the serum of uninfected mice, with differences in the basal 

levels between B6 and Balb/c animals, with Balb/c having higher amounts of p40-CD5L. 

Functionally, we found that treatment with p40-CD5L leads to IL-4 and IL-10 production 

by T cells. Taken together, this thesis offers at least two major fundamental advances in 

cytokine biology ï one the concept of a two-cell assembled cytokine and second the 

identity of a novel TH2-promoting heterodimeric cytokine. The first has significance in 

immunotherapy and understanding immunity to tissue-specific modulation of immune 

responses. The second is expected to drive significant research on allergy, responses to 

parasites and immune deviation. 
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Chapter 1: Introduction  

1.1. A brief introduction to  the vertebrate immune system 

In this thesis, I examine how the cells of our immune system are regulated to deliver 

optimal protective immunity. There are two arms of the immune system ï known as the 

innate and the adaptive system. The innate system represents the bodyôs first line of 

defense against a pathogen and consists of relatively broadly targeted responses which 

can start quickly after an injury, infection, or tumor initiation. The innate immune system 

starts with anatomic and physiological barriers like the skin and gut lining. If these fail to 

keep the pathogen at bay, a diverse collection of cells is recruited. Cells of the innate 

immune system recognize pathogens through pattern recognition receptors (PRRs), 

expressed on the cell surface. PRRs can detect common pathogen associated molecular 

patterns (PAMPs) which numerous pathogens can share. PRRs can also recognize 

infection through the recognition of molecules released in response to host damage, 

known as damage associated molecular patterns (DAMPs).  Among the PRRs are several 

types of receptors with distinct localization to recognize both extracellular and 

intracellular PAMPs and DAMPs. Membrane bound PRRs, such as the Toll-like 

receptors (TLRs) and C-type lectin receptors (CLRs) recognize extracellular patterns. 

Intracellularly, NOD-like receptors (NLRs) and RIG-I-like receptors (RLRs) recognize 

threats in the cytoplasm. After recognition of pathogens, the cells of the innate immune 

system have a variety of specialized features to aid in pathogen removal. Some of these 

cells have a phagocytic function, including neutrophils, macrophages, and dendritic cells 

(DCs). Other cells respond with degranulation reactions which involves the discharge of 

cellular contents including histamines and enzymes that aid in the removal of pathogens. 
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These include neutrophils, mast cells, eosinophils, and basophils. Natural killer (NK) 

cells are also involved in the innate response and kill pathogens via the destruction of 

infected cells using specialized mechanisms to induce cell death. They are also an 

important part of the defense against tumors, especially when the tumor attempts to hide 

from the rest of the immune system [19, 20]. 

If an innate response is insufficient to clear a pathogen or tumor, the adaptive 

response is activated. While the innate response is a broadly specific, rapid response, the 

adaptive response is highly specific since it is directed to molecular features unique to 

each pathogen. The adaptive response takes longer time to develop after an infection or 

malignancy but is also unique in that it can form long lasting memory responses (Figure 

1.1). The adaptive immune system consists of two cell types ï T cells and B cells which 

carry out cell-mediated and antibody responses, respectively. There are two main types of 

T cells, differentiated by their function and identified by their cell surface markers. T 

cells which express CD8 on their cell surface are termed cytotoxic T cells. CD8+ T cells 

function by mediating killing of infected cells through perforin and granzyme activity. 

Conversely, T cells which express CD4 on their surface are termed ñhelperò T cells and 

will interact with many other cells either using cell surface molecules or produce 

cytokines, which then dictate the effector responses of the other cell types. 
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. 

 

 

Importantly for this thesis, the activation of the adaptive immune system is dependent 

on multiple layers of communication with the innate system. First, the molecular features 

from pathogens (antigen) that T cells are activated against (and in some cases the antigen 

that reaches B cells as well) must be displayed by innate cells we call Antigen Presenting 

Cells (APC). In addition to the phagocytic and degranulation roles of some innate cell 

types discussed above, several innate cells act as APCs. In the context of T cells (the cell 

type focused on in this thesis), DC are typically the APCs, but macrophages and B cells 

can also present. DCs arise from hematopoietic stem cells in the bone marrow and were 

initially thought to develop through the myeloid lineage; however, DCs can develop from 

lymphoid progenitors as well. There are multiple subsets of DCs with distinct immune 

Figure 1. 1. The vertebrate immune system involves two major arms Figure 1.1. The vertebrate immune system involves two major arms. The cells that make up the 

immune system fall into two major categories. Cells of the innate system respond very rapidly to a 

pathogen. The cells in the adaptive immune system (primarily T and B cells) take longer to be fully 

activated and kick into action. The latter also need to be informed about the pathogen by innate cells. 

The focus of this thesis is on the interface. We examine the specific mechanisms used by cells of the 

innate system (primarily dendritic cells) and other tissue components to communicate with T cells and 

influence their course of action. Figure under Creative Commons Attribution License from [14]. 
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functions. Plasmacytoid DCs (pDCs) are characterized by the production of type I 

interferon (IFN) in response to foreign nucleic acids, recognized via TLR7 and TLR9. 

Langerhans cells (LC) are a specialized subset of macrophages, which arise from 

embryonic precursors rather than the bone marrow. LC are localized to the skin and 

lining of the respiratory, digestive and urogenital tracts, and are responsible for 

surveillance and pathogen sensing. The DCs most associated with T cell activation are 

the conventional DCs (cDCs) and can be further divided into two subsets ï cDC1s and 

cDC2s. cDC1s express CXCR1 on their cell surface and are primarily responsible for the 

activation of CD8+ and TH1 CD4+ T cells. cDC1s are also unique in their expression of 

TLR3. Conversely, cDC2 are CD11b+ and primarily activate CD4+ T cells (Figure 1.2) 

[21, 22]. A second method of communication between the innate and adaptive system is 

mediated by specialized molecules called cytokines. Cytokines can be produced by either 

innate or adaptive cells and can have varying functions depending on the cell that 

produced them as well as the cell they are acting on. Cytokines can signal either pro- or 

anti-inflammatory signals between the cells of the immune system to dictate responses 

[23]. 

 

Figure 1. 2. Dendritic cells are important for initiation of T cell responses 

Figure 1.2. Dendritic cells are important for initiation of T cell responses. Of the innate immune cells, dendritic 

cells (DC) are the most critical for this thesis. They play an important role in the initiation of T cell responses as they 

bridge initial sites of infection with the sites of T cell activation. DCs are found in all tissue sites and come in various 

flavors. Each can play distinct roles in regulating immunity. Figure adapted from [12] under Creative Commons 

Attribution License (CC BY). 
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During the initial innate response, DCs will recognize pathogens through their PRRs 

and carry out their phagocytic functions for pathogen removal. Upon phagocytosis, 

pieces of the pathogen can be broken down into small peptides within the DC. These 

peptide fragments then get loaded onto specialized molecules called major 

histocompatibility complex (MHC) proteins. DCs express these MHC proteins loaded 

with peptide on their cell surfaces to present as antigens for recognition by the T cell 

receptor (TCR). This acts as the first signal to the T cell that a response is needed. 

However, this signal is not sufficient to induce a proper response from T cells. A second, 

costimulatory signal is needed to fully activate the T cell and initiate proliferation and 

response (Figure 1.3).  

 

 Figure 1. 3. T cell activation 

Figure 1.3. T Cell Activation. The DC (purple cell on left) provides three major signals to the T cell 

(blue cell on right) for its activation. Signal 1 is the antigen-specific signal which tells the T cell which 

specific pathogen is there. Signal 2 informs the T cell that there is a threat (that requires T cell 

activation) and signal 3 ï which is the major focus of this thesis ï instructs the T cell on what to do 

about this specific threat. Figure created using BioRender.com. 
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As there are many different types of pathogens, there are different T cell responses 

which mediate the clearance of each pathogen. CD4+ T cells are further divided into a 

growing number of helper subsets, each with a distinct cytokine profile and effector 

response. Each T helper (TH) subset is characterized by a master transcription factor 

which dictates its fate and the effector cytokine produced during the response. In 

response to intracellular pathogens such as viruses and bacteria, typically a TH1 response 

is generated. TH1 cells are characterized by the expression of T-bet and produce IFNɔ as 

their effector cytokine. The production of IFNɔ results in the activation of macrophages 

to aid in pathogen clearance. TH2 cells are important for response against extracellular 

parasites, including helminths and are characterized by the expression of GATA3 and the 

production of IL-4, IL-5 and IL-13. The production of IL-4 by TH2 cells results in B cell 

class switching from IgG1 production to IgE. IL-5 is involved in eosinophil recruitment 

and IL-13 contributes to smooth muscle contraction and epithelial cell mucus production. 

TH17 cells express RORɔt and produce IL-17A, IL-17F and IL-22 in response to 

extracellular bacteria and fungi. The production of IL-17 results in neutrophil 

recruitment. TH17 cells are heavily enriched at mucosal barriers and IL-22 signaling 

results in the production of antimicrobial peptides at these barriers. Additional TH subsets 

include TH9 and TH22, which produce IL-9 and IL-22, respectively (Figure 1.4) [24].  
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To differentiate into the proper effector response, T cells must get instructions. The 

instructions needed to differentiate properly are relayed to them by APC during activation 

in the lymph node. As discussed previously, T cells need two signals in order to be 

activated for response. To dictate which type of response requires a third signal ï 

cytokines produced by the DC. When a DC encounters a pathogen and recognizes it 

through its PRR, these receptors signal gene expression changes that result in the 

upregulation of cytokines needed to skew the T cell response into the proper effector 

Figure 1. 4. T Cell subsets differentiate based on Signal 3. 

Figure 1.4. T Cell Subsets differentiate based on Signal 3. Signal 3 (see Fig 1.3) is typically delivered by 

DCs (labelled APC for antigen-presenting cell, to indicate its ability to also present antigen which gives 

signal 1) to naïve T cells during activation. This signal is indicated on each of the arrows to the right of the 

naïve T cells and results in their differentiation to individual T cell flavors as a result of triggering individual 

STATs inducing appropriate lineage-specifying transcription factors. Figure under Creative Commons 

Attribution 3.0 from [13]. 
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state. This is the step of immune control that is studied in this thesis. Of the cytokines 

made by DC, the IL-12 family is very important. The namesake of this family ï IL-12, 

acts to direct T cells toward the TH1 cell fate (discussed above). A related member IL-23 

helps make T cells into TH17. These are of course, not the only cytokines involved. An 

unrelated cytokine IL-4 is canonically involved in inducing differentiation to TH2. 

(Figure 1.4). 

1.2. The IL -12 Family of Cytokines 

The IL-12 family currently consists of five members ï IL-12, IL-23, IL-27, IL-35 and 

IL -39 (Fig. 1.5), as well as a synthetic member, IL-Y [25]. These have a unique feature 

among them in that they are all heterodimeric cytokines formed by using different 

combinations of a limited number of proteins. Each combination consists of one ɓ-

subunit and one Ŭ-subunit. Available ɓ-subunits are either IL-12p40 or EBI3, which are 

paired with any of the following Ŭ-subunits ï IL-12p35, IL-23p19 or IL-27p28. IL-12 and 

IL -23 share IL-12p40 as their ɓ-subunit, with IL-12p40 binding IL-12p35 to form IL-12, 

or to IL-23p19 to form IL-23. IL-27, IL-35 and IL-39 all use EBI3 as their ɓ-subunit, 

binding to IL-27p28, IL-12p35 and IL-23p19, respectively (Figure 1.5). The synthetic IL-

Y is made of IL-12p40 linked to IL-27p28 [26].Typically, IL-12 and IL-23 have been 

thought to be proinflammatory cytokines while IL-27 and IL-35 have been considered 

immunoregulatory or inhibitory. Nevertheless, many of these cytokines have been shown 

to have both inflammatory and inhibitory roles depending on the context. 
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Despite the subunit sharing, each cytokine in the IL-12 family has been shown to 

have distinct roles in the immune system. As mentioned in section 1.1, IL-12 is 

responsible for skewing CD4+ T cells to a TH1 phenotype. In addition to promoting IFNɔ 

production by T cells, IL-12 has also been shown to induce IFNɔ from NK cells, CD8+ T 

cells and ILCs. IL-12 driven responses have been shown to be necessary in response to 

several different pathogens including M. tuberculosis [27], T. gondii [28], and of note for 

this thesis, L. major [29]. IL-12 is also heavily involved in the tumor response [30]. IL-23 

is responsible for driving IL-17 production from T cells, including ɔŭ T cells and ILCs. 

IL-23 driven IL-17 production is implicated in autoimmune disease including 

Experimental autoimmune encephalomyelitis (EAE), inflammatory bowel disease and 

psoriasis [31]. Despite being generally characterized as an anti-inflammatory cytokine, 

IL -27 was initially discovered as promoting IFNɔ production. IL-27 has also been shown 

to promote the production of IL-21. For its anti-inflammatory roles, IL-27 promotes IL-

10 production by Tregs [32]. Independent of IL-10 production, IL-27 is also involved in 

the suppression of TH17, TH2 and TH9 cells. IL -35 is an anti-inflammatory cytokine, 

Figure 1. 5. The IL-12 family of cytokines and their receptors 

Figure 1.5. The IL-12 family of cytokines and their receptors. This thesis focuses on one particular 

family of cytokines capable of delivering signal 3 to activated T cells. The IL-12 family members are 

heterodimeric cytokines (made up of two distinct subunits) and engage an assortment of receptors. Figure 

adapted from [15] under the Creative Commons Attribution License. 
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involved in the expansion of Tregs as well as the suppression of effector T cell 

proliferation and the inhibition of T cell differentiation to TH1 and TH17 subsets [33]. IL-

35 is also produced in the tumor microenvironment as a mechanism for immune evasion 

by the tumor [34]. As the newest member of the IL-12 family, the function of IL-39 has 

yet to be fully determined, though treatment has been shown to recruit neutrophils and 

production of IL-39 is associated with increased severity of systemic lupus erythematosus 

(SLE) [35, 36]. 

1.3. The protein subunits of the heterodimeric IL-12 cytokine family 

In this section, I will discuss the properties of each of the subunits available for the 

heterodimeric cytokines. These critical gene products can be assorted among each other, 

giving rise to different combinations. One interesting teleological point is that despite the 

necessity for both subunits to form each of these cytokines, each subunit is located on 

different chromosomes in both the human and the mouse. Further, as I discuss below, 

none of the subunits seem to have a separate and critical function by themselves. This 

suggests that they were selected for working together, but not necessarily for any one of 

the multiple cytokines alone. 

As mentioned in section 1.2, each cytokine is made up from the combination of a ɓ-

subunit (IL-12p40 or EBI3) and an Ŭ-subunit (IL-12p35, IL-23p19 or IL-27p28). 

Structurally, the ɓ-subunits are similar to the soluble IL-6 receptor, composed of two 

fibronectin type III domains and an N-terminal Ig domain, while the Ŭ-subunits are four-

helix bundles with an up-up-down-down topology, structurally similar to the IL-6 

cytokine (Figure 1.6). 

Figure 1. 6. The p40 subunit of IL-12 is homologous to the receptor of IL-6. 
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Figure 1.6. The p40 subunit of IL-12 is homologous to the receptor of IL-6. (A) A computer 

rendering of the IL-6 cytokine (green) bound to the IL-6 receptor (brown). (B) The p40 subunit (brown) 

showing binding to the p35 subunit (green) of IL-12. 
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Figure 1.6. continued. (C) Amino acid sequences of the IL-6R and IL-12p40, highlighting conserved 

positions (D) IL-6R and (E) IL-12p40 conserved structural features. Figures obtained from [2, 3] under 

Copyright Clearance Center #1120540-1 and #1120542-1. 
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1.3.1 IL-12p40  

The IL-12p40 gene (Il12b) is located on chromosome 5 in humans and 

chromosome 11 in mice [37]. It contains 8 exons and 7 introns and encodes an mRNA 

transcript that is 2.3 kb in size [38, 39]  (Figure 1.7).  At the nucleotide level, the IL-

12p40 mouse and human mRNA are 70% identical, with an amino acid sequence 

similarity (Figure 1.10) of 79% [40].  

 

 

 

 

Figure 1. 7. The genomic organization of IL-12p40 

Figure 1.7. The genomic organization of IL-12p40. The genomic locus of human (A) and mouse (B) 

IL-12p40 genes are shown, highlighting exons that make up the transcript (gray, with dashed lines 

indicating intronic regions) and the exon sequences encoding the protein coding sequence (red). Figure 

made using SnapGene. 
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Figure 1. 8. Expression levels of IL-12p40 in different human tissues 

Figure 1.8. Expression levels of IL-12p40 in different human tissues. Figure created with data 

obtained in [1] and the ARCHS4 web resource. 

Relative Expression (FPKM) 
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The expression of Il12b has been shown to be restricted to lymphoid tissues and 

antigen presenting cells, mainly macrophages and dendritic cells [41]. More recent 

analysis with RNAseq has shown widespread expression in tissues, primarily since DCs 

are present in most tissue isolates (Figure 1.8). The production of Il12b is highly 

regulated, with several transcriptional regulatory elements present in the promoter region 

(Figure 1.9) including a TATA box and binding sites for AP1, AP3, GATA and PU.1 

[38]. Many transcription factors have been identified binding to these and additional sites 

within the Il12b promoter region. Two sites have been identified as critical for the 

production of IL-12p40 ï an NFəB half-site (80% identity to consensus NFəB site) and 

an ets site [42, 43]. The ets site is located -292 to -196 relative to the transcriptional start 

site and binds a complex of proteins induced by LPS and IFNɔ, termed the F1 complex. 

This complex includes Ets-2, IRF-1, c-Rel and other Ets-related factors [43, 44]. In B 

cells, the F1 complex contains IRF-2 instead of IRF-1 and is thus termed F1a [42]. The 

NFəB half-site is located -131 to -121 prior to the transcriptional start site. NFəB 

complexes of p50-cRel direct the transcriptional activation of Il12b through this site. 

Immediately upstream of the NFəB site, there is a consensus PU.1 sequence which 

contributes to Il12b transcription but is not a critical site for upregulation in response to 

LPS and IFNɔ [45]. Importantly, one of the mechanisms involved in the regulation of IL-

12 production is feedback by IFNɔ. IFNɔ can regulate Il12b production in a positive or 

negative feedback manner, depending on timing. Early IFNɔ after LPS stimulation results 

in a strong positive feedback loop which requires the NFəB binding site [45, 46]. The 

IFNɔ upregulation of Il12b also requires the transcription factor IRF1, as Salkowski et al. 

found that IRF1-/- macrophages were unable to augment Il12b transcription in response 
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to IFNɔ [47]. Prolonged IFNɔ signaling led to a downregulation in Il12b [46]. The 

negative feedback regulation by IFNɔ may be through the transcription factor C/EBPɓ as 

macrophages deficient in C/EBPɓ had increased expression of Il12b in response to LPS 

and IFNɔ [48]. Il12b transcription can also be negatively regulated via calcium influx and 

the MEK/Erk pathway in response to LPS and IFNɔ [49]. Upregulation of Il12b by 

dendritic cells and macrophages can also occur in response to T cell interactions through 

CD40-CD40L interactions [50]. Polymorphisms in the IL-12p40 gene could imply a role 

in a number of autoimmune diseases, including diabetes [51], rheumatoid arthritis [52], 

and psoriasis [53]. SNPs have also been associated with an increased risk for different 

cancers, including glioma, esophogeal and breast cancer [54-56]. 
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Initial translation of IL-12p40 mRNA results in a 328-amino acid propeptide, 

containing a signal peptide which spans the first 22 amino acids [39]. Once within the 

ER, the propeptide is processed which results in the removal of the signal peptide by 

signal peptidase. A key step in the folding of mature IL-12p40 is the formation of 

intrachain disulfide bonds. As such, the cysteine residues on each molecule are important. 

A key difference in the mouse and human forms is also in these cysteine residues, where 

the mouse has 14 and humans have 11, with the three that are not conserved located near 

Figure 1.9. The expression of IL-12p40 is controlled by multiple signals and transcription factors. 

A summary of the evolving picture of how tissue-specific expression of IL-12p40 is controlled. 

Typically, the presence of pathogens or injury, stimulates PRRs (TLR4, TlR9 & TLR2) which signal 

via the NFəB pathway to initiate IL-12 transcription. In addition, IFNɔ (the effector cytokine typically 

induced by IL-12) help to amplify (and in some cases induce) the expression of IL-12 via STAT 

signaling. Over the years, additional regulators (e.g. IL-4, which negatively regulates expression ï red 

line) or signaling modalities (e.g. role of JNK) have been described. These are not yet fully understood, 

especially in vivo. Figure from [17] under the Creative Commons Attribution License. 

Figure 1. 9. The expression of IL-12p40 is controlled by multiple signals and transcription factors. 
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the C terminus (Figure 1.10) [40]. Despite mouse IL-12p40 containing more cysteine 

residues, human IL-12p40 contains more intrachain disulfide bonds, forming four 

compared to just one in the mouse.  In addition, IL-12p40 is subject to post translational 

modifications, which are also different between the mouse and human, with four 

glycosylation sites in the mature mouse protein and three on mature human IL-12p40 [39, 

40]. However, mature IL-12p40 can be secreted with or without glycosylation [57]. 

Initial cloning and transfection of the IL-12p40 cDNA into cos-1 cells found four 

different bands relating to the secreted IL-12p40 of 35, 37, 40 and 44 kDa under 

nonreducing conditions, indicating multiple glycosylation variants [39]. Studies by Carra 

et al. investigated the glycosylation of the IL-12p40 subunit. Non-reducing gels of IL-

12p40 monomer secreted by stimulated monocytes showed doublet bands at 39 kDa and 

36 kDa. These bands were extracted and resolved in 2D-PAGE, resulting in a minor band 

at 44 kDa and a major band and 41 kDa, related to the non-reducing bands of 39 and 36, 

respectively. Upon treatment with EndoF, the 44 kDa band shifted to 41 kDa and became 

more acidic, indicating a neutral glycosylation. NANAse treatment also altered the 44 

kDa band, causing a slight basic shift, indicating some sialic acid modification of the 

sugar residue [58]. Bohnacker et al. identified four potential glycosylation sites on IL-

12p40 at N125, N135, N222 and N303. Using point mutations of each potential 

asparagine residue with electrophoretic mobility shift assays, they were able to confirm 

N125, N222 and N303 as N-glycosylation sites in IL-12p40. Further, the glycosylation 

status of IL-12p40 had no effect on the ability to bind IL-12p35 or IL-23p19 to form IL-

12 and IL-23, nor on either cytokineôs ability to signal proper responses [59].  
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An appreciation of the synthesis of IL-12 and secretion in vivo is central to the 

scientific premise leading up to this thesis. Previous data from our lab (Figure 1.11) 

highlighted a discrepancy in the amounts of IL-12p40 and IL-12p75 secreted in vivo (this 

is further discussed in chapter 3). They also showed that IL-12p40 monomer obtained 

from IL-12p35KO mouse serum under non-reducing and reducing conditions had 

multiple IL-12p40 isoforms. Analysis using two-dimensional difference in gel 

electrophoresis coupled with mass spectrometry showed that serum IL-12p40 is made up 

of 9 different species, migrating between 40 and 66 kDa with pI ranging between 5.9 to 

7.2 [7]. The glycosylation status of IL-12p40 has not been shown to have an effect on its 

secretion or the formation and secretion of IL-12 or IL-23, as Bohnacker et al. showed 

via mutation of N125, N135, N222 and N303 residues [59]. Analysis of IL-12p40 

glycosylation as part of an F8 antibody-fusion protein revealed that alternate 

glycosylation profiles affected the tissue distribution of IL-12p40, with the non-

glycosylated protein failing to localize in the tumor milieu during challenge [60]. Thus, 

Figure 1. 10. Comparison of human and mouse IL-12p40. 

Figure 1.10. Comparison of human and mouse IL-12p40. The alignment of mouse IL-12p40 with the 

human protein, highlighting residues which are non-identical between the two species.  Alignment was 

done using NCBI Blastp. 
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different glycosylated forms of IL-12p40 protein may result in differential distribution 

but the exact role of the glycosylation variants is yet to be fully determined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 11. The secretion of IL-12p40 vs IL-12 in vivo 

Figure 1.11. The secretion of IL-12p40 vs IL-12 in vivo. A key finding leading to the central 

hypothesis of this thesis is our previous work showing the IL-12p40 monomer (open circles) is 

made far in excess of the heterodimeric IL-12 cytokine (solid circles) in vivo.  (A) Scheme of 

experiment : Mice were immunized with different doses of a TLR ligand (LPS)  and serum 

sampled at 4 hours for either protein (B) Levels of IL-12 p40 and IL-12p75. Note that the scale 

is necessary to display the high levels of IL-12p40. (C) The data for IL-12p75 alone from the 

same graph, plotted on a scale to show the increase in IL-12 levels. Figure adapted from [11] 

under Copyright Clearance Center #1120550-1. 
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IL -12p40 is structurally homologous to other class I cytokine receptors, consisting of 

three domains ï D1 is an N-terminal Ig domain, while D2 and D3 are fibronectin type III 

domains (Figure 1.12). As mentioned above, the intramolecular disulfide bonds differ 

between the mouse and human IL-12p40 structures. In both human and mouse, there is a 

disulfide bond formed between C50-C90 in D1. In the human D2 there are two bonds 

formed between C131-C142 and C170-C193. Human D3 contains an additional 

intramolecular disulfide bond between C300-C327. In both human and mouse D3 also 

contains the highly conserved WSXWS motif. [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 12. Structure of IL-12p40 

Figure 1.12. Structure of IL-12p40. The domains of IL-12 (D1, the Ig domain, and 

the Fibronectin type III domains D2 and D3 are shown). The N & C termini are 

marked. Figure obtained from the Protein Data Bank using [5]. Copyright Center 

Clearance #1120554-1. 
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In addition to its roles as a component of the heterodimeric cytokines discussed in 

section 1.2, IL-12p40 can also be secreted as a monomer or a disulfide linked homodimer 

(IL-12p80). Monomeric p40 is produced and secreted in response to a variety of stimuli. 

As discussed above, of importance for the basis of this thesis, monomeric IL-12p40 is 

also released in great excess over what is used to form either IL-12 or IL-23 [11, 41] 

(Figure 1.11). The IL-12p80 homodimer has been attributed to having a blocking effect 

on the activity of IL-12 as it binds to IL-12Rɓ1, with no resultant function [61]. 

However, of the IL-12p40 that is released separately from IL-12 and IL-23, only a small 

percentage is released as the homodimer, most is in monomeric form [41]. As it is in such 

excess, the role of the secreted monomer is of great interest. There have been conflicting 

reports on whether IL-12p40 monomer acts in a similar inhibitory manner to the 

homodimer. Treatment with recombinant IL-12p40 monomer was shown to ameliorate 

symptoms associated with experimental autoimmune encephalomyelitis (EAE), mediated 

by IL-12 and IL-23 [62]. Conversely, blocking IL-12p40 led to increased production of 

IFNɔ in prostate cancer cells, indicating an increase in IL-12 activity [63]. However, 

bioactivity measurements of IL-12 showed that a ratio of monomer:homodimer of 95:5 

had more active IL-12 than a 60:40 ratio with increased homodimer [64]. A true 

functional role of excess IL-12p40 monomer has yet to be elucidated and may be 

convoluted depending on context. 

1.3.2 IL-12p35 

The IL-12p35 gene (Il12a) is located on chromosome 3 in both mice and humans [37, 

38, 65]. The mouse nucleotide sequence is about 67% identical to human, with the amino 

acid sequence identity around 60%. All seven cysteine residues are conserved between 
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the mouse and human and the human protein has one more N-glycosylation site [40]. The 

gene consists of 7.1 kb and is made up of 7 exons and 6 introns [38] (Figure 1.13) 

 

 

 

 

 

Figure 1. 13. The IL-12p35 genetic locus. 

Figure 1.13. The IL -12p35 genetic locus. The genomic locus of human (A) and mouse (B) IL-12p35 

(also known as IL-12A or IL-12-alpha) genes are shown, highlighting exons that make up the transcript 

(gray, with dashed lines indicating intronic regions) and the exon sequences encoding the protein 

coding sequence (red). Figure made using SnapGene. 
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Figure 1. 14. Expression levels of IL-12p35 in different human tissues 

Figure 1.14. Expression levels of IL-12p35 in different human tissues. Figure created with data 

obtained in [1] and the ARCHS4 web resource. 

Relative Expression (FPKM) 
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Like Il12b, expression of Il12a is found in antigen presenting cells, which allows for 

the formation of IL-12; however, Il12a is also expressed throughout many more tissues 

and cell types including T and B cells for the formation of IL-35, keratinocytes and tumor 

cells [66, 67] (Figure 1.14). In response to microbial stimuli, upregulation of Il12a is 

dependent on the NFəB pathway. Grumont et al found that Il12a production was 

disrupted in c-Rel-/- CD11c+CD8+ DCs by 30 to 50-fold following stimulation with 

either S. aureus or CpG DNA. They further found that the Il12a upregulation was 

dependent on c-Rel and NFəB1 binding to a putative NFəB binding site 63 nucleotides 

upstream of the transcription start site [68]. In addition to this NFəB site, the human 

Il12a promoter also contains two critical Sp1-binding sites. These two sites are located 

within a single nucleosome which undergoes remodeling during the induction of Il12a 

expression [69]. Additionally, signaling through the p38 MAPkinase pathway is 

necessary for the induction of Il12a as treatment with the p38 inhibitor SB 203580 

decreased IL-12p35 mRNA three-fold but treatment with the Erk inhibitor PD 98059 had 

no effect on expression [49]. C/EBPɓ knockout macrophages have severely impaired 

production of IL-12p35, indicating that in contrast to Il12b, CEBPɓ promotes the 

expression of Il12a [48]. Like Il12b, Il12a production is also subject to feedback 

regulation. Accordingly, Liu et al found that following stimulation with LPS and IFNɔ, 

IRF1-/- macrophages are deficient in Il12a production. IRF1 was further shown to 

interact with the IRF element within the Il12a promoter at -235 to -243 in relation to the 

transcriptional start site. Unlike Il12b, the expression of Il12a is dependent on IRF1 even 

in the absence of IFNɔ stimulation [70]. However, in the presence of IFNɔ, IRF1 has 



26 
 

been shown to interact with TLR activated MyD88 in order to coordinate Il12a 

expression [71].  

Three different mRNA isoforms can be transcribed. Unlike IL-12p40, whose 

regulation is primarily at the level of transcription, IL-12p35 is also subject to post-

transcriptional regulation. IL-12p35 mRNA can be repressed by the microRNA-21 [72]. 

In unstimulated cells that express IL-12p35, the predominant isoforms have an additional 

upstream ATG which inhibits IL-12p35 translation [73]. The longest and dominant IL-

12p35 transcript encodes a 1.3 kb mRNA which translates into a 253-amino-acid 

propetide [39] (Figure 1.13). Like IL-12p40, IL-12p35 also contains a signal peptide 

spanning the first 22 amino acids. However, the IL-12p35 signal peptide is cleaved via a 

two-step process. Upon entry into the ER, the propeptide is glycosylated and then 

undergoes the first cleavage at a site within the hydrophobic region of the signal peptide, 

resulting in a transient 31 kDa preprotein [57]. This transient preprotein remains bound to 

the membrane as it traverses the secretory pathway [74]. While IL-12p35 is membrane 

associated in the ER, IL-12p40 binds and promotes trafficking to the Golgi [75]. In the 

absence of IL-12p40, IL-12p35 forms non-native disulfide bonds in the ER, resulting in 

IL -12p35 homodimers. IL-12p40 blocks the formation of these homodimer and promotes 

proper IL-12p35 folding [76]. The remaining IL-12p35 signal peptide is then removed by 

a second cleavage process in the Golgi, which is dependent on a second, glycosylation 

which is also further modified by the addition of sialic acid residues to continue through 

the secretory pathway [57]. Both glycosylations on IL-12p35 are N-linked, occurring at 

N73 and N107. Structurally, mature IL-12p35 forms a four-helix bundle, with two long 

loops connecting helices A-B and C-D, resulting in an up-up-down-down topology. 
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There are two intramolecular disulfide bonds, formed between C64-C196 and C85-C123, 

connecting the A-B loop to helix D and B, respectively.  The region between C85-C96 

form the disulfide bond loop, which makes many contacts with IL-12p40 to form IL-12, 

including C96 which directly forms the disulfide bond with C199 in IL-12p40 [5].  

1.3.3 IL-23p19 

IL -23p19 is located on chromosome 12 in humans and chromosome 10 in mice 

(Figure 1.15). The IL-23p19 gene (Il23a) is composed of 4 exons and 3 introns in the 

human and mouse. Il23a is expressed in lymphoid tissues, as well as in the testis. Cellular 

expression of Il23a is mainly restricted to monocytes and macrophages, with some 

expression in B and T cells and spermatocytes (Figure 1.15C). The upregulation of Il23a 

is dependent on several different pathways. Within the promoter are consensus binding 

sites for several transcription factors, including IRF3 and IRF7 binding sites located -734 

to -731 and -533 to -525, respectively, a SMAD-3 site at -584 to -581, an ATF-2  site -

571 to -568 relative to the transcriptional start, as well as several NFəB sites. Of these 

locations, deletions in the IRF3, SMAD-3, ATF-2 and NFəB sites led to significant 

reductions in Il23a expression in RAW264.7 cells [77]. ATF-2 upregulation of Il23a was 

found to be dependent on the ERK MAPkinase pathway, as the ERK inhibitor U0126 

decreased Il23a in response to TMEV infection of macrophages. Interestingly, inhibition 

of the p38 MAPkinase pathway led to an increase of Il23a expression, indicating 

activation of the p38 pathway may be a negative regulator of expression [78]. Analysis of 

the NFəB sites by EMSA determined that c-Rel bound to two sites at -95 and -600bp. 

Mutations of these sites completely abolished IL-23p19 promoter activity in response to 

multiple TLR stimulations [79]. 
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IL -23p19 translation results in a 189 or 196 amino acid polypeptide in human and 

mouse, respectively, resulting in mature proteins of 18.7 and 19.8 kDa. Similar to IL-

12p35, the first 21 amino acids make up a signal peptide, though IL-23p19 is not actively 

secreted. The human and mouse IL-23p19 are 70% identical with key residues conserved 

between the two, including 5 cysteine residues [80]. Unlike the other subunits discussed 

thus far, IL-23p19 is not subject to PTMs. Structurally, IL-23p19 is similar to IL-6 and 

IL -12p35. Despite sharing only 15% sequence similarity with IL-12p35, superimposition 

of the two molecules shows 107 out of 133 residues are overlapping within the structure. 

There are some key differences of note between the two molecules however. IL-23p19 is 

shorter than IL-12p35 by 27 residues resulting in helices A, C and D being truncated by 

two, one and two helical turns, respectively. IL-12p35 also contains an 11 amino acid 

disulfide bonded loop at the C terminal end of the A-B loop which forms multiple 

contacts with IL-12p40. This is missing in IL-12p19 [10]. 

 

 

Figure 1. 15. The genomic organization and expression profile of IL-23p19 

Figure 1.15 : The genomic organization and expression profile of IL-23p19. The genomic locus of 

human (A) and mouse (B) IL-23p19 (also known as IL-23A or IL-23-alpha) genes are shown, 

highlighting exons that make up the transcript (gray, with dashed lines indicating intronic regions) and 

the exon sequences encoding the protein coding sequence (red).  



29 
 

 

 

Figure 1.15. continued. (C) Expression levels of IL-23p19 in different tissues. (A-B) made using SnapGene. (C) 

created with data obtained in [1] and the ARCHS4 web resource. 

Relative Expression (FPKM) 
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1.3.4 EBI3 

The EBI3 gene (Ebi3) is located on chromosome 19 in humans and 17 in the mouse 

(Figure 1.16). Ebi3 was initially discovered in B cells in response to Epstein-Barr Virus 

(EBV) infection [81] but has also been found to be expressed in Tregs, activated DC and 

several tumor cells [82-84]. Ebi3 upregulation in DC is induced by engagement with 

TLR2, TLR4 and TLR9 in an MyD88 dependent manner as Ebi3 expression was reduced 

or abrogated in these knockouts [85]. The Ebi3 promoter contains several consensus 

binding sites. In the human Ebi3 promoter, there are two NFəB binding sites, one located 

from -99 to -84 relative to transcriptional start site which is not conserved in the mouse, 

and one located from -331 to -319 that is shared between the human and mouse [86]. 

NFəB p50 is necessary for Ebi3 expression in BMDCs, however B cells from p50 

knockout mice were unaffected, indicating other methods of regulation in B cells. There 

is also an Ets site at -77 relative to the transcriptional start site where PU.1 binds and 

synergizes upregulation activity with NFəB [81]. 

Translation of the EBI3 mRNA results in a 34 kDa protein that is 229 amino acids 

long (228 in the mouse), with the first 20 amino acids comprising a signal peptide. As 

with most other family member subunits discussed thus far, EBI3 is also subject to post 

translational modifications. There are two N-linked glycosylation sites on EBI3 that are 

conserved in the mouse and human at N55 and N105 and N54 and N104 in humans and 

mice, respectively. EBI3 shares both sequence and structural homology with the other IL-

12 family ɓ-subunit, IL-12p40. The amino acid sequences of EBI3 and IL-12p40 are 27% 

identical, conserving two pairs of cysteine residues at positions 35, 46, 79 and 89 as well 

as the WSXWS sequence [81]. Strucuturally, EBI3 is composed of two fibronectin type 
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III domains, lacking the N-terminal Ig domain that IL-12p40 contains [87].  Also like IL-

12p40, EBI3 can be secreted as a monomer in both human and mouse or it can bind to its 

partners IL-12p35 or IL-27p28 to form IL-35 or IL-27, respectively.  

 

 

 

 

 

 

 

Figure 1. 16. The genomic organization and expression profile of EBI3. 

Figure 1.16. The genomic organization and expression profile of EBI3. The genomic locus of 

human (A) and mouse (B) EBI3 genes are shown, highlighting exons that make up the transcript (gray, 

with dashed lines indicating intronic regions) and the exon sequences encoding the protein coding 

sequence (red). 



32 
 

 

 

 

 

Figure 1.16. continued. (C) Expression levels of EBI3 in different tissues. (A-B) made using SnapGene. 

(C) created with data obtained in [1] and the ARCHS4 web resource. 

Relative Expression (FPKM) 
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1.3.5 IL-27p28 

IL -27p28 is located on chromosome 16 in humans and chromosome 7 in mice (Figure 

1.17).  The IL-27p28 gene (Il27a) is expressed mainly by macrophages and DCs 

following an encounter with a pathogen. Il27a upregulation has been shown in response 

to several different TLR stimuli including TLR3, TLR4, and TLR7 [88, 89]. Downstream 

of TLR stimulation, expression of Il27a is controlled at the promoter region by several 

transcription factors. There is a consensus IRSE located -60 to -48 relative to the 

transcriptional start site which IRF3 is required to bind for the upregulation of Il27a in 

response to LPS [90]. IRF1 was also found to be involved in the upregulation in response 

to LPS while IRF9 was shown to be necessary for Il27a upregulation following stimulus 

with poly(I:C) [91]. Regulation of Il27a expression can also occur through the 

complement system, as C5a engagement with the C5aR on IL-27 producing macrophages 

suppressed Il27a following LPS treatment but not treatment with poly (I:C) [88]. 

Translation of IL-27p28 results in a 243 or 234 amino acid polypeptide in the human 

or mouse, respectively, with 73% sequence identity between the two. Human IL-27p28 is 

not N-glycosylated but has several O-glycosylation sites. Mouse IL-27p28, however, 

contains an N-glycosylation site at N85. In the loop region between helix C and D, IL-

27p28 contains a unique stretch of negatively charged amnio acids, made up of 13 

glutamic acid residues in the human and 14 negatively charged residues, most of which 

are also glutamic acid, interrupted by one lysine residue in the mouse [92]. A third key 

difference between the mouse and human IL-27p28 amino acid sequence is an additional 

cysteine residue at 158. In the mouse, this cysteine residue is involved in an 

intramolecular disulfide bond which induces structural change allowing IL-27p28 to be 
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secreted as a monomer. In the human, IL-27p28 is retained in the ER until EBI3 binds 

and it can continue along the secretory pathway [93]. 

There are implicated roles for IL-27p28 in several different autoimmune diseases in 

humans. Polymorphisms within Il27a have been shown to be associated with increased 

susceptibility to asthma, inflammatory bowel disease and rheumatoid arthritis [94-96]. 

 

 

 

 

 

 

Figure 1. 17. The genomic organization and expression profile of p28 

Figure 1.17. The genomic organization and expression profile of p28. The genomic locus of human 

(A) and mouse (B) p28 (also known as IL-27-alpha) genes are shown, highlighting exons that make up 

the transcript (gray, with dashed lines indicating intronic regions) and the exon sequences encoding the 

protein sequence (red).  
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Figure 1.17. continued. (C) Expression levels of p28 in different tissues (A-B) made using SnapGene. 

(C) created with data obtained in [1] and the ARCHS4 web resource. 

Relative Expression (FPKM) 
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1.4. Formation of the heterodimeric cytokines ï a key advance from this thesis                              

Our current understanding of IL-12 production (prior to work described in the lead up 

to this thesis) is that cells co-express IL-12p40 and IL-12p35 together in response to 

microbial pathogens. As mentioned in section 1.3.2, IL-12p35 is retained in the ER in a 

non-native form until IL-12p40 binds. IL-12p35 binds IL-12p40 through the IL-12p35 

AD helical face as well as the disulfide bond loop (Figure 1.18). These make contact 

against the IL-12p40 D2 loops 1 and 3 and D3 loops 5 and 6 (see Figure). The interchain 

disulfide bond forms between IL-12p40 C199 and IL-12p35 C96, though this is 

dispensable for proper secretion of IL-12. Rather, the critical contacts between IL-12p40 

and IL-12p35 are a group of charged residues on both molecules which facilitate binding. 

There are several positively charged residues on IL-12p35 that interact with a deep, 

hydrophobic binding pocket formed by loops 1, 3, 5 and 6 of IL-12p40. Some key 

contacts within this pocket include IL-12p35 R211 and R34 with IL-12p40 D312 and 

E203, respectively. If these side chains are mutated into other charged residues, IL-12 

binding and secretion can still occur at a reduced level but without the charge, binding 

and secretion does not occur [5]. 
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Similar to IL-12 formation, IL-12p40 D2 loops 1 and 3 and D3 loops 5 and 6 are 

involved in the interface with IL-23p19 (Figure 1.19). The intermolecular disulfide bond 

is formed between IL-12p40 C199, located at the top of the interface in D2 loop 3, and 

IL -23p19 C75 located on the A-B loop. 18 residues of IL-23p19 and 14 residues of IL-

12p40 are located in the interface between the two molecules, forming the same pocket 

around IL-12p40 D312 seen in IL-12. IL-23p19 R180 acts as the equivalent arginine 

residue to IL-12p35 R211. Despite these shared residues in the interactions between IL-

12p40 with IL-12p35 or IL-23p19, there are several key differences in how IL-12p40 

binds IL-23p19. The interactions surrounding R211 are almost entirely different 

compared to IL-12p35. Superimposition of the two structures shows that IL-23p19 is 

rotated toward the D2 domain of IL-12p40. Top-down superimposition shows that IL-

23p19 is also tilted toward IL-12p40 more than IL-12p35 is. This results in opposite close 

interactions between the two molecules, with the N-terminal domain of helix D and C-

Figure 1. 18. Assembly of IL-12p75 highlighting critical interactions between subunits 

Figure 1.18. Assembly of IL-12p75 highlighting critical interactions between subunits. (A) The 

docked model of IL-12p35 (pink) with IL-12p40 (blue) (B) and (C) Critical interactions in the docking 

site are highlighted and discussed in the text. Figure obtained from [5] under Copyright Clearance 

Center #1120554-1. 
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terminal domain of helix A of IL-23p19 interacting more closely with IL-12p40, whereas 

the C-terminal domain of helix D and the N-terminal domain of helix A on IL-12p35 

have the closer contacts. As mentioned in section 1.3.3, one of the key structural 

differences in IL-23p19 and IL-12p35 is the lack of the disulfide bonded loop at the C 

terminal end of the A-B loop. This loop interacts heavily with loops 3 and 5 of IL-12p40 

in their interactions [10]. 

 

 

IL -27 forms without a disulfide bond between IL-27p28 and EBI3 (Figure 1.20). The 

interface between the two subunits is composed of hydrophobic interactions. Key 

residues involved in the formation of IL-27 include W97 of IL-27p28. W97 contacts F97, 

L96, T209 and D210 on EBI3. Structurally, the arrangement of IL27p28 binding to EBI3 

is similar to that of other family members in that the fourth helix of IL-27p28 contributes 

to most of the interface with EBI3. However, the global arrangement of the subunits is 

slightly different from other members, with IL-27p28 being slightly rotated and shifted 

Figure 1. 19. Assembly of IL-23 highlighting critical interactions between subunits 

Figure 1.19. Assembly of IL-23 highlighting critical interactions between subunits. (A) The docked model of 

IL-12p19 (pink) with IL-12p40 (blue) Critical interactions in the docking site are highlighted (B) Rotated view of 

the ribbon model showing p19 docking. (C) Enlarged view showing docking interactions discussed in the text. 

Figure obtained from [10] under Copyright Clearance Center #5073220786607. 
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when compared to IL-12p35 and IL-23p19 binding to IL-12p40 to form IL-12 and IL-23, 

respectively [8, 97]. 

 

 

 

 

 

 

Figure 1. 20. Assembly of IL-27 highlighting critical interactions between subunits. 

Figure 1.20. Assembly of IL-27 highlighting critical interactions between subunits. (A) The docked 

model of p28 (green) with EBI3 (pink) Critical interactions in the docking site are highlighted (B) and 

(C) Enlarged view showing docking interactions discussed in the text. Figure obtained from [8]. 
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The assembly of the remaining family members, IL-35, IL-39 and IL-Y is not known 

in detail as discussed for the previous three. It is known, however, that IL-35 is formed 

without a disulfide bond between EBI3 and IL-12p35. Of particular note for IL-35, Jones 

et al mutated several sites on IL-12p35 that are involved in the interface with IL-12p40 

for the formation of IL-12 to determine if they were also involved in the formation of IL-

35. Mutation of R185 and Y189, which are necessary for IL-12 dimer formation, had no 

effect on the formation and secretion of IL-35, nor did mutation of non-essential residues 

on IL-12p35 which are in the IL-12 interface. Further studies investigating key residues 

on EBI3 based on IL-27 formation revealed similar results, indicating that IL-12p35 and 

EBI3 may associate with one another in a way that is dissimilar to the rest of the 

interactions between family members [98]. 

1.5. The IL -12 cytokine receptors 

Like the cytokines themselves, the receptors they signal through are also 

heterodimeric and share subunits (Figure 1.5). IL-12 and IL-23 signal through receptor 

complexes made up of IL-12Rɓ1 with IL-12Rɓ2 or IL-23R, respectively. The IL-27 

receptor complex is made up of WSX-1 and gp130. IL-35 and IL-39 receptor signaling 

are both intriguing among the family. IL-39, despite using EBI3 as its ɓ-subunit (paired 

with p19), signals through IL-12Rɓ1 and IL-23R [35]. IL-35 can signal through four 

different receptor combinations ï IL-12Rɓ2/ IL-12Rɓ2, IL-12Rɓ2/WSX-1, IL-

12Rɓ2/gp130 or gp130/gp130 [99]. 

Cytokine interactions with their receptors induces rapid tyrosine phosphorylation of 

the receptors, indicating tyrosine kinase activity for signal transduction (Figure 1.21). 

Most cytokines signal through a specific family of tyrosine kinases, the Janus kinases 
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(JAKs), of which there are four members ï JAK 1, JAK2, JAK3, and TYK2. Receptor 

binding results in recruitment of JAKs to the receptors and phosphorylation of JAK 

molecules, resulting in their activation. At that point the JAKs will phosphorylate 

tyrosine residues on the receptor. Phosphotyrosine residues on the receptors serve as 

docking sites for other signaling molecules, in this case, the signal transducer and 

activator of transcription (STAT) proteins. There are seven STAT proteins in mammals, 

STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6. STATs dock to 

phosphotyrosine residues on activated receptors via their SH2 domains. Upon binding to 

the receptor, the STATs get phosphorylated by the JAKs. Phosphorylation induces 

dimerization of the STAT molecules which are then able to translocate to the nucleus to 

induce transcription [100]. The IL-12 family of cytokines signals through this JAK-STAT 

pathway, using different combinations of JAKs and STATs to promote transcription of 

different genes. 

As stated previously, IL-12 signals through the heterodimeric receptor of IL-12Rɓ1 

and IL-12Rɓ2, expressed on both T and NK cells [101, 102]. IL-12Rɓ2 is not expressed 

in naµve T cells but gets upregulated following TCR stimulation and IFNɔ signaling [103, 

104]. To initiate signaling, IL-12p35 contacts IL-12Rɓ2 and IL-12p40 contacts the IL-

12Rɓ1 subunit [101, 105]. Signaling is mediated through IL-12Rɓ1 association and 

phosphorylation of TYK2, while IL-12Rɓ2 activates JAK2 [106]. IL-12Rɓ2 contains 

three tyrosine residues which allow for STAT4 docking when phosphorylated [107]. 

Subsequent tyrosine phosphorylation of the STAT4 proteins by the JAKs induces 

homodimerization. STAT4 homodimers are the primary signaling molecules for IL-12, 

though phosphorylation of STAT1, STAT3 and STAT5 also occurs [108, 109]. The 



42 
 

phosphorylated STAT4 homodimer translocates to the nucleus of the cell and promotes 

the transcription of the type one effector response molecules, namely T-bet and IFNɔ. 

IL-23 also uses IL-12Rɓ1; however, it is paired with IL-23R [110]. IL-23 interacts 

with its receptor in a manner similar to IL-12 [111]. The IL-23R subunit is expressed in 

both Ŭɓ and ɔŭ T cells [112]. For IL-23 signaling, IL-12Rɓ1 also phosphorylates and 

activates TYK2 and IL-23R is associated with JAK2 [110]. Unlike IL-12, IL-23 signaling 

results in the recruitment and phosphorylation of STAT3, leading to gene expression 

upregulation of Th17 associated genes, including IL-21, IL-17 and RORɔt [113, 114]. 

IL -27 signals through gp130 and IL-27RŬ (also known as WSX-1 or TCCR). IL-

27RŬ is similar in structure to IL-12Rɓ1, also lacking an Ig domain [115]. IL-27RŬ 

expression is found in naïve and memory B cells, IL-4 activated macrophages and 

effector and memory but not naïve T cells [116-118], while gp130 is expressed on most 

cell types [119]. For signal transduction following IL-27 binding, IL-27RŬ has two 

tyrosine residues that can be phosphorylated in humans (three tyrosine residues in mice) 

[115]. The intracellular portion of gp130 contains five tyrosine residues available for 

phosphorylation. Phosphorylation of both receptor subunits recruits JAK2 to IL-27RŬ 

and JAK1 to gp130. This induces the phosphorylation of STAT1 and STAT3 [120, 121]. 

IL -35 is unique among the family members as it can signal through at least four 

different receptor combinations. The primary receptor chains used by IL-35 are IL-12Rɓ2 

and gp130. When IL-35 signals through the heterodimeric combination of IL-12Rɓ2 and 

gp130, JAK2 and JAK1 are phosphorylated, respectively. STAT1 proteins are recruited 

and phosphorylated on gp130, while STAT4 is recruited to IL-12Rɓ2, resulting in a 

STAT1:STAT4 heterodimer that translocates to the nucleus to modify gene expression. 
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IL -35 can also signal via homodimers of either gp130 or IL-12Rɓ2, with the resulting 

signal transduction pathways only activating STAT1 or STAT4 homodimers, 

respectively. Signaling through the homodimeric receptors still results in T cell 

suppression, however the induction of iTregs requires signaling through the 

heterodimeric receptor [99]. On B cells, IL-35 can also signal through heterodimers of 

IL -27RŬ and IL-12Rɓ2, mediated by STAT1 and STAT3 [122]  
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Figure 1. 21. Summary of IL-12 family signaling 

Figure 1.21. Summary of IL -12 family signaling. An overview of key signaling molecules involved 

in sensing IL-12 family cytokines is shown. The specific receptor pairs recruit different Jak and Tyk 

proteins and activate distinct combinations of STATs. 
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1.6. Hypothesis and specific aims of this thesis 

Based on the data discussed at length in this introduction, the central hypothesis of 

this thesis is that Released IL-12p40 monomer acts a sentinel molecule, binding with 

different partner proteins from DCs as well as non-hematopoietic cells to regulate 

differentiation of T cell responses.  

We evaluated this hypothesis through the following aims: 

1.6.1. Specific aim 1: Evaluate the hypothesis that both IL-12 subunits are necessary for 

eliciting IFNɔ responses from T cells. We analyzed responses in IL-12 deficient 

animals in several different experimental models in order to establish infections in 

which IL-12 was necessary for future studies. These experiments and results are 

discussed in Chapter 3. 

1.6.2. Specific aim 2: Evaluate the hypothesis that assembly of IL-12 from two distinct 

sources results in functional cytokine. Using the experimental models set up in 

Chapter 3, we treated p40-/- animals with rp40 and used mixed bone marrow 

chimeras to show induction of IFNɔ from extracellular formed IL-12. These 

experiments are discussed in Chapter 4. 

1.6.3. Specific aim 3: Evaluate the cellular source and functional significance of two-

cell IL-12 in response to Leishmania. Following up on validating the hypothesis 

in specific aim 2, we further characterize the importance of the newly discovered 

pathway of IL-12 assembly in vivo. Using bone marrow chimeras set up with 

lethal or sub-lethal irradiation, we determine the cellular source of both IL-12p40 

and IL-12p35 for the formation of two-cell IL-12. We also investigated the 
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biological significance using clearance of a subcutaneous L. major infection. 

These data are discussed in Chapter 5. 

1.6.4. Specific aim 4: Evaluate the hypothesis that IL-12p40 when bound to CD5L 

identifies a new cytokine activity. Through a variety of molecular biology and 

immunological methods, we tested the presence of p40-CD5L in vivo in a variety 

of contexts as well as analyzed the function of p40-CD5L when treated on T cells. 

These experiments are discussed in Chapter 6. 

  



47 
 

Chapter 2: Materials and Methods 

Cell Culture 

Primary murine thymocytes and T cells were maintained in RPMI-1640 (Gibco) 

supplemented with 10% FCS (Gemini), 1% glutamine (Gibco), 1% antibiotic-antimycotic 

(Gibco), and 0.000014% ɓ-mercaptoethanol referred to as T cell media (TCM). 293X 

cells were obtained from ATCC and maintained in DMEM (Gibco) supplemented with 

10% FCS (Gemini), 2% glutamine (Gibco), 1% sodium pyruvate (Gibco), and 1% 

antibiotic/antimycotic (Gibco) referred to as complete DMEM (cDMEM).  

Parasites 

A stable transfected line of L. major promastigotes expressing a red fluorescent protein 

was generated as described previously [123]. Briefly, the DsRed gene was amplified by 

PCR using the pCMV-DsRed-Express plasmid (BD Biosciences/Clontech) as a template 

and cloned into the SpeI site of the pKSNEO Leishmania expression plasmid. 

Promastigotes were transfected with the resulting expression plasmid construct 

[pKSNEO-DsRed] and selected for growth in the presence of 50 ɛg/ml Geneticin (G418) 

(Sigma). The resulting parasites are referred to as L. major-RFP. L. major-RFP fluoresces 

brightly and grows and infects flies and mice normally. 

Mice 

Wild type mice were obtained from both the Jackson Laboratory (C57BL/6J and B6.SJL-

PtprcaPepcb/BoyJ) and Taconic Biosciences (B6NTac and B6.SJL-Ptprca/BoyAiTac). B6 

mice were bred for dual congenic expression using a dam or sire from opposing place of 

purchase to eliminate any strain drift between the two wild type strains. IL-12p40-/- 
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(B6.129S1-Il12btm1Jm/J) and IL-12p35-/- (B6.129S1-Il12atm1Jm/J) were sourced from the 

Jackson Laboratory. IL-12p40-/- mice were backcrossed to wild type mice (B6.SJL-

PtprcaPepcb/BoyJ) to generate CD45.1 congenic IL-12p40-/- mice. SMARTA TCR 

transgenic mice were obtained from Jackson Laboratories (B6.Cg-PtprcaPepcb 

Tg(TcrLCMV)1Aox/PpmJ).  For all experiments, both female and male mice between 4 

and 35 weeks of age were used. A summary of animal strains used and the abbreviations 

used to refer to them throughout this thesis are in Table 2.1. Animals were bred and 

maintained under specific pathogen free (SPF) conditions at the University of Maryland, 

Baltimore. Experiments were performed with animals at least four weeks of age for bone 

marrow isolation and six weeks of age for all other experiments and approved by the 

University of Maryland, Baltimore Institutional Animal Care and Use Committee. 

Table 2. 1. Mouse model genetic 

strain and designation 

 

 

 

Mouse Genetic Strain Description Abbreviation Used 

C57BL/6J Wild-type B6 animal B6 

B6.SJL-PtprcaPepcb/BoyJ Wild-type B6 animal B6 

B6NTac Wild-type B6 animal B6 

B6.SJL-Ptprca/BoyAiTac Wild-type B6 animal B6 

B6.129S1-Il12btm1Jm/J Animals with the p40 subunit of 

IL-12 knocked out 

IL-12p40-/- 

B6.129S1-Il12atm1Jm/J Animals with the p35 subunit of 

IL-12 knocked out 

IL-12p35-/- 

B6.Cg-PtprcaPepcb 

Tg(TcrLCMV)1Aox/PpmJ 

CD4+ TCR-tg specific for 

LCMV peptide 

SMARTA 

B6.129S2-Tcratm1Mom/J Animals lack expression of TCR 

alpha and beta chain which 

prevents T cell development  

TCRŬɓ-KO 

Table 2.1. Mouse model genetic strain and designation 
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Generation of bone marrow chimeras 

Femurs and tibias were taken from CD45.2+ IL-12p40-/-, CD45.1+ IL-12p40-/-, CD45.2+ 

IL -12p35-/- and CD45.1+CD45.2+ B6 mice. The bone marrow was flushed out with a 

syringe and passed through a 100µm nylon mesh to generate a single cell suspension in 

1X PBS supplemented with 5% FCS. Red blood cells were removed from suspension by 

Ficoll Paque Plus density gradient. Cells were washed twice and resuspended at 50 x 106 

cells/ml. Recipient IL-12p40-/- and IL-12p35-/- mice were irradiated with two doses of 

600 rad before 5 x106 bone marrow cells were transferred i.v. The mice rested for 6 

weeks for cellular reconstitution. 

Preparation of soluble Leishmania antigen 

Soluble Leishmania antigen (SLA) was prepared from late-log-phase promastigotes of L. 

major after several passages in liquid culture. Promastigotes were harvested and counted 

and adjusted to 2x108 promastigotes/mL. The promastigote suspension was washed three 

times in 5 mL sterile, cold phosphate-buffered saline (PBS). The suspension underwent 

five cycles of flash freezing in LN2 and thawing followed by a centrifugation at 8,000 x g 

for 20 minutes at 4°C. Supernatant containing SLA was collected and protein 

concentration was determined by BCA assay (Pierce). 

Leishmania infection of animals 

L. major-RFP promastigotes were grown at 25°C in medium 199 (Gibco) supplemented 

with 20% heat-inactivated FCS, 15 mM HEPES, 0.1 mM adenine (in 50 mM HEPES), 5 

ɛg/ml hemin (in 50% triethanolamine), and 0.6 ɛg/ml biotin (in 95% ethanol) (Leish 

media). Infective-stage promastigotes (metacyclics) were isolated from stationary 
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cultures using peanut lectin agglutinin. Mice were infected in the footpad dermis with 106 

metacyclic promastigotes in 20ɛl using a 27-gauge 1/2 needle. Infection was monitored 

every 3-4 days by caliper measurement of lesion swelling. To characterize infection site 

leukocytes, footpad dermal tissue was digested in 1mL 2.5 mg/mL Collagenase D 

solution in complete RPMI at 37°C for 2 hours and filtered through a 70µm filter. For in 

vitro re-stimulation, cells were incubated in T cell media alone or separately with 50µg 

SLA for 48 hours.   

Adoptive transfer and antigen challenge  

Lymph nodes were isolated from SMARTA TCR-tg and mechanically dissociated by 

mashing tissues through 70ɛM nylon mesh. Red blood cells were removed from 

suspension using Ficoll Paque Plus density gradient. Cell suspension was further enriched 

for CD4+ T cells using Dynabeads Negative Selection. 100,000 cells were transferred 

into recipient animals and 24 hours later were challenged with 25µg LCMV GP61-80 

peptide (Anaspec) and 5µg LPS or PBS as a control. Spleen tissue was isolated 5d post 

challenge and analyzed via flow cytometry for SMARTA cell numbers. Cells were set up 

for in vitro re-challenge in TCM alone or doses of LCMV GP61-80 peptide (1µg, 3µg, 

10µg), normalized to SMARTA cell numbers, and analyzed 48 hours later for cytokine 

production. 

Tissue preparation 

Single cell suspensions were prepared from the draining popliteal lymph node, non-

draining popliteal lymph node, and spleen by dissociation and passage through 40µm 

nylon mesh. Lymphocytes were isolated for characterization from the liver, lung and 
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footpad lesions through digestion in 1mL 2.5 mg/mL Collagenase D solution in T cell 

media at 37°C for 2 hours followed by crushing through a 40µm cell strainer. 

Intracellular stain and flow cytometry analysis 

Single cell suspensions from tissue preparation were re-stimulated with 100ng/ml PMA 

and 1µg/ml Ionomycin in T cell media for 2 hours at 37°C and treated with 10µg/ml 

Brefeldin A (eBioscience) for an additional 4 hours at 37°C. For staining, Fc receptor 

blocking was performed for 15 minutes at 4°C in 1X PBS supplemented with 2% FCS, 

0.01% azide, and 1% of each mouse, hamster and rat serums (Fc Block). Surface staining 

was performed for 30 minutes at 4°C in PBS supplemented with 2% FCS, 0.01% azide 

and 0.02% EDTA (FACS Buffer) using the antibodies listed. Cells were washed once 

with FACS buffer. Cells were fixed and permeabilized in BD Cytofix/Cytoperm solution 

for 20 minutes at 4°C, followed by an overnight incubation at 4°C in 1X eBioscience 

Fixation/Permeabilization Solution. Intracellular staining was performed using the 

antibodies described above in 1X eBioscience Permeabilization Buffer for 1 hour at 4°C. 

Stained cells were washed twice with 1X eBioscience Permeabilization Buffer followed 

by an additional two washes with FACS buffer. Cells were analyzed on the BD LSR-II 

cytometer and all data was analyzed using FlowJo (BD Biosciences). Antibodies used in 

these experiments are listed in Table 2.2.  

Table 2. 2. Antibodies used in flow 
cytometry experiments 

Antibody Fluorochrome Company Clone Concentration Catalog # 

7AAD -- Biolegend -- -- 420403 

B220 eFluor 450 eBioscience RA3-6B2 1:200 48-0452-82 

 PE BD Pharmingen RA3-6B2 1:200 553090 

CD4 BV605 Biolegend GK1.5 1:500 300555 

 eFluor 450 eBioscience GK1.5 1:200 48-0041-82 

 PacBlue Biolegend GK1.5 1:200 100427 

Table 2.2. Antibodies used in flow cytometry experiments 
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CD8Ŭ V500 BD Horizon 53-6.7 1:100 560776 

CD8ɓ BV650 Biolegend H35-17.2 1:500 740552 

 FITC eBioscience H35-17.2 1:200 11-0080-85 

CD11b PE-Cy7 Biolegend M1/70 1:200 100215 

CD11c eFluor 450 eBioscience N418 1:200 48-0114-80 

CD44 PE-Cy7 Biolegend IM7 1:200 560569 

 PerCP-Cy5.5 Biolegend IM7 1:200 103030 

 PE BD Pharmingen IM7 1:200 553134 

CD45.1 AF488 Biolegend A20 1:200 110718 

 FITC eBioscience A20 1:200 11-0453-82 

 AF700 BD Pharmingen A20 1:100 561235 

CD45.2 APC eBioscience 104 1:200 17-0454-82 

 PE-Cy5.5 Invitrogen 104 1:200 35-0454-82 

CD62L AF700 Biolegend MEL-14 1:100 104426 

 PE-Cy7 Biolegend MEL-14 1:200 104417 

GhostDye Red780 Tonbo -- 1:1000 13-0865-T100 

GhostDye Violet450 Tonbo -- 1:1000 13-0863-T100 

GhostDye Violet510 Tonbo -- 1:1000 13-0880-T100 

H-2Kb FITC eBioscience AF6-88.5.5.3 1:200 11-5958-82 

IFNɔ FITC BD Biosciences XMG1.2 1:100 554411 

 APC eBioscience XMG1.2 1:100 17-7311-82 

 PE eBioscience XMG1.2 1:100 12-7311-82 

IL-4 PE Biolegend 11B11 1:100 504104 

 AF488 BD Pharmingen 11B11 1:100 557728 

IL-10 PerCP-Cy5.5 Biolegend JES5-16E3 1:100 505028 

 PE-Cy7 Biolegend JES5-16E3 1:100 505025 

IL-17A APC Biolegend TC11-18H10.1 1:100 506916 

 Pacific Blue Biolegend TC11-18H10.1 1:100 506917 

LiveDead Near-IR Invitrogen -- 1:1000 L10119 

 Aqua Invitrogen -- 1:1000 L34963 

 Violet Invitrogen -- 1:1000 L34965 

MHCII  PE eBioscience M5/114.15.2 1:200 12-5321-82 

NK1.1 PE Biolegend PK136 1:200 108708 

NK1.1 eFluor 450 eBioscience PK136 1:200 48-5941-82 

RORɔt PE eBioscience B2D 1:100 12-6981-82 

 APC eBioscience B2D 1:100 17-6981-82 

T-bet BV421 Biolegend 4B10 1:100 644815 

 PE-Cy7 eBioscience 4B10 1:100 12-5825-82 

 AF657 BD Pharmingen 4B10 1:100 561264 

 PE BD Pharmingen 4B10 1:100 561265 

TCRɓ BV510 Biolegend H57-597 1:200 109233 

 CyChrome BD Pharmingen H57-597 1:200 553173 

 FITC eBioscience H57-597 1:200 11-5961-82 

 AF700 eBioscience H57-597 1:100 56-5961-82 

TCR-VŬ2 FITC BD Pharmingen B20.1 1:100 553288 

 eFluor 450 eBioscience B20.1 1:100 48-5812-82 

TCR-Vɓ8.3 PE BD Pharmingen 1B3.3 1:100 553664 

 

Table 2.2 continued 
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Parasite quantification by limiting dilution 

Parasite load was quantified through limiting dilution. Tissues were processed as 

described above and homogenate was plated in triplicate in serial 10-fold dilutions in 96 

well round bottom plates (Corning) containing Leish media. Plates were incubated at 

25°C for 10 days, at which point the number of viable parasites was determined 

microscopically. Total parasite burden was calculated from the highest dilution at which 

promastigotes could be detected. 

Cytokine production quantification 

Tissue samples were processed as described above and single cell suspensions were 

plated in triplicate in 96-well plates (Corning). Levels of IL-17A and IFNɔ in 

supernatants were assessed by sandwich enzyme-linked immunosorbent assay (ELISA) 

by using the Ready-SET-Go! systems (eBioscience). IL-12p40, IL-12p70, IL-2 and IL-4 

were measured using Quantikine ELISA systems (R&D Systems). 

Live parasite analysis by flow cytometry 

Animals were infected as described above and the infection allowed to proceed for 22 

days. At the endpoint, tissues were harvested and processed as described above in 

preparation for flow cytometry analysis. Once tissues were in single cell suspension, 

surface staining was done in 1X PBS at 25°C for 10 minutes, followed by propidium 

iodide (Sigma) staining at 10ug/mL in 1X PBS for 10 minutes at 25°C in the dark. Cells 

were analyzed on the BD LSR-II cytometer and all data was analyzed using FlowJo (BD 

Biosciences). Antibodies used for this experiment are listed in Table S1. 
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E.G7-OVA infection of animals 

E.G7-OVA T cell lymphoma cells (ATCC) were maintained and passaged in T cell 

media as described above. Cells harvested from culture were resuspended in 1X PBS at 2 

x 107 cells/mL. 50ɛL of cell suspension was injected i.d. into recipient mice. 

Digestion of tumor tissue for flow cytometry analysis 

Tumor mass was dissected from mice and placed in a dish with cold 1X PBS. The tumor 

was minced with scalpels and digested in 1mL 10X triple enzyme mix (100ɛg/mL 

Collagense IV (Sigma), 10mg/mL Hyaluronidase (Sigma), 2,000 U/mL DNase IV 

(Sigma), 8% HBSS in 1X PBS) with 9mL T cell media at 37°C for 45 minutes on a 

shaker. Digested tumor tissue was pushed through a 100ɛm cell strainer to produce a 

single cell suspension which was then processed as described in other methods above. 

Proliferation dye labeling 

T cells were labeled with 2ɛM Cell Trace Violet (CTV) in PBS supplemented with 0.5% 

FCS in a 37°C water bath for 12 minutes. The cells were then washed with neat FCS to 

quench the labeling reaction and resuspended in crushing buffer, 1X PBS or TCM 

dependent on assay. 

Transfection of 293X cells with p40-CD5L 

293X cells were cultured and maintained in DMEM prior to transfection. 24 hours before 

transfection, 293X cells were harvested via trypsin and plated in 10cm dishes at a density 

of 2 x 105 cells/mL. Prior to transfection, DMEM was removed from plated 293X cells 

and replaced with OptiMEM media (Gibco) and allowed to rest at 37°C. Transfection of 



55 
 

25ɛg of p40-CD5L plasmid was carried out using Lipofectamine 2000 (Thermo Fisher). 

Transfection efficiency was verified by GFP expression 24 hours later. 

P40-CD5L purification 

Supernatants from 293X cells transfected with p40-CD5L were collected and 

concentrated using Vivaspin 100 (MilliporeSigma) and centrifugation at 5000 rpm for 10 

minutes. Concentrated supernatants were dialyzed against column wash buffer (50 mM 

Tris, 150 mM NaCl, pH 8.0). Dialyzed supernatant was loaded onto anti-IL-12p40 

(C17.8) affinity columns. Purified p40-CD5L was eluted from the column in fractions 

using 50 mM glycine pH 2.2. 

Western blot  

Samples were combined with 2x Laemmli sample buffer (Bio-Rad), boiled for 10 min, 

and rested on ice for 3 minutes before loading onto NuPage 4-12% Bis-Tris 1.5 mm 

protein gel (Invitrogen) or hand-poured 10% polyacrylamide gels using the TGX 

FastCast Acrylamide kit (Bio-Rad). Additionally, SeeBlue Plus2 Prestained Standard 

(Invitrogen) was loaded as a size marker. Gels were transferred to 0.45 µm pore 

nitrocellulose membrane (Novex) using a TransBlot Turbo (Bio-Rad, 25 V for 20 min). 

Blots were blocked using 5% Blotto (SantaCruz) for 1 hour at room temperature. Blots 

were then incubated with biotinylated anti-IL-12p40 (C17.8; 1:1000) (Thermo Fisher) 

antibody overnight at 4°C. Following washing, blots were incubated with streptavidin-

HRP (1:2000) (Thermo Fisher) for 1 hour at room temperature. Blots were then incubated 

with SuperSignal West Pico PLUS chemiluminescent substrate (Thermo Scientific) and 

visualized with ChemiDoc MP Imaging System (Bio-Rad).  
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P40-CD5L immunization and generation of monoclonal antibodies 

Two IL-12p40-/- mice were immunized i.m. with 5ɛg purified p40-CD5L protein 

emulsified in equal volume of complete Freundôs adjuvant (Sigma). The mice were 

boosted every three weeks with p40-CD5L emulsified in incomplete Freundôs adjuvant 

(Sigma). All immunizations were done in a total volume of 200ɛl. Immunized mice were 

bled via submandibular veins to quantify antibody titers in the serum 6 weeks after initial 

immunization. Final boosts of p40-CD5L in 1X PBS were done i.p. and i.v. 4 and 2 days 

before the spleen retrieval, respectively. Splenocytes were harvested, washed and fused 

with Sp2/0 X63 myeloma cells using the ClonaCellÊ-HY Hybridoma kit. Following 

fusion, hybridoma cells were rested for 24 hours before being resuspended and plated in 

96 well plates with ClonaCellÊ-HY Liquid HAT hybridoma selection medium and 

allowed to propagate for 10 days at 5% CO2 at 37°C. After 10 days, supernatants from 

wells that contained colonies were screened for mAb production. 

Monoclonal antibody ELISA screening 

Hybridomas were screened using ELISA for activity against p40-CD5L, p40-35 or CD5L 

protein. 96 well Immulon 2HB plates (Thermo Fisher) were coated with 1ɛg/ml protein 

diluted in 50 mM carbonate coating buffer, pH 8.8 and incubated overnight at 4°C. Plates 

were blocked in 0.25% Ig free BS in 1X PBS for 1 hour at room temperature. After three 

washes with 0.05% Tween-20 (Biorad) in 1X PBS, supernatant from the hybridoma 

colonies was incubated on the plates, for 1 hour at room temperature. Following three 

more washes, plates were incubated with HRP-conjugated goat anti-mouse IgG (Bio-

Rad) diluted 1:2000 in 1X PBS for 1 hour at room temperature. The plates were then 

washed an additional three times before being developed with TMB substrate solution 
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(Thermo Fisher) for 15 minutes before the reaction was stopped with an equal volume of 

2M H2SO4. Absorbance at 450 nm was determined for each well using the Synergy HT 

plate reader and Gen5 software (BioTek). 

Purification of mAbs 

Supernatants were collected from hybridoma cultures and centrifuged at 10,000 x g for 

10 minutes to remove cells and debris. Resulting supernatants were then loaded onto 

packed Protein-G Sepharose columns and incubated for 10 minutes at room temperature 

before opening the flow valve. The column was washed with 20mM sodium phosphate 

pH 7.0 twice before elution with 100 mM glycine-HCl, pH 2.7. Elution fractions were 

collected into tubes containing 100ɛl of 1M Tris-HCl, pH 9.0 for neutralization. 

Detection of p40-CD5L via ELISA 

Serum or supernatant containing p40-CD5L were screened using the mAbs in an ELISA. 

96 well Immulon 2HB plates (Thermo Fisher) were coated with 1ɛg/ml purified L10B6, 

7E12 or anti-CD5L (Santa Cruz) diluted in 50 mM carbonate coating buffer, pH 8.8 and 

incubated overnight at 4°C. Plates were blocked in 0.25% Ig free BS in 1X PBS for 1 

hour at room temperature. After three washes with 0.05% Tween-20 (Biorad) in 1X PBS, 

cell culture supernatant or serum diluted in 1X PBS was incubated on the plates, for 1 

hour at room temperature. Following three more washes, plates were incubated with 

biotinylated anti-IL -12p40 (C17.8) (Thermo Fisher) diluted 1:1000 in 1X PBS for 1 hour 

at room temperature. Following an additional three washes, the plates were incubated 

with Streptavidin-HRP (Thermo Fisher) diluted 1:2000 in 1X PBS for 1 hour at room 

temperature. The plates were then washed an additional three times before being 
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developed with TMB substrate solution (Thermo Fisher) for 15 minutes before the 

reaction was stopped with an equal volume of 2M H2SO4. Absorbance at 450 nm was 

determined for each well using the Synergy HT plate reader and Gen5 software (BioTek). 

In vitro restimulation with cytokines 

Splenocytes harvested from adoptive transfer animals were analyzed via flow cytometry 

for the proportion of transferred SMARTA-tg T cells. Numbers of cells plated for 

restimulation were normalized to 105 SMARTA-tg T cells. T cells were restimulated in 

96 well round bottom plates (Corning) in 200ɛl of TCM with 5ɛg/ml of GP61-80 and either 

10ng/ml, 30ng/ml or 100ng/ml purified cytokine stimulations. The cells were incubated 

at 37°C for 48 hours before the supernatant was collected for ELISA analysis and the 

cells were harvested for flow cytometric analysis. 

Statistical analysis 

Statistical analysis of data was carried out via either unpaired studentôs T-test or one-way 

ANOVA, depending on the data set, using the GraphPad Prism software. Significance is 

indicated in figures as follows: p<0.05 = *; p<0.01 = **; p<0.001 = ***; p<0.0001 = 

****.  Anything not marked is considered not statistically significant, unless stated 

otherwise.  



59 
 

Chapter 3: IL -12 is important for IFNɔ production by T cells 

3.1. Introduction  

As mentioned in the introduction, IL-12 directs the skewing of CD4 T cells into TH1 

effector cells which are characterized by the expression of the transcription factor T-bet 

and the downstream production of IFNɔ. IFNɔ is an important effector cytokine in 

response to many different pathogens and plays a key role in the tumor response as well 

as autoimmune responses. IFNɔ acts on many cells of the immune system to mediate its 

effects (Figure 3.1). IFNɔ can act on APCs to enhance immune responses through the 

upregulation of key functions in antigen presenting pathways. For class I antigen 

presentation, IFNɔ is specifically involved in the upregulation of immunoproteasome 

subunits LMP2, MECL-1 and LMP7 [124, 125]. The upregulation of these subunits and 

assembly of the immunoproteasome allows for the increased amount and diversity of 

peptides produced to be presented on MHCI, thus enhancing CD8+ T cell recognition and 

function. IFNɔ is also involved in the upregulation of MHC I complex chains and the 

TAP protein which is responsible for the transport of peptide from the cytosol to the ER 

[126, 127]. In addition to the upregulation of the class I pathway, IFNɔ can also 

upregulate class II MHC molecules as well as proteases involved in the lysosomal 

processing of antigens for MHC II presentation [128, 129]. Thus, IFNɔ is able to increase 

CD8+ and CD4+ T cell responses by the upregulation of key features in the antigen 

presentation pathway. In addition to enhancing T cell responses, IFNɔ is also involved in 

the mediation of the immune response. As mentioned previously, IFNɔ produced by TH1 

cells is heavily involved in the anti-viral response. IFNɔ acts by preventing the synthesis 

of viral proteins through the induction and phosphorylation of PKR, a serine/threonine 
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kinase which inhibits eIF-2 in the translational machinery [130, 131]. IFNɔ is also largely 

involved in the promotion of survival signals and increased activity of macrophages. 

Macrophages activated by IFNɔ have enhanced phagocytosis capabilities as well as 

increased production of reactive oxygen species (ROS) and reactive nitrogen 

intermediates (RNI). Similarly, IFNɔ induces upregulation of microbicidal functions in 

neutrophils [132]. 

 

 

Figure 3. 1. Effects of IFNɹ on the cells of the immune system. 

Figure 3.1 Effects of IFNɔ on cells of the immune system. IFNɔ interacts with many different immune 

cell types in response to infection. IFNɔ is involved in the stimulation of pro-inflammatory functions by 

macrophages, upregulation of antigen processing machinery on dendritic cells and other APCs, resulting in 

enhanced T cell responses. IFNɔ also enhances T
H
1 polarization while inhibiting T

H
2 and T

H
17 as well as 

increased activity by CD8 T cells. Figure made using BioRender.com. 
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IL -12 upregulation of IFNɔ is mediated through the IL-12R signaling discussed in 

section 1.5. The phosphorylated STAT4 homodimers can influence the expression of 

IFNɔ either by directly binding to the promoter or indirectly by first upregulating the 

expression of the transcription factor T-bet which then binds to the promoter region of 

IFNɔ and upregulates expression (Figure 3.2). IL-12 can induce the expression of IFNɔ 

alone but frequently works in concert with other cytokines to enhance IFNɔ production. 

The most common of these synergistic cytokines is IL-18. Like IL-12, IL-18 can 

stimulate the production of IFNɔ alone, however IL-12 is necessary for the amplification 

of the IFNɔ response [133]. IL-18 and IL-12 induced IFNɔ has been shown in response to 

many pathogens, including numerous viral, bacterial and parasitic infections [134]. IL-12 

and IL-18 also have been shown to act in concert to produce IFNɔ during the tumor 

response [135]. In contrast to the IL-12 induction of IFNɔ, IL-18 upregulation utilizes 

different signaling pathways. IL-18 signaling through its receptor is mediated through the 

MyD88 dependent induction of both the MAPK and NFəB pathways (Figure 3.3). IL-18 

induced MAPK signaling enhances IFNɔ production by the binding of AP1 to the 

promoter as well as the stabilization of the IFNɔ mRNA [6, 136]. In addition to IL-18, 

IL -12 can synergize with IL-15 and IL-1ɓ to induce IFNɔ production. 
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Figure 3. 2. IL-12 upregulation of IFNɹ 

Figure 3.2 IL -12 upregulation of IFNɔ. IL-12 signals through the IL-12 receptor, leading to STAT4 

phosphorylation, dimerization and translocation to the nucleus. Phosphorylated STAT4 is able to induce 

IFNɔ through directly binding to the promoter and activating transcription or through the transcriptional 

upregulation of the T-bet transcription factor which then binds to the IFNɔ promoter to upregulate its 

expression. Figure made using BioRender.com.  
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Figure 3. 3. IL-12 and IL-18 synergistically upregulate IFNɹ 

Figure 3.3 IL-12 and IL-18 synergistically upregulate IFNɔ. IL -18 upregulates IFNɔ production 

through the MAPK and NFəB signaling pathways in addition to the STAT4 mediated upregulation by 

IL-12. (A) created using BioRender.com. (B) obtained from [6] under Creative Commons Attribution 

Licence (CC BY). 
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3.2. Chapter Summary 

In this chapter, we test the hypothesis that both IL-12 subunits are necessary for 

eliciting IFNɔ responses from T cells. We utilize animals with either the IL-12p40 or IL-

12p35 subunit knocked out (referred to as either p40-/- or p35-/- throughout this thesis) to 

demonstrate the effects of the loss of IL-12 signaling on IFNɔ production by both CD4 

and CD8 T cells. We utilize three different immunological stimuli to provide these data: 

an antigen specific T cell stimulation, a Leishmania infection and a tumor model. We 

validate that IL-12 is an important cytokine for the induction of IFNɔ as the lack of either 

IL-12p40 or IL-12p35 results in defective IFNɔ production by T cells in these models. 

The data established in this chapter sets up three models for use in Chapters 4 and 5 to 

evaluate the functionality of IL-12 formed by two distinct cells in the induction of an 

IFNɔ response. 

3.3. Results 

3.3.1.  IL-12 is required for the antigen specific induction of IFNɔ by T cells 

To first assess IL-12 requirements, we utilized the SMARTA-transgenic (SMARTA-

tg) T cell model. In this model, all T cells produced are specific to a known peptide ï 

LCMV GP61-80. T cells from SMARTA-tg mice were purified and transferred to either 

p40-/- or WT animals. Following transfer, the mice were challenged with GP61-80 + LPS. 

Four days following the challenge, the spleen and lymph nodes were harvested from the 

animals and restimulated in vitro to analyze cytokine production (Figure 3.4A). T cells 

from the spleens of p40-/- animals did not produce IFNɔ at measurable levels by ELISA 

either 24 or 48 hours after restimulation. As expected, T cells that were transferred into 

the WT animals began producing IFNɔ robustly within 24 hours of the restimulation, 



65 
 

which further increased at the 48-hour timepoint (Figure 3.4B). These data were 

recapitulated in the T cells that were harvested from the lymph nodes of p40-/- and WT 

animals (Figure 3.4C). These data demonstrate that in an antigen-specific stimulation, the 

absence of IL-12p40 results in impaired IFNɔ production by T cells. 

 

 

 

 

 

 

Figure 3. 4. IL-мн ŘŜŦƛŎƛŜƴǘ ŀƴƛƳŀƭǎ ƘŀǾŜ ŀ ŘŜŎǊŜŀǎŜŘ LCbʴ ǊŜǎǇƻƴǎŜ 

Figure 3.4 IL-12 deficient animals have a decreased IFNɔ response. (A) Experimental design: 

SMARTA-tg T cells from CD45.1
+
 donor animals were sorted and transferred into CD45.2

+
 IL -12p40-

/- or CD45.1
+
CD45.2

+
 WT recipient animals and challenged 24h later with GP

61-80 
and LPS. 4d after 

challenge, harvested cells from the spleen and lymph nodes were re-stimulated with GP
61-80 

in vitro for 

24 or 48h. Concentration of IFNɔ in the supernatant of (B) splenocyte or (C) lymph node SMARTA T 

cells transferred into p40-/- (open bars, blue gradient) or WT (open bars, gray gradient)  animals 24 or 

48h after re-stimulation (n=3).  



66 
 

 

3.3.2. IL-12 deficient animals have an improper response to Leishmania infection 

Next, we utilized a Leishmania major infection. Leishmania was extensively studied 

during the discovery of TH1 and TH2 and has been shown to need a TH1 response in order 

to clear the infection [137, 138]. This was demonstrated by the comparison of two mouse 

strains ï C57BL/6 (B6) and Balb/c, which preferentially mount TH1 and TH2 responses, 

respectively, when infected with Leishmania. These responses result in a lesion which 

clears over time in the B6 mice and a non-healing progressive lesion in the Balb/c [139]. 

This clearing is dependent on IL-12-induced IFNɔ, as such the p40-/- animals, despite 

being on a B6 background will have a disease progression similar to Balb/c animals with 

a non-healing lesion and increased IL-4 production [140]. 

We first validated the requirements for p40 and p35 in clearing L. major infections 

using the respective knockout models. L. major parasites were injected into the footpad 

of these animals and the infection was monitored for 28 days before cellular analysis for 

IFNɔ producing T cells by flow cytometry (Figure 3.5A). As has been previously 

demonstrated, the wildtype B6 (WT) animals saw increased swelling of the footpad 

which peaked between day 14 and 18, at which point it began to resolve, returning to near 

normal levels by the infection endpoint. Contrarily, both the p40-/- and p35-/- animals 

saw increased swelling through the duration of the infection (Figure 3.5B-C).  
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As IL-12p40 release is a common feature of many infections including Leishmania¸ 

through the duration of the infection, the serum levels of IL-12p40 and IL-12 were 

measured. As expected, the infected WT and p35-/- animals produced high levels of p40 

throughout the infection, maximizing near 2 ng/ml detectable in the serum of WT 

animals, however only the WT animals were able to produce IL-12 in response to 

Leishmania (Figure 3.6). Additionally, the tissue-specific production of IL-12p40 was 

measured following the infection endpoint. Cells from the draining lymph node (dLN), 

non-draining lymph node (ndLN) and spleen were incubated in vitro. In both the spleen 

Figure 3. 5. IL-12 deficient animals have a decreased response to Leishmania 

Figure 3.5 IL-12 deficient animals have a decreased response to Leishmania. (A) Experimental 

design.  IL-12p40-/- (open circles, blue), IL-12p35-/- (open squares, green) and WT (open triangles, 

black) mice were injected with 10
6
 L. major parasites in the footpad dermis. (B) Biweekly measurement 

of footpad thickness at the midline following visible lesion induction through the duration of L. major 

infection (n=3). (C) Footpad thickness at the midline 28d post L. major infection (unpaired t test, n=3). 
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and dLN, both the p35-/- and WT animals saw increased induction of p40, while p40 

induction by the ndLN was minimal at both 24 and 72 hours after incubation (Figure 3.7). 

 

 

 

 

 

 

Figure 3. 6. p40 and IL-12 release in response to Leishmania 

Figure 3. 7. Tissue IL-12p40 production following a Leishmania infection 

Figure 3.6 p40 and IL-12 release in response to Leishmania. IL -12p40-/- (open circles, blue), IL-

12p35-/- (open squares, green) and WT (open triangles, black) mice were injected with 106 L. major 

parasites in the footpad dermis. Infected animals were bled 4h and at d1, d2, d3, d4, d7, d14, and d21 

post L. major infection. Serum levels of (A) IL-12p40 and (B) IL-12 were measured by ELISA (n=3).  

Figure 3.7 Tissue IL-12p40 production following a Leishmania infection. IL -12p40-/- (blue), IL-

12p35-/- (green) and WT (black) mice were injected with 10
6
 L. major parasites in the footpad dermis. 

Cells from the spleen, draining lymph node (dLN) and non-draining lymph node (ndLN) were harvested 

28 days after L. major infection and incubated in vitro. Concentration of p40 in supernatants by tissues 

after (A) 24 and (B) 72 hours. (unpaired t test, n=3) 
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To further analyze the T cell responses in response to Leishmania, intracellular 

staining for IFNɔ and flow cytometric analysis was conducted. In order to analyze the T 

cells specifically, the cells from the spleen, dLN and ndLN were first gated on total 

lymphocytes based on their forward and side scatter profiles. Live T cells were separated 

after by gating on TCRɓ+ cells that were negative for LiveDead staining. Live T cells 

were further separated by CD4+ or CD8+ T cells and then analyzed for the expression of 

CD44 and IFNɔ (Figure 3.8). Using this strategy, we found that CD4+ T cells from p40-/- 

and p35-/- animals were deficient in producing IFNɔ, with percentages of CD44hi IFNɔ+ 

cells being 0.37%(±0.06) and 0.23%(±0.03), respectively, while 5.6%(±0.76) cells in the 

WT animals were IFNɔ producing (Figure 3.9A-B). The trends in the proportion of IFNɔ 

producing cells was recapitulated in the number of IFNɔ cells seen in these animals, with 

numbers being minimal in the p35-/- and p40-/- animals while increased in the WT 

animals (Figure 3.9C). In addition, the production of IFNɔ by cells from the spleen, dLN 

and footpad restimulated with soluble Leishmania antigen (SLA) was minimal in both 

p40-/- and p35-/- animals, while being highly increased in the WT tissues (Figure 3.9D). 

These trends were also seen in the CD8+ T cells analyzed. Much like the CD4+ T cells, 

the CD44hi IFNɔ+ population of CD8+ T cells was induced to 13%(±2.1) in the WT 

animals while remaining minimal in the p40-/- and p35-/- animals, at 0.23%(±0.03) and 

1.06%(±0.05) (Figure 3.10A-B). Again, this difference in the proportion of cells was 

recapitulated in the cell numbers (Figure 3.10C). 
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Figure 3. 9Φ LCbʴ ǇǊƻŘǳŎǘƛƻƴ ōȅ /5п+ T cells is disrupted in IL-12 deficient animals 

Figure 3. 8. Gating strategy used for the analysis of T cell responses 

Figure 3.8 Gating strategy used for the analysis of T cell responses. 

Figure 3.9 IFNɔ production by CD4
+
 T cells is disrupted in IL-12 deficient animals. IL -12p40-/- (open circles, 

blue), IL-12p35-/- (open squares, green) and WT (open triangles, black) mice were injected with 10
6
 L. major parasites 

in the footpad dermis. Splenocytes harvested 28 days after L. major infection were re-stimulated and analyzed via flow 

cytometry. (A-B) Percentage and (C) number of CD44
hi
 IFNɔ

+
 CD4

+
 T cells in the spleen measured 28 days after L. 

major infection (n= 3). (D) Cells from the spleen, draining lymph node (dLN) and footpad were harvested 28 days after 

L. major infection and re-stimulated with Soluble Leishmania Antigen (SLA). Concentration of IFNɔ in supernatant by 

tissues collected from IL-12p40-/- (blue), IL-12p35-/- (green) and WT (black) after re-stimulation for 48 hours 

(unpaired t test, n=3).  
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Figure 3. 10Φ LCbʴ ǇǊƻŘǳŎǘƛƻƴ ōȅ /5у+ T cells is disrupted in IL-12 deficient animals 

Figure 3.10 IFNɔ production by CD8
+
 T cells is disrupted in IL-12 deficient animals. IL -12p40-/- 

(open circles, blue), IL-12p35-/- (open squares, green) and WT (open triangles, black) mice were 

injected with 10
6
 L. major parasites in the footpad dermis. Splenocytes harvested 28 days after L. major 

infection were re-stimulated and analyzed via flow cytometry. (A-B) Percentage and (C) number of 

CD44
hi
 IFNɔ

+
 CD8

+
 T cells in the spleen measured 28 days after L. major infection (n= 3)  
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As TH1 cells are also characterized by their expression of the transcription factor T-

bet, which is also involved in the upregulation of IFNɔ, we also analyzed T cell 

expression of T-bet in response to Leishmania infection. Much like the IFNɔ data, CD4 T 

cells from p40-/- and p35-/- animals had reduced proportions and numbers of CD44hi T-

bet+ cells (Figure 3.11). The CD8+ cell expression of T-bet is not as striking as the CD4+ 

or the IFNɔ from either subset, with the proportions of T-bet+ cells in the p40-/- and p35-

/- averaging 6.2%(±0.65) and 6.5%(±0.88), respectively. However, there is still a marked 

difference between the two knockout animals and the WT, which averaged at 

17.3%(±0.95) (Figure 3.12A-B). These proportional differences were also seen in the cell 

numbers (Figure 3.12C). Taken together, these data validate the necessity for IL-12 in the 

induction of both T-bet and IFNɔ in CD4 and CD8 T cells in response to a Leishmania 

challenge. 
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Figure 3. 11. T-bet+ CD4+ T cells are reduced in IL-12 deficient animals. 

Figure 3.11 T-bet
+
 CD4

+
 T cells are reduced in IL-12 deficient animals. IL -12p40-/- (open circles, 

blue), IL-12p35-/- (open squares, green) and WT (open triangles, black) mice were injected with 10
6
 L. 

major parasites in the footpad dermis. Splenocytes harvested 28 days after L. major infection were re-

stimulated and analyzed via flow cytometry. (A-B) Percentage and (C) number of CD44
hi
 T-bet

+
 CD4

+
 

T cells in the spleen measured 28 days after L. major infection (n= 3)  
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Figure 3. 12. T-bet+ CD8+ T cells are reduced in IL-12 deficient animals 

Figure 3.12 T-bet+ CD8
+
 T cells are reduced in IL-12 deficient animals. IL-12p40-/- (open circles, 

blue), IL-12p35-/- (open squares, green) and WT (open triangles, black) mice were injected with 10
6
 L. 

major parasites in the footpad dermis. Splenocytes harvested 28 days after L. major infection were re-

stimulated and analyzed via flow cytometry. (A-B) Percentage and (C) number of CD44
hi
 T-bet

+
 CD8

+
 

T cells in the spleen measured 28 days after L. major infection (n= 3)  
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3.3.3. IL-12 is necessary for T cell production of IFNɔ in response to tumors. 

As touched on above, IFNɔ is an important molecule in the response to tumors, being 

involved in the stimulation of macrophages and cytotoxic functions of CD8 T cells 

during the tumor response. IFNɔ is also implicated in the regulation of tumor 

angiogenesis and induction of T-reg apoptosis [141]. Based on this, we also evaluated the 

IFNɔ response in IL-12p40 knockout animals in response to an E.G7-OVA tumor 

inoculation. E.G7-OVA is a T cell lymphoma derived from the EL4 line which expresses 

the OVA peptide in order to measure antigen specific T cell responses. For these 

experiments, we injected 105 E.G7-OVA cells intradermally and monitored the tumor 

growth over 21 days before analyzing cells for IFNɔ production in the same manner as 

the Leishmania infections in section 3.3.2 (Figure 3.13A). Visible tumor was detectable 

at day 14 for both the p40-/- and WT animals, and the tumor continued to progress 

through day 21, with the p40-/- increasing slightly faster than the WT animals, though 

this was not significant (Figure 3.13B). 
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Figure 3. 13. Comparison between IL-12p40-/ - and WT animals following E.G7-OVA tumor inoculation 

 

 

 

 

 

Figure 3.13 Comparison between IL-12p40-/- and WT animals following E.G7-OVA tumor 

inoculation. (A) Experimental design. IL-12p40-/- or WT animals were injected with 10
5
 E.G7-OVA T 

cell lymphoma tumor cells in the right flank. (B) Upon establishment of visible tumor, height and width 

of the tumor lesion were measured every 3 days until experimental endpoint at 21 days. 
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Analysis of the T cell responses was carried out via flow cytometry as described in 

section 3.3.2 (Figure 3.8). As seen in the previous experimental models and as expected 

based on other data in response to tumor stimulus, the p40-/- animals had a reduced 

proportion of CD44hi IFNɔ+ CD4 T cells in comparison with the WT animals, averaging 

0.79%(±0.24) and 2.2%(±0.32), respectively (Figure 3.14A-B). In agreement with the 

proportion of IFNɔ producing cells, the WT animals had higher numbers while the p40-/- 

animal numbers remained minimal (Figure 3.14C). The CD8 data agreed with everything 

shown thus far, with percentages and numbers of CD44hi IFNɔ+ T cells much higher in 

the WT animals than in the p40-/- animals (Figure 3.15). 

 

 

Figure 3. 14Φ LCbʴ ǇǊƻŘǳŎǘƛƻƴ ōȅ /5п ¢ ŎŜƭƭǎ ƛƴ ǊŜǎǇƻǎƴŜ ǘƻ 9ΦDт-OVA tumors is disrupted in p40-/ - animals 

Figure 3.14 IFNɔ production by CD4 T cells in response to E.G7-OVA tumors is disrupted in p40-

/- animals. IL -12p40-/- (open circles, blue) and WT (open triangles, black) were injected with 10
5
 

E.G7-OVA cells in the right flank. Splenocytes harvested 21 days after inoculation were restimulated 

and analyzed via flow cytometry. (A-B) Percentage and (C) Number of CD44
hi
 IFNɔ

+
 CD4

+
 T cells in 

the spleen. 
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Figure 3. 15Φ LCbʴ ǇǊƻŘǳŎǘƛƻƴ ōȅ /5у ¢ ŎŜƭƭǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ 9ΦDт-OVA tumors is disrupted in p40-/ - animals 

Figure 3.15 IFNɔ production by CD8 T cells in response to E.G7-OVA tumors is disrupted in p40-

/- animals. IL -12p40-/- (open circles, blue) and WT (open triangles, black) were injected with 10
5
 

E.G7-OVA cells in the right flank. Splenocytes harvested 21 days after inoculation were restimulated 

and analyzed via flow cytometry. (A-B) Percentage and (C) Number of CD44
hi
 IFNɔ

+
 CD8

+
 T cells in 

the spleen. 
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3.3. Discussion 

The importance of IL-12 in regulating T cell activation and differentiation is well 

established. This chapter is a critical foundation for this thesis since it validates the 

relevance of IL -12p40 and IL-12p35 separately in regulating T cell differentiation. In 

essence, this is the status of the current paradigm in IL-12 biology. The rest of the thesis 

uses this groundwork to extend the paradigm significantly and challenges aspects of it. 

 The data presented here are also relevant to the in vivo assays we can now use to 

develop new findings. First, we can clearly show quantitative dependence of IFNg 

production on the availability of both IL-12p40 and IL -12p35 ï not just one. This is 

important, as we develop the thesis further, especially since there are conflicting data 

about the IL-12p40 subunit and its agonistic role in the literature. In our model systems, 

lacking either partner, no functional IL-12 activity is evident. 

 Second, we evaluate different in vivo challenge models and find the each has 

differential dependence on IL-12. The Leishmania major model involving a protozoan 

parasite has the most stringent requirement for IL-12 (p40 and p35) while the tumor 

model (E.G7-OVA) is relatively less dependent. As discussed previously, induction of 

IFNɔ is multifactorial ï with TCR signals as well as other cytokines (IL-18, IL-15, IL-2 

etc) contributing. Therefore, establishing the precise requirements in these models is 

critical for the design of experiments in the rest of this thesis.  

Overall, the data in the chapter validate the hypothesis that both IL-12p40 and IL-

12p35 are necessary to elicit IFNɔ responses from T cells. The absence of IL-12 subunits 
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affected IFNɔ production in three distinct models to differing degrees and established 

these as model systems for further work in this thesis. 
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Chapter 4: The subunits of IL-12 produced by two distinct cells can combine to 

form functional IL -12. 

4.1. Introduction  

In response to a pathogen that requires an IL-12-directed response for clearance, the 

upregulation of both the IL-12p40 and IL-12p35 subunits is necessary. Though, as 

discussed in detail in chapter 1, the upregulation of each subunit is independently 

regulated. Upon this upregulation, IL-12p40 can be detected in robust amounts in the 

serum, at 100-1000 times the concentration of detectable IL-12 (Figure 4.1A) [11]. 

Analysis of IL-12p40 in the serum shows that 95% remains in the monomeric form, 

while the other 5% is made up of the inhibitory IL-12p80 homodimer (Figure 4.1B) [7]. 

These data led us to question the function of the released monomer. Considered together 

with the IL-12p35 expression data showing much more varied expression than IL-12p40, 

we hypothesized that IL-12p40 and IL-12p35 could come from two different cells to 

impart IL-12 function. 

 

Figure 4. 1. IL-12p40 monomer is released in great excess over IL-12 

Figure 4.1. IL-12p40 monomer is released in great excess over IL-12. (A) Serum IL-12p40 and IL-12p75 levels from 

WT mice 6 hours after i.v. injection with 100 ɛl of various concentrations of LPS. (B) Affinity-purified IL-12p40 from 

the serum of p35-/- was eluted into various fractions and analyzed via silver stain SDS-PAGE under nonreducing (NR) 

and reducing (R) conditions. Figure adapted from [7, 11] under Copyright Clearance Center #1120550-1 and with 

approval under NIH Creative Commons Licensing. 
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Previous work in the lab investigated whether the combination of IL-12p40 and IL-

12p35 could lead to functional cytokine in vitro. Both subunits of IL-12 were 

overexpressed separately in CHO cells. The lysates collected from CHO cells transfected 

with IL-12p35 and supernatants from the IL-12p40 transfected cells were combined and 

assayed through different methods for IL-12 function (Figure 4.2A). When applied to 

2D6 T cells (a TH1 clone cell line which proliferates in response to IL-12), the 

combination of subunits led to increased proliferation, measured by 3H-thymidine 

incorporation (Figure 4.2B). Functionally, T cells treated with the subunit combination 

were also able to produce IFNɔ (Figure 4.2C). These data confirm the ability for the 

subunits of IL-12 to come from two distinct sources to form functional IL-12 cytokine in 

vitro [7]. The data in this chapter investigate whether the in vivo assembly of IL-12 from 

two distinct sources is possible and functional in a similar matter to this in vitro data. 
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Figure 4. 2. The in vitro combination of IL-12p40 and IL-12p35 results in functional IL-12 cytokine 

Figure 4.2. The in vitro combination of IL -12p40 and IL-12p35 results in functional IL-12 

cytokine. (A) IL -12p40 and IL-12p35 were overexpressed in CHO cells and combined to determine if 

functional IL-12 could form from the combination of subunits from two sources. (B) 2D6 T cells were 

cultured in the presence of medium alone, supernatant from CHO-p40 only, lysate from CHO-p35 only, 

a mixture of both or supernatant from CHO expressing both subunits (IL-12). Incorporation of 

[
3
H]thymidine was measured in the last 16 hours of the 72-hour culture. (C) Human PBLs were cultured 

in the presence of human rp40 alone or in combination with lysates from CHO-p35. Culture 

supernatants were analyzed for the production of IFNɔ by ELISA. Figures adapted from [7] with 

approval from authors under NIH Creative Commons Licensing. 
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4.2. Chapter Summary 

In this chapter, we test the hypothesis that assembly of IL-12 from two distinct 

sources results in functional cytokine. We utilize knockout animals in combination with 

recombinant p40 treatment or in the generation of bone marrow chimeras to assess the 

function of IL-12 formed through the collaboration of two different cells. The data 

presented in this chapter demonstrates that the administration of recombinant IL-12p40 to 

p40-/- animals restores IFNɔ production by T cells in both an antigen-specific manner 

and in response to a tumor challenge. Finally, through the use of knockout animals in 

bone marrow chimeras, we show that IL-12 formation through the production of IL-

12p40 and IL-12p35 by two distinct cells in vivo leads to an antigen specific IFNɔ 

response. Together, the data in this chapter illustrates a novel mechanism for the 

formation of IL-12, by which two cells can collaborate to dictate IFNɔ response by T 

cells downstream. 

4.3. Results 

4.3.1. Administration of recombinant p40 to IL-12p40-/- animals restores antigen 

specific T cell production of IFNɔ 

To examine the two-cell model, we used the SMARTA-tg T cell model combined 

with i.p. administration of recombinant IL-12p40 (rp40) or control PBS to the p40-/- 

animals. The mice were treated daily after antigen stimulation for five days upon which 

point the T cells were harvested and restimulated in vitro to analyze T cell differentiation 

(Figure 4.3). In response to increasing doses of GP61-80, T cells transferred into the p40-/- 

animals which received only PBS did not induce the production of IFNɔ, while the T 

cells transferred into WT animals produced IFNɔ increasingly with the dose of antigen 
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used for restimulation. Intriguingly, the T cells which were transferred into p40-/- 

animals that received administration of rp40 saw an intermediate increase in the IFNɔ 

production compared to the T cells from the WT transfers (Figure 4.4A). There is 

evidence that in the absence of IL-12, p40-/- animals have a predisposition toward the 

development of a TH2 response, marked by the production of IL-4. Because of this, we 

also assessed the IL-4 production by the transferred T cells. We found that IL-4 

production was increased in the p40-/- animals treated with PBS over both the rp40 

treated p40-/- animals and the WT animals (Figure 4.4B). Further cytokine analysis 

revealed minimal differences between all three groups in the production of IL-17A, IL-10 

and IL-2 in response to restimulation (Figure 4.4C-E). These data demonstrate that IL-

12p35 produced in response to LPS challenge can combine with externally administered 

rp40 to form functional IL-12 cytokine and dictate the differentiation of T cells to 

produce IFNɔ in an antigen-specific manner. 

 

 

Figure 4. 3. Experimental design for recombinant IL-12p40 treatment 

Figure 4.3. Experimental design for recombinant IL-12p40 treatment. SMARTA T cells from 

CD45.1
+
 donor animals were sorted and transferred into CD45.2

+
 IL -12p40-/- or CD45.1

+
CD45.2

+
 WT 

recipient animals and challenged 24h later with GP
61-80 

and LPS. Additionally, mice were either given 

PBS or 1 ug IL-12p40 daily from d1-4 before the cells were harvested and restimulated to analyze for 

cytokine production by ELISA. 
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Figure 4. 4. Treatment with recombinant IL-мнǇпл ǊŜǎǘƻǊŜǎ LCbʴ ǇǊƻŘǳŎǘƛƻƴ ōȅ ¢ ŎŜƭƭǎ 

Figure 4.4. Treatment with recombinant IL-12p40 restores IFNɔ production by T cells. SMARTA CD4+ T 

cells from CD45.1 donor animals were sorted and transferred into CD45.2 IL-12p40-/- animals or WT animals and 

challenged 24h later with GP
61-80

 and LPS. IL-12p40-/- recipients were divided into two groups ï one that received 

1ɛg of recombinant p40 and the other received sterile PBS on days 1-4 after transfer. SMARTA T cells were 

harvested from these animals at day 5 and restimulated in vitro to analyze for T cell differentiation by cytokine 

production. Re-stimulation doses are in Õg. Concentration of (A) IFNɔ, (B) IL-4, (C) IL-17A, (D) IL-10 and (E) 

IL-2 in supernatant from splenocytes of SMARTA T cells transferred into p40-/- animals treated with PBS (left, 

blue open bars) p40-/- animals given 1µg recombinant p40 (middle, blue closed bars) or WT animals (right, gray 

bars)   
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4.3.2. Recombinant IL-12p40 administration restores IFNɔ production in response to 

tumor challenge 

Because IFNɔ is instrumental in the tumor response, and the necessity of IL-12 for 

strong induction of IFNɔ responses, IL-12 was thought of as an ideal immunotherapy 

candidate. However, clinical trials with IL-12 administration in the 90ôs caused systemic 

production of IFNɔ, leading to several toxic effects and two patient deaths [142]. Because 

the IL-12p40 monomer is a generally inert molecule and the action of IL-12 would be 

restricted to sites where IL-12p35 is produced, we next questioned whether two-cell 

assembly was possible to elicit IFNɔ responses in a tumor model. Similar to the 

experimental setup in section 4.3.1, p40-/- and WT mice were injected with 106 E.G7-

OVA T cells. Following the development of a visible tumor, the p40-/- animals were 

treated with either rp40 or PBS daily until T cell responses were analyzed at the infection 

endpoint (Figure 4.5). As expected, p40-/- animals which were treated with PBS had 

minimal production of IFNɔ by activated CD4 T cells, averaging 1.7%(±0.2). Contrarily, 

the WT animals had an increase in the production of IFNɔ by CD4 T cells in the spleen, 

near 5.5%(±0.2). As we had seen in section 4.3.1, the administration of rp40 led to an 

increase in the proportion of CD4 T cells that were producing IFNɔ. This increase in 

response to rp40 was at comparable levels to the WT animals, around 5.9%(±0.5) (Figure 

4.6). The trends seen in the CD4 T cells were even more striking in the CD8 T cell 

analysis, with the p40-/- animals that received PBS having an activated, IFNɔ-producing 

population at 4.7%(±0.11), while both the rp40 administered and WT groups had massive 

induction of IFNɔ, at 21.9%(±4.9) and 20.6(±2.9), respectively (Figure 4.7). 
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These data demonstrate that the assembly of IL-12 can dictate IFNɔ production in 

response to a tumor challenge and set up a potential therapeutic mechanism which can be 

evaluated further to determine if the administration of rp40 leads to localized IL-12 

induced IFNɔ responses without the systemic toxicity that was seen in IL-12 treatment. 

 

 

 

 

 

 

 

 

 

Figure 4. 5. Analysis of extracellular IL-12 assembly in response to tumor challenge 

Figure 4.5. Analysis of extracellular IL-12 assembly in response to tumor challenge. (A) 

Experimental design. IL-12p40-/- or WT animals were injected with 10
6
 E.G7-OVA lymphoma cells in 

the right flank. IL-12p40-/- recipients were divided into two groups ï one that received 1ɛg of 

recombinant p40 and the other received sterile PBS on days 14-20 after inoculation. On day 21, tissues 

were harvested from infected animals and analyzed for T cell responses. 
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Figure 4. 6Φ wŜŎƻƳōƛƴŀƴǘ Ǉпл ǘǊŜŀǘƳŜƴǘ ǊŜǎǘƻǊŜǎ LCbʴ ǇǊƻŘǳŎǘƛƻƴ ƛƴ /5п ¢ ŎŜƭƭǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ 9ΦDт-OVA tumor 
challenge 

Figure 4.6. Recombinant p40 treatment restores IFNɔ production in CD4 T cells in response to 

E.G7-OVA tumor challenge. IL -12p40-/- or WT animals were injected with 106 E.G7-OVA 

lymphoma cells in the right flank. IL-12p40-/- recipients were divided into two groups ï one that 

received 1ɛg of recombinant p40 and the other received sterile PBS on days 14-20 after inoculation. On 

day 21, tissues were harvested from infected animals and analyzed for T cell responses.(A-B) 

Percentage of CD44
hi
 IFNɔ

+
 CD4 T cells in the spleen. 
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Figure 4. 7Φ wŜŎƻƳōƛƴŀƴǘ Ǉпл ǘǊŜŀǘƳŜƴǘ ǊŜǎǘƻǊŜǎ LCbʴ ǇǊƻŘǳŎǘƛƻƴ ōȅ /5у ¢ ŎŜƭƭǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ 9ΦDт-OVA tumor challenge 

Figure 4.7. Recombinant p40 treatment restores IFNɔ production by CD8 T cells in response to 

E.G7-OVA tumor challenge. IL -12p40-/- or WT animals were injected with 106 E.G7-OVA 

lymphoma cells in the right flank. IL-12p40-/- recipients were divided into two groups ï one that 

received 1ɛg of recombinant p40 and the other received sterile PBS on days 14-20 after inoculation. On 

day 21, tissues were harvested from infected animals and analyzed for T cell responses. (A-B) 

Percentage of CD44
hi
 IFNɔ

+
 CD8 T cells in the spleen. 
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4.3.3. IL-12 subunits, formed by two separate cells, can come together to influence IFNɔ 

by T cells in an antigen specific manner 

The data accumulated thus far in this chapter has shown that the administration of 

rp40 can form functional IL-12 through assembly with IL-12p35 produced internally. 

While this shows that IL-12 formed this way can still induce IFNɔ production by T cells, 

it does not show whether two different cells in vivo can collaborate by producing one 

subunit each to lead to a functional IL-12 response. To examine the potential of the two-

cell model in vivo, we designed a chimeric strategy eliminating the ability of any given 

cell to make both IL-12p40 and IL -12p35 on its own. In chimeric p40-/- animals, 

irradiated and reconstituted with bone marrow from p35-/- mice (p35-/-Ąp40-/-), 

hematopoietic cells from the donor (p35-/-) can make p40 but not p35. The residual host 

(p40-/-) tissues, on the other hand, can express p35 but not p40. This chimera would 

generate IL-12 only if the collaborative assembly of functional IL-12 envisioned in the 

two-cell model operated in vivo (Figure 4.8).  
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Figure 4. 8. Bone marrow chimeras allow for the impact of two-cell IL-12 formation to be measured in vivo 

Figure 4.8. Bone marrow chimeras allow for the impact of two-cell IL -12 formation to be 

measured in vivo. (A) Experimental design: bone marrow chimeras were generated by reconstituting 

irradiated CD45.1
+
CD45.2

+
 p40-/- mice with bone marrow cells from CD45.2

+
 p35-/- donor mice or 

irradiated CD45.2
+
 p40-/- mice with bone marrow from CD45.1

+
CD45.2

+
 p40-/- or WT donor mice. 

After reconstitution of donor cells, T cells from CD45.1
+
 SMARTA-tg mice were sorted and transferred 

into chimeric animals and challenged 24 hours later with GP61-80 and LPS. (B)  Schematic describing 

IL-12 production in these chimeras and the expected IFNɔ production by T cells as a result. 
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We first wanted to examine this using the same SMARTA-tg T cell model used in 

section 4.3.1. After reconstitution with donor cells, we used the SMARTA model to 

examine the differentiation of naïve CD4 T cells driven by IL-12 formed via two-cell 

assembly. SMARTA T cells were adoptively transferred to chimeric animals and 

challenged with LCMV GP61-80 peptide (with LPS adjuvant). 5 days later, splenocytes 

were analyzed (Figure 4.8A). SMARTA T cells seeded and expanded to comparable 

levels in all chimeric hosts following antigen challenge (Figure 4.9). Antigen-specific re-

stimulation of these T cells ex vivo showed that WTĄp40 chimeras supported strong 

IFNɔ differentiation (Figure 4.10A, grey). Conversely, p40-/-Ąp40-/- chimeras were 

unable to promote skewing toward IFNɔ production (Figure 4.10A, blue). Interestingly, 

in p35-/-Ąp40-/- chimeras, where IL-12 activity is only available through the proposed 

two-cell model, SMARTA cells were able to produce significant IFNɔ compared to p40-

/-Ąp40-/- animals (Figure 4.10A, green). The p35-/-Ąp40-/- chimeras also showed a 

higher production of IL-17A (Figure 4.10B, green), which can be influenced by IL-23. 

This suggests that in the loss of canonical IL-12 production, IL-12p40 produced by 

hematopoietic cells will be more available to bind IL -23p19 to form IL-23, since in this 

setup, both subunits can be made by the same DC. Levels of IL-4 in SMARTA T cells 

from WTĄp40-/- and p35-/-Ąp40-/- chimeras were negligible, while p40-/-Ąp40-/- 

chimeras made significantly more (Figure 4.10C), confirming that IL-4 production is 

promoted in the absence of both canonical and two-cell IL-12 formation. IL-2 production 

by T cells was also analyzed and found to have modest differences between the three 

chimeric groups (Figure 4.10D). These data, for the first time in vivo, indicate that the 

alternate pathway for IL-12 assembly involving two separate cells is sufficient for the 



94 
 

differentiation of antigen-specific T cells towards IFNɔ production after antigen specific 

stimulation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 9. SMARTA-tg T cells populate chimeric animal spleens in a similar proportion 

Figure 4.9. SMARTA-tg T cells populate chimeric animal spleens in a similar proportion. (A) Identification and (B) 

proportion of transferred SMARTA T cells in spleens of recipient chimeric animals 5 days after challenge (n=3).  
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Figure 4. 10. Two-cell IL-12 impacts cytokine production by T cells 

Figure 4.10. Bone marrow chimeras allow for the impact of two-cell IL -12 formation to be 

measured in vivo. Splenocytes harvested 5 days after challenge were normalized to SMARTA-tg T cell 

number and restimulated in vitro with GP61-80 (doses in ɛg) for 48 hours. Concentration of (A) IFNɔ 

(B) IL-17A, (C) IL-4 and (D) IL-2 in supernatant of SMARTA-tg T cells harvested from the spleen 

after transfer into p40-/- host chimeras reconstituted with p40-/- (left, blue gradient), p35-/- (middle, 

green gradient) or WT (right, gray gradient) after restimulation. 
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4.4.  Discussion 

The data in this chapter demonstrated for the first time in vivo the ability for the 

dimeric IL-12 molecule to be formed from two different cellular sources. This establishes 

a new paradigm in IL-12 cytokine biology. The structural ability of IL-12p40 to bind IL -

12p35 has been extensively characterized, although this was focusing on assembly within 

a single cell [10, 111, 143]. The functional assembly we observe allows for a teleological 

understanding of previous literature and gene expression datasets (discussed in the 

introduction) showing IL-12p40 expression is limited to DCs and macrophages [41] 

while IL-12p35 expression is more widespread [122, 144, 145]. In the past decade, the 

contribution of non-hematopoietic cells towards modulating the trajectory of an immune 

response has been extensively discussed [146]. The mechanism of IL-12 assembly we 

demonstrate here adds an important dimension to this emerging picture, suggesting that 

the evolution of heterodimeric cytokines may offer an intrinsic advantage to the immune 

system by allowing their subunits to not only re-assort to form multiple cytokines, but 

also source the subunits from different tissues. This has the potential to molecularly 

encode immunological context ï with both sentinel cells (DCs, macrophages, etc.) and 

stromal cells collaborating to jointly shape the trajectory of T cell differentiation [9].  

There are several transformative questions that arise from this basic observation (of 

extracellular assembly of IL -12p35 with IL-12p40). Biochemically, the mechanisms by 

which the assembly proceeds are unclear. As discussed earlier, IL-12 assembly in DCs 

follows a well-choreographed series of biochemical chaperones in the ER and Golgi that 

were elucidated over two decades of study. How these pathways are circumvented to 

allow extracellular assembly is a challenging question to answer. Our ability to mix the 
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IL -12p35-containing lysate with recombinant IL-12p40 and obtain active IL-12 may offer 

a good model system to further study this. Our efforts to refine this further (by 

overexpressing and purifying IL-12p35 in order to perform direct binding assays) were 

not very successful initially and the success of other parallel studies prompted us to drop 

them. But there are certainly intriguing hypotheses to follow. Of these, we considered 

two separate hypotheses for the formation of extracellular dimers. First, a simple 

structural association (perhaps even without the stabilizing cysteine-bridges) could allow 

the p40-p35 complex to be biologically active. Second and perhaps more intriguing, was 

the possibility that IL -12p40 and IL-12p35 only associate on the surface of a cell, at the 

point of docking with the receptor. The latter hypothesis comes from the fact that we are 

unable to detect significant levels of IL-12 by ELISAs from the serum of mice or even in 

cell culture, when mixing p40-/- and p35-/- cells. This has been a vexing problem for 

biochemical analyses. The trivial explanations could be that the current antibody-based 

assays are not sensitive enough for, or even perhaps sterically interfere with, the 

extracellularly assembled form of IL-12. Serum levels of IL-12 in normal mice are quite 

low, so the lack of assay sensitivity is quite plausible. On the other hand, the formation of 

active IL-12 only on the receptor-bearing cells is somewhat analogous to the trans-

presentation of IL-15.  Future studies using immunohistochemistry and receptor knockout 

chimeras can help with this further. 

The second set of questions relate to the biological significance of the extracellular 

form of IL-12. We prioritized this for two reasons ï first, it yielded results earlier than the 

unresolved biochemical questions and second, it established the significance of studying 
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the extracellular form further. The results of these studies and discussion on the 

biological significance of extracellular IL-12 are further discussed in Chapter 5. 
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Chapter 5: Two-cell IL -12 is effective for control of disseminated Leishmania 

parasite. 

5.1. Introduction  

In chapter 4, we established the principle that the subunits of IL-12, in vivo, can come 

together from two distinct sources to form active IL-12. This was shown both by 

administration of recombinant IL-12p40 and by the in vivo collaboration between two 

cells that can only produce either subunit. As we discussed, this is a transformative 

finding in cytokine biology and raises questions about its biological significance. Given 

that the tenets of TH1/TH2 skewing and the role of IL-12 were first elucidated using L. 

major infection in mice [137, 147], and that our data in Chapter 3 showed a rigid 

requirement for both IL-12p40 and IL-12p35 in regulating IFNɔ synthesis in this 

infection model we chose to use it to evaluate the role of the two-cell model for IL-12 

generation during an infection response. 

5.2. Chapter Summary 

This chapter uses the same chimeric strategy used in section 4.3.3 to evaluate the 

function of two-cell IL-12 in response to L. major. This follows from our validation of 

the hypothesis in specific aim 2 and accordingly, we proposed that the two-cell produced 

IL -12 has a functionally distinct impact than conventional IL-12. Analysis of the 

chimeric mice showed that two-cell IL-12 is able to elicit IFNɔ responses from T cells in 

response to Leishmania. Further analysis with chimeric combinations determined that IL-

12p40 must come from a hematopoietic source, while the source of IL-12p35 can be 

variable for two-cell formation. Finally, we elucidated biological differences in the 

Leishmania response when only two-cell IL-12 is present vs. canonical IL-12. Our data 
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show that canonical IL-12 is necessary to mount a sufficient response to clear parasite at 

the primary site of infection, whereas two-cell IL-12 functions in parasite control in 

disseminated tissue sites. 

5.3. Results 

5.3.1. Two-cell IL-12 can induce IFNɔ from T cells in response to Leishmania 

Using the strategy outlined in the section 4.3.3, p40-/- chimeric mice were infected 

with L. major (Figure 5.1). As expected, among T cells in L. major-infected WTĄp40-/- 

chimeras, 9.6%(Ñ0.93) of the CD4 T cells produced IFNɔ, which was significantly higher 

than CD4 T cells from p40-/-Ąp40-/- chimeras (1.6%(±0.43)). Strikingly, in the p35-/-

Ąp40-/- chimeras, where individual DCs cannot assemble the IL-12 heterodimer on their 

own, frequencies of IFNɔ-producing CD4 T cells were comparable to WTĄp40-/- 

animals, averaging 8.9%(±1.03) (Figure 5.2A-B). The total number of IFNɔ producing 

CD44hi CD4 T cells mirrored the pattern seen in the frequencies (Figure 5.2C). 

Interestingly, despite the IFNɔ induction being comparable between the p35-/-Ąp40-/- 

and WTĄp40-/- groups, the proportion of CD4 CD44hi T cells which were positive for 

T-bet expression in p35-/-Ąp40-/- animals were maintained at an intermediate number 

between the p40-/-Ąp40-/- and WTĄp40-/- animals (Figure 5.3). This suggests that two-

cell IL-12 induction of IFNɔ is not directly correlative with the expression of T-bet. 

Further analysis of CD4 cytokine levels showed expected trends in the CD44hi IL-4+ 

population, with the p40-/-Ąp40-/- animals having a higher proportion and number of 

these cells than both the p35Ąp40-/- and WTĄp40-/- animals (Figure 5.4). Unlike the 

data seen in section 4.3.3 with the antigen specific response to two-cell IL-12, there was 

no significant differences between the p40-/-Ąp40-/- and p35-/-Ąp40-/- animals in 
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activated CD4 T cells producing IL-17 (Figure 5.5). This is further evidence for specific 

impacts in IL-12 vs IL-23 upregulation, that even in the absence of IL-12p35 within the 

same cell as IL-12p40, there is context dependent upregulation of subunits. Thus, L. 

major infections are more heavily reliant on IL-12. 

 

 

 

 

 

 

 

 

 

 

Figure 5. 1. Experimental setup for analysis of two-cell IL-12 activity 

Figure 5.1. Experimental setup for analysis of two-cell IL -12 activity. (A) Bone marrow chimeras 

were generated by reconstituting irradiated CD45.1
+
 p40-/-  or CD45.2

+
 p35-/- with bone marrow cells 

from CD45.1
+
 p40-/-, CD45.2

+
 p40-/-, CD45.2

+
 p35-/- or CD45.1

+
CD45.2

+
 WT donor mice. Chimeric 

mice were infected in the footpad dermis with 10
6
 L. major parasites following reconstitution. 35 days 

after L. major infection, tissues were harvested and re-stimulated for intracellular cytokine staining and 

flow cytometric analysis.  



102 
 

 

 

 

 

 

 

 

 

 

Figure 5. 2. CD4 T cells will still produce IFN ɹwhen only two-cell IL-12 is present 

Figure 5.2. CD4 T cells will still produce IFNɔ when only two-cell IL -12 is present. (A-C) Bone 

marrow chimeras were generated by reconstituting irradiated CD45.1
+
 p40-/- mice with bone marrow 

cells from CD45.2
+
 p40-/-, CD45.2

+
 p35-/- or CD45.1

+
CD45.2

+
 WT donor mice. Chimeric mice were 

infected in the footpad dermis with 10
6
 L. major parasites following reconstitution. (A-B) Percentage 

and (C) number of CD44
hi
 IFNɔ

+
 CD4

+
 T cells in the spleen of p40-/- host chimeras reconstituted with 

p40-/- (circles, blue), p35-/- (squares, green) or WT (triangles, black) donor bone marrow 35 days after 

L. major infection (unpaired t test, n=3-6). 
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Figure 5. 3. Two-cell IL-12 induces the expression of T-bet 

Figure 5.3. Two-cell IL -12 induces the expression of T-bet. (A-C) Bone marrow chimeras were 

generated by reconstituting irradiated CD45.1
+
 p40-/- mice with bone marrow cells from CD45.2

+
 p40-

/-, CD45.2
+
 p35-/- or CD45.1

+
CD45.2

+
 WT donor mice. Chimeric mice were infected in the footpad 

dermis with 10
6
 L. major parasites following reconstitution. (A-B) Percentage and (C) number of 

CD44
hi
 T-bet

+
 CD4

+
 T cells in the spleen of p40-/- host chimeras reconstituted with p40-/- (circles, 

blue), p35-/- (squares, green) or WT (triangles, black) donor bone marrow 35 days after L. major 

infection (unpaired t test, n=3-6). 
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Figure 5. 4. IL-4 production is reduced in chimeric animals that can only produce two-cell IL-12 

Figure 5.4. IL-4 production is reduced in chimeric animals that can only produce two-cell IL -12. 

(A-C) Bone marrow chimeras were generated by reconstituting irradiated CD45.1
+
 p40-/- mice with 

bone marrow cells from CD45.2
+
 p40-/-, CD45.2

+
 p35-/- or CD45.1

+
CD45.2

+
 WT donor mice. 

Chimeric mice were infected in the footpad dermis with 10
6
 L. major parasites following reconstitution. 

(A-B) Percentage and (C) number of CD44
hi
 IL -4

+
 CD4

+
 T cells in the spleen of p40-/- host chimeras 

reconstituted with p40-/- (circles, blue), p35-/- (squares, green) or WT (triangles, black) donor bone 

marrow 35 days after L. major infection (unpaired t test, n=3-6). 










































































































































