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Reactive oxygen species (ROS) play an essential role in the pathogenesis of type 1 

diabetes (T1D).  By eliminating ROS generated by the phagocytic NADPH oxidase [NOX2], 

T1D onset is significantly reduced in the diabetes-prone NOD mouse model.  However, the 

molecular mechanisms that are impacted by ROS in T1D pathogenesis have remained unknown.  

Here, we provide compelling evidence that inhibition of NOX2 activity in diabetogenic CD8+ T 

cells prevents β cell destruction.  Genetic ablation or chemical inhibition of NOX2 significantly 

suppressed the expression of the transcription factor T-bet, resulting in the ablation of pro-

inflammatory cytokine and effector molecule production after α-CD3 and α-CD28 stimulation of 

CD8+ T cells.  Further, we confirmed that the activation of mTOR complex 1 (mTORc1) was a 

critical event in ROS-regulated CD8+ T cell differentiation.  mTORc1 was required for CD8+ T 

cell effector function in a T-bet dependent manner and the activation of mTORc1 was boosted by 

NOX2 generated ROS.  These results indicate that by promoting mTORC1 activity, NOX2 plays 

a non-redundant role in TCR mediated CD8+ T cell effector function. 

In addition, our data show that dendritic cells with deficient NOX2 are incapable of 

activating autoreactive CD8+ T cells. Instead of enhancing dendritic cell surface stimulatory 

molecule or promoting pro-inflammatory cytokine production upon various stimulations, ROS 
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promote CD8+ T cell activation by facilitating autoantigen cross-presentation. NOX2 deficient 

NOD DCs showed a strong phagosomal acidification and rapid antigen degradation, which lead 

to an absence of protein translocation into the cytoplasm and deficient antigenic peptide loading 

on MHC Class 1 molecules. This study has confirmed that NOX2 is required for activation of 

CD8+ T cell by acting both intrinsically as well as extrinsically.  Further, these results support 

studies to prevent T1D by intervening with ROS scavengers. 
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CHAPTER 1 
INTRODUCTION 

This chapter discusses the epidemiology, clinical manifestations, and immunological 

abnormalities associated with type 1 diabetes (T1D).  The basic biology of reactive oxygen 

species and redox signaling pathways, as well as current evidence for the involvement free 

radicals in the pathogenesis of T1D will also be presented.  In addition, this introduction will 

provide the rationale for studying the role of ROS using murine models in T1D. 

Type 1 Diabetes 

Juvenile or type 1A diabetes is a severe endocrine disease which affects approximately 1% 

of the US population, with an incidence that is increasing at a rate of 3% per year (1).  This 

disease accounts for $14.9 billion in healthcare costs in the U.S. each year, a cost that accelerates 

each year.  The primary clinical symptom of T1D is hyperglycemia and the long-term 

consequences of T1D are renal failure, cardiovascular disease, and blindness (2).  Hyperglycemia 

in T1D is caused by elimination or dysfunction of pancreatic islet β cells, which secrete insulin to 

regulate blood glucose.  The current state of the art in therapy is the delivery of exogenous 

insulin by injection or a pump mechanism to control the blood glucose temporarily.  While 

symptoms can be treated, no cure has been developed for this disease. 

Type 1 diabetes is caused by the autoimmune response against the insulin producing β 

cells (3).  In healthy individuals, the overall role of the immune system is to detect the presence 

of pathogens such as bacteria, viruses, and parasites by distinguishing self-antigens from foreign 

antigens.  When an individual encounters a foreign organism, antigen presenting cells (APC), 

such as dendritic cells (DC), phagocytize the pathogens and are activate by recognizing specific 

pathogen derived molecular patterns using receptors that are both intracellular as well as on the 

plasma membrane.  Activated APC present antigens derived from the invading organism to cells 



 

18 

of the adaptive immune system, namely T cells and B cells.  The adaptive immune system thus 

responds to infections in an antigen specific manner to invoke the proper effector responses for 

the elimination of pathogens as well as infected or damaged cells.  Unlike the foreign antigens, 

self-antigens, such as insulin, are typically not recognized by the immune system due to 

mechanisms that regulate self-tolerance, both during maturation of immune cells as well as in the 

periphery.  In T1D, tolerance to β cells is breached and an aggressive immune attack on this cell 

type is provoked.  This leads to a continuous loss β cell mass or function and eventually results 

in the lack of insulin production (3).  The autoimmunity in T1D involves almost all immune cell 

types, however T cells are commonly held as the final effector cells for β cell destruction.  CD4+ 

T cells, recognizing β cell derived antigens, regulate and enhance dendritic cell activation that 

then enables cytotoxic CD8+ T cells to migrate to the islets and kill β cells.  Meanwhile, pro-

inflammatory cytokines and reactive oxygen species (ROS) also join the orchestra for the β cell 

elimination.  However, the mechanisms underlying this proposed model remain to be elucidated. 

Genetics of Type 1 Diabetes 

T1D is a multifactorial disorder and genetic factors make significant contributions to 

disease onset.  T1D is associated with multiple genomic loci and a variety of candidate genes.  

The primary genetic association in T1D is with the human leukocyte antigen (HLA) complex on 

Human Chromosome (Chr) 6 (4).  HLA exerts its function by forming major histocompatibility 

complex (MHC) molecules that, when on the surface of cells, interact with T cells to either shape 

and maintain self-tolerance or induce and regulate immune responses. 

The region of Chr 6 that contains the HLA complex three classes of genes: HLA Class 

includes I, II, and III (5).  The Class I gene products encode for HLA-A, HLA-B, HLA-C.  Class 

I HLA proteins are expressed on all types of cells and in general present endogenous antigens to 

CD8+ T cells.  Dendritic cells have the capability to present exogenous antigens to CD8+ T cells 

http://ghr.nlm.nih.gov/handbook/mutationsanddisorders/complexdisorders
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via HLA Class I through a process called cross-presentation.  Class II region includes HLA-DR, 

HLA-DQ and HLA-DP3, which encode DR, DQ, and DP respectively. HLA Class II genes are 

expressed by professional antigen presenting cells (i.e. DC, Macrophages, B cells) as well as 

secondary APC (e.g. Endothelial cells) [Recently reviewed in (6)]. Class II molecules are 

responsible for presenting exogenous antigens to CD4+ T cells.   

T1D-associated risk HLA haplotypes modify risk in conjunction with pedigree (7,8).  An 

individual that has a first degree relative with T1D has an increased risk of developing T1D (Up 

to 10%) that increased when sharing risk HLA haplotypes with an affected sibling.  This 

compares to a risk of less than 1% if the HLA is dissimilar.  It is important to note that alleles 

within the HLA can provide both risk for developing T1D as well as resistance.  Individuals 

carrying HLA-DR3 or HLA-DR4 have relatively high risk while HLA-DR2 has shown a 

protective effect against the occurrence of T1D.  The HLA-DQ locus is also associated with risk 

and resistance (9).  For T1D patients carrying HLA-DR3 about 70% of the cohort also encodes 

the susceptible allele at HLA-DQw3.2, while the protective HLA-DQw3.1 allele was more 

highly represented in the non-diabetic cohort.  A disease associated coding variation has been 

identified in the DQβ chain. Allotypes of HLA-DQ that contain an aspartic acid residue at amino 

acid position 57 are associated with protection against diabetes, while non-aspartic acid residues 

at position 57 are correlated with T1D development.  The allele of HLA-DQA1 with arginine on 

its 52nd site also serves as a T1D susceptibility allotype.  It has been observed that persons have 

the highest relative risk of T1D if they are homozygous for allotypes with non-aspartic acid at 

aa57 in HLA-DQβ1 chain and arginine at aa-52 in HLA-DQA1 chain. 

In addition to HLA, over 50 other genetic loci have been linked to risk or resistance to 

T1D.  In humans, the insulin gene (INS) on Chr 11pl5.5 contains a region with a variable number 
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of tandem repeats (VNTR) at 0.5kb upstream that is correlated with T1D (10).  According to the 

number of the repeats, the INS-VNTR is classified into categories I, II and III.  While the Class I 

and III alleles are common, the Class II VNTR is extremely rare (11).  Type I VNTR (26-63 

repeats) predispose an individual to T1D in a recessive way, while the type III VNTR (64-140 

repeats) is protective (11).  Prolonged VNTR length results in enhanced insulin expression in the 

thymus, which is associated with development of central T cell tolerance to insulin.  In addition, 

overexpression of insulin in the thymus of NOD mice protected these animals from T1D.  When 

taken together, these data suggest that insufficient insulin presentation to T cells in the thymus 

during thymic selection may lead to a breach in immune tolerance to β cells.  PTPN22, located 

on human Chr 1p13, and encodes the lymphoid protein tyrosine phosphatase (LYP).  LYP 

suppresses T cell activation by repressing the activation of Lck following T cell receptor (TCR) 

engagement.  The single nucleotide polymorphism (SNP) C1858T has been confirmed in a 

number of studies to be in association with T1D.  The 1858T allele codes for an amino acid 

substitution that results in the risk allotype R620W(12). 

As shown above, multiple genes regarding immune regulation are associated with T1D 

and the fact that different alleles confer distinct effects on the onset of T1D suggests the 

complexity of the disease genetics.  These findings highlight the need for identification of the 

mechanisms that protective allele employ so that efficient therapies can be developed. 

Autoimmune Pathogenesis  

A generally held notion is that T1D is mainly mediated by T cells [reviewed in (13). T 

cells function not only as a major regulator of immune system activation and polarization but 

also as a main effector cell in inducing β cell damage.  In the process of T1D development, 

external or internal environment factors (e.g. nutrition, viruses, and chemicals) cause the release 

of the β-cell antigens. The antigen presenting cells residual in the islet such as dendritic cells and 
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macrophages take up β cell antigens from dead, damaged, stressed or even healthy β cells and 

undergo phenotypic changes and maturation under the affects by the local cytokines or signals 

received via damage associated molecular pattern receptors or pathogen associated molecular 

pattern receptors.  These cells then migrate to the pancreatic draining lymph node (pLN) where it 

is believed that these DC interact with autoreactive adaptive immune cells to initiate the 

autoimmune response (14).  Strong support was provided for the importance of pLN, as removal 

of pLN from young pre-diabetic NOD mice results in a blockade of T1D and insulitis (15).  In 

the pLN, mature antigen presenting cells present β cell antigens to antigen specific T cells. CD4+ 

T helper cells play a key role in the network of the autoimmunity as they provide positive 

feedback to the APC by inducing the up-regulation of MHC molecules as well as co-stimulatory 

marker expression like CD80, CD86, and CD40.  Further, this interaction promotes pro-

inflammatory cytokine production, such as IL-12 and type 1 interferons.  CD4+ T cells are 

involved in the activation of cytotoxic T lymphocytes (CD8+ T cells or CTL).  T helper cells do 

not interact with cytotoxic T cell directly but instead, promote CD8+ T cell activation by 

interacting with and licensing dendritic cells that can then prime antigen specific CD8+ T cells 

via cross presentation.  Activated CD8+ T cells migrate to the pancreatic islets and interface with 

β cells through scanning the MHC Class I-peptide complexes for a high affinity molecular 

interaction.  If these CTL recognize a peptide/MHC complex 1 they will induce β cell death by 

1) delivery of perforin/granzyme into the β cells 2) secretion of TNFα to induce β cell necrosis or 

3) increasing β cell sensitivity to autoimmunity by production of IFNγ.  In addition, activated 

CD4+ T cells migrate to the islets to recruit and activate macrophages as well as inducing the 

release of cytokines (IL-1β and TNFα) and free radicals by the macrophages.  Enhanced 

production of TNFα and IFNγ, IL-1β produced by macrophages induces β cell death by cellular 



 

22 

free radical production. Because the pancreatic β cells have low free radicals scavenging 

capacity, they are particularly sensitive to the free radical destruction (16). IL-1β can induce the 

generation of reactive nitrogen and reactive oxygen species by the islet (nitric oxide, superoxide 

anion, hydrogen peroxide, hydroxyl radicals, etc.).  In addition, the combination of IL-1, IFNγ 

and TNFα also induces inducible nitric oxide synthase (iNOS) synthesis in β cells, resulting in 

large scale NO production. Along with the increasing β cell damage, more and more β cell 

antigens are released and recognized by the immune system, which forms a cascade of the 

autoimmunity. 

Reactive Oxygen Species 

Initially considered “metabolic waste”, reactive oxygen species (ROS), have emerged as 

essential regulators of many biological processes, including immune responses (17-23). In 

addition to the well-accepted function in clearance of infectious agents, ROS have a role as 

secondary messengers in cellular redox signaling (24-27).  Failure or dysregulation of signals 

delivered by ROS can result in immune deficiency or autoimmune disease (28-30).  The 

following sections explore how cellular redox signaling functions and its role in autoimmunity. 

Metabolism of ROS 

Reactive oxygen species (ROS) are a group of chemically reactive molecules containing 

oxygen. Based on their properties in oxidation reactions, ROS are classified into single electron 

(radicals) and two electron (nonradical) oxidants (31).  Physical ROS and its common cross-

reactions are shown in Figure 1-1.  Under normal conditions, superoxide produced by 

mitochondria, NADPH oxidases (NOX), or other cellular sources has a very limited diffusion 

range and is removed by superoxide dismutase (SOD) producing peroxide and molecular oxygen 

[2SO2
•- + 2H+  SOD 

> O2 + H2O2] (32,33).  If superoxide is not scavenged then it can react with 

other molecules, such as nitric oxide to form peroxynitrite (ONOO-) that is highly reactive with 
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DNA and aromatic amino acids residues within proteins (34-36).  Hydrogen peroxide (H2O2), 

formed from superoxide or directly produced by some NADPH oxidase family members, has a 

much wider diffusion range and distinct biological effects (37).  Catalase neutralizes H2O2 by 

converting it into water and molecular oxygen (38).  Peroxiredoxin (Prx) reduces hydrogen 

peroxide using a redox-active peroxidatic cysteine in the active site that is oxidized to a sulfenic 

acid by the peroxide substrate (39).  Glutathione peroxidase (Gpx) reduces H2O2 by oxidizing 

monomeric glutathione into glutathione disulfide (40).  Notably, the high Km for catalase 

(>10mM) allows for a low level of H2O2 to persist within the cell.  Modulation of peroxide levels 

within the range below the Km for catalase or the other scavenging enzymes can modulate redox 

sensitive signaling pathways and therefore creates a situation where peroxide acts as a signaling 

intermediate when present at low, non-toxic concentrations.  As a signal massager, due to the 

presence of both intra- and extra-cellular antioxidants, cellular ROS functions in a very limited 

spatial range.  The importance of sub-cellular co-localization of ROS production with the redox 

sensitive targets has been reported in recent studies (41,42). 

Cellular Sources of Reactive Oxygen Species 

Multiple enzymes generate ROS.  Among these, mitochondrial complexes I and III of the 

electron transport chain and the NADPH oxidase family are two major cellular sources (43-45).  

In the mitochondria, electrons from NADH or FADH2 are delivered to oxygen through a series 

of complexes and generate a proton gradient across mitochondrial inner membrane to fuel ATP 

generation by the F1Fo ATP synthase.  During this process, there is some electron leak leading to 

superoxide production (46-49).  The fraction of superoxide generated as a function of the total 

oxygen consumed by mitochondria has been approximated as 1% (37).  Many factors affect the 

magnitude of ROS produced by mitochondria (mtROS), including genetics and stress (44,45,50).  

Mitochondria are the major source of ROS during basal metabolism (51,52), however it is 
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thought that mtROS may impact signaling pathways during normal cellular activity (53,54) and 

are mediators of pro-inflammatory pathways (19,27,55).  

The NADPH oxidase family members generate ROS as a main biological function 

(26,56-58).  There are seven members of the NADPH oxidase family, including NOX1-5 and 

dual oxidase 1 and 2 (DUOX1 and DUOX2).  All NOX members have a membrane bound 

flavocytochrome catalytic subunit that serves as the catalytic site of ROS production.  To date 

the phagocyte NADPH oxidase 2 (NOX2) is the best-studied member in this enzyme family.  

NOX2 contains a membrane bound catalytic complex and cytosolic regulatory subunits.  There 

are two membrane bound subunits, cytochrome b-245, β polypeptide (Cybb or gp91phox) and 

cytochrome b-245, α polypeptide (Cyba or p22phox) (59).  The gp91phox subunit functions as a 

catalytic core to generate superoxide, while p22phox is the docking protein allowing for assembly 

with the cytosolic regulatory subunits.  NOX2 is regulated by the cytosolic subunits (60-62).  In 

the resting state, p47phox [Neutrophil cytosolic factor 1 (Ncf1)] forms a complex with p40phox and 

p67phox (63).  The p22phox binding domain (PX) of p47phox is self-inhibited via interaction with a 

SH3 domain (64,65).  After activation, the auto-inhibitory region domain (AIR) of p47phox is 

polyphosphorylated and thus PX is released to interact with p22phox (66,67).  Meanwhile, Rac is 

also released from its inhibitor RhoGDI (68).  Binding of the cytoplasmic p40phox-p47phox-p67phox 

complex to the membrane bound subunits gp91phox-p22phox enables the activation domain of 

p67phox to interact with gp91phox thus initiating electron transportation and the production of 

superoxide.  Rac contributes to oxidase activity at the membrane.  Activated NOX2, transfers 

one electron from NADPH through the heme prosthetic group in the lipid bilayer to the other 

side of membrane to form superoxide.  One characteristic of NOX superoxide production is that 

superoxide is only generated on the exterior face of membranes. 

http://en.wikipedia.org/wiki/Dual_oxidase_2
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NOX1 and NOX3 are regulated by the p47phox homologue NOXO1 and p67phox 

homologue NOXA1.  In humans only the NOXO1 is required for NOX3 activation.  NOX5, 

DUOX1, and DUOX2 are regulated by cellular calcium levels through a calmodulin-like domain 

in the amino-terminus of each enzyme (26,37,58,59).  The NADPH oxidase family is believed to 

be one of the major ROS generators for redox signaling systems and manipulates the immune 

system at multiple levels (26).  

Redox Signals and Oxidative Stress 

ROS are highly reactive with the major cellular components protein, lipid, and DNA; 

therefore cellular ROS is under strict regulation so that unnecessary oxidative damage is avoided.  

Enzymatic antioxidant systems such as SOD, catalase and glutathione peroxidase catalyze ROS 

into nontoxic or less toxic molecules(31).  Small molecular ROS scavengers, like glutathione 

that is present at millimolar levels in cells, provides a free thiol pool to buffer cellular redox 

potential (69-72).  In total, these molecules form a global antioxidant network to maintain ROS 

at a low level (37,73).  Stimuli ranging from hypoxia, UV radiation, DNA damage, and 

inflammation can result in dramatically increased levels of ROS and oxidative insults if ROS 

levels increase to beyond the cellular redox buffering capacity (74). 

Although ROS have being considered as a “danger” to cell viability and function, 

accumulating evidence supports the hypothesis that regulated ROS generation, especially in the 

form of hydrogen peroxide, controls cell proliferation and activation.  It has been reported that 

many signaling pathways induce ROS production upon or subsequent to ligand binding, such as 

EGF, PDGF, TNFα, IL-1β, B cell receptor (BCR), and T cell receptor (TCR) (75-80).  The 

addition of an exogenous antioxidant or inhibitor of a ROS generating enzyme can compromise 

signal transduction and reduce cellular functions (81,82). 



 

26 

One major candidate group of redox signaling are cysteine containing proteins, such as 

those in tyrosine phosphatase (PTP) families (83-86).  Cysteine in the catalytic core of PTP 

exhibits a much lower pKa of the thiol group when compared to most other thiol containing 

enzymes  This results in the –SH that is highly susceptible to oxidation by ROS into the sulfenic 

form that transiently inactivates the PTP (87).  In cells, multiple mechanisms work cooperatively 

to regulate redox signal transduction (Figure 1-2). The first strategy is to co-localize the ROS 

generating site with the targets of redox modulation in order to limit the range of the oxidative 

milieu.  When an upstream signal is triggered, local ROS levels can reach a dramatically higher 

level than the average concentration within a specific sub-cellular location to deplete the local 

antioxidants and exert its function, as the “floodgate” model has proposed (39,88). Transient 

elevation of the local ROS concentration enhances the reaction speed of redox sensitive targets. 

Meanwhile, antioxidants surrounding the redox reaction core would scavenge leaked free 

radicals to avoid nonspecific oxidation and maintain stability of cellular redox potential (42). The 

second strategy is compartmentalization of ROS and regulation of its transportation. NADPH 

oxidases generate superoxide at the exterior side of membranes, either into the extracellular 

space or into intracellular vesicles.  Thus redox signal strength could also be adjusted by 

regulating ROS flux across membranes by specific superoxide or peroxide channels. 

The ClC-3 anion channel has been reported to transport superoxide and requires ROS 

dependent NF-κB activation (89). Hydrogen peroxide was initially believed to freely diffuse 

across cell membrane, similar to NO, with no requirement for a transporter.  However, this 

perspective has been recently challenged by reports describing that optimum amplification of 

hydrogen peroxide dependent Akt signaling cascades requires specific aquaporins 

(AQP3&AQP8) to take up extracellular hydrogen peroxide for intracellular signaling (90).  A 
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similar phenomenon has also been reported in yeast and plant species (91,92).  This confers cells 

with the potential to selectively import extracellular ROS as a signal mediator during cross-talk 

amongst immune cells.  The third proposed mechanism is the transient inactivation of local 

antioxidants (93).  Peroxiredoxin is a ubiquitous antioxidant that scavenges cellular ROS.  It is 

highly reactive with hydrogen peroxide.  Under physical concentration, less than 0.000001%, 

hydrogen peroxide has a chance to react with PTPs due to competition with peroxiredoxin (31). 

After receptor engagement, peroxiredoxin-1 is transiently phosphorylated by a Src family PTK 

and inactivated.  This phosphorylated peroxiredoxin-1 could only be found in the membrane 

associated cell fraction including NADPH oxidase and c-Src, but not the soluble fraction.  

Meanwhile, peroxiredoxin-2 that predominantly exists in cytosol was not found to be 

phosphorylated.  This indicates Prx-2 and Prx-1 are active for ROS scavenging but only Prx-1 

located proximal to redox signaling locations silenced.  

ROS Promote Pro-inflammatory Responses 

In addition to performing the well-known anti-microbial function of the respiratory burst, 

ROS, as signal molecules, promote immune responses. ROS generation is induced by 

engagement of multiple toll like receptors as well as the T cell receptor and is required for T cell 

proliferation and the production of pro-inflammatory cytokines (94).  In NOX2 deficient 

macrophages, TLR3 induced type 1 interferon production is dramatically compromised (95).  

ROS generated by the xanthine oxidase system inside of dendritic cells (DC) activates an NF-kB 

dependent maturation of these cells, eliciting DC capable for sustaining immune responses.  In 

addition, mtROS activates NLRP3 inflammasome in macrophages (96), through facilitating 

inflammasome binding to redox regulated TXNIP (97).  ROS also play a role in cell migration 

during immune responses.  Endothelial cells deficient in NOX2 activity exhibit a significantly 

compromised capacity of guiding eosinophils to enter inflammatory sites (98).  Additionally, 
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knockdown down gp91phox or applying a NOX inhibitor reduced VCAM-1 induced MMP-2 and 

MMP-9 activation in mouse endothelium (99).  Further, endothelial ICAM-1 expression requires 

functional NADPH oxidase and is ablated by a NOX inhibitor (100,101).  In human monocytes, 

inhibition of NADPH oxidase decreases the CXCL8 and CCL2 expression in response to the 30-

kDa antigen of Mycobacterium tuberculosis (102).  Neutrophil NOX generated ROS is required 

for fMLP and LTB4 induced chemotaxis (103).  These results demonstrate that ROS are 

essential for function of a variety of immune cells. 

Reactive Oxygen Species in T cells 

In T cells, inducible ROS production is found after TCR activation and is one of the early 

events in this process (23,104-106).  Phagocyte NADPH oxidase (NOX2) regulates the free 

radical burst. CD4+ T helper cells with deficient NOX2 have a skewed cytokine profile and 

altered T cell proliferation (23,107).  On the other hand, mitochondrial ROS are involved in T 

cell proliferation by promoting IL2 production.  Dysregulation of ROS during T cell activation 

interrupts T cell function and differentiation and thereby impacts the whole immune response.  

One of the major potential mechanisms by which ROS regulates immune responses by T 

cells is through inhibition of redox sensitive proteins like protein tyrosine phosphatase (PTP)-

mediated dephosphorylation, as described above (26,84,108).  Protein phosphorylation plays an 

essential role in signal transduction during T cell activation and regulation.  A balance between 

the activity of kinases and phosphatases is modified by ROS via redox sensitive switching of 

PTP.  In T cells, PTPs have diverse roles in the initiation and propagation of signals and some of 

them are major regulatory proteins controlling the intensity and duration of activation signals, 

which also play important roles in autoimmune diseases (109).  Src-homology 2 domain (SH2)-

containing PTP, SHP-2, is a negative regulator of T cell function.  T cells with mutated SHP-2 

have increased phosphorylation of Erk2 and SLP-76-dependent integrin activation (110).  SHP-2 
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is also proposed to associate with cytotoxic T-lymphocyte antigen-4 (CTLA-4) indirectly and 

facilitate its inhibitory effect (111).  After TCR engagement DUOX1 is activated and the ROS 

produced oxidize SHP-2 and ablate the phosphatase activity (112).  SHP-1 is another potential 

PTP affected by ROS.  SHP-1 has been proposed as a key regulator of TCR signal strength and 

therefore controls T cell differentiation.  Weak signals through the TCR will be silenced by SHP-

1 or/and other phosphatases.  Overexpression of SHP-1 leads to a decrease in phosphorylation in 

CD3 TCR δ chain and LAT (113), while a strong signal results in transient inactivation of SHP-1 

proximal to the TCR allowing for the activation of signal transduction (114).  Inactivation of 

SHP-1 was shown to be ROS dependent and regulated by cellular Ca2+ in B cells (115), however 

a similar mechanism of SHP-1 redox regulation has not been identified in T cells.  This fact 

highlights that studies linking ROS regulation of T cell function need to be addressed.  LYP, 

which is encoded by PTPN22, is also a candidate for redox regulation in T cells.  LYP is a PTP 

performing as a major gate-keeper that sets T cell activation thresholds by dephosphorylation of 

Lck and ZAP-70 kinase (116).  T cells from LYP knockout mice show augmented and extended 

duration of tyrosine phosphorylation and hyper-responsiveness.  Genetic mapping shows that 

specific genetic variations in PTPN22 are linked to T1D in both human and mice.  These alleles 

in general have an enhanced LYP degradation, which may cause hyper-responsiveness in T cells 

(117,118).  The burst of H2O2 following TCR engagement has been suggested to inactivate LYP 

so as to facilitate the signal transduction (119,120).  Through redox regulation of LYP, ROS is 

proposed to affect T cell activation threshold indirectly.  And it would be interesting to 

investigate this potential mechanism as a novel pharmacological target. 

T cell function is also affected by ROS through several key transcriptional factors.  The 

constitutive inhibitor of NF-κB, IκB, can be marked for proteolytic degradation after oxidant 
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triggered phosphorylation thereby initiating activation and nuclear translocation of NF-κB (121).  

In addition, activation of the transcription factor AP-1 is also mediated by oxidant triggered 

MAPK cascade, providing further support for the role of ROS in the signal transduction of T cell 

activation (122,123).  T cells with deficient Rac2, a key activator of NOX2, exhibited a 

significant reduction in IFNγ synthesis and decreased p38 MAPK and ERK1/2 activation 

(26,124,125).  In NOX2 deficient NOD mice, T helper cells show compromised Th1 cytokine 

production, which is caused by down-regulation of T-bet, STAT1, and STAT4 (23).  

The location of the ROS mediated oxidative milieu is important in T cells as some redox 

sensitive proteins, such as CD45, exert positive effects downstream of the TCR signal.  CD45 is 

required for initiating TCR mediated signaling events and many studies indicate that deficiencies 

in CD45 result in a profound inhibition of T cell development (126,127).  The inconsistent role 

of PTPs in T cell activation indicates ROS has to perform a selective silencing upon different 

PTPs.  As discussed, ROS is active within a limited spatial range during redox signal 

transduction.  In the TCR proximal region, the ROS level is enough to inactivate SHP and thus 

enhances the positive signals like NF-kB. Meanwhile, PTP like CD45 located beyond this 

oxidative area is not impacted by ROS, therefore still remain active during this immune 

response.  Pani proposed a model that is based on an observation that early events in T cell 

activation happen in membrane lipid rafts in which some critical signaling components including 

the TCR complex, CD28, and other key transducers such as Fyn, Lck, and LAT are concentrated 

(128,129).  Inhibitory PTPs like SHP-1 and LYP are located in this raft but CD45 is not 

(113,130,131).  The inducible ROS production by NOX2 in T cells is likely located in such lipid 

rafts and the effective scope of ROS is limited in the raft area but not beyond it under normal 
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conditions.  It can be further proposed that the effective scope and range of ROS can be 

controlled by cellular antioxidants.  

The accurate control of ROS is important to avoid autoimmune responses. Staal and 

Herzenberg (132) have shown that T cells under oxidative stress show a similar diminishment of 

calcium influx with CD45 deficient T cells indicating the deficient calcium influx may be due to 

the inhibition of CD45 by the oxidative milieu.  Based on this, Staal and Herzenberg proposed 

that imbalanced redox status in T cells switches T cell function from “antigenic mode” 

corresponding to effective cell activation/proliferation and regulation to an “inflammatory mode” 

that shows low activation /poor regulation and tendency towards autoimmune phenomena. 

Thus, the appropriate ROS regulation is essential for T cell function.  Although ROS is 

necessary for T cell activation, poorly regulated ROS can unbalance T cell responses and 

increase the potential for autoimmunity, such as T1D.  By elevating cellular antioxidants or 

reducing ROS production, T cell activation thresholds can be increased, which can avoid 

autoimmunity.  Indeed, out data demonstrate that increased activity of SOD1 or blocking NOX2 

activity in T cells prevents T1D development in NOD mice.  

Reactive Oxygen Species in Type 1 Diabetes 

Reactive oxygen species have been historically proposed to contribute in the 

pathogenesis of T1D.  Although there is no widely applied antioxidant treatment used to prevent 

or cure T1D, evidence has been accumulating over the past few decades to show the potential of 

antioxidant therapy for T1D (Table 1). Previously we have identified the significance of ROS in 

the pathogenesis of T1D using the unique alloxan resistant (ALR) mouse strain (133-135). In this 

section, I will provide introductory material and discussion on the current research progress with 

the ALR model with respect to T1D.  In addition, the role of NADPH oxidase 2 in the 
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pathogenesis of autoimmune diabetes as determined using the NOD.Ncf1
m1J model and 

prevention of T1D by administrating of pharmacological antioxidants will be discussed. 

ALR mice and T1D 

The inbred ALR mouse strain was selected for resistance to alloxan-induced diabetes 

from the same outbred Jc1:ICR Swiss progenitor cohort as the diabetes-prone NOD strain (136). 

Alloxan is a β cell selective free radical generating toxin that has the potential to induce enough 

β cell death that insulin dependent diabetes will ensue (137,138).  My mentor’s work with this 

strain has demonstrated that ALR mice also show unusual resistance to T1D (133).  However, 

even though ALR mice resist diabetes they have genetic identity with NOD mice over 85% of 

the genome, including almost all of the Insulin Dependent Diabetes susceptibility (Idd) loci (i.e. 

IL-2, β2m, and MHC class II alleles) (134).  Therefore it was not surprising that gene mapping 

studies using outcrosses of ALR to NOD identified a unique set of loci that associated resistance 

of diabetes with both a systematic elevation of ROS dissipation capacity as well as diminished 

free radical generation (135,139).  

Four T1D protective genetic loci were derived from ALR.  These T1D-resistance loci 

mapped to Chromosome (Chr) 3, 8, and 17, as well as a single nucleotide polymorphism in the 

mitochondrial genome(134,140).  The peak linkage on Chr. 3 mapped to the ALR-derived 

Suppressor of Superoxide Production (Susp) locus that linked T1D-resistance as well as elevated 

SOD1 activity and a dearth of NOX2 activity (134,141).  NOD mice made congenic for the 

ALR-derived Susp locus (NOD-Susp) failed to develop spontaneous diabetes via modulated 

immune responses, indicating that ROS are required for the development of T1D and that SOD1 

or NOX2 may act as a key regulator of this disease.  A concrete mechanism for how SOD1 

modulates T1D development is still under investigation but our previous report indicates that this 

may, at least partially, through modulating NOX2 generated ROS (141).  Recently, Engelhardt’s 
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group introduced a new concept “redoxosome”, which is redox signalosome composing of 

cytokine receptor, adaptor proteins, NOX complex, superoxide transporter, and ROS processing 

protein like SOD1 (142).  In the redoxosome SOD1 functions not only to dismutate superoxide 

into the signaling molecule hydrogen peroxide but also regulate NOX activity.  The Susp model 

may provide a useful platform to study how redox signaling regulated the development of T1D. 

Research with ALR mice has provided tangible evidence that treatment of T1D or other 

autoimmune diseases with free radical scavengers or molecules that can suppress ROS 

production may prove efficacious.  However, considering the wide variety of ROS cellular 

functions and the many types of ROS that are produced within physiological systems a clear 

understanding of the cellular sources and targets of ROS will be essential.  Novel chemical or 

gene theory could potentially be developed based on such clarifications. 

NADPH oxidase and T1D 

Although there are multiple reports supporting NOX2 as an immune suppressor in 

rheumatoid arthritis and EAE, this enzyme supports the pathology of T1D (22,23).  Harboring a 

functionally inactive p47phox subunit, NOD.Ncf1
m1J mice have a reduced and delayed onset of 

T1D and invasive leukocytic infiltrates are also rare in the islets of NOD.Ncf1
m1J.  Such diabetes 

protection does not arise from better resistance of β cells to cytotoxic T cells or combinations of 

pro-inflammatory cytokines but instead from altered immune activation.  Using adoptive transfer 

systems, pre-diabetic T cells from NOD.Ncf1
m1J or NOD were injected into NOD-Scid mice.  In 

the recipient mice diabetes onset was significantly delayed in hosts receiving T cells with a 

deficiency in p47phox (22).  We originally speculated that altered T helper cell differentiation 

contributed to this protection as naïve CD4+ T cells from NOD- Ncf1
m1J exhibited significant 

ablation of IFNγ production and increased IL-17 secretion (23).  As TH1 responses plays the 

dominant pathogenic role T1D, such skewing away from TH1 in NOD-Ncf1
m1J CD4+ T cells may 
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have resulted in an altered cytokine milieu in the draining lymphoid node and pancreatic islets 

(14,143). 

ROS promote T1D development in macrophages.  Self-reactive BDC2.5 CD4+ T cell 

clones fail to transfer diabetes in NOD.Ncf1
m1J mice.  This failure of disease transfer highlights 

the indispensable role of NADPH oxidase in host derived effector cells, such as macrophages, 

during CD4+ T cell mediated β cell killing (144).  Similarly, bone marrow derived macrophages 

from NOD.Ncf1
m1J mice are less capable of producing the pro-inflammatory cytokines IL-1β and 

TNF-α after stimulation with LPS (23). 

 NADPH oxidase has also been proposed to be critical to dendritic cell mediated 

diabetogenic CD8+ T cell priming through cross presentation.  Cross presentation is the process 

by which dendritic cells present exogenous antigens on MHC class I molecules for recognition 

by CD8+ T cells (145).  This process is required for naïve CD8+ cytotoxic T cells (CTL) to 

recognize and be activated by non-self-antigens.  In the resting state, self-antigen cross-presented 

by dendritic cells is delivered to the draining lymph node and promotes cross-tolerance to self 

(146).  With the presence of specific T helper cells, dendritic cells will cross-prime CTL to 

initiate efficient cytotoxic responses (147-149). 

Cross-priming is required for the spontaneous onset of T1D in NOD mice (150).  It has 

been proposed that NOX2 facilitates dendritic cell cross presentation by adjusting the antigen 

degradation rate. In dendritic cell cross presentation, exogenous protein is transported out of 

phagosome into cytosol and further processed and load into MHC I molecules, thus the relative 

integrity of antigen is required for efficient cross membrane transportation (151).  During this 

process, NADPH oxidase is recruited to the phagosome and produces ROS to neutralize protons, 

which results in a sustained phagosomal pH and suppression of acidophilic proteolytic enzymes 
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(152). In NOX2 deficient mice or CGD patients, dendritic cells show much faster phagosomal 

acidification and significant deficiency in CD8+ T cell activation. Thus, it would be a plausible 

hypothesis that the insufficient CTL priming in CGD mice or patients delays or prevents onset of 

CTL mediated autoimmune disease like T1D. 

Summary 

In the following chapters, studies describing the role of NADPH oxidase in CD8 T cells, 

regulatory T cells, and dendritic cells in the pathogenesis of T1D are reported and discussed.  In 

CD8 T cells, we have identified that a lack in NOX2 activity results in a reduction in CTL 

pathogenicity.  NOX2 deficiency or inhibition divested the CTL of lytic activity by suppressing 

the master transcriptional factor T-bet, which compromised the production of granzyme B, IFN-γ 

and TNF-α.  NOX2 promotes T-bet expression by enhancing the redox sensitive mTORc1 

pathway upon TCR activation.  

NOD-Ncf1
m1J DC is not able to stimulate diabetogenic CTL.  While Ncf1-deficient DC 

had normal type 1 interferon production, pro-inflammatory cytokine production, and co-

stimulatory markers expression, the antigen presentation to CTL by DC was severely hampered. 

Consistent with the previous reports using NOX2 deficient DC, the DC from NOD-Ncf1
m1J mice 

were incapable of regulating the phagosomal acidification, leading to accelerated antigen 

degradation.  Massive proteolysis in the NOD-Ncf1
m1J DC phagosomes interrupted antigen 

translocation into the cytoplasm and thus resulted in a deficient cross-priming of CD8+ T cells.  

With regards to regulatory T cells (Treg) some controversy exists as to the role of NOX2 

in suppressor function.  Here we report that the Ncf1
m1J mutation on either the NOD or B6 

background has no impact on Treg cell number or in vitro suppressor activity.  Using adoptive 

transfer models we demonstrate that Tregs from NOD-Ncf1
m1J mice were not less suppressive 

when compared to those from NOX2 intact NOD mice.  
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Overall these findings suggest a complexity of NOX2 function within the immune 

systems and highlight the significance of inhibition of NOX2 in the CTL arm for future studies 

on the potential therapies for T1D. 
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Figure 1-1.  Interactions of reactive oxygen species. HOCl, hypochlorous acid; ∙NO, nitrogen 
oxide; ∙NO2, nitrogen dioxide; ONOO-, peroxynitrite; ∙OH, hydroxyl radical; 1O2, 
Singlet oxygen, RNHCl, chloramines. Figure is modified from (31,32). 
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Figure 1-2. Proposed model of celluar redox signaling mediated by NADPH oxidase. Membrane 
bound NADPH oxidase can be activated by specific cellular receptor like TCR. 
Superoxide produced by NOX passed through membrane through ClC3 and 
dismutated into hydrogen peroxide. Hydrogen peroxide transiently inactivates PTPs 
proximal to NOX by oxidizing the cysteine in the catalytic core.  Cellular 
antioxidants like peroxiredoxin-1 are temporarily inactivated to facilitate the redox 
signal transduction. NOX, NADPH oxidase; Prx, peroxiredoxin; GSH, glutathione; 
GSSG, disulfide liked glutathione; PTP, protein tyrosine phosphatase; O2

, 
superoxide; H2O2, hydrogen peroxide.  
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Table 1-1. Antioxidant therapy on T1D 

Treatment Effects on 
diabetes 

Potential 
mechanism 

Protection 
level References 

21-Aminosteroid 
Lazaroid U78518F 

Decrease 
spontaneous 
T1D in a dose 
dependent 
manner  

N/A N/A (153) 

Butylated 
hydroxyanisole 

Attenuation of 
hyperglycemia 
and insulitis 
induced by STZ 
mediated 
autoimmune 
diabetes in DA 
rat 

Reducing 
lymphocyte 
proliferatino and 
adhesion; 
inhibition of 
macrophage 
secreted free 
radicals and pro-
inflammatory  
cytokines 

lymphocytes 
and 
macrophages 

    (154) 

Adeno-associated 
virus (AAV) 
delivered Heme 
oxygenase-1 

Delaying T1D 
and insulitis at a 
dose dependent 
manner in NOD 
mice 

Downregulation 
of  dendritic cell 
maturityand Th1 
effector function 

T cells and 
dendritic 
cells 

 (155) 

Probucol 

Decreasing 
onset of 
spontaneous 
autoimmune 
diabetes in 
BB/W rats 

Reduction of 
macrophage 
derived H2O2 
and oxidative 
stress in β cells 

Β cells and 
macrophages  (156) 

Metalloporphyrin-
based SOD mimic 
AEOL-10113 

Delaying or 
preventing 
BDC2.5 T cell 
clone induce 
diabetes 

Impaired 
antigen 
presenting cell 
priming on T 
cells 

Antigen 
presenting 
cells 

 (157) 
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CHAPTER 2 
NADPH OXIDASE DERIVED REACTIVE OXYGEN SPECIES PROMOTE FULL 

EFFECTOR FUNCTION OF CD8+ T CELL BY REGULATING mTORC1 and t-BET 

Background 

Cytotoxic T cell (CTL) mediated immune response plays a vital role in eliminating 

intracellular infections, tumor immunology and various autoimmune diseases (158,159). 

Activation of CTL leads to cell expansion and production of pro-inflammatory cytokines and 

cytotoxic factors, which is critical to induce cell death of the target cells. In CTL activation, 

multiple factors function collaboratively to regulate the master transcriptional factors that 

determine the transcription of effector molecules (160-162). Among these factors, reactive 

oxygen species was proposed to be involved in this process (106,163).  

Reactive oxygen species (ROS) is a group of low molecular weight, highly reactive 

molecules containing oxygen (31).  When present at high concentrations ROS can be toxic and 

participate in pathologies, however regulated ROS production controls cellular functions by 

mediating redox signaling (31,164,165).  Indeed, specific enzyme families, such as the NADPH 

oxidases (164), have various roles in modulating redox signal transduction through production of 

ROS.  The most widely studied member of this family, phagocyte NADPH oxidase (NOX2), is 

expressed in a wide variety of tissue/cell types and is well known as the free radical source of the 

“respiratory burst” in neutrophils and macrophages that is used to kill phagocytized pathogens.  

This enzyme is also critical for producing ROS as biological messengers that participate in signal 

transduction within lymphocytes (164,165).  We have previously reported that NOX2 generated 

ROS regulates CD4+ T cell differentiation by promoting TH1 response (23). However, the role of 

NOX2 in CTL activation still remains unknown. To address this issue, we employed type 1 

diabetes as our model. 
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Type 1 diabetes is caused by autoimmunity mediated dysfunction or destruction of 

insulin producing β cells (2,14,166).  CTL is considered the final effector cells that mediate β 

cell death (2,167,168).  These cells are the most prominent cell type in the islet infiltrates in the 

context of human T1D (169,170). In the NOD mouse, a major mechanism of the β cell 

destruction by CTL is through the production of pro-inflammatory cytokines and cytotoxic 

effector molecules like IFNγ, perforin/granzyme B, and TNFα.  Ablation of these molecules 

confer significant protection against T1D (167,171-173).. We have reported that NADPH 

oxidase produced ROS contribute to the onset of diabetes and diabetes (23,106).  Adoptive 

transfer of NOD-Ncf1
m1J CD8+ T cells into NOX2 intact host (NOD-Scid) lead to a delayed onset 

of diabetes, indicating that NOX2 activity within the CTL is indispensible for its fucntion (22).  

The goal of this study was to explore the mechanisms by which ROS promote CTL 

function in the T1D model.  We will show that genetic ablation or pharmagological inhibition of 

NOX2 blunts effector function in terms of pro-inflammatory cytokines and effector molecules in 

CD8+ T cells.  In addition, hydrogen peroxide derived from NOX2 promoted CTL effector 

function by enhancing transcriptional factor T-bet production.  We demonstrated that ROS affect 

T-bet via promoting mTORc1 activity in a redox sensitive manner.  These findings are the first 

to provide the mechanism of NOX2 function in diabetogenic CTL and provide a novel 

methodology in CTL mediated disease like T1D. 

Materials and Methods 

Animals 

NOD/ShiLtJ, NOD.CB17-Prkdc
scid/J (NOD-Scid), NOD.Cg-Rag1

tm1Mom
-Tg 

(TcraAI4)1Dvs/DvsJ (NOD.AI4-Rag1
-/-), and NOD.Cg-Rag1

tm1MomTg (TcrbAI4)1Dvs/DvsJ 

(NOD.AI4β-Rag1-/-) mice were purchased from The Jackson Laboratory (Bar Harbor, ME).  F1 

hybrid progeny developed from outcrosses of NOD.AI4-Rag1
-/- to NOD.AI4β-Rag1

-/- 
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(hereafter referred to as NOD.AI4/β-Rag1
-/-) developed diabetes between 3 and 5 weeks of age.  

NADPH Oxidase 2 deficient, NOD-Ncf1
m1J mice were generated as previously described 

(23,106).  Female mice were used for all experiments. All mice used in this study were housed in 

specific pathogen free facilities and approved by the institution animal care and use committee at 

the University of Florida. 

Materials 

T cell activation antibodies, α-CD3ε (145-2C11) and α-CD28 (37.51), were purchased 

from BD Pharmingen (San Jose, CA).  Fluorescently labeled antibodies, Brilliant violet 421–

labeled α-CD8, allophycocyanin (APC)-labeled α-CD3ε (BM8), and APC-labeled α-T-bet 

(4B10) were purchased from Biolegend (San Diego, CA).  Phycoerythrin (PE)-labeled α-

granzyme B (NGZB), PE labeled α-IFNγ (XMG1.2), APC labeled α-TNF (MP6-XT22) and 

isotype controls were purchased from eBioscience (San Diego, CA).  Mouse IFNγ ELISA kits 

were purchased from BD Biosciences (San Jose, CA).  Phorbol 12-myristate 13-acetate (PMA), 

ionomycin, phenylarsine oxide (PAO), British α-Lewisite (BAL), and rapamycin were purchased 

from Sigma (St. Louis, MO).  Apocynin was purchased from EMD Millipore (Billerica, MA).  

Antibodies against phospho-S6K and S6K were purchased from Cell Signaling Technology 

(Danvers, MA).  Antibodies against mouse Erk1 and the HRP conjugated secondary antibodies 

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).   

Adoptive Transfer 

Prediabetic (8 weeks old) NOD and NOD-Ncf1
m1Jdonors were used for adoptive transfer 

experiments. CD4+ and CD8+ T cells were purified by negative selection with magnetic beads 

according to the manufacturer’s protocol using a CD4+ T-cell isolation kit or a CD8+ T-cell 

isolation kit (Miltenyi Biotec, Auburn, CA), respectively. Purity, >96%, was confirmed by flow-
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cytometric analysis. CD4+ and CD8+ T cells were mixed at a ratio of 3:1, and 107 cells were 

transferred intraperitoneally to 8-week-old NOD-Scid recipients. Transfers were divided into 

four groups receiving 1) NOD CD4+ & NOD CD8+, 2) NOD-Ncf1
m1J CD4+ & NOD-Ncf1

m1J 

CD8+, 3) NOD-Ncf1
m1JCD4+ & NOD CD8+, or 4) NOD CD4+ & NOD-Ncf1

m1J CD8+.  Mice 

positive for glycosuria were monitored daily thereafter for hyperglycemia using One Touch Ultra 

2 glucometers (LifeScan, Inc., Milpitas, CA).  Any mouse with measured blood glucose levels 

on consecutive days >250 mg/dL was diagnosed with type 1 diabetes. Engraftment of cells was 

confirmed by flow cytometry. 

Purification and Cell Culture of CD8
+
 T cells 

Spleens from age-matched NOD and NOD-Ncf1
m1J females were collected, homogenized 

to a single cell suspension, and subjected to hemolysis with Gey’s solution.  Negative selection 

of CD8+ T cells was performed using magnetic beads (CD8+ T cell isolation kit (Miltenyi 

Biotec)), according to the manufacturer’s protocol.  Purity was tested using flow cytometry on a 

BD LSR Fortessa and confirmed to be greater than 90%.  Purified CD8+ T cells were cultured in 

low glucose DMEM (Corning Cellgro, Manassas, VA) containing 10% fetal bovine serum (FBS, 

HyClone Laboratories), HEPES buffer, and gentamicin (Gemini, West Sacramento, CA).   

CD8
+
 T cell proliferation 

CD8+ T cells (1 × 105) were used for proliferation after stimulation with plate-bound α-

CD3ε (0.1 μg/mL) and α-CD28 (1 μg/mL).  Cell proliferation was measured by [3H]TdR 

incorporation as described previously (23). 

Detection of cytokine production and secretion by CD8
+
 T cells 

Intracellular staining was used to detect cytokines, granzyme B, and transcription factors 

in CD8+ T cells, as described (174,175).  Purified CD8+ T cells (5 × 105) were activated with 

plate bounded α-CD3ε plus α-CD28 or PMA (50ng/mL) plus ionomycin (1µg/mL) for 66 hours, 
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which then were re-stimulated with PMA and ionomycin in conjunction with addition of 

GolgiStop for 6 hours at 37°C in a 5% CO2 humid air incubator.  Cells were stained with 

Brilliant Violet 421-labeled α-CD8, and fixed in intracellular fixation & permeabilization buffer 

(eBioscience), washed in permeabilization wash buffer (eBioscience), and then stained with the 

noted fluorescent labeled antibodies according to the manufacturers’ protocol.  Fluorescence was 

measured using BD LSR Fortessa and the results were analyzed using Flowjo 7.6.1 software. 

For detection of secreted cytokines, CD8+ T cells (5 × 104) were stimulated with beads 

that were conjugated to α-CD3ε and α-CD28 (Life Technologies, Long Island, NY).  IFNγ 

secreted by activated CD8+ T cells was detected with the BD OptEIA™ Mouse IFNγ ELISA Set 

(BD Biosciences, San Jose, CA).  ELISA plates were read on a SpectraMax Multi-Mode 

Microplate Reader and analyzed using Softmax Pro v.5.0.1 (Molecular Devices Corp., 

Sunnyvale, CA). 

Quantitative Real-Time Quantitative PCR 

Real time quantitative PCR was performed as previously reported (176-178).  Total RNA 

from purified CD8+ T cells was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA) and 

cDNA was prepared using the Superscript III First-Strand Synthesis System (Invitrogen) 

according to the manufacturer’s protocol.  SYBR Green I (Bio-Rad) analysis was performed on a 

LightCycler 480 II (Roche, Basel, Switzerland).  The amplification program utilized the 

following steps for all primer sets: 95°C for 10 min, followed by 45 cycles of 95°C for 30s, 60°C 

for 30s, and 72°C for 30s.  The melting-curves of the PCR products were measured to ensure the 

specificity.  Primers were designed using qPrimerDepot (NIH) and listed in Table 1.   

Cell-Mediated Lymphocytoxicity Assay 

Cell-Mediated Lymphocytotoxicity (CML) assays were performed as described 

previously (179,180).  Briefly, splenocytes from NOD.AI4α/β-Rag1
-/- mice were primed in 
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RPMI1640 complete media containing 25 U/mL IL-2 and 0.1M mimotope (amino acid 

sequence YFIENYLEL) in for 3 days with or without 200M apocynin.  NOD-derived NIT-1 β 

cells (181) were plated at 50,000 cells per well in flat-bottom 96 well plates.  IFN priming of 

NIT-1 cells was performed by adding 1000U/mL cytokine for 24 hours. The NIT-1 cells were 

then labeled with 1 μCi/well of 51Cr for 3 hours at 37°C.  Specific lysis was calculated as 

described (179,180). 

Immunoblot 

Whole CD8+ T cell lysates were prepared by sonication in RIPA buffer (23).  Lysates 

were separated on 7.5% SDS-PAGE gels (Bio-Rad) and transferred onto 0.45-μm–charged 

polyvinylidene difluoride membranes.  The membranes were then incubated overnight at 4°C 

with antibodies against phospho-S6K or total S6K, exposed to the secondary antibody 

conjugated to HRP, and detected with a FluorChem HD2 (Αlpha Innotech, San Leandro, CA).  

For normalization, membranes were stripped and re-probed with α-Erk1, followed by incubation 

with HRP conjugated secondary antibody.  Chemiluminescence detected with a FluorChem HD2 

(Α Innotech).  ΑlphaView (Αlpha Innotech) was used to convert the emitted photon signals to 

densitometry data. 

Measurement of mTOR Complex Activity 

mTOR complex activity was assayed using purified CD8+ T cells (1 × 107) after 

stimulation with α-CD3ε and α-CD28 conjugated beads for 45 minutes.  For mTOR complex 

activity inhibition, rapamycin (20ng/mL) treatment was performed 15 min prior to polyclonal 

activation.  For redox reagent treatment, cells were then treated for 15 min before polyclonal 

activation under the following conditions: 5 μM PAO, 1 mM BAL, 10 μM H2O2, and 500 μM 

Apocynin in DMEM media.   
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Determination of Rheb-GTP levels after T Cell Activation 

Rheb-GTP levels were assessed with and without T cell activation using a Rheb 

Activation Assay Kit (New East Biosciences, Malvern, PA).  For these studies purified CD8+ T 

cells (1.5 × 107) were subjected to polyclonal stimulated with α-CD3ε and α-CD28 conjugated 

beads.  Rheb-GTP levels were measured after 45-minute stimulation. 

Statistics 

Statistical analysis was performed using GraphPad Prism (GraphPad Software, Inc., La 

Jolla, CA) or SAS 9.2 (SAS Institute Inc., Cary, NC). Statistical significance between mean 

values was determined using the Student’s t test, with P < 0.05 considered as significantly 

different.  Analysis of results from the mTORc1 activity measurements were performed with 

three-way ANOVA using a critical P-value equal to 0.05.   

Results 

Delayed Transfer of Diabetes with NOD-Ncf1
m1J

 Splenocytes and Purified CD4
+
 and CD8

+
 

T cells. 

As the phagocyte NOX is expressed in T cells and activated after T cell receptor 

stimulation (17,40), we sought to determine whether NOX-deficient T cells would lack the 

ability to transfer disease.  To assess internal defects in the diabetogenicity T cells lacking 

intracellular superoxide production, purified T cells collected from prediabetic female NOD and 

NOD-Ncf1
m1J donors were adoptively transferred into NOD-Scid recipients. T1D onset was 

monitored up to 180 days after adoptive transfer. To study potential defects specifically in NOX-

deficient T cells, CD4+ and CD8+ T cells from donor animals were purified and adoptively 

transferred into NOX-intact NOD-Scid recipients. There were a total of four groups (Figure 2-1): 

group 1) NOD CD4+ + NOD CD8+ cells and group 2) NOD-Ncf1
m1J CD4+ + NOD-Ncf1

m1J CD8+ 

cells, as well as the co-transfer groups receiving either group 3) NOD-Ncf1
m1J CD4+ and NOD 

http://diabetes.diabetesjournals.org/content/60/8/2144.long#ref-17
http://diabetes.diabetesjournals.org/content/60/8/2144.long#ref-40
http://diabetes.diabetesjournals.org/content/60/8/2144.long#F6
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CD8+ cells or group 4) NOD CD4+ and NOD-Ncf1
m1J CD8+ cells.  These experiments allowed us 

to determine whether the defect was present in all NOX-deficient T cells or specific to NOX-

deficient CD4+ or CD8+ T cells.  A significantly delayed transfer of disease (P < 0.05) was 

observed in hosts receiving group 2 NOD-Ncf1
m1J CD4+ and NOD-Ncf1

m1J CD8+ in addition to 

group 4 NOD CD4+ and NOD-Ncf1
m1J CD8+ cells compared with the other two recipient groups. 

The common cell type in the groups with delayed transfer was the NOD-Ncf1
m1J CD8+ cells, 

indicating that in this model, NOX-deficient CD8+ T cells were less efficient in inducing type 1 

diabetes. 

CD8
+
 T cells in NOD-Ncf1

m1J
 Mice Exhibit a Reduced Production of Pro-inflammatory 

Cytokines and Effector Molecules 

NOX2 has been reported to play a role in the TCR signaling upon CD3 and CD28 cross-

linking (182).  Our previous report indicated that NOD-Ncf1
m1J

 CD8+ T cells have a reduced 

diabetogenic capacity after adoptive transfer into Ncf1-intact recipients (106).  We thus 

hypothesized that NOD-Ncf1
m1J

 CD8+ T cells would exhibit defective effector function.  Purified 

splenic CD8+ T cells from NOD and NOD-Ncf1
m1J were stimulated with α-CD3 and α-CD28.  

We observed a differential reactivity to this form of polyclonal stimulation.  Stimulated NOD-

Ncf1
m1J CD8+ T cells exhibited a significant reduction of IFNγ production, which was consistent 

to our previous report that NOD-Ncf1
m1J

 CD4+ T cells have a decreased TH1 response (23).  

Similarly, TNFα and granzyme B were also reduced in the NOX2-deficient NOD-Ncf1
m1J CD8+ 

T cells after polyclonal stimulation (Figure 2-2A).  To examine if the dearth of the IFNγ, TNFα, 

and granzyme B in NOD-Ncf1
m1J resulted from suppressed transcription or translation, 

quantitative real-time PCR was performed in CD8+ T cells after α-CD3 and α-CD28 stimulation.  

IFNγ, TNFα, and granzyme B transcripts were all significantly reduced in NOD-Ncf1
m1J

 CD8+ T 

cells (Figure 2-2B).  No significant differences between NOD and NOD-Ncf1
m1J CD8+ T cells 
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were observed in terms of the level of IL-4, perforin, LAMP-1, or FasL (Figure 2-2C).  This 

indicated that a functional NOX2 is essential for the production of specific pro-inflammatory 

cytokines (IFNγ and TNF) and cytotoxic molecules (granzyme B) after TCR activation.  

T-bet is the master transcriptional factor for the expression of IFNγ and granzyme B in 

CD8+ T cells (183).  We therefore determined if the reductions of IFNγ, TNFα, and granzyme B 

in NOX2 deficient CD8+ T cells were linked to a reduction in T-bet.  Using intracellular staining 

we observed that T-bet levels were decreased in NOD-Ncf1
m1J CD8+ T cells compared to wild 

type CD8+ T cells, suggesting an important role of ROS in promoting TCR dtimulated CD8+ T 

cell function through T-bet (Figure 2-2D). The other transcriptional factor related to IFNγ and 

granzyme B production, Eomesodermin (183), was also examined and no significant differences 

were observed between NOD and NOD-Ncf1
m1J CD8+ T cells (Figure 2-2E).  

Proliferation of CD8+ T cells was not affected by a deficiency in NOX2.  Tritiated 

thymidine incorporation in NOD-Ncf1
m1J CD8+ T cells was equal to that of wild-type NOD 

CD8+ T cells.  Further, IL2 transcription in NOD and NOD-Ncf1
m1J measured (Figure 2-2C and 

F), and no differences in apoptosis comparing NOD and NOD-Ncf1
m1J CD8+ T cell were 

observed 72 hours after activation with α-CD3 and α-CD28 (Figure 2-2G).  

Taken together, pro-inflammatory cytokine, effector molecule production and the 

corresponding master transcriptional factor T-bet expression were compromised in ph47phox 

deficient CTLs after activation, while cell proliferation and apoptosis remained unchanged.   

The NOX2 Inhibitor, Apocynin, Suppresses the Production of Effector Molecules in CD8
+
 

T Cells 

Apocynin is a specific inhibitor of p47phox, the gene product of Ncf1.  This small 

molecule interrupts the interaction between the p47phox and p22
phox subunits and therefore blocks 

assembly of the active NOX2 enzyme (184).  To confirm the role of NOX2 in CTL effector 
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function, CD8+ T cells, isolated from the spleens of NOD mice, were stimulated with α-CD3 and 

α-CD28 conjugated beads in the presence or absence of apocynin for 72 hours.  At this time 

point the production of effector molecules and pro-inflammatory cytokines was examined using 

intracellular staining by flow cytometry.  Consistent with the observations in NOD-Ncf1
m1J, 

apocynin dramatically suppressed production of the effector molecule granzyme B (Figure 2-

3A).  In addition, the pro-inflammatory cytokines IFN and TNFα were significantly reduced by 

apocynin treatment of CD8+ T cells (Figure 2-3A).  Quantitative real-time PCR indicated that the 

lower protein levels were linked to reductions in granzyme B, IFNγ, and TNFα transcripts in 

apocynin treated CD8+ T cells (Figure 2-3B).  This is consistent with the deficiency of effector 

molecule and pro-inflammatory cytokine transcripts in NOD-Ncf1
m1J

 CD8+ T cells after α-CD3 

and α-CD28 stimulation (Figures 2-2A and 2-2B).  The inhibitory effect of apocynin on pro-

inflammatory cytokine production was dose dependent, as higher doses had a greater effect on 

IFNγ production (Figure 2-3C).  Similar to NOD-Ncf1
m1J CD8+ T cells, NOX2 inhibition 

resulted in a compromised expression of T-bet.  Apocynin treated NOD CD8+ T cells showed 

about 30% reduction in intracellular T-bet after α-CD3 and α-CD28 stimulation (Figure 2-3D).  

The effect of apocynin on T cell proliferation was measured by 3H-thymidine incorporation, 

consistent with NOD-Ncf1
m1J CD8+ T cells, apocynin had no impact on CTL proliferation 

(Figure 2-3E). 

In summary, CTL endogenous NOX2 activity plays a specific role in the production of 

effector molecules during TCR activation through regulation of the transcription factor T-bet.  

H2O2 Instead of Superoxide Promotes NOD CD8
+
 T cell Function 

NOX2 produces superoxide as a direct product at the exterior side of cellular membranes 

or into the interior of vesicles (164).  In vivo, superoxide is dismutated to H2O2 by superoxide 
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dismutase (SOD), namely SOD1 in the cytoplasm or extracellular SOD3.  H2O2 can be 

subsequently catalyzed into H2O by catalase (185).  Both superoxide and H2O2 are able to travel 

through cell membranes into the cytosol (31,89).  We therefore examined which type of ROS is 

the molecule that modulates the effect of NOX2 in CD8+ T cells.  To examine the effect of 

superoxide, purified NOD CD8+ T cells were treated with or without SOD and stimulated with 

α-CD3 and α-CD28 conjugated magnet beads.  We found that SOD had little impact on the 

synthesis or secretion of IFN (Figure 2-4A and 2-4B).  In addition, SOD1 had no effect on 

synthesis of granzyme B or TNFα (Figure 2-4A).  Accordingly, SOD treatment has no effect on 

T-bet (Figure 2-4C).  These results failed to support superoxide as the mediator of the NOX2 

activity in CTL and suggest that peroxide is responsible for the impact of NOX2 on CD8+ T cell 

effector function. 

To examine the effect of peroxide, purified NOD CD8+ T cells were treated with or 

without catalase and stimulated with α-CD3 and α-CD28 conjugated magnetic beads.  Catalase 

treatment significantly suppressed production of IFN, granzyme B, and TNFα [Figure 2-4A and 

2-4B].  Further, T-bet expression after α-CD3 and α-CD28 stimulation was also significantly 

reduced by catalase treatment (Figure 2-4C).  This indicates that H2O2 transmits the redox signal 

to promote T-bet expression and effector function in CD8+ T cells.  Interestingly, unlike the case 

in NOD-Ncf1
m1J or apocynin treated cells, CD8+ T cells proliferation was dramatically 

suppressed by scavenging H2O2 (Figure 2-4D). This is consistent with a role for a NOX2-

independent ROS source, such as mitochondrial ROS, in CD8+ T cells proliferation (54). Indeed, 

IL2 addback to the catalase treated CTLs significantly rescued the cell proliferation (Figure 2-

4E). 
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 Overall, superoxide produced by NOX2 has to be converted into H2O2, probably by 

excellular SOD3 or intracellular SOD1, to transduce redox signal and promote CTL effector 

function; however the production of H2O2 for T cell IL-2 production and proliferation is not 

linked to NOX2. 

NADPH Oxidase is Required for Diabetogenic T Cell Killing of β cells 

The development of Type 1 Diabetes is linked to T cell responses against self-antigens 

that have specific or selective expression in insulin producing β cells.  To determine how the loss 

of NOX2 derived ROS production would impact antigen specific CTL activation we used 

diabetogenic CD8+ T cells from the highly pathogenic AI4 T Cell Receptor transgenic NOD 

mouse (NOD.AI4/β-Rag1
-/-)(179).  AI4 cells were activated by splenocytes presenting specific 

mimotope for 72 hours in the presence or absence of apocynin and then the cells were subjected 

to intracellular staining for IFN, Granzyme B, and T-bet.  The inhibition of NOX2 during 

antigen specific stimulation was noted as a stark reduction in the expression of the pro-

inflammatory  cytokine IFN, the effector molecule granzyme B, and the transcription factor T-

bet (Figure 2-5A and 2-5B).  This suggests that NOX2 derived ROS are vital for full activation 

of antigen-specific, diabetogenic T cells. 

An intact Ncf1 in CD8+ T cells was critical for efficient adoptive transfer of T1D (106) 

and the loss of NOX2 activity resulted in reduced antigen-induced CD8+ T cell cytokine and 

effector molecule production.  These data led us to portend that NOX2 activity is essential for in 

vitro cytolytic activity of diabetogenic CD8+ T cells.  To test this postulate we used highly 

pathogenic AI4 CTL from NOD.AI4/β-Rag1
-/- mice as effector cells and the NOD-derived 

NIT-1 pancreatic β cell line as a target (179).  AI4 cells were activated by specific mimotope for 
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72 hours (activation phase) prior to use in the CML.  Apocynin was added to the culture medium 

during the activation phase, during the CML (effector phase), or during both phases. 

When NIT-1 β cells were co-cultured with AI4 cells in the absence of apocynin in both 

phases, NIT-1 cells were effectively lysed (Figure 2-5C.  Addition of apocynin during the CML 

had no effect, as the CTL-mediated lysis was identical to assays run in the absence of NOX2 

inhibition.  In stark contrast, β cell killing was prevented when AI4 T cells were treated with 

apocynin in the activation phase (Figure 2-5C-3rd Bar).  Similarly, apocynin treatment of AI4 T 

cells during both phases significantly reduced lysis. These data clearly demonstrate that NOX2 is 

vital for diabetogenic T cell mediated β cell killing and that the ROS produced by this enzyme 

are likely important in proximal TCR signaling. 

NADPH Oxidase has no Impact on Effector Molecule Production after PMA/Ionomycin 

Stimulation 

To determine if the defective effector functions that are associated with loss of NOX2 

activity persisted when proximal signaling events were bypassed, NOD and NOD-Ncf1
m1J CD8+ 

T cells were activated with PMA and ionomycin (186).  When NOD-Ncf1
m1J CD8+ T cells were 

activated by PMA and ionomycin, transcript and protein levels of IFNγ, granzyme B, and T-bet 

were not compromised when compared to NOX2-intact NOD CD8+ T cells (Figure 2-6A).  

These data suggest that NOX2 activity functions proximally but not distally to the TCR.  To 

confirm this, catalase treated CTL were activated with PMA and ionomycin and IFNγ production 

was measured by ELISA at the indicated time points.  Compared to the major suppression effect 

of catalase in CTL pro-inflammatory cytokine production in the scenario of TCR activation, little 

suppressive effect of catalase could be observed when CD8+ T cells were activated with 

PMA/ionomycin (Figure 2-6B).  
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 Taken together, ROS is not required for PMA and ionomycin mediated T cell activation, 

but they are required for proximal TCR signaling. 

The mTORc1 is Required for CD8
+ 

T Cell Effector Molecule Production Through T-bet 

The mammalian target of rapamycin complex 1 [mTORc1] has multiple biological 

functions including glucose metabolism, protein synthesis, and in regulating inflammatory 

responses (187).  Recent reports have indicated that this complex is essential for CD8+ T cell 

effecter function through promoting T-bet expression (160).  mTORc1 activation has been 

reported to be regulated in a redox sensitive manner (188).  We thus took this protein complex as 

a candidate target of NOX2 generated ROS in CTL.  To confirm that mTORc1 was required for 

CD8+ T cell effector function, we treated the CTL with the mTORc1 inhibitor rapamycin and 

activated the cells with α-CD3 and α-CD28.  Inhibition of mTORc1 dramatically reduced 

granzyme B, IFNγ, and TNFα production after polyclonal activation of CD8+ T cells [Figure 2-

7A].  Such suppression was found as early as 24 hours after stimulation, indicating that 

inhibition of mTORc1 interrupts early events during CTL activation [Figure 2-7B].  Consistent 

with a previous report (160), the compromised effector function results from a reduction in T-bet 

production, as this transcription factor was reduced by 50% after activation of rapamycin treated 

CD8+ T cells [Figure 2-7C].  Proliferation was also measured but was not statistically significant 

comparing groups of CTL activated in the presence or absence of rapamycin [Figure 2-7D].   

In summary, these data suggested that mTORc1 promotes the pro-inflammatory cytokine 

and effector molecule production through enhancing T-bet production. 

NADPH Oxidase Enhances mTORc1 Activity during CD8
+
 T Cell Activation 

An early event during CD8+ T cell activation is the rapid NOX2-dependent increase of 

ROS (106).  The lack of NOX2 generated ROS results in a loss of T-bet as well as gene products 

under the control of this transcription factor [Figures 2-2 and 2-3].  mTORc1, an upstream 
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regulator of T-bet, has been reported to be regulated by redox signaling in several cell types 

(188-190).  We therefore hypothesized that ROS derived from NOX2 may enhance CTL effector 

function by promoting mTORc1 activity. mTORc1 phosphorylates S6K at T389 and the extent 

of S6K phosphorylation [p-S6K] can be used as an indicator of mTORc1 activity (188,189).  

Purified CTL were stimulated with α-CD3 and α-CD28 linked beads for 45 minutes and then 

lysed for western blot analysis.  CTL from NOD mice exhibited a significant increase in the 

phosphorylation of S6K on T389 upon TCR activation, indicating sufficient mTORc1 activity 

after stimulation.  Meanwhile, S6K phosphorylation was significantly lower in activated NOD-

Ncf1
m1J CD8+ T cells [Figure 2-8].  These data suggest the lack of functional NOX2 

compromises TCR-dependent mTORc1 activation in NOD-Ncf1
m1J T cells.   

Redox Regulation of mTORc1 activity in CD8
+
 T cell 

The compromised mTORc1 activity in NOD-Ncf1
m1J [Figure 2-8] led us to propose that 

NOX2 derived free radicals promote mTORc1 activity in NOD CD8+ T cells.  To explore the 

possibility that mTORc1 activity can be regulated by redox mechanisms in CD8+ T cells, the 

effect of oxidants and antioxidants upon mTORc1 activation were assessed.  Phenylarsine oxide 

(PAO) is a cell permeable reagent that cross-links vicinal thiol groups and thus is used as a 

cysteine oxidant. British α-Lewisite (BAL) was used as a reducing reagent.  According to the 

previous reports, PAO was able to significantly promote the phosphorylation of S6K on T389 in 

HEK293T cells, while BAL blocked the PAO induced or endogenous oxidant mediated 

mTORc1 activation in these cells (188,190).  NOD CD8+ T cells were treated with either PAO or 

BAL in the presence or absence of α-CD3 and α-CD28 for 45 minutes.  As expected, NOD CTL 

treated with PAO showed an enhanced S6K phosphorylation [Figure 2-9].  Even without the 

TCR activation, mTORc1 could be activated by PAO, suggesting that TCR signaling activates 

mTORc1 through redox signals [Figure 2-9].  These results were consistent to the previous 
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reports that PAO results in an increase in mTORc1 activity through a TSC dependent pathway 

(188).  Also, when CTL were treated with the antioxidant BAL, they had a dramatic decrease in 

S6K phosphorylation even with the presence of stimulation provided by α-CD3 and α-CD28 

[Figure 2-9].  This confirmed the positive effect of oxidants to mTORc1 in NOD CD8+ T cells.  

As our data have shown that that H2O2 could be the effector molecule of NOX2 to transduce the 

redox signal in T cell activation, we tested the ability of H2O2 to promote mTORc1 activity in 

CD8+ T cells.  NOD CTL were treated with 10μM H2O2 and then activated with α-CD3 and α-

CD28.  Similar to the PAO treatment of resting CD8+ T cells, H2O2 promoted phosphorylation of 

S6K without stimulation [α-CD3 and α-CD28] however, such a low dose of H2O2 did not 

potentiate mTORc1 activity during polyclonal activation of T cells.  This could result from 

redundant ROS produced by NOX2 after TCR engagement [Figure 2-9].  In addition, to confirm 

NOX2 is the H2O2 source in this context, NOD CTLs were treated apocynin and S6K 

phosphorylation was assessed with or without stimulation by α-CD3 and α-CD28.  Consistent 

with NOD-Ncf1
m1J CD8+ T cells, when CTL were activated in the presence of apocynin pS6K 

levels were significantly reduced.  This fact confirmed NOX2 generated H2O2 is essential for 

mTORc1 activation downstream of TCR signaling [Figure 2-9].   

Taken together, these data demonstrate that CD8+ T cell mTORc1 activation can be 

regulated in a redox dependent manner: it is promoted by oxidation of cysteine and inhibited by 

reducing reagent.   

ROS promotes mTORc1 activity via suppressing TSC1/2 

It has been reported that in fibroblast, mTORc1 activation by redox modulation is 

dependent on Tsc1/2 which suppresses mTORc1 activation by repressing RheB activity, but 

independent on Akt (191). To test our hypothesis that NOX2 promotes CTL mTORc1 activation 

through modulating Tsc-RheB pathway, we examined the Tsc1/2 activity in Ncf1 deficient CTLs 
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upon CD3/CD28 activation. Tsc1/2 activity can be represented by its suppressing target RheB 

activity. The activity of RheB in vivo is measured by assessing the amount of GTP-bound forms. 

We found that consistent to the previous reports, RheB-GTP increased significantly by ~2 fold 

after activation in wild type CTLs, while there was only mild increase of RheB-GTP increase in 

NOD-Ncf1
m1J CTLs. This is consistent with the observations that mTORc1 activation is deficient 

in ph47phox mutant CTLs, and suggests that NOX2 generated ROS can promote mTORc1 

activation via suppressing Tsc1/2 activity after TCR/CD28 activation in CTLs. 

Discussion 

T cell activation leads to T cell proliferation and differentiation.  During the interaction of 

naïve T cells with APC, TCR signaling is coordinated with secondary and tertiary signals to 

decide T cell fate and regulate the direction of differentiation (192).  Previous studies have 

demonstrated that ROS govern processes of T cell activation, including IL-2 and proliferation as 

well as TH skewing and effector function (23,80,112,125,163,193).  It is becoming clear that in T 

cells, various ROS generators function to collaboratively promote cell activation and govern 

effector phenotypes.  For instance, mitochondrial ROS enhance IL2 expression through 

regulation of NFAT and mitochondrial metabolism (54).  In addition, dual oxidase (DUOX) 

provides positive feedback to sustain TCR signal strength by promoting phosphorylation of 

ZAP70 and facilitating Ca2+ influx into the cytoplasm (112).  In this chapter, I have identified 

that another ROS generator, NOX2, is vital for CD8+ T cell activation by promoting the effector 

function.  

To study the physiological significance of ROS in CTL, we employed T1D as a model 

system.  T1D is a disease that is primarily mediated by autoreactive T cell responses.  Both 

clinical and basic science reports have provided evidence that support a role for ROS in the 

pathogenesis of T1D (135).  CD8+ T cells are recognized as a major effector cell type in 

https://www.google.com/search?rlz=1C1LENP_enUS494US494&es_sm=122&q=collaboratively&spell=1&sa=X&ei=-MV8U9TGHKaksQS82ICoAw&ved=0CCkQvwUoAA
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mediating β cell death in T1D (167,194).  Knockout of this cell type or inhibiting its cytotoxic 

function have proven effective in preventing or reducing autoimmune diabetes in mouse models 

(195).  Here, we have demonstrated that NOX2-derived ROS are essential for full effector 

function of CD8+ T cells.  When adoptive transfer experiments were performed into NOD-Scid 

mice with a NOX-intact environment, NOD-Ncf1
m1J CD8+ T cells exhibited a reduced capacity 

to induce disease, even when co-transferred with NOX2-intact CD4+ T cells (Fig. 2-1).  The 

significance of NOX2 in CTL was highlighted by these experiments and provided support for an 

intrinsic defect in CTLs when NOX2 was inhibited (Fig. 2-1).  

Multiple reports suggest that the transcriptional factor T-bet is required in the 

development of T1D by promoting CTL effector differentiation (171,172,196).  Our previous 

study indicated that NOX2 promotes TH1 differentiation via T-bet in NOD CD4+ T cells (23).  

Here, we have discovered a novel mechanism where NOX2 derived ROS promotes CTL effector 

function through enhancing T-bet expression.  NOD-Ncf1
m1J CTL showed a reduced T-bet 

expression, resulting in a major suppression upon CTL effector function in terms of IFNγ, 

granzyme B, and TNFα production upon anti-CD3/anti-CD28 stimulation (Figure 2-2A-D).  

Similarly, when treated with the NOX2 inhibitor apocynin, NOD CTL was less capable in T-bet 

synthesis and activity (Figure 2-2A-D).  This reduction in effector molecule production was 

associated with a dramatic impact on effector function.  

The treatment of diabetogenic AI4 CTL with apocynin during activation resulted in an 

ablation of β cell-cytolytic capability (Figure 2-5).  In contrast, if NOX2 was only inhibited 

during the CML assay, the lysis of β cells was equal to untreated AI4 CTL, suggesting that the 

effect of NOX2 is early during CTL activation and is not required for CTL degranulation.  The 

fact that specific lysis of β cells was not impacted by addition of apocynin during the CML assay 

http://diabetes.diabetesjournals.org/content/60/8/2144.long#F6
http://diabetes.diabetesjournals.org/content/60/8/2144.long#F6
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supports the notion that blocking NOX2 activity within the β cell does not protect these cells 

from lysis by CTL.  Further, these results corroborate our previous studies where NOD-Ncf1
m1J 

mice were not resistant to adoptive transfer of AI4 CTL.  These results highlighted an important 

role for NOX2 in promoting CTL effector function during the early events of activation.  The 

proliferation was not impacted in CTL when NOX2 is deficient (Figure 2-2E, 2-3E), which is 

consistent with the report that no suppressive effect on proliferation was observed in T-bet 

knock-out CTL (171). 

NADPH oxidase 2 generates superoxide at the exterior side of membrane (164,165).  

Superoxide is thought to be transported across membranes by ClC3, a member of the ClC 

voltage-gated chloride (Cl-) channel superfamily, or it is converted into H2O2 outside and then 

can diffuse into the cytosol or be transported by aquaporins (89,197,198). Superoxide is diffusion 

limited and unstable in the cell (steady-state levels ~10-11M), while hydrogen peroxide is more 

chemically stable (cellular half-life ~1ms, steady-state levels ~10-7M) (31,199).  The Km for 

catalase, the key scavenger of H2O2, is over 10 mM (200) and the fine control of peroxiredoxins 

and glutathione peroxidases allow for low levels of cellular H2O2 to persist and function as a 

signaling intermediate by reacting with redox sensitive targets (201-204). Our data agree, 

scavenging superoxide by treating CTL with SOD1 during polyclonal activation had little effect 

on proliferation or expression of T-bet, IFNγ, granzyme B, or TNFα (Figure 2-4A-C).  However, 

scavenging H2O2 resulted in significant decreases of these molecules (Figure 2-4A-C).  This 

indicates hydrogen peroxide instead of superoxide modulates CTL effector functions.  CTL 

proliferation was also dramatically suppressed by catalase treatment, suggesting a NOX2 

independent source of ROS was functioning to promote CTL proliferation (Figure 2-4D).  As 

mitochondrial ROS promotes T cell proliferation by enhancing IL-2 production (54), we 
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conclude that in CTL, NOX2 and mitochondrial derived H2O2 enhance cell activation by 

promoting effector differentiation and proliferation respectively.  Indeed, when IL-2 was added 

to the cultures during CTL activation with α-CD3/α-CD28 in the presence of catalase, 

proliferation was restored (Figure 2-4E). 

NOX2 promotes T-bet production through modulating mTORc1 activity.  mTORc1 

activity could be observed shortly after α-CD3 and α-CD28 stimulation of naïve CD8+ T cells 

(Figure 2-8). mTORc1 promotes the production of T-bet over its counterpart eomesodermin after 

CTL activation, to regulate the balance between CTL effector and memory differentiation (160).  

Inhibiting mTORc1 with a low concentration of rapamycin had a dramatic suppressive effect on 

NOD CTL T-bet production, and the subsequent pro-inflammatory cytokine and effector 

molecule expression with little impact on cell proliferation (Figure 2-7A-D).  In addition, in 

contrast to T-bet, NOD-Ncf1
m1J CTL had no difference in eomesodermin production after 

polyclonal activation when compared to NOX2-intact NOD CTL (Figure 2-2E). NOD-Ncf1
m1J 

CTLs were compromised in TCR dependent mTORc1 activation, which is similar to the case 

where NOX2 was inhibited in CTL by apocynin (Figure 2-8, 2-9). The suppression of mTORc1 

activation in NOX2 deficient CTLs was not complete, leaving a considerable mTORc1 activity 

(Figure 2-8, 2-9).  This supports the partial suppression of T-bet production we observed in 

NOX2 deficient or apocynin-inhibited CTL. 

Hydrogen peroxide derived from NOX2 promotes CTL effector function.  Hydrogen 

peroxide treatment of CTL activated mTORc1.  However, when NOX2 produced enough free 

radicals upon α-CD3/α-CD28 stimulation, H2O2 could not further promote mTORc1 activation 

(Figure 8).  Cysteine is a major target of H2O2 in redox signaling.  Some cysteine residues, 

specifically those in the enzyme catalytic reactive pocket, harbor a much lower pKa of its thiol 
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group to execute nucleophilic attack (86).  This fact makes these cysteines susceptible to 

oxidization by ROS, resulting in a transient disulfide bond formation and thus a change of 

protein conformation (205).  Treating NOD CTLs with cysteine specific oxidant, PAO, greatly 

enhanced mTORc1 activity, even without the CD3/CD28 signal.  In contrast, the antioxidant 

BAL inhibited the activation of this complex in CTL, confirming the significance of ROS in 

mTORc1 activation (Figure 2-9).   

This study confirmed that the production of ROS by NOX2 stimulates CD8+ T cell pro-

inflammatory cytokine and effector molecule production through modulating TSC/mTOR/t-Bet 

signaling. Deficiency of NOX2-derived ROS does not impact CD8+ T cell proliferation but does 

blunt the generation of IFN, TNF, and granzyme B, molecules under control of t-Bet.  Further, 

when NOX2 activity is blocked during the T cell activation, AI4 T cells fail in cytolytic function. 

ROS promotes autoreactive CTL killing of β cells through enhancing mTORc1 activation, which 

is vital for effector differentiation in CTL.  It has been reported that ROS from peroxisome 

inhibits the Tsc1/2, which in turn removes the inhibition of this enzyme upon mTORc1. Here, 

our data confirmed that NOX2 to modulate the mTORc1 activation in CTL by suppressing 

Tsc1/2 (Figure 2-10). However we should stress that our data are not examples of a global pro-

inflammatory dysfunction in NOX-deficient animals.  Ncf1 mutations have previously been 

associated with increased severity of experimental allergic encephalomyelitis and collagen-

induced arthritis (23,206).  Therefore, we conclude that the ablation of effector function caused 

by NOX2 deficiency could be CTL specific and the T1D protection in NOD-Ncf1
m1J likely 

results from the essential nature of CTL in T1D pathogenesis.  

In summary, this study provides a novel mechanism of ROS in regulating T cell effector 

function (Figure 2-11).  It also provides news targets for the therapeutic strategies in organ 
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transplantation or CTL mediated autoimmunity like T1D. In addition, due to the essential role of 

ROS in immune cell signal transduction we predict that non-targeted antioxidant therapy or 

supplements might be detrimental to normal immune response.  
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Figure 2-1. NOX-deficient NOD-Ncf1
m1Jimmune system has a reduced capacity to transfer type 

1 diabetes (T1D) to immune-deficient hosts. A total of 1 × 107 purified CD4+ and 
CD8+ T cells at a ratio of 3:1 were transferred intraperitoneally to NOD-
Scid recipients. Transfers were divided into four groups: group 1) NOD CD4+ & 
NOD CD8+, group 2) NOD-Ncf1

m1J CD4+ & NOD-Ncf1
m1J CD8+, group 3) NOD-

Ncf1
m1J CD4+& NOD CD8+, or group 4) NOD CD4+ & NOD-Ncf1

m1J CD8+. *Letters 
denote significance. Groups/lines with different letters were statistically significant 
(P < 0.05), whereas those with the same letter were not statistically different. 
Comparisons of the groups led to the following Pvalues: group 1 vs. group 2, P = 
0.047; group 1 vs. group 3, P = 0.67; group 1 vs. group 4, P = 0.049; group 2 vs. 
group 3, P = 0.043; group 2 vs. group 4, P = 0.64; and group 3 vs. group 4, P = 0.021. 
In all three adoptive transfers (AT) experiments, mice were monitored by glucosuria 
for the onset of diabetes and confirmed by blood glucose measurement.  Mice were 
considered diabetic after two consecutive readings of blood glucose above 250 mg/dL. 
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Figure 2-2. NOD.Ncf1
m1J

 CD8+ T cells exhibit a decrease in pro-inflammatory  cytokine and 
effector molecule production. (A) Histogram and the quantitation of intracellular 
staining in purified CD8+ T cells (5 × 105 cells) after stimulation with polyclonal Abs 
for 66 hours and restimulated with PMA/ionomycin plus Golgi stop for 6 hours . 
Each data spot in the bar graph represented distinct individuals and 7-12 mice were 
included in each group. (B-C) Real-time quantitative PCR of cytokine and effector 
molecule mRNA in CD8+ T cells after 48 hour polyclonal Abs stimulation. PCR were 
performed with pooled cDNA from three mice and results are representative of three 
independent experiments done in triplicate. (D) Intracellular staining of T-bet in 
purified CD8+ T cells (5 × 105 cells) after stimulation with α-CD3 and α-CD28 Abs 
for 72 hours. (E) Immonoblot of Eomes in CD8+ T cells with α-CD3 and α-CD28 Abs 
for 72 hours. Four mice were included in each group. (F) Proliferation of CD8+ T 
cells activated with α-CD3 and α-CD28 Abs for 72 hours. Proliferation was assessed 
by 3H-TdR incorporation. (G) Cell apoptosis of polyclonal Ab stimulated CD8+ T 
cells. T cells were activated by α-CD3/α-CD28 for 72 hours and stained with annexin 
V for FACS assay. Data in the bar graph are represented as mean ± SEM. Statistical 
analysis used Student’s t test. N.S., p>0.05 *, p<0.05; **, p<0.01; ***, p<0.001 
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Figure 2-3. Apocynin treated NOD CD8+ T cells show a dearth of effector function after α-CD3 
and α-CD28 stimulation. (A) Histogram and the quantitation of intracellular staining 
in purified CD8+ T cells (5 × 105cells) after stimulation with polyclonal Abs for 72 
hours with or without presence of 200μM apocynin. (B) Real-time quantitative PCR 
of IFNγ, granzyme B and TNFα in NOD CD8+ T cells stimulated by polyclonal Abs. 
PCR were performed with pooled cDNA from at least three mice and results are 
representative of three independent experiments done in triplicate. (C) Measure of 
IFNγ by ELISA in NOD CD8+ T cells treated with series of apocynin concentrations 
after 24-hour, 48-hour and 72-hour polyclonal Abs stimulation. (D) Histogram and 
the quantitation of intracellular staining of T-bet in NOD CD8+ T cells after 
stimulation with 72-hour polyclonal Abs with or without presence of apocynin. (E) 
Proliferation of NOD CD8+ T cells activated with α-CD3 and α-CD28 Abs for 72 
hours with or without presence of 200μM apocynin.  Proliferation was assessed by 
3H-TdR incorporation. *, p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 2-4. Catalase treated NOD CD8+ T cells showed a dearth of effector function after α-CD3 
and α-CD28 stimulation. (A) Histogram and the quantitation of intracellular staining 
of the IFNγ, granzyme B and TNFα in purified NOD CD8+ T cells. In the presence or 
absence of 1000U/mL catalase or 100U/mL SOD1, CTLs were stimulated by α-
CD3/α-CD28 for 66 hours followed by re-stimulation of PMA/ionomycin plus Golgi 
stop for 6 hours. (B) Intracellular staining of T-bet in NOD CTLs after 72-hour 
polyclonal stimulation. Each results as the means (±SEM) were composed of at least 
four independent observations. (C) NOD CD8+ T cells (5 × 104) were stimulated by 
polyclonal Abs in the presence or absence of 1000U/mL catalase or 100U/mL SOD1. 
On day 1, 2 and 3 supernatants were collected s were harvested and IFNγ were 
measured by ELISA. Results are presented as the means (±SEM) of three 
independent experiments performed in triplicate. (D) CTL proliferation was assessed 
by [3H]TdR incorporation 72 hours after polyclonal Abs stimulation in the in the 
presence or absence of catalase or SOD1. (E) CTL proliferation was incorporation at 
72 hours after polyclonal Abs stimulation in the presence of catalase, IL2 or both.  *, 
p<0.05; **, p<0.01; ***, p<0.001. 



 

66 

 

Figure 2-5. NOX2 inhibited autoreactive CTLs are deficient in β cell killing.(A) AI4-induced 
CML is significantly reduced when NADPH oxidase was inhibited during T cell 
activation. AI4 T cells were activated with mimotope and 25U/mL IL-2 for 72 hours 
with (Apo. Exp (+)) or without (Apo. Exp (-)) the presence of apocynin. Target NIT-1 
cells were seeded at 1 × 105 cells/well in 96-well culture plates, and primed with 
1,000 U/mL IFNγ for 24 hours. Then they were labeled with 51Cr for 3 h, and washed. 
51Cr –labeled NIT-1 cells were cultured with preactivated AI4 cells at a E:T ratio of 
20:1 for 16 h, with (Apo.CML (+)) or without (Apo.CML (-)) the presence of 
apocynin. (B and C) Histogram and the quantitation of intracellular staining in AI4 T 
cells after stimulation with mimotope and IL-2 for 72 hours with or without presence 
of 200μM apocynin. Data in the bar graph are represented as mean ± SEM.  ***, 
p<0.001. 
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Figure 2-6. NADPH oxidase derived ROS is not required by PMA and ionomycin activated CTL 
effector function. (A) Histogram and the quantitation of intracellular staining in 
purified CD8+ T cells (5 × 105 cells). 50ng/mL PMA and 1μg/mL ionomycin were 
added to CTLs for 42 hours and restimulated with PMA/ionomycin plus Golgi stop 
for 6 hours. Each data spot in the bar graph represented distinct individuals and at 
least four mice were included in each group. (B) NOD CD8+ T cells were stimulated 
by PMA/ionomycin in the presence or absence of 1000U/mL catalase. On day 1, 2 
and 3 supernatants were collected s were harvested and IFNγ were measured by 
ELISA. Results are presented as the means (±SEM).  
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Figure 2-7. mTORc is required for NOD CD8+ T cell effector function through promoting T-bet. 
(A) Histogram and the quantitation of intracellular staining of the IFNγ, granzyme B 
and TNFα in purified NOD CD8+ T cells.  In the presence or absence of 20ng/mL 
rapamycin, CTLs were stimulated by α-CD3/α-CD28 for 66 hours followed by re-
stimulation of PMA/ionomycin plus Golgi stop for 6 hours. (B) NOD CD8+ T cells (5 
× 104) were stimulated by polyclonal Abs in the presence or absence of 20ng/mL 
rapamycin. On day 1, 2 and 3 supernatants were collected s were harvested and IFNγ 
were measured by ELISA. Results are presented as the means (±SEM). (C) 
Intracellular staining of T-bet in NOD CTLs after 72-hour polyclonal stimulation. 
Each result is shown as the Mean±SEM. (D) CTL proliferation was assessed by 
[3H]TdR incorporation 24, 48 and 72 hours after polyclonal Abs stimulation in the in 
the presence or absence of rapamycin. N.S, not statistically significant.*, p<0.05; **, 
p<0.01; ***, p<0.001. 
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Figure 2-8.  Immunoblot showing NOD-Ncf1
m1J

 showed a compromised mTOR complex 
activity. NOD or NOD-Ncf1

m1J 
CD8+ T cells were activated by of α-CD3/α-CD28 for 

45min with the presence or absence of 20ng/mL rapamycin. Phosphotylation of S6K 
was measured by the ratio of phosphorylated S6K and total SK6. Data are pooled 
from three independent experiments. *, p<0.05 

 
  

Figure 7 



 

70 

 

 

Figure 2-9. Oxidants and Antioxidants regulate of the α-CD3/α-CD28-mediated activation of the 
mTOR complex. NOD CD8+ T cells were treated with PAO, BAL, H2O2 or apocynin 
with or without the activation of α-CD3/α-CD28 for 45min. Phosphorylation of S6K 
was measured by the ratio of phosphorylated S6K and total SK6. Results are 
representative of at least two to three independent experiments. Three-way ANOVA 
was performed to exclude the batch effect and the results are shown in the table. 
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Figure 2-10. Immunoprecipitation of RheB-GTP in CTL. NOD or NOD-Ncf1

m1J 
CD8+ T cells 

were activated by of α-CD3/α-CD28 for 45min and subjected to IP. Cellular amount 
of RheB-GTP was determined by calculating the ratio of immunoprecipitated RheB-
GTP and input control Erk1/2. Gel pictures and bar graphs are representative to two 
independent experiments. 
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Figure 2-11. Proposed model of NADPH oxidase 2 in the CD8+ T cell effector function 

promotion. Upon activation, NOX2 produced superoxide is dismutated into hydrogen 
peroxide probably by superoxide dismutase. H2O2 in turn inhibits Tsc1/2. Suppression 
of Tsc1/2 promotes RheB-GTP level and enhances mTORc1 activity.  Up-regulation 
of mTORc1 activity promotes T-Bet expression and thus facilitate CTL effector 
function. NOX, NADPH oxidase; O2

, superoxide; H2O2, hydrogen peroxide. 
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CHAPTER 3  
DENDRITIC CELL NADPH OXIDASE PROMOTES AUTOREACTIVE CD8+ T CELL 

ACTIVATION VIA CROSS-PRESENTATION IN TYPE 1 DIABETES 

Background 

In type 1 diabetes, insulin producing pancreatic β cells are attacked by a T cell mediated 

autoimmune event and lose their function (2,14,166).  While this aberrant immune response 

requires a host of immune cell types, cytotoxic CD8+ T lymphocytes (CTL), are considered a 

final effector cell in inducing β cell death.  To this end, CTL are the most abundant cell type in 

human islet infiltrates and targeted deletion of CTL or CTL specific effector mechanisms in the 

T1D-prone NOD mouse blocks T1D development (167,171-173,207).  In T1D, dendritic cells 

(DC) take up β cell derived autoantigens, mature, and migrate to the pancreatic draining lymph 

(PLN) nodes, where with the help of antigen specific CD4+ T cells initiate the activation of 

autoreative naïve CD8+ T cells.  For these DC to present antigen to CTL they must uptake 

antigen by phagocytosis and load the antigen into MHC Class I molecules through a process 

termed cross-presentation (148,208-210).   These activated CTL then emigrate from the PLN and 

traffic to the islets where they recognize and kill β cells presenting autoantigens (14).  The 

process of cross-presentation is essential in the NOD model of T1D and a deficiency in the cross-

priming of CTL completely prevents T1D onset (210).  

The process of antigen cross-presentation begins after phagocytosis.  Within the 

phagosomes or endosomes, antigen degradation is under tight control so that intact protein can 

be exported into cytoplasm and enter into mechanisms of presentation by MHC Class I.  In the 

cytoplasm, the proteins are processed into small peptides by the proteasome and loaded onto 

MHC class I molecules in the ER or Ergosomes (211).  The failure to regulate phagosomal or 

endosomal antigen degradation may interrupt cross-presentation by destroying antigens too early 
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in this process.  DC regulates antigen degradation via multiple mechanisms and reactive oxygen 

species (ROS) have been proposed as vital for effective DC cross-presentation (152,212,213).  

ROS is a group of oxygen containing, highly reactive molecules (31) that exert various 

physical functions ranging from potent antimicrobial agents to intermediates in signal 

transduction (31,164).  The NADPH oxidase family is a group of major ROS generating 

enzymes (164).  The phagocyte NADPH oxidase 2 (NOX2) is widely expressed in immune cells 

(i.e. neutrophils, dendritic cells, macrophages and T cells) (18).  During the course of an immune 

response, NOX2 within DC has been proposed to attenuate antigen degradation and promote 

cross-presentation through production of ROS (151,152,213).  However, models of ROS in cross 

presentation show differences in how ROS impact antigen degradation (152,213).  The study by 

Savina proposed that after phagocytosis, NOX2 is recruited to the phagosomes and produces 

ROS.  These free negatively charged free radicals will react with protons pumped in by the V-

ATPase and thus inhibit the phagosomal acidification (152).  However, Rybicka concluded that 

ROS suppress antigen degradation in DC through a mechanism independent of pH regulation, in 

this second model ROS inhibit local cysteine cathepsins though redox modulation (213).  

Elucidating the mechanism is essential to fully understand the role of DC NOX2 in DC involved 

autoimmune disease.   

We have reported that NOX2 is indispensible for the development of T1D (106). The 

NOX2 deficient NOD (NOD-Ncf1
m1J ) CD8+ T cells have compromised effector function. As 

cytotoxic CD8+ T lymphocytes (CTL) likely represent the final effectors in human as well as the 

NOD model of T1D, CD8+ T cells with a deficiency in NOX2 were significantly less efficient in 

transferring disease into NOD-Scid recipients. However, considering almost complete resistance 

against spontaneous T1D in NOD-Ncf1
m1J, the presence of T1D after transfer of the NOX2-



 

75 

deficient CTL makes possibility that there is pathogenic role of NOX2 in the NOD-Scid derived 

cells looms.  

In this study, we explored the capacity of DC isolated from NOD-Ncf1
m1J

 mice to 

activate autoreactive CD8+ T cells in T1D.  Here we will show that NOD DC maturation in terms 

of upregulation of surface stimulatory molecules and expression of pro-inflammatory cytokines 

is not impacted by the mutation of p47phox and resulting inactivity of NOX2.  However, cross-

presentation of β cell antigens to autoreactive CD8+ T cells in NOD-Ncf1
m1J was deficient.  In 

addition, our data support that NOX2 in the DC of NOD mice regulates antigen degradation 

through modulating phagosomal pH.  These findings demonstrate for the first time the 

significance of NOX2 in DC for activation of autoreactive CD8+ T cells.   

Materials and Methods 

Animals 

NOD/ShiLtJ (NOD), NOD.Cg-Rag1
tm1MomTg (TcraAI4)1Dvs/DvsJ (NOD.AI4-Rag1

-/-), 

and NOD.Cg-Rag1
tm1MomTg (TcrbAI4)1Dvs/DvsJ (NOD.AI4β-Rag1

-/-) mice were purchased from 

The Jackson Laboratory (Bar Harbor, ME). F1 hybrid progeny developed from outcrosses of 

NOD.AI4-Rag1
-/- to NOD.AI4β-Rag1

-/- (hereafter referred to as NOD.AI4-Rag1
-/-) developed 

diabetes between 3 and 5 weeks of age.  NADPH Oxidase 2 deficient NOD-Ncf1
m1J mice were 

generated as previously described (23,106).  Female mice were used for all experiments.  All 

mice used in this study were housed in specific pathogen free facilities and approved by the 

institution animal care and use committee at the University of Florida. 

Materials 

Fluorescently labeled antibodies including: Phycoerythrin (PE)-labeled α-CXCR4, PE-

labeled Brilliant violet 421-labeled α-CD8, allophycocyanin (APC)-labeled α-CD3ε (BM8), and 
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APC-labeled α-T-bet (4B10), Phycoerythrin (PE)-labeled α-granzyme B (NGZB), PE labeled α-

IFNγ (XMG1.2), APC labeled α-TNF (MP6-XT22) [eBioscience (San Diego, CA)] as well as 

Phycoerythrin (PE)-labeled α-H2Kd [Biolegend (San Diego, CA)] were used.  Recombinant 

mouse granulocyte-macrophage colony stimulating factor (rmGM-CSF) and rmIL-4 were 

purchase from R&D systems (Minneapolis, MN).  Pam3CysSerLys4 (Pam3CSK4) and 

Polyinosinic-polycytidylic acid (poly (I:C)) were purchased from Invivogen (San Diego, CA). 

Lipopolysachharides (LPS) was purchased from Sigma (St. Louis, MO).  Polybead amino 3.0 

μm microspheres were purchased from Polysciences (Warrington, PA).  Horse cytochrome c was 

purchased from Sigma (St. Louis, MO).  Alexa Fluor 647 (AF647) and DQ ovalbumin (DQ-

OVA) were purchased from Life technologies (Grand Island, NY).  Fluorescein isothiocyanate 

(FITC) conjugated Ovalbumin (OVA) was purchase from Sigma (St. Louis, MO). 

Cell Culture 

Bone marrow derived dendritic cells were generated by 8 days of culture in complete 

RPMI 1640 media with 10% FBS (214). The culture media was supplemented with 1000U/mL 

GM-CSF and 500U/mL IL4.  Maturation was induced by 24-hour treatment with 100ng/mL 

Pam3CSK4, 25μg/mL poly (I: C), 100ng/mL LPS, 1ug/mL R848 and 5μg/mL CpG2336 

respectively.  

Quantitative Real-Time Quantitative PCR 

Real time quantitative PCR was performed as previously reported reported (168,175-178).  

In general, total RNA from dendritic cells was isolated with TRIzol reagent (Invitrogen, 

Carlsbad, CA) and cDNA was prepared using the Superscript III First-Strand Synthesis System 

(Invitrogen) according to the manufacturer’s protocol.  SYBR Green I (Bio-Rad) analysis was 

performed on a LightCycler 480 II (Roche, Basel, Switzerland).  The amplification program 

utilized the following steps for all primer sets: 95°C for 10 min, then 45 cycles of 95°C for 30s, 
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60°C for 30s, and 72°C for 30s.  The melting-curves of the PCR products were measured to 

ensure the specificity.  Primers were used according to qPrimerDepot (NIH) and previous reports 

and listed as follows (168,174):  IFN-stimulated gene-15 (ISG-15) forward, 5′-

GAGCTAGAGCCTGCAGCAAT and reverse, 5′-TAAGACCGTCCTGGAGCACT-3′; IFN-

regulatory factor-7 (IRF7) forward, 5′-ACAGCACAGGGCGTTTTATC-3′ and reverse, 5′-

GAGCCCAGCATTTTCTCTTG-3′; Mx-1 forward, 5′-

GATCCGACTTCACTTCCAGATGG-3′ and reverse, 5′-

CATCTCAGTGGTAGTCCAACCC-3′;  TNFα forward, 5′- 

AGATGATCTGACTGCCTGGG -3′ and reverse, 5′- CTGCTGCACTTTGGAGTGAT -3′; 

IL12p35 forward, 5′- CTAGACAAGGGCATGCTGGT-3′ and reverse, 5′- 

GCTTCTCCCACAGGAGGTTT -3′. 

Flow Cytometry  

Flow cytometry was performed to detect the surface proteins and phagocytosis process in 

dendritic cells.  Cells were counted and resuspended in PBS at 2 x 107 cells/mL.  Approximately 

106 cells were labeled with antibodies at the proper dilution.  Fluorescence was measured using a 

LSR Fortessa (BD Bioscience, San Jose, CA).  Data were collected and analyzed using Flowjo 

7.6.1 software. 

Measurement of Phagocytosis 

Phagocytosis by DC was determined using beads coupled with the fluorescent indicator 

dye AF647.  DC were incubated at 37°C for 20 minutes in the presence of fluorescent beads, 

washed extensively with cold PBS, and then immediately analyzed by flow cytometry.  The 

percentages of cells that had taken up different numbers of beads were calculated.  
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Measurement of phagosomal pH  

Phagosomal pH was measured by fluorescence quenching of the pH sensitive dye 

fluorescein (FITC) post phagocytosis according to the previous reports (152,215).  Briefly, 3 μm 

Polybead® Amino Microspheres activated by 8% glutaraldehyde was incubated Ovalbumin 

(OVA) conjugated with FITC (pH sensitive) and AF647 (pH insensitive) in PBS at 4°C 

overnight.  After 30 mins of aldehyde blocking with glycine (1M), labeled beads were washed 

for three times and suspended in PBS at a concentration of 1.7x107 beads per microliter. 

Dendritic cells were stained with α-CD11c antibody.  After washing with PBS,  DC were 

incubated with the FITC/AF647 coupled beads for 15 min under 37°C, at a DC to bead ratio of 

1:3 and then washed three times with ice cold PBS to remove the excess beads.  Bead pulsed DC 

were re-suspended in warm RPMI media, incubated for a series of time points.  At each time 

point, DC were immediately placed on ice and subjected to flow cytometry analysis.  DC a single 

phagocytosed bead were analyzed for the mean fluorescence intensity (MFI) emission of the two 

dyes.  The ratio of MFI between FITC and AF647 was employed to indicate the phaghosomal 

pH value.  The phagosomal pH values were determined by establishing a standard curve.  To 

develop the standard curve, DC were incubated with coupled beads for 30 min and then re-

suspended in HBSS with various pH (ranging from pH 5.5 to 8.0) containing 0.1% Triton X-100.  

After an eight minute incubation, these cells are immediately analyzed by flow cytometry and 

the emission ratio of the two fluorescent probes of DC incubated in HBSS at each pH was 

collected.  

Phagosomal Antigen Degradation Assay 

DQ-OVA, ovalbumin with a self-quenching conjugate that exhibits green fluorescence 

upon proteolytic degradation, was employed.  Similar to the previous section, 3 μm Polybead® 

Amino Microspheres were covalently conjugated with DQ-OVA and AF647.  Anti-CD11c 
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labeled DCs were incubated with coupled beads for 15 min in 37°C media.  Extracellular beads 

were washed away with cold PBS and DCs were chased for a series of time periods.  At each 

time point fluorescence was measured by flow cytometry.  OVA degradation was calculated as 

the MFI ratio between DQ-OVA and AF647.   

Detection of Antigen Translocation  

Horse cytochrome c was employed to measure antigen translocation from the phagosome 

into the cytoplasm for cross presentation using a published method (216).  DC were seeded in 

96-well plates and incubated with various concentrations of cytochrome c for 24 or 48 hours.  

DC not treated with cytochrome c were used as a negative control and cell viability assessed via 

MTT assay as previously reported (180).I  

Purification of T cells 

Mouse spleens or lymph nodes were collected, homogenized to a single cell suspension, 

and subjected to hemolysis with Gey’s solution.  Negative selection of CD8+ T cells was 

performed using magnetic beads (mouse CD8+ T cell isolation kit (Miltenyi Biotec)), according 

to the manufacturer’s protocol.  Purity was tested using flow cytometry on a BD LSR Fortessa 

and confirmed to be greater than 90%.   

Measurement of T Cell Proliferation 

Cell proliferation was measured by [3H]TdR incorporation.  [3H]TdR was added to DC-T 

cell culture at 1μCi per well for 16 hours before harvesting.  After harvest the radioactivity was 

measured as described previously (23). 

In vitro Cross Presentation Assays 

To test the role DC capacity of inducing CD8+ T cell activation, in vitro cross-

presentation assays was performed.  To measure the cross-presentation of autoantigen, Insulin 

reactive IS-CD8 and AI4 T cells were purified and incubated with bone marrow derived 
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dendritic cells from NOD or NOD-Ncf1
m1J at a ratio of 5:1.  Various concentrations of antigens 

(beads conjugated with Insulin, heat-inactivated insulin, or the antigenic peptide) were added to 

the cell mixture.  To measure cross-presentation of foreign antigens, NOD mice were immunized 

with OVA in Complete Freund’s Adjuvant (CFA) in the footpad.  CD8+ T cells were purified 

from the draining lymph nodes 7 days post immunization and incubated with DC with or without 

OVA coupled beads.  Cells were cultured at 37oC with 5% CO2 for 96 hr.  CD8+ T cell 

proliferation was measured using tritiated thymidine (3H-TdR) incorporation.  

Statistics 

Statistical analysis was performed using GraphPad Prism (GraphPad Software, Inc., La 

Jolla, CA) or SAS 9.2 (SAS Institute Inc., Cary, NC).  Statistical significance between mean 

values was determined using the Student’s t test, with P < 0.05 considered as significantly 

different.  All data reported here are representative of at least three independent experiments 

performed in triplicate. 

Results 

Dendritic Cell Maturation is Normal in NOD-Ncf1
m1J 

Maturation of dendritic cells is one of the earliest events in the initiation of T1D (14,217).  

In the process of maturation, dendritic cells up-regulate surface co-stimulatory markers and 

MHC molecules in conjunction with the production of pro-inflammatory cytokines to prime 

antigen specific T cells.  DC can be activated by an array of Toll-Like Receptor (TLR) or Pattern 

Recognition Receptor (PRR) signaling pathways and in so respond to infection and damage.  

Accordingly, many of the TLR signaling pathways have been reported to be associated with T1D 

(218,219).  To test if NADPH oxidase 2 is required in TLR signal transduction and the ensuing 

up-regulation of co-stimulatory molecules on DC, bone marrow-derived dendritic cells (BMDC) 

from NOD or NOD-Ncf1
m1J were treated with either poly (I:C), LPS, R848 and CpG2336 to 
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activate TLR3, TLR4, TLR7, or TLR9 respectively for 24 hours.  CD80, CD86, and 4-1BBL 

were measured by surface staining and analyzed by multicolor flow cytometry (Figure 3-1).  All 

four ligands significantly boosted the expression of CD80 and CD86, while 4-1BBL up-

regulation was only increased by Poly (I:C) and LPS treated DC.  When comparing BMDC from 

NOD and NOD-Ncf1
m1J amongst these treatments, DC from both strains showed an identical 

reaction pattern (Figure 3-1) suggesting the NADPH oxidase 2 derived ROS are not required for 

co-stimulatory molecule up-regulation during DC maturation.  

TH1 responses are the dominant pathogenic differentiation path in T1D.  As professional 

antigen presenting cells, dendritic cells control CD4+ T cell differentiation through secretion of 

the “third signaling”, which is composed of various cytokines and ROS (220,221). IL-12 is the 

primary cytokine produced by DCs to drive the TH1 response (222,223), and IL-12 is required 

for the priming of diabetogenic CD8+ T cells.  We have previously demonstrated that 

macrophages from NOD-Ncf
m1J mice have compromised IL-12 production (23).  To investigate 

the role of NADPH oxidase 2 in IL-12 expression by DC and the impact on T cell differentiation, 

IL-12p35 mRNA was examined 12 hours after activation of DC with the ligand for TLR1/2, 

TLR2/6, TLR4, TLR7, or TLR9.  Production of the pro-inflammatory cytokine, TNFα, was also 

examined by the identical DC activation strategy.  Although activation of the series of TLRs 

significantly increased the level of IL-12p35 and TNFα mRNA, we found BMDCs from NOD-

Ncf
m1J showed no significant deficiency in the transcription of these two cytokines (Figure 3-2). 

Overall, DC maturation in NOD-Ncf
m1J mice did not appear deficient in terms of the up-

regulation of co-stimulatory molecules and pro-inflammatory cytokines upon various TLR 

targeted stimulation when compared to DC from NOX2-intact NOD mice. 
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Lack of NOX2 does not Impact Production of Type 1 Interferons by DC 

Type 1 interferons (T1-IFN) are required for the initiation of T1D (224).  Also, these 

cytokines promote DC cross-presentation by modulating antigen survival, endocytic routing, and 

processing, and thus enhance the cross-priming of islet specific CD8+ T cells (225,226).  To 

determine if NOX2 activity regulates the expression and responses of T1-IFN by DC, BMDC 

from NOD and NOD-Ncf
m1J were activated by poly (I:C), R848, or CpG2336 and cell surface 

levels of CCR7 and Sca-1 were assessed by flow cytometry.  CCR7 is a T1-IFN-induced 

chemokine receptor that functions to recruit DC from peripheral tissue into lymphoid organs 

(227,228).  Stem cell antigen-1 (Sca-1) is a phosphatidylinositol-linked membrane protein that is 

also T1-IFN-induced on DC.  After 24 hours of stimulation with the TLR ligands, Sca-1 was 

significantly increased while CCR7 upregulation was mild but increased on DC from both the 

NOD and NOD-Ncf
m1J strains (Figure 3-3A). 

To confirm that NOX2 in DC is not necessary for production and response of type 1 

interferon, transcription of T1-IFN inducible genes (ISG),  myxoma response protein-1 (Mx1) 

and interferon regulatory factor-7 (IRF7) in BMDCs from NOD or NOD-Ncf1
m1J were measured 

after 12-hour stimulation by Pam3CSK4, poly (I:C), or CpG2336 for respective activation of 

TLR2, TLR3, or TLR9.  Significant elevations in the expression of both Mx1 and IRF7 were 

measured after stimulation with poly (I:C), while small increases in transcription were observed 

following TLR2 and TLR9 activation.  However, no deficiencies were observed in NOX2 

deficient DC in terms of responses to T1-IFN (Figure 3-3B).   

Taken together, in dendritic cells NOX2 does not play a role in the inducible T1-IFN 

production or response after activation of an array of toll-like receptors. 
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Comparable Dendritic Cell Phagocytosis in NOD and NOD-Ncf
m1J 

Since NOX2 is not required in the upregulation and pro-inflammatory cytokine 

production during DC maturation induced by various TLRs, we asked if ROS is necessary for the 

presentation of antigen by DC.  It has been reported that ROS produced by NOX2 is critical for 

the cross-presentation of antigen in MHC Class I by DC to CD8+ T cells.  The proposed 

mechanism whereby NOX2 promotes an increase in antigen cross-presentation is through 

attenuating the phagosomal acidification following phagocytosis and thus allowing antigen 

translocation into the cellular processes of MHC Class I presentation.  Cross-presentation can be 

roughly divided into four steps: 1) phagocytosis of antigens; 2) limiting antigen degradation; 3) 

translocation of exogenous antigen into cytoplasm; and 4) presentation of antigens onto MHC 

Class I molecules.  To examine if ROS is needed for DC phagocytosis, we employed fluoresce 

AlexaFluor 647 (AF647) labeled latex beads as the probe.  Antibody labeled (α-CD11c) BMDC 

from NOD and NOD-Ncf
m1J were incubated with fluorescence labeled beads for 15 minutes 

under 37°C and subjected to FACS (Figure 3-4A).  Quantitative analysis was conducted on the 

CD11c positive population by gating on DC that had taken up different numbers of beads.  The 

percentage of DC having phagocytized from one to five beads showed a trend of decline (Figure 

3-4B).  However, the antigen uptake was comparable between NOD and NOD-Ncf1
m1J. Thus, we 

conclude that NOX2 is dispensable to DC antigen uptake.  

Enhanced Phagosomal Acidification in NOD-Ncf1
m1J

 DCs
 

Although it has been reported that ROS are necessary for regulation of phagosomal 

acidification, some studies also argued that ROS is dispensable in phagosomal pH regulation 

(152,213).  In addition, all studies regarding this issue have been conducted on the C57BL/6 (B6) 

background.  One significant difference regarding antigen presentation between NOD and B6 is 

the Slc11a1 gene within the Idd5 interval on Chromosome 1.  Nramp1, the gene product of 
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Slc11a1, promotes acidification of phagosomes in DC and this protein is deficient in B6 mice, 

which leads to enhanced phagosomal acidification following phagocytosis (229).  Here we use 

NOD mice with a functional Nramp1.  To examine phagosomal acidification we used FITC, a 

widely used pH sensitive fluorescence dye.  FITC conjugated ovalbumin and the pH insensitive 

dye, AF647, were linked to latex beads.  BMDC were incubated with these FITC/AF647-

fluorescent beads.  We observed that phagosomal pH was significantly decreased in p47phox 

deficient DCs, suggesting the role of ROS in maintaining the phagosomal pH values.  Notably, 

even with functional alleles of Slc11a1, phagosomal pH in NOD DC was almost neutral through 

the initial 60 minutes after phagosytosis.  In stark contrast, phagosomal pH in NOD-Ncf1
m1J DC 

quickly dropped to around 5 within the first 15 mins of the observation period (Figure 3-5), 

suggesting a quick phagosomal acidification in ph47phox deficient DCs. The final pH value 

measured in NOD-Ncf1
m1J DC was 1 unit lower than the previous reported values using gp91phox-

defective B6 DC(152), which could be brought back to around 7 by adding V-ATPase inhibitor 

(Figure 3-5B). 

Overall, NOX2 derived ROS is indispensable for NOD DC to maintain a neutral pH 

shortly after phagosytosis. 

Accelerated Antigen Degradation in NOD-Ncf1
m1J

 DCs 

In DC, for the efficient cross-presentation of exogenous antigen, antigen degradation is 

restricted immediately following phagocytosis.  As shown in the previous reports and above, a 

strategy employed by DC is to avoid the phagosomal acidification.  As the strong decrease of pH 

values was found in NOD-Ncf1
m1J DC, an accelerated antigen digestion is expected.  To test this, 

DQ-conjugated ovalbumin (DQ-OVA) was employed.  DQ-OVA is designed to have self-

quenched fluorescence group pairs when the three-dimensional conformation is intact.  Upon 

degradation of protein, the fluorescence groups will be detached from one another and green 
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fluorescence is released upon excitation (Figure 3-6A).  Here, latex beads were linked with DQ-

OVA and AF647 and incubated with BMDCs from NOD or NOD-Ncf1
m1J, and DC was 

analyzed, as described above by flow cytometry, at the indicated time points post phagocytosis.  

In NOD DCs, only a mild increase in fluorescence (~5%) was observed as late as 60 minutes 

after pulsing.  However, in NOD-Ncf1
m1J DC there was a dramatic and rapid spike in 

fluorescence intensity.  Indeed, only 15 minutes post pulsing the fluorescence intensity of DQ-

OVA increased by 50% (Figure 3-6B).  Therefore, NOD-Ncf1
m1J DC rapidly degraded 

ovalbumin, indicating that without NOX2 there is accelerated antigen degradation in the 

phagosome. 

Impaired Antigen Translocation without NOX2 Derived ROS 

In cross-presentation, exogenous antigen is exported into the cytoplasm by an unknown 

mechanism and processed by the proteasome for uploading into MHC Class I molecules (211). 

To measure antigen translocation into the cytosol, we employed cytochrome c.  Cytochrome c is 

a protein that is sequestered in the inner mitochondrial membrane and functions as part of 

electron transport chain.  During apoptosis, cytochrome c is released into the cytoplasm and 

complexes into the apoptosome to induce cell death.  When cross-presenting cells are treated 

with cytochrome c, this kind of protein is transported into the cytosol and initiates apoptosis 

(216,230).  NOD and NOD-Ncf1
m1J DC were treated with increasing concentrations of 

cytochrome c [1mg/mL to 4mg/mL] for 24 or 48 hours and the cell apoptosis was measure by 

MTT assay.  In both 24 and 48 hour groups, cytochrome c induced a dose dependent killing of 

NOD DC (Figure 3-7).  However, cytochrome c did not induce apoptosis of NOD-Ncf1
m1J DC 

indicating that cytochrome c is not able to be transported into the cytoplasm in ph47phox deficient 

DC (Figure 3-7).  These data are consistent with accelerated antigen degradation in NOD-Ncf1
m1J 

DC. 
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Deficient Cross Presentation in ph47
phox

 Deficient DCs 

To check if excessive antigen degradation and inhibition of antigen translocation have an 

impact on the CD8+ T cell activation, an in vitro cross-presentation assay was performed. BMDC 

from NOD-Ncf1
m1J or NOD were incubated with G9C8 cells, an insulin specific CD8+ T cell 

clone (231), and pulsed with various antigens. T cell proliferation was measured by 3H thymidine 

incorporation. When DCs were pulsed with insulin peptide B15-23, the T cell proliferation was 

comparable in both groups. This suggests that when antigen processing is not required, NOD-

Ncf1
m1J DCs have no deficiency in priming diabetogenic CD8+ T cells, which is consistent to the 

data showing that the co-stimulatory markers and pro-inflammatory cytokine expression are 

equal when comparing Ncf1-intact and -deficient DC (Figure 3-8A).  However, when heat 

inactivated insulin was used as the antigen for DC to prime G9C8,  T cell proliferation did not 

occur when the DC were from NOD-Ncf1
m1J mice (Figure 3-8B).  Strong G9C8 proliferation was 

induced when Ncf1-intact NOD DC processed and presented whole insulin (Figure 3-8B).  This 

indicates that antigen cross-presentation is severely affected by NOX2 deficiency.  To mimic the 

scenario in T1D, necrotic NIT-1 cell, a pancreatic β cell line derived from NOD, was added to 

DC-G9C8 cell mixture.  As expected, NOD-Ncf1
m1J DCs were incapable of inducing 

diabetogenic T cell activation, compared with the wild type control (Figure 3-8C).  This 

highlights the indispensable role of NOX2 in the DC to activate the diabetogenic T cells in T1D. 

In summary, processing of exogenous autoantigen by NOD-Ncf1m1J DC is deficient in 

and without a functional NOX2, DC are not able to cross-present the antigen/autoantigen to 

diabetogenic CD8+ T cells and drive the activation of these CTL. 

Discussion 

This study was conducted to assess the abilities of NOX2-deficient DC in activating 

diabetogenic CD8+ T cells.  We observed that NOD-Ncf1
m1J DC were deficient in activating 
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autoreactive CD8+ T cells when phagocytizing intact antigen or necrotic β cells.  These data 

suggest that the reduction in T1D observed in NOD-Ncf1
m1J in part results from a defect in the 

ability of NOD-Ncf1
m1J DC to activate autoreactive T cells (22).  The incapacity of inducing 

autoreactive CD8+ T cell activation is not due to compromised expression of co-stimulatory 

molecules or pro-inflammatory cytokines.  In fact, under various stimulation conditions 

(Pam3CSK4, LPS, poly (I:C), R848 and CpG2336), co-stimulatory molecules CD80, CD86, and 

4-BBL were upregulated equally when compared to NOX2-intact NOD DC.  Type 1 interferon 

production and responses were also intact in NOD-Ncf1
m1J DC after addition of ligands for 

TLR3, TLR7, or TLR9.  This suggests that ROS may be dispensable for the activation of MyD88 

as well as TRIF after TLR ligand binding.  These findings are consistent with the data showing 

that when NOD-Ncf1
m1J DC were pulsed with the specific peptide antigen autoreactive CTL 

were activated.  Taken together, these data demonstrate that NOD-Ncf1
m1J DCs can efficiently 

prime diabetogenic CD8+ T cells when antigen processing is not required, and thus highlights the 

potential significance of NOX2 in autoantigen processing. 

While roles for NOX2 in antigen cross presentation by DC have been previously 

reported, a controversy remains regarding the mechanism of action for NOX2 in this process 

(152,213).  Consistent with the previous reports, our data support the postulate that antigen 

uptake is not impaired in NOX2 deficient DC, suggesting that NOX2 is dispensable for 

phagocytosis.  However, when measuring antigen degradation and phagosomal pH in DC, we 

observed a rapid degradation of antigen and a swift decline in pH values in the ph47phox deficient 

DC.  This acidification as well as the rapid antigen degradation could be rescued by inhibition of 

the V-ATPase with Concanamycin A.  ConA strongly increased the pH in the phagosome in DC 
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from NOD-Ncf1
m1J.  On the other hand, as the pH has already been near neutral, only mild pH 

increase was observed in NOD DC during ConA treatment (Figure 3-5B).  

These findings support a model where NOX2 modulates antigen processing though 

prevention of phagosomal acidification.  In addition, as NOD has an intact Slc11a1, there would 

be stronger phagosomal acidification (229).  Consistently, we observed a larger pH drop in 

p47phox deficient NOD DC compared with the reported results using DC from B6-gp91phox-/- 

(Cybb) mice (152).  Due to the acid environment in phagosome, the antigen degradation is 

strongly accelerated in NOD-Ncf1
m1J DCs, which results in the deficiency in the antigen 

translocation from phagosome into cytoplasm.  All these would result in a decreased antigen 

loading in MHC Class I and a reduction in DC cross presentation of autoantigens in T1D.  

Taken together, our study confirmed that ROS from diabetogenic DCs are required to 

activate autoreactive CD8+ T cells through promoting cross presentation. In addition, the 

hypothesis that ROS promote cross presentation through maintaining phagosomal pH values is 

also supported by this research.  
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Figure 3-1. Maturation of DC with TLR ligands resulted in comparable upregulation of surface 
stimulatory molecules on BMDC from NOD and NOD-Ncf1

m1J.  Histogram surface 
staining of BMDC after 24 hour incubation with media alone (Mock), 25μg/mL poly 
(I: C), 100ng/mL LPS, 1ug/mL R848, or 5μg/mL CpG2336.  



 

90 

 

Figure 3-2.  TLR ligand stimulation leads comparable levels of pro-inflammatory cytokine 
transcription in BMDC from NOD and NOD-Ncf1

m1J.  Real-time quantitative PCR 
was performed for the target genes IL12p35 and TNFα in dendritic cells after 12 hour 
stimulation with: media alone (Mock) 100ng/mL Pam3CSK4, 10 μg/mL PGN, 
25μg/mL poly (I: C), 100ng/mL LPS, 1ug/mL R848, or 5μg/mL CpG2336.  PCR 
were performed with pooled BMDC from three mice and results were compiled from 
three independent experiments done in triplicate. 
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Figure 3-3. TLR ligands induce a similar type 1 interferon response from NOD and NOD-
Ncf1

m1J DC.  (A) Histogram and the quantitation of CCR7 and Sca-1 after a 24 hour 
stimulation of BMDC from NOD or NOD-Ncf1

m1J with 25μg/mL poly (I: C), 1ug/mL 
R848, and 5μg/mL CpG2336.  Histograms are representative.  Each bar graph is 
compiled data from three independent experiments performed in triplicate.  (B) Real-
time quantitative PCR of type 1 interferon responsive genes in dendritic cells after 24 
hour exposure to the indicated TLR ligand.  PCR were performed with pooled BMDC 
from three mice and results were compiled from three independent experiments done 
in triplicate.   
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Figure 3-4. Normal antigen uptake in NOD-Ncf1
m1J DCs. (A) Representative histogram of DCs 

phagocytized different numbers beads. DCs from NOD or NOD-Ncf1
m1J were 

incubated with AF647 conjugated latex beads for 15 minutes and cells were analyzed 
by FACS after 3 washes.  (B) Gating strategy and quantitation of DC phagocytosis. 
Each bar graph is reprehensive of three independent experiments performed in 
triplicates.  
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Figure 3-5. Enhanced phagosomal acidification in NOD-Ncf1
m1J DCs. (A) Representative 

histogram of DCs phagocytized FITC/AF647 linked beads. DCs from NOD or NOD-
Ncf1

m1J were incubated with fluorescence linked latex beads for 15 minutes and cells 
were analyzed by FACS immediately or 15, 30, 45 and 60 minutes after bead wash-
off.  (B) Phagosomal pH kinetics of DC from NOD or NOD-Ncf1

m1J post 
phagocytosis. DC were treated with or without 30μg/mL V-ATPase inhibition with 
concanamycin A (ConA).   
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Figure 3-6. Accelerlated antigen degradation in NOD-Ncf1
m1J DCs. (A) Illustration of DQ-OVA 

analysis using FACS. DCs were incubated with DQ-OVA/AF647 linked latex beads 
for 15 minutes and cells were analyzed by FACS at different time points after bead 
wash-off.  (B) Histograms and quantitative analysis of DQ-OVA degradation. Data in 
the bar graph are represented as mean ± SEM. Statistical analysis used Student’s t test.  
*, p<0.05; **, p<0.01;  ***, p<0.001. 
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Figure 3-7. Deficient antigen translocation into cytoplasm in NOD-Ncf1
m1J DCs. DCs were 

treated with cytochrome c with various concentrations for 24 hours (A) or 48 hours 
(B).  Cell survival rate was represented as the ratio between treated and non-treated 
groups.  Data are represented as mean ± SEM.  Statistical analysis used Student’s t 
test. *, p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 3-8. Cross-priming of autoreactive CD8+ T cells by DCs. (A) Proliferation of G9C8 cells 
induced by DCs from NOD or NOD-Ncf1

m1J pulsed with insulin peptide B15-23. (B) 
Proliferation of G9C8 cells induced by DCs from NOD or NOD-Ncf1

m1J pulsed with 
heat-inactivated insulin. (C) Proliferation of G9C8 cells induced by necrotic NIT-1 
cell pulsed DCs. Graphs are representative of two independent experiments 
performed in triplicate. Data are represented as mean ± SEM. Statistical analysis used 
Student’s t test. *, p<0.05; **, p<0.01;   ***, p<0.001. 
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CHAPTER 4 
NADPH OXIDASE IS DISPENSIBLE FOR THE SUPPRESSIVE FUNCTION OF 

CD4+FOXP3+ REGULATORY T CELLS 

Background 

Juvenile diabetes or type 1 diabetes (T1D), is an endocrine disease affecting 

approximately 1% of the US population (2).  The onset of this disease results from the loss of 

insulin-producing pancreatic β cells.  The loss of these cells leads to hypoinsulinemia, 

hyperglycemia, and other downstream complications associated with T1D.  The β cell loss 

associated with T1D results from an autoimmune-mediated attack.  Multiple immune cell types 

are involved in T1D including T cell subsets, B cells, dendritic cells (DC), and macrophages 

(2,13,14).  It is believed that T cells are the key mediator and final effectors in T1D and that 

these cells destroy β cells by both contact-mediated cytotoxicity and soluble effectors (cytokines 

and reactive oxygen species (ROS)) (3,13).  

CD4+FoxP3+ regulatory T cells (Tregs) are vital to prevent the autoimmuniy (232,233). 

Deletion of FoxP3 is lethal to the host due to the massive autoimmune responses in the early life 

(234).  FoxP3+ Tregs suppress immune responses through multiple mechanisms (233,235,236).  

After recognizing antigen presented by the antigen presenting cells (APCs), regulatory T cells 

suppress APC function via contact-dependent mechanisms such as CTLA-4 and CD73.  Tregs 

secrete soluble factors, like IL-10, TGFβ, to inhibit conventional T cell and APC activation.  

Also, due to the high level of CD25 expression, Tregs repress effector T cell proliferation by 

competing for IL2.  In T1D, adoptive transfer of Tregs prevents T1D onset (237), suggesting that 

manipulating Treg could serve as a potential therapy to this autoimmune disease.  However, 

controversy that if there is defects in the Tregs of human patients and T1D mouse models still 

looms large (238-240).  
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The reactive oxygen species (ROS) play a ubiquitous role in the pathologies of T1D 

(22,241).  Meanwhile, the significance of ROS in the Treg function remains in debate. 

Gelderman’s group proposed that a lack of ROS from macrophages leads to a compromised Treg 

differentiation, but ablation of endogenous ROS generation in Treg made no difference to Treg 

suppression (242).  However, Efimova’s report suggests that NADPH oxidase (NOX2) deficient 

Treg are compromised in T effector cell suppression because of TGBβ expression (243).  In T1D, 

although we have identified that NOX2 in CD8+ T cells and dendritic cells promotes T1D onset, 

it is still an open question whether CD4+ Tregs are modulated in NOX2 deficient NOD mice. 

This study was conducted to determine the significance of NADPH oxidase 2 in the 

regulatory T cell function in the context of T1D.  Also, Treg function in a healthy strain with or 

without ph47phox mutation was also examined.  We found no strong evidence supporting Treg 

activity was enhanced in ph47phox defect NOD mice in vitro and in vivo using T1D model.  Also, 

no significant difference in Treg suppression ability was observed between NOD and B6, which 

does not support the hypothesis that Treg suppressive activity is defect in T1D. 

Materials and Methods 

Animals 

Female NOD/ShiLtJ, NOD.B6-Ncf1
m1J/m1J [NOD-Ncf1

m1J], and NOD.Cg-

Tg(TcraBDC2.5,TcrbBDC2.5)1Doi/DoiJ [NOD-BDC2.5] mice were bred and housed at the 

University of Florida under specific pathogen-free conditions.  NOD.Cg-

Tg(TcraBDC2.5,TcrbBDC2.5) [NOD-BDC2.5-Ncf1
m1J] mice were bred and housed at the 

University of Alabama, Birmingham under specific pathogen-free conditions.  NOD.CB17-

Prkdc
scid/J [NOD-Scid] and C57BL/6-Ncf1

m1J [B6-Ncf1] mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME).  All experiments performed within this manuscript received 
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ethical approval from the Institution Animal Care and Use Committees at the University of 

Florida as well as the University of Alabama, Birmingham. 

Materials 

Fluorescently labeled antibodies including APC α-CD8 (53-6.7), PE labeled α-CD4 

(GK1.5), PE/Cy7 labeled α-CD4 (GK1.5) and FITC labeled α-GITR (DTA-1) were purchased 

from BioLegend (San Diego, CA). APC labeled α-FoxP3 (FJK-16s) was purchased from 

eBioscience (San Diego, CA). CellTrace CFSE and CellTrace Violet were purchased from Life 

Technologies (Grand Island, NY). Mouse α-CD3 and α-CD28 were purchased from BD 

Biosciences (San Jose, CA). Cell isolation and depletion kits were purchased from Miltenyi 

Biotec Inc. (Auburn, CA). 

Adoptive co-transfer of splenocytes 

Diabetic (20~24 weeks old) NOD mice as well as pre-diabetic (8 weeks old) NOD or 

NOD-Ncf1
m1J mice were used as donors for adoptive co-transfer experiments.  Splenocytes were 

harvested and red blood cells lysed using Hemolytic Gey’s solution. Splenocytes from diabetic 

NOD mice, 1 x 107 cells in PBS, were mixed with an equal number of prediabetic NOD or NOD-

Ncf1
m1J splenocytes and adoptively transferred i.p. into 8 week old NOD-Scid recipients.  

Engraftment of cells was confirmed by flow cytometry using a BD LSR Fortessa (BD 

Biosciences).  Recipients were monitored for diabetes onset with weekly urinalysis using Diastix 

[Bayer (Elkhart, IN)].  Mice positive for glucosuria were monitored daily thereafter for 

hyperglycemia using One Touch Ultra 2 meters [Life Scan, Inc (Milpitas, CA)].  Any mouse 

with measured blood glucose levels on consecutive days >250 mg/dL were diagnosed with T1D. 

Flow cytometry 

PBMCs, spleen, and pancreatic draining lymph node cells were lysed with Gey’s solution 

and resuspended in 100 µL PBS for staining.  Cells (1×106) were labeled with antibodies at the 
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proper dilution.  Fluorescence was measured using BD LSR Fortessa (BD Biosciences, San Jose, 

CA) and analyzed using Flowjo 7.6 software (Ashland, OR).  

In vitro suppression assay 

Spleen T cells were isolated by negative selection with Pan T cell isolation kit (Miltenyi 

Biotec Inc, San Diego, CA). Purified T cells were then stained with α-CD25 antibodies. 

Regulatory T cells (CD4+CD25+) and Effector T cells (CD4+CD25-) were then sorted using a BD 

FACS Aria III (BD Bioscience). Effector T cells (Teff) were labeled with 5 μmol/L CellTrace 

Violet and Tregs were labeled with 1 μmol/L CFSE at the concentration of 106/mL at 37°C. 

Labeling was quenched by adding complete culture medium and cells were washed for 2 times. 

Effector T cells (Teffs) were cultured at 5 × 104 cells/well in a round-bottom, 96-well plates 

(Corning). Tregs were added to the culture at various ratios to effector T cells. The T cell 

mixture was stimulated by soluble α-CD3 (1 μg/mL) antibody. Co-stimulatory signals were 

provided by the irradiated splenocytes with T cell depletion. These splenocytes were added at 2.5 

× 105 cells/well. Cell proliferation was measured by FACS analysis of Violet and CFSE dilution. 

Cell dividing index (div. index) were calculated by Flowjo and suppression rate was defined as 

[(div. index of Teff cells alone − div. index of Teff cells treated with Treg)/ div. index of Teff cells 

alone] *100. The outline of this assay is shown in the Figure 4-1. 

In vivo suppression assay 

Splenic CD4+ T cells from NOD-BDC2.5 mice were purified using a negative selection 

kit (Miltenyi Biotec Inc.) and stimulated with plate bound α-CD3/α-CD28 for 4 days with rmIL-

2 (50U/mL). These pre-stimulated NOD-BDC2.5 CD4+ T cells were employed as effector cells. 

To purify Tregs, splenic CD4+ T cells were negatively isolated from NOD-BDC2.5 or NOD-

BDC2.5- Ncf1
m1J. The T helper cells were then stained with PE conjugated α-CD25 and FITC 

conjugated α-GITR antibody. The CD25/GITR double positive population was defined as Tregs 
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and sorted with a BD Aria III.  Stimulated NOD-BDC2.5 CD4+ T cells (1 × 105) were transferred 

i.p., either alone or in combination with NOD-BDC2.5 or NOD-BDC2.5- Ncf1
m1J Tregs (2 × 

104), into NOD-Scid mice. Recipients were monitored for T1D onset with weekly as described 

above. Suppression rate is represented as delay of T1D onset in Tregs transferred group in 

comparison to non-transferred control.  

Statistical analysis. 

Student t test and survival analysis were performed using Prizm-v5a (GraphPad Software, 

LaJolla, CA). 

Results 

Splenocytes from p47
phox

 Deficient NOD Mice Do Not Suppress T1D 

As we have reported, NOD-Ncf1
m1J is resistant to spontaneous T1D development and its 

protection against T1D is through modulating immune cells (22). If the suppressive capacity of 

Treg is modified by the p47phox mutation, we may observe altered disease onset with the same 

kind of Teffs but different functional Tregs from wild type or ph47phox mice. To test this, we 

performed splenocytes cotransfer experiment. Spleen cells from prediabetic NOD or NOD-

Ncf1
m1J mice were mixed with splenocytes from diabetic NOD mice at a ratio of 1:1 and 

transferred into the NOD-Scid recipients. As the splenocytes from diabetic mice induce much 

faster disease onset than the prediabetic counterparts, cells from diabetic NOD mice were 

considered the major effector cells killing β cells in this adaptive transfer. Meanwhile, the Treg 

population from prediabtic donors could modify the disease kinetics by suppressing spleen cells 

from diabetic donors. Diabetes was detected 6 week after the adaptive transfer and by the 15th 

week, most recipients developed T1D (Figure 4-2). Comparing the disease onset curve, we 

observed no differences between recipients of prediabetic NOD spleen cells compared to those 
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receiving prediabetic NOD-Ncf1
m1J splenocytes (Figure 4-2). This result does not indicate a role 

for regulatory T cells in NOD and NOD-Ncf1
m1J in disease incidence.  

Suppression Capacity of Regulatory T cells from NOD-Ncf1
m1J

 Showed No Deficient in 

Vitro 

To measure the Treg suppression ability directly, we performed in vitro T cell 

suppression assay. It was reported that in vitro, ph47phox mutated FoxP3+ regulatory T cells are 

less suppressive to CD4+ effector T cells (243). To test the regulatory T cell-mediated 

suppression in T1D conditions, we employed a methodology by using irradiated spleen cells and 

soluble α-CD3 antibody as the T cell stimulator. In addition, Treg suppression on both CD4+ and 

CD8+ T cells with or without the Ncf1 mutation was examined using diabetes prone strain NOD 

as the model (Figure 4-1). We observed no distinctions in the suppression rate when T cell 

stimulators were changed from NOD spleen cells to NOD-Ncf1
m1J cells, indicating the co-

stimulatory signals provided by these two strains are similar in the context of Treg mediated 

suppression (Figure 4-3). Further, Tregs tend to show greater suppression on CD8+ T cells. Also, 

the susceptibility of Teff to Treg regulation is rather comparable between NOD and NOD-

Ncf1
m1J. Importantly, for both CD4+ and CD8+ T effector cells, Ncf1 mutant Tregs showed no 

defect in suppressing T cell proliferation (Figure 4-3). These are consistent with the results from 

the splenocyte co-transfer and gave no evidence for the role of NOX2 in CD4+ Treg suppression 

capacity. 

Taken together, we showed that in vitro, regulatory T cell suppression capacity and 

conventional T cell susceptibility are similar between NOD and NOD-Ncf1
m1J mice. 

Non-Diabetogenic Regulatory T cells Are Not Deficient with NOX2 Mutation  

Role of regulatory T cells has been an area of intensive investigations for the 

pathogenesis of T1D. Although still a controversy, insufficient regulatory T cell suppression is 
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proposed in T1D. To explore this hypothesis and the general role of ROS in regulatory T cell 

function in ordinary immune response, we switched the genetic background of our model from 

the T1D prone NOD mice to C57BL/6: B6 and B6-Ncf1
m1J. Similar to the case in NOD mice, B6 

CD4+ regulatory T cells showed a dose dependent suppression of CD4+ or CD8+ conventional T 

cell proliferation (Figure 4-4). Also, CD8+ T cells were more susceptible to the Treg suppression. 

However, no difference in suppression rate was observed between these B6 and B6-Ncf1
m1J 

effector T cells when they are repressed by the same type of Tregs, suggesting there are no 

alternations of susceptibility in ph47phox deficient conventional T cells to Tregs. Additonally, 

under the same stimulatory conditions and responder cells, no difference was observed in the 

suppression rate between wild type and ph47phox deficient B6 mice, showing the dispensible role 

of NOX2 in the Treg function (Figure 4-4). Finally, we have seen no significant increase in B6 

Treg suppression compared with the NOD counterparts, indicating the intact Treg function in 

NOD mice (Figure 4-3&4).  

Overall, B6 regulatory T cells showed a similar suppression pattern compared to NOD. 

Also, no evidence was collected supporting the role of NOX2 in the CD4+ regulatory T cell 

induced suppression. 

NOD-Ncf1
m1J

 Regulatory T Cells Showed a Trend of Decreased Suppression in BDC2.5 T 

Cell Induced Diabetes 

We performed the in vivo suppression assay to further measure the role of NOX2 in the 

Tregs in T1D. BDC2.5 transgenic TCR recognizes β cell specific protein GAD derived peptide 

and was introduced into NOD and NOD-Ncf1
m1J mice. Regulatory T cells were sorted from 

NOD-BDC2.5 and NOD-BDC2.5-Ncf1
m1J respectively and co-transferred with NOD-BDC2.5 T 

cells into NOD-Rag1
-/- mice. Recipients receiving only BDC2.5 conventional T cells were 

employed as control. After adaptive transfer, NOD-BDC2.5 T cells induce rapid T1D onset in 



 

104 

the absence of CD4+ regulatory T cells. However, when NOD CD4+ regulatory T cells were co-

transferred, the disease onset in the recipients was significantly reduced, confirming the 

functionality of the NOD Tregs to protect T1D (Figure 4-5). When NOD-Ncf1
m1J regulatory T 

cells were co-transferred, we did not observe a significant defect of Treg suppression in the 

recipients receiving NOD-Ncf1
m1J  Tregs (Figure 4-5). This may suggests some minor roles of 

NOX2 in regulatory T cells in this specific clone. On the other hand, this observation also 

confirmed that ph47phox deficiency in Tregs does not enhance their suppressive abilities. 

In summary, these results showed that NOD regulatory T cells are functional in 

suppressing T1D onset. NOD-BDC2.5-Ncf1
m1J CD4+ regulatory T cells could have a slight 

deficiency in vivo. However, whether such trend contributes a physical significance still remains 

to be questioned.  

Discussion 

Regulatory T cells are critical to prevent autoimmunity.  FoxP3+CD4+ regulatory T cells 

are commonly held one of the most important populations to suppress adaptive immune 

responses in an antigen specific manner.  This study was conducted to explore the possibly that 

inhibition of NOX2 could enhance CD4+ regulatory T cell activity and partially contribute to the 

protection of T1D in NOD-Ncf1
m1J  

It has been suggested that Ncf1 mutations lead to deficiencies in Tregs (243).  In a 

previous study, α-CD3/α-CD28 linked beads were used to stimulate T cells in a Treg suppression 

assay. This type of stimulation provides an overwhelmingly strong signal for T cell activation, 

which would not exist in vivo.  In addition, Treg proliferation could also be induced by α-CD3/α-

CD28 conjugated beads.  This may lead an ambiguous conclusion. Because the altered T cell 

suppression may not due to changed Treg function, but rather to different levels of Treg 

proliferation.  In the context of T1D, as we have shown that the number of regulatory T cells is 
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not different between NOD- Ncf1
m1J and NOD (23).  In addition, the previous report only 

employed the CD4+ T cells as the effector T cells.  However, in T1D both CD4+ and CD8+ T 

cells are indispensable in pathogenesis; therefore there is an essential need to understand the 

impact of NOX2 activity on suppression of both the CD4+ and CD8+ effector cell populations.  

Finally, under the physical conditions of T1D, the ratio between FoxP3+ T cells and conventional 

T cells are much lower than 1:1 rations commonly used in suppression assays and could be quite 

varied depending on the inflammatory conditions. Thus, a series of Treg-Tconv ratios were 

tested here.  To solve these problems, we employed an improved three-way suppression 

methodology to measure the significance of ROS in NOD regulatory T cells. Meanwhile, using 

the irradiated spleen cells as stimulator, Treg suppressive mechanisms via repressing APC could 

also be measured.  We found that irradiated spleen cells that provide co-stimulatory signals to T 

cells, are comparable in inducing T cell activation between NOX2-deficient and NOX2-intact 

mice. Also, conventional T cells showed similar susceptibility to regulatory T cells in Ncf1 

mutated mice.  What’s a more, regulatory T cells with or without functional NOX2 are 

comparable in their suppressive capacity.  Interestingly, the suppression patterns are largely 

similar when comparing Tregs from the NOD and B6 background.  These observations indicate 

that in a three-way in vitro suppression system, NOX2 does not modulate any aspect of 

suppressive rate.  In addition, the similarity between NOD and B6 in the suppression suggests 

there may be no defect in the NOD regulatory T cell function. 

The adoptive transfer experiments also give no hints that the protection in NOD-Ncf1
m1J 

to T1D is contributed by enhanced regulatory T cell functions. This is consistent with the in vitro 

suppression assay.  An interesting distinction between splenocyte co-transfer experiments and 

the BDC2.5 in vivo suppression assay is that the former had almost identical disease onset curve. 
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While for the in vivo suppression assay, NOD-BDC2.5-Ncf1
m1J Tregs showed a trend of being 

less suppressive.  This could due to the fact that in splenocytes co-transfers, APC are required for 

re-activating prediabetic T cells and β cells are killed by both CD4+ and CD8+ T cells.  Thus the 

inhibition of Treg upon antigen presenting cells and both T cell subset all contribute to the 

overall suppression. This situation was more similar to our three-way suppression assay.  While 

in the BDC2.5 transfer experiment, the effector T cells had been pre-activated in vitro and only 

CD4+ T cells were involved in the β cell elimination, the Treg suppression upon APCs and CTL 

would not exist. This may, to some extent, amplify the significance of Treg direct suppression on 

CD4+ T cells as it is the unique suppressive mechanisms in this assay.  Therefore, the BDC2.5 

mediated suppression assay is more comparable to the two way suppression in Efimova’s study 

(244).  That is, there could be a slight difference between NOD and NOD-Ncf1
m1J Tregs to 

suppress CD4+ T cells in an APC independent mechanism as reported before (244), but such 

mechanisms may not be the major suppression pathways in the splenocyte co-transfer or the 

three-way suppression system.   

Taken together, the ph47phox dependent T1D protection is not due to enhanced 

CD4+FoxP3+ T cell function, and it is also confirmed that there is no deficiency in NOD Tregs 

either in vitro or in vivo.  Combined with the previous chapters, this section also highlights the 

specificity of NOX2 in modulating autoimmune response. So far, we have demonstrated that in 

ph47phox deficient NOD mice, there are: 1)  Compromised CD8+ T cell effector functions; 2) 

Deficient dendritic cell antigen cross-presentation; 3) altered CD4+ T cell differentiation; and 4) 

similar function of CD4+FoxP3+ regulatory T cells.  Therefore, T1D resistance exhibited by 

NOD-Ncf1
m1J mice us highly dependent on defects within the pathways to activate CTL as well 

as the effector function ascertained by CTL. 
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Figure 4-1. Outline of strategy of in vitro suppression assays to test regulatory T cell suppressive 

capacity. Treg and Teff subsets were sorted from total spleen T cells based on the 
CD25 expression level. Tregs were stained with CFSE, which makes them 
distinguishable from highly proliferative effector CD4+ T cells. Teffs were stained 
with CellTrace Violet. T cell depleted splenocytes were irradiated and added to cell 
culture plate at a ratio of 5:1 to the Teffs. CFSE labeled Tregs were co-cultured Teffs 
at various ratios. Cell mixture, in triplicate, was cultured with the presence of 1μg/mL 
α-CD3 for 4 days. Upon FACS analysis, Tregs were identified as CFSE high 
population. In the CFSE low population, CD4+ and CD8+ Teffs were identified by the 
surface markers. Teff proliferation was measured by CellTrace Violet dilution.  
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Figure 4-2. Identical disease onset in the splenocyte co-transfer between NOD and NOD-Ncf1

m1J
. 

Splenocytes (1 × 107 cells) from 20-week-old diabetic NOD mice were mixed with 
spleen cells (1 × 107 cells) from 8-week-old prediabetic NOD (red triangle) or NOD-
Ncf1

m1J
. (blue square) female mice and transferred intraperitoneally to NOD-Scid 

hosts. Mice were monitored by glucosuria for the onset of diabetes and confirmed by 
blood glucose measurement. Mice were considered diabetic after two consecutive 
readings of blood glucose above 250 mg/dL. 
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Figure 4-3. NOD and NOD-Ncf1

m1J Tregs showed identical suppression on T cells. Three-way 
suppression assay was performed in triplicate to measure the Treg suppression on 
CD4+ (A) and CD8+ (B) Teffs. Suppression rate was represented as the ratio between 
Treg treated and non-treated groups. Data are representative for two independent 
experiments and shown as mean ± SEM.  Statistical analysis used Student’s t test and 
P-value smaller than 0.05 was considered to be significant.  
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Figure 4-4. B6 and B6-Ncf1

m1J Tregs showed identical suppression on T cells. Three-way 
suppression assay was performed to measure the Treg suppression on CD4+ (A) and 
CD8+ (B) Teffs. Suppression rate was represented as the ratio between Treg treated 
and non-treated groups. Data are representative for two independent experiments and 
shown as mean ± SEM.  Statistical analysis used Student’s t test and P-value smaller 
than 0.05 was considered to be significant.  
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Figure 4-5. Slightly defect Treg in NOD-Ncf1

m1J in BDC2.5 mediate in vivo suppression assays. 
CD4+ T cells (1 × 105 cells) from 10-week-old NOD-BDC2.5 mice were activated by 
α-CD3/α-CD28 antibody and mixed with Tregs (2 × 104 cells) from 8-week-old 
NOD-BDC2.5 (red triangle) or NOD--BDC2.5-Ncf1

m1J (blue square) female mice. 
Cell mixture was transferred intraperitoneally to NOD-Rag1

-/- hosts. Mice were 
monitored byglucosuria for the onset of diabetes and confirmed by blood lucose 
measurement. Mice were considered diabetic after two consecutive readings of blood 
glucose above 250 mg/dL. 

  



 

112 

CHAPTER5 
CONCLUSIONS AND SIGNIFICANCE 

Type 1 diabetes is an endocrine disease affecting approximately 1% of the US population 

and the incidence is increasing at 3% each year(2).  The current state-of-the-art therapy for 

diabetes, lifelong administration of insulin, has remained relatively unchanged for the past 80 

years and as such no cure has been developed for the devastating, lifelong and chronic disease. 

To develop a durable cure of the disease, a comprehensive understanding of T1D pathogenesis is 

required.  

Historically, reactive oxygen species have been proposed to play a role in the 

pathogenesis of T1D.  These reports include the elevated levels of ROS or reduced free radical 

dissipation in T1D patients as well as studies highlighting the protective effects of antioxidants.  

However, the exact targets and sources of ROS have yet to be identified.  Within this dissertation 

I have presented data to demonstrate that ROS have a profound effect on the immune system.  

Specifically, ROS are essential for the activation and effector function of CD8+ T cell. As the 

primary cause of T1D is the autoimmune response against the insulin producing β cells in the 

islet and cytotoxic T cells function as a major effector cells in this autoimmune disease. Ablation 

of CTL would complete prevent the T1D development. Thus, regulation of CTL autoreactivity 

with healthy CTL response reserved could serve as a sound strategy to treat T1D.  

The roles of NADPH oxidase family members in the immune system are diverse.  ROS 

functions like a double-edged sword, by both promoting and suppressing immunity at different 

levels and different stages of immune responses.  ROS derived from macrophage have been 

reported to have a suppressive effect on regulatory T cell differentiation and TH1 T cell induction 

(193).  ROS production within CD4 T cells has been shown to promote TH1 responses, while 

blocking ROS production by CD4 T cell skews these cells towards a Th17 like phenotype (23).  
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The janus-like activity of ROS in the immune system is further highlighted by the impact of ROS 

within autoimmunity and allergy, where inhibition of NADPH Oxidase 2 promotes collagen-

induced arthritis (CIA) and experimental allergic encephalitis (EAE), while promoting T1D 

(193).  This difference may be explained by the type of immune response required for these 

pathological disorders where EAE is associated with TH17 responses and conversely T1D 

requires a TH1 response with activation of cytotoxic CD8+ T lymphocytes (CTL)(167,245).  Here 

we provide compelling data that indicate a Ncf1 deficiency and resulting inactivity of NOX2 

disarms CTL autoimmunity against β cells without impacting general CTL activation. 

In CD8+ T cells, NADPH oxidase is activated shortly after TCR engagement (22,23). 

Superoxide generated is soon dismutated into hydrogen peroxide and promote the deactivation of 

the TSE1/2 complex resulting in activation of Rheb and appearance of the Rheb-GTP complex 

(191). Rheb then is free to activate mTORc1. Up-regulation of mTORc1 then enhances T-bet 

expression through FOXO1 and thus promotes the effector T cell functions including production 

and secretion of IFNγ and TNFα secretion as well as granzyme B synthesis.  It should be noted 

that proliferation and IL2 production was not affected in Ncf1 mutant CD8+ T cells, suggesting 

the fine tuning of the redox regulation in CTL activation, where mtROS production controls 

proliferation and ROS from NOX2 regulate effector function. 

In addition to the intrinsic function of NOX2 in CD8+ T cells, NOX2 in dendritic cells is 

required for CD8+ T cell priming via cross-presentation.  ROS produced by NOX2 neutralize the 

phagosomal pH and thus suppress the protease activity.  Prolongation of the time prior to antigen 

degradation allows intact proteins to translocate from the phagosome into the cytoplasm..  In 

Chapter 3 we present data demonstrating that cytochrome c can induce apoptosis in cross 

presenting DC. Once antigen can escape the phagosome into the cytoplasm, it then enter the 
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cellular machinery for presentation on MHC class 1 molecules, which will be presented to and 

activate specific CD8+ T cells.  In contrast, Ncf1 deficient DC exhibit significantly accelerated 

antigen degradation that dramatically reduces the extent of antigen translocation into the 

cytoplasm and results in reduced antigen presentation and poor activation of CD8+ T cells. 

Although most of the NOX2 in DC is present on the plasma membrane instead of 

phagosome, the responses of DC to various TLR ligands including the production of type 1 

interferon, pro-inflammatory cytokines, and co-stimulatory markers were not impacted by the 

lack of NOX2 ROS.  This highlights the unique role of NOX2-derived ROS in antigen cross 

presentation.  However, the case in the macrophages is quite disperate. Previous reports have 

demonstrated that NOX2 in macrophages does not affect the antigen degradation, while type 1 

interferon production was significantly reduced after activation of TLR3 (95).  

The complexity of NOX2 in the immune network suggests that the general effect of this 

enzyme in the context of autoimmunity depends on the pathogenic mechanisms active within 

disease processes.  In the rheumatoid arthritis (RA), a polymorphism in Ncf1 has been genetic 

linked to disease onset: decreased ROS generation is associated with the increased odds of RA 

incidence (246,247). It is believed to be related to the compromised suppressive effect of 

macrophages in Ncf1 deficient host (193). However, as the fundamental role of CD8+ T cells in 

the type 1 diabetes, even with a compromised regulatory T cell population, NOD-Ncf1
m1J is 

impressively protective against T1D.  When CD8+ T cells from NOD-Ncf1
m1J mice were 

adoptively transferred into recipient NOD-Scid host, T1D onset was observed to be both reduced 

and with slower kinetics when compared to mice receiving CD8+ T cells from NOD mice.  

However, this level of resistance does not fully recapitulate the level of T1D protection observed 

during spontaneous disease onset in NOD-Ncf1
m1J mice.  This indicates that NOX2 still induces 
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T1D in cells derived from NOD-Scid host. According to the results shown in chapter 3, cross-

presenting dendritic cells are compromised in NOD-Ncf1
m1J mice, where antigen degradation is 

accelerated and leads to an deficient MHC-1 presentation, thus we hypothesize that this cell 

population derived from NOX2 intact host may is dendritic cells. 

The broad goals of this research project were to elucidate the role of reactive oxygen 

species (ROS) in mediating the autoimmune attack on β cells in both the innate and adaptive 

immune systems.  A long-term goal is to develop novel immunotherapies to control or reverse 

autoreactivity based on the discoveries for the roles of ROS in T1D.  These therapies would be 

used to cure and prevent the onset of the human type 1 diabetes.  While there have been many 

recent attempts that have been tested in clinical trials attempted to suppress immune responses 

like α-CD3 (248-251) and anti-thymocyte globulin (ATG) (252) or modulate the immune system 

to be tolerant to autoantigens, such as insulin, Heat shock protein 60 (Hsp-60), or Glutamic Acid 

Decarboxylase (GAD).  While additional treatments to suppress or rebalance immune systems 

have also been proposed, the almost global lack of success of the studies performed by TrialNet 

should give pause for a reconsideration of our understanding of the pathogenic mechanisms that 

are essential for T1D development.  

As the pathology of T1D is multifaceted and complex ad results from the interaction of 

genetic susceptibility/resistance loci with environmental factors, therapies will most likely 

require a combined approach to maximize therapeutic efficacy and minimized side effects. 

Besides administration of insulin, the current therapy being developed to reverse type 1 diabetes 

is mainly focused on immune suppression or regulation by targeting a single cell population. 

However, immune suppression is far from ideal, as it is associated with various risks and 

complications such as increased risk of infection.  From my work, ROS-modulated targets that 
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mediate immune reactivity in T1D have been defined, and could provide further insights into 

regulating T cell reactivity.  Therefore, combined therapy including ROS modulation may 

provide sufficient tailoring of the immune response without rigorous immunosuppression. 
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