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Aims: Reactive oxygen species (ROS) are critical in driving the onset of type 1 diabetes
(T1D). Ablation of ROS derived from phagocytic NADPH oxidase 2 is protective against
autoimmune diabetes in non-obese diabetic (NOD) mice. However, the mechanisms of
NADPH oxidase 2-derived ROS in T1D pathogenesis need to be elucidated. Here, we
have examined the role of Ncf7 (the regulatory subunit of NADPH oxidase 2) in dendritic
cells (DC).

Results: Ncf7-mutant DCs exhibit reduced ability to activate autoreactive CD8T T cells
despite no difference in co-stimulatory molecule expression or pro-inflammatory cytokine
production. When provided with exogenous whole-protein antigen, Ncf7-mutant NOD
DCs showed strong phagosome acidification and rapid antigen degradation, which lead
to an absence of protein translocation into the cytoplasm and deficient antigenic peptide
loading on MHC Class | molecules.

Innovation: This study demonstrates that Ncf1 (p47P"%%) is required for activation and
effector function of CD8™ T cells by acting both intrinsically within the T cell as well as
within professional antigen presenting cells.

Conclusion: ROS promote CD8* T cell activation by facilitating autoantigen
cross-presentation by DCs. ROS scavengers could potentially represent an important
component of therapies aiming to disrupt autoantigen presentation and activation of
CD8™T T cells in individuals at-risk for developing T1D.

Keywords: Reactive oxygen species, Ncf1, NADPH oxidase 2, type 1 diabetes, dendritic cell, cross-presentation,
CD8+ T cell
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Autoantigen Cross-Presentation Requires p47phox

In Type 1 Diabetes (T1D), pancreatic § cells are attacked by
a T cell mediated autoimmune response and lose their ability to
produce insulin (1-3). While a number of immune cell subsets
are involved throughout the development of T1D, cytotoxic
CD8*' T cells (CTLs) function as primary effectors of B cell
damage. To this end, CTL are the most abundant cell type within
T1D patient islet infiltrates (4). In the T1D-prone non-obese
diabetic (NOD) mouse, targeted deletion of CTLs or blocking
CTL effector function prevents T1D development (5-9). To
activate autoreactive naive CTLs in T1D, dendritic cells (DC)
must take up P cell derived autoantigens by phagocytosis and
load autoantigen peptides onto MHC Class I molecules. During
maturation, the DCs migrate to the pancreatic draining lymph
nodes (PLN) where, in conjunction with help signals provided
by antigen specific CD41 T cells, they present the autoantigen
peptides to CTLs, via a process termed cross-presentation (10—
13). These activated CTLs then emigrate from the PLN and traffic
to the islets where they recognize and kill B cells presenting
autoantigens (2). In the NOD model, the process of cross-
presentation is essential in the occurrence of spontaneous T1D
as a deficiency in the cross-priming of CTLs prevents T1D
onset (13).

The process of antigen cross-presentation begins after
phagocytosis or pinocytosis. Within the phagosomes or
endosomes, proteolytic enzymes quickly degrade whole proteins
into smaller peptides suitable for presentation by MHC Class
II. Antigen degradation in phagosomes or endosomes is under
tight control, and under the appropriate conditions, intact
protein can be exported into the cytoplasm and become
involved in mechanisms for presentation by MHC Class I.
There, the proteins are processed into small peptides by the
proteasome/immunoproteasome and loaded onto MHC class
I molecules in the ER or Ergosomes (14). Failure to regulate
such pino/phagosomal antigen processing may interrupt cross-
presentation by over-degrading the antigens. DCs regulate
antigen degradation via multiple mechanisms, and reactive
oxygen species (ROS) have been proposed as vital for effective
DC cross-presentation (15-17).

ROS are a group of oxygen containing, highly reactive
molecules (18) that exert numerous physical functions ranging
from potent antimicrobial effects to signal transduction (18,
19). The NADPH oxidase family represents one of the major
groups of ROS generating enzymes (19). NADPH oxidase 2
is widely expressed in immune cells (i.e., neutrophils, DCs,
macrophages, and T cells) (20). During the course of an immune

Abbreviations: AF647, Alexa Fluor 647; APC, Allophycocyanin; APC, Antigen
presenting cells; BMDC, Bone Marrow Dendritic Cells; CGD, Chronic
Granulomatous Disease; CTL, Cytotoxic CD8' T cell; DC, Dendritic cells;
DQ-OVA, DQ-conjugated ovalbumin; FITC, Fluorescein isothiocyanate; NGZB,
Granzyme B; IFNy, Interferon gamma; IRF7, Interferon regulatory factor-
7; 1SG15, Interferon stimulated gene 15; LPS, Lipopolysachharide; Mxl,
Myxoma response protein-1; NOD, Non-obese diabetic; OVA, Ovalbumin;
Pam3CSK4, Pam3CysSerLys4; PLN, Pancreatic draining lymph nodes; PRR,
Pattern Recognition Receptor; PE, Phycoerythrin; Poly(I:C), Polyinosinic-
polycytidylic acid; ROS, Reactive oxygen species; rmGM-CSE, Recombinant mouse
granulocyte-macrophage colony stimulating factor; Sca-1, Stem cell antigen-1;
TLR, Toll-Like Receptor; T1D, Type 1 Diabetes; T1-IEN: Type 1 interferon;
TSC1/2, Tumor Suppressor Complex 1/2.

response, NADPH oxidase 2 within DCs has been proposed to
attenuate antigen degradation and promote cross-presentation
through production of ROS (15, 17, 21). However, two models
of ROS in cross presentation show discrepancy regarding how
ROS impact antigen degradation in cross presentation (15, 17).
Previous studies have proposed that after phagocytosis, NADPH
oxidase 2 is recruited to the phagosome and produces ROS
(15, 22). These negatively charged free radicals can react with
protons pumped in by the V-ATPase and thereby inhibit the
phagosomal acidification (15), thus limiting the function of acid
proteases, which require low pH for activity. However, Rybicka
et al. concluded that ROS suppress antigen degradation in DC
through a mechanism independent of pH regulation. In this
second model, ROS inhibit local cysteine cathepsins through
redox modulation (17). Elucidating the mechanism is essential
to fully understanding the role of DC NADPH oxidase 2 during
immune responses as well as in autoimmune disease such as T1D.

We have reported that NADPH oxidase 2 is indispensable
for the development of T1D (23, 24). With a mutated and
nonfunctional p47P"°* subunit, NADPH oxidase 2 could not
be activated to produce ROS, and CTL from p47P"°* mutant
NOD (NOD-Ncf1 mI]) mice have compromised effector function
(23). CTL with a deficient NADPH oxidase 2 were significantly
less capable of transferring disease into NOD-Scid recipients,
as compared with NOD CTLs (23). However, considering that
NOD-Ncf1"¥ mice exhibit almost complete resistance against
spontaneous T1D, the presence of T1D after transfer of NOD-
Ncf1™/ CTL provides rationale for further interrogation of this
system to identify additional cell populations where NADPH
oxidase two function could exert a pathogenic role.

In this study, we explored the capacity of DC isolated from
NOD-Ncfi™V mice to activate autoreactive CD8T T cells in
the NOD mouse model of TI1D. Here we show that NOD
DC maturation, in terms of upregulation of surface stimulatory
molecules and expression of pro-inflammatory cytokines, is not
impacted by mutation of p47PP°%, However, cross-presentation of
B cell antigens to autoreactive CD8* T cells in NOD-Ncf1"™/ was
deficient. In addition, our data support that NADPH oxidase 2
in the DC of NOD mice regulates antigen degradation through
modulating phagosomal pH. These findings demonstrate for the
first time the importance of Ncfl in cross-presenting DC for
activation of autoreactive CD8" T cells and support the role of
this enzyme in the pathology of autoimmune T1D.

MATERIALS AND METHODS

Animals

NOD/ShiLt] (NOD), NOD.Cg-Ragl"™Mom (NOD-Ragl~/~),
NOD.Cg-Ragl™MomTg  (TcraAl4)!PV/Dvs]  (NOD.AI4a-
Ragi=/~), and NOD.Cg-Ragl"™MomTg (TcrbAl4)!PYs/Dvs]
(NOD.AI4B-Ragl~/~) mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). F1 hybrid progeny developed
from outcrosses of NOD.AlI4a-Ragl ™/~ to NOD.AI4-Ragl ~/~
(hereafter referred to as NOD.AI4—Rag1_/ ~) developed diabetes
between 3 and 5 weeks of age. NADPH oxidase 2 deficient
NOD-Ncfi"™V mice were generated as previously described
(23, 24). NOD.Ncf1"V .Cg-Ragl"™Mom (NOD-Ncfl-Ragl~/~)
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mice were generated through F2 mating of NOD-Ragl ™/~ to
NOD-Ncf1™V. Mice were genotyped as described (25) to ensure
homozygosity of Ragl™/~ as well as D5Mit30 and D5Mit31
to test for inheritance of the NcfI™V allele. Mice at the F2
generation that were homozygous for the targeted deletion of
Ragl and the mutant allele of NcfI were used as founders for
this mouse strain. Female mice were used for all experiments.
All mice used in this study were housed in specific pathogen free
facilities, and all studies herein were approved by the institutional
animal care and use committee at the University of Florida.

Materials

Fluorescently labeled antibodies including: Phycoerythrin
(PE)-labeled o-CXCR4 (2BI11), Brilliant violet 421-labeled
a-CD8 (53-6.7), allophycocyanin (APC)-labeled «-CD3e
(BM8), and APC-labeled «-T-bet (4B10), PE-labeled -
granzyme B (NGZB), PE-labeled a-interferon gamma (IFNy)
(XMG1.2), APC labeled a-TNFa (MP6-XT22) [eBioscience
(San Diego, CA)] as well as PE-labeled a-H2Kd [Biolegend
(San Diego, CA)] were used. Recombinant mouse granulocyte-
macrophage colony stimulating factor (rmGM-CSF) and
rmIL-4 were purchased from R&D systems (Minneapolis, MN).
Pam3CysSerLys4 (Pam3CSK4) and Polyinosinic-polycytidylic
acid (Poly(I:C)) were purchased from Invivogen (San Diego,
CA). Lipopolysachharide (LPS) was purchased from Sigma (St.
Louis, MO). Polybead amino 3.0 um microspheres were
purchased from Polysciences (Warrington, PA). Horse
cytochrome ¢ was purchased from Sigma. 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.

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 CD8T T cells from was performed
using magnetic beads [mouse CD8™ T cell isolation kit (Miltenyi
Biotec)], according to the manufacturer’s protocol. CD4™ T cells
from NOD as well as CD8" T cells from NOD and NOD-
Ncf1™ 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),
respectively. Purity, >96%, was confirmed by flow cytometric
analysis on a BD LSR Fortessa.

Adoptive Transfer

Pre-diabetic (8 weeks old) NOD and NOD-chI'”U T cell donors
were used for adoptive transfer experiments. Splenocytes were
purified as described above. CD41 and CD8™ T cells were mixed
at a ratio of 3:1 and 107 cells were transferred intraperitoneally
(i.p.) to 8 week old NOD-Ragl’/’ or 8 week old NOD-chImU-
Ragl~/~ recipients. Transfers were divided into 4 groups: NOD-
Ragl~/~ mice received either (1) NOD CD4* + NOD CD8" or
(2) NOD CD4* + NOD-Nc¢fi™/ CD8*, while the remaining
two groups were NOD-Ncf1"™V -Ragl =/~ recipients of (3) NOD
CD4T 4+ NOD CD8' or (4) NOD CD4* + NOD-Ncf1"™V
CDS8*'. Mice were monitored weekly for diabetes onset as

described previously (23). Engraftment of cells was confirmed by
flow cytometry.

Cell Culture

Bone marrow derived DCs (BMDCs) were generated by 8 days of
culture in complete RPMI 1,640 media with 10% FBS (26). The
culture media was supplemented with 1,000 U/mL rmGM-CSF
and 500 U/mL rmIL4. Maturation was induced by 24-h treatment
with 100 ng/mL Pam3CSK4, 25 pg/mL poly (I: C), 100ng/mL
LPS, 1ug/mL R848, or 5 ug/mL CpG2336 respectively.

Quantitative Real-Time Quantitative PCR
Real time quantitative PCR was performed as previously reported
(27-31). In general, total RNA from DCs was isolated with
TRIzol (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, 60, and 72°C for 30s. Melting-curves were performed
for each PCR reaction to ensure specificity. Primers were used
according to qPrimerDepot (NIH) and previous reports and
listed as follows (28, 32):

IFN-stimulated gene-15 (ISG-15)  forward, 5'-GAGCTAGAGCCTGCAGCAAT
reverse, 5'-TAAGACCGTCCTGGAGCACT
forward, 5'-ACAGCACAGGGCGTTTTATC
reverse, 5'-GAGCCCAGCATTTTCTCTTG

Mx1 forward, 5-GATCCGACTTCACTTCCAGATGG

reverse, 5'-CATCTCAGTGGTAGTCCAACCC

IFN-regulatory factor-7 (IRF7)

TNFa forward, 5'-AGATGATCTGACTGCCTGGG
reverse, 5'-CTGCTGCACTTTGGAGTGAT
IL12p35 forward, 5'-CTAGACAAGGGCATGCTGGT
reverse, 5'-GCTTCTCCCACAGGAGGTTT
IL-10 forward, 5'-TGCTATGCTGCCTGCTCTTA,
reverse 5’-TCATTTCCGATAAGGCTTGG.
Flow Cytometry

Flow cytometry was performed to detect the surface proteins
on and phagocytosis by BMDC. BMDC were counted and
re-suspended in PBS at 2 x 107 cells/mL. Approximately
10° 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 BMDC was determined using beads coupled
with the fluorescent pH insensitive indicator dye AF647. BMDC
were incubated at 37°C for 20 min in the presence of fluorescent
beads, washed extensively with cold PBS, and then immediately
analyzed by flow cytometry. BMDCs with different numbers of
bead phagocytized were gated by assessing fluorescence intensity
of AF647. The percentages of cells that had taken up increasing
numbers of beads were calculated based on the cell count of each
gate to the total CD11c positive cells (Figure 3).
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FIGURE 1 | A functional Ncf1 is essential in both CD8* T cells and the environment for full T1D pathogenesis. Purified NOD CD4™ T cells were co-transferred with
purified CD8* T cells from either NOD (closed symbols) or NOD.Ncf1m1J (Open symbols) at a 3:1 ratio. All donors were 8-week-old prediabetic mice. A total of 107
total T cells were injected i.p. into NOD.Rag?~/~ (black) or NOD.Rag1~/~.Ncf1™ (red) recipient female mice. 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. *Letters
denote significance: groups/lines with different letters were statistically significant, whereas those with the same letter were not statistically different. Table 1 contains
p-values for the comparisons amongst groups.

TABLE 1 | Significance matrix for the adoptive transfer studies.

Group # Recipient strain CD4 donor CD8 donor p-value vs. group 1 p-value vs. group 2 p-value vs. group 3  p-value vs. group 4
1 NOD.Rag?~/~ NOD NOD *NA $0.05 0.03 0.01
2 NOD.Rag?~/~ NOD NOD.Nef1m?J 0.05 NA 0.33 0.04
3 NOD.Rag?~/~ .Ncf1m’Y  NOD NOD 0.03 0.33 NA 0.09
4 NOD.Rag?~/~ .Ncfim"Y  NOD NOD.Nef1m?J 0.01 0.04 0.09 NA

*NA indicates not applicable. $P-values in bold text are significant (o < 0.05).

Measurement of Phagosomal pH

Phagosomal pH was measured by fluorescence quenching of
the pH sensitive dye Fluorescein 5-isothiocyanate (FITC) after
phagocytosis (15, 22). A detailed experimental process was
described by Savina et al. (22). Briefly, 3 jum Polybead® Amino
Microspheres activated by 8% glutaraldehyde were incubated
with Ovalbumin (OVA) conjugated with FITC (pH sensitive) and
AF647 (pH insensitive) in PBS at 4°C overnight. After 30 min of
aldehyde blocking with glycine (1M), labeled beads were washed
three times and suspended in PBS at a concentration of 1.7 x
107 beads per microliter. BMDCs were stained with a-CD11c
antibody. After washing with PBS, BMDCs were incubated with
the FITC/AF647 coupled beads for 15 min at 37°C, at a BMDC
to bead ratio of 1:3 and washed three times with ice cold
PBS to remove the excess beads. Bead pulsed BMDCs were re-
suspended in warm RPMI media, incubated for the indicated
time points. At each time point, BMDCs were immediately
placed on ice and subjected to flow cytometry analysis. The
mean fluorescence intensity (MFI) emission for both dyes was

determined for BMDCs containing a single phagocytosed bead.
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, BMDC were incubated with coupled beads for
30 min and then re-suspended in HBSS containing 0.1% Triton
X-100 adjusted to a pH ranging from 5.5 to 8.0. After an 8-
min incubation, these cells are immediately analyzed by flow
cytometry and the emission ratio of the two fluorescent probes
of BMDC incubated in HBSS at each pH was collected.

Phagosomal Antigen Degradation Assay

Ovalbumin with a self-quenching conjugate that exhibits green
fluorescence upon proteolytic degradation (DQ-OVA) and
AF647 were covalently conjugated to 3 um Polybead® Amino
Microspheres as described above. Anti-CD11c labeled BMDC
were pulsed with DQ-OVA/AF647 coupled beads for 15 min in
37°C media. Extracellular beads were washed away with cold PBS
and BMDC were chased for a series of time periods. At each time
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FIGURE 2 | Maturation of DC from NOD and NOD-Ncf1™™ mice with TLR

ligands results in comparable upregulation of surface co-stimulatory molecules,

cytokine transcription, and Type 1 interferon response genes. Histogram

surface staining of BMDC from NOD and NOD-Ncf1™m™ for (A) CD8O,

(B) CD86, and (C) 4-1BBL after 24 h incubation with media alone (Mock),

25 ug/mL poly (I: C), 100ng/mL LPS, 1 g/mL R848, or 5 ug/mL CpG2336.

Real-time quantitative PCR was performed for the target genes (D) IL12p35

and (E) TNFa in DCs after 12 h stimulation with: media alone (Mock)

100 ng/mL Pam3CSK4, 10 pg/mL PGN, 25 pg/mL poly (I: C), 100 ng/mL LPS,
(Continued)

FIGURE 2 | 1 ug/mL R848, or 5 ug/mL CpG2336. PCR were performed with
pooled BMDC from three mice and results were compiled from three
independent experiments done in triplicate. Histogram and the quantitation of
(F) CCRY7 and (G) Sca-1 after a 24 h stimulation of BMDC from NOD or
NOD-Ncf1m1Y with 25 wg/mL poly (1: C), 1 pg/mL R848, and 5 wg/mL
CpG2336. Histograms are representative. Each bar graph is compiled data
from three independent experiments performed in triplicate. Real-time
quantitative PCR of the type 1 interferon responsive genes (H) IRF7, (I) ISG15,
and (J) MX-1 in NOD and NOD-Ncf1™™Y DCs after 24 h 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.

point fluorescence was measured by flow cytometry and OVA
degradation was calculated as the MFI ratio between DQ-OVA
and AF647.

Detection of Antigen Translocation

Horse cytochrome ¢ was employed to measure antigen
translocation from the phagosome into the cytoplasm for cross
presentation as previously described (33). BMDC were seeded in
96-well plates and incubated with cytochrome ¢ (0-4 mg/mL) for
24 or 48 h. BMDC apoptosis induced by cytoplasmic cytochrome
c serves as an indicator of exogenous antigen being translocated
into the cytoplasm (33, 34). BMDC not treated with cytochrome
¢ were used as a negative control and cell viability assessed via
MTT assay as previously reported (35).

Measurement of T Cell Proliferation

Cell proliferation was measured by incorporation of radiolabeled
tritiated thymidine (PH]TdR). [PH]TdR was added to BMDC-
T cell culture at 1 nCi per well for 16h before harvesting.
After harvest the radioactivity was measured as described
previously (24).

In vitro Cross Presentation Assays

The ability of BMDC to internalize whole protein antigen
and then induce CD8' T cell activation was assessed
using an in vitro cross-presentation assay. To measure
the cross-presentation of autoantigen, insulin reactive
G9C8 and AI4T cells were purified and incubated with
BMDCs from NOD or NOD-Nc¢fI™/ at a ratio of 5:1.
Antigens (beads conjugated with Insulin, freeze thawed
necrotic NIT-1 cells [a NOD derived B cell line (36)], heat-
inactivated insulin as whole antigen, or insulin B15-23
peptide antigen) were added to the cell mixture. CD8T T
cell prolifeation was measured by [PH]TdR incorporation an
assays (23)].

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 a significance
level at P = 0.05. Time to diabetes onset after adoptive transfer
was analyzed by Kaplan-Meier curve. The log-rank test was
employed to compare the survival distributions of different
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groups and correct for multiple comparisons. Except for the
survival analysis, all data reported here are representative of at
least three independent experiments performed in triplicate.

RESULTS

NOX2 Activity in Both Donor CD8+ T Cells
and Endogenous Recipient Immune Cells
Is Essential for Full Adoptive Transfer

of T1D

To assess defects in the diabetogenicity of CTLs and antigen
presenting cells (APCs) lacking intracellular superoxide
production, purified naive CD8" T cells collected from
prediabetic NOD or NOD-NcfI™ donor mice were adoptively
co-transferred with CD41 T cells from prediabetic NOD into
either  NOD-Ragl~/~ or NOD-Ragl~/~.Ncfi"™/ recipient
animals. Recipients were followed for onset of T1D. As
previously noted (23), transfer of NOD.N¢f1I™/ CD8* T
cells into immune deficient NOD-Ragl~/~ mice resulted in a
significant delay and reduction in disease onset when compared
to NOD CD8" T cells (Figure1 and Table 1. Group 1 vs.

Group 2: p = 0.05). Protection was also was also observed when
transferring NADPH oxidase 2-competent immune cells (23)
into NOD-Ragl~/~.Ncfi"! (Figure 1). Specifically, transfer
of NOD CD4*% and CD8% T cells into NOD-Ragl~/~.Ncf1"™!/
recipients led to a reduction and delay in T1D onset compared
to NOD-Ragl~/~ animals (Figure 1 and Table 1. Group 1 vs.
Group 3: p = 0.03). Group 2 and Group 3 were statistically
indistinguishable suggesting that cells within the NADPH
oxidase 2 deficient recipient mice, likely DC, were providing
protection against T1D similar to that observed with lack of
NADPH oxidase 2 activity in CD8" T cells (23). The group
exhibiting the lowest frequency of diabetes development involved
NOD-Ragl~/~.Ncfi"V recipients of NOD.Nc¢fi"V CD8* T
cells (Figure1 and Table 1, Group 4). Indeed, groups 1 and
2 exhibited significantly more T1D when compared to Group
4 (Table 1). While 5 of 9 mice in Group 3 developed T1D
compared to only 1 of 10 in Group 4 (Figurel), statistical
comparison of these two groups did not reach significance
(Table 1: p = 0.09). Hence, there is a need for p47PhoX within
both CD8' T cells and DCs for full TID pathogenesis to
be observed.
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Maturation of NOD-Ncf1™m?Y and NOD DC Is

Comparable

Maturation of DCs is one of the earliest events in the initiation
of TID (2, 37). In the process of maturation, DCs up-
regulate surface co-stimulatory markers and MHC molecules in
conjunction with the production of pro-inflammatory cytokines
to prime antigen specific T cells. DCs can be activated by
an array of Toll-Like Receptor (TLR) or Pattern Recognition
Receptor (PRR) signaling pathways and in doing so, respond
to infection and damage. Accordingly, many of the TLR
signaling pathways have been reported to be associated with
T1D (38, 39). To test if is required in TLR signal transduction
and the ensuing up-regulation of co-stimulatory molecules
on DC, bone marrow-derived DCs (BMDC) from NOD or
NOD-Ncf1"V were treated for 24 h with either Poly(I:C), LPS,
R848, or CpG2336 to activate TLR3, TLR4, TLR7/8, or TLRY,
respectively. The activation markers CD80, CD86, and 4-1BBL
were measured by surface staining and analyzed by multicolor
flow cytometry (Figures 2A-C). All four ligands significantly
boosted the expression of CD80 and CD86 (Figures 2A,B), while
4-1BBL was up-regulated by Poly(I:C) and LPS but not R848 nor
CpG2336 (Figure 2C). When comparing BMDC from NOD and
NOD-Ncf1"™Y, DCs from both strains showed indistinguishable
increases in surface expression (Figures 2A-C) suggesting the
p47Pho% was not required for co-stimulatory molecule up-
regulation during DC maturation.

Tyl responses are the dominant path for pathogenic T cell
differentiation in T1D. As professional APCs, DCs control CD4™
T cell differentiation though mechanisms of antigen presentation
and co-stimulation as well as secretion of cytokines and ROS,
which provide the “third signal” for activation (40, 41). IL-12
is the primary cytokine produced by DCs to drive the Tyl
response (42, 43), and IL-12 is required for the priming of
diabetogenic CD8" T cells. We have previously demonstrated
that macrophages from NOD-Ncf™/ mice have compromised
IL-12 production (24). Similarly, in the context of the B6 or
B10 genetic background, Ncfl has been proposed to play a
suppressive role on IL-12 p35 production (44, 45). To investigate
the role of Ncfl in IL-12 expression by DCs and the impact on
NOD T cell differentiation, IL-12p35 mRNA (Figure 2D) and
production of the pro-inflammatory cytokine TNFo (Figure 2E)
were examined 12h after DC activation with the ligands for
TLR1/2, TLR2/6, TLR4, TLR7, or TLRY, Activation of the
series of TLRs significantly increased the level of IL-12p35 and
TNFa mRNA. Interestingly, we found BMDCs from NOD-
Ncf™ showed no significant deficiency in the transcription of
these cytokines (Figures 2D,E). Overall, DC maturation in NOD-
Ncf™ mice did not appear deficient in terms of the up-regulation
of co-stimulatory molecules or pro-inflammatory cytokines upon
targeted stimulations when compared to DCs from NADPH
oxidase 2-intact NOD mice.

Lack of Ncf1 Does Not Impact Production
of Type 1 Interferons by DC

Type 1 interferons (T1-IFN) are required for the initiation of
T1D (46). These cytokines also promote DC cross-presentation

by modulating antigen survival within the phagosome, endocytic
routing and processing, and hence enhance the cross-priming of
islet specific CTLs (47, 48). To determine if Ncfl regulates the
expression and responses of T1-IFN by DCs, BMDC from NOD
and NOD-Ncf™V were activated by Poly(I:C), R848, or CpG2336,
and cell surface levels of CCR7 (Figure 2F) and stem cell antigen-
1 (Sca-1, Figure 2G) were assessed by flow cytometry. CCR7 is
a T1-IFN-induced chemokine receptor that functions to recruit
DCs from peripheral tissue into lymphoid organs (49, 50). Sca-
1 is a phosphatidylinositol-linked membrane protein that is also
T1-IFN-induced on DCs. After 24h of stimulation with TLR
ligands, CCR7 was mildly upregulated (Figure 2F), while Sca-1
was significantly increased (Figure 2G) to an equal extent on DCs
from both the NOD and NOD-Nc¢f™/ strains.

To confirm that Ncfl in DCs is not necessary for production
and response of T1-IFN, transcription of the T1-IFN-inducible
genes interferon regulatory factor-7 (IRF7), interferon stimulated
gene 15 (ISG15), and myxoma response protein-1 (Mx1) in
BMDCs from NOD or NOD-NcfI"™V were measured after 12-
h stimulation by Poly(I:C), R848, or CpG2336 for respective
activation of TLR3, TLR7/8, or TLR9. Significant elevations in
the expression of IRF7 (Figure 2H), ISG15 (Figure 2I), and Mx1
(Figure 2J) were seen after stimulation with Poly(I:C) or R848,
while small increases in transcription were observed following
TLRY activation with CpG2336 (Figures 2H,J). However, no
differences were observed in NOD-NcfI™!/ vs. NADPH oxidase
2 expressing DCs in terms of response to T1-IFN (Figures 2F-]J).
Taken together, Ncfl in DCs does not play a role in the inducible
T1-IEN production or response after activation of an array
of TLRs.

Comparable DC Phagocytosis in NOD
and NOD-Ncf™1J

Since Ncfl is not required for DC maturation measured
by upregulation of surface markers and production of pro-
inflammatory cytokines following stimulation with various TLRs,
we asked if ROS is necessary for the presentation of antigen by
DCs. It has been reported that ROS produced by NADPH oxidase
2 is critical for the cross-presentation of antigen in MHC Class
I by DCs to CD8* T cells. 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. The proposed mechanism whereby NADPH oxidase
2 promotes an increase in antigen cross-presentation is through
attenuating the phagosomal acidification following phagocytosis,
thus facilitating antigen translocation into the cytoplasm (15, 21,
22). To examine if ROS is required for DC phagocytosis, we
employed AlexaFluor 647 (AF647) labeled latex beads as a probe.
Antibody-labeled (a-CD11c) BMDC from NOD and NOD-
Ncf™/ were incubated with AF647-labeled beads for 15 min at
37°C and subjected to flow cytometry (Figure 3A). Quantitative
analysis of the CDI11c positive population was conducted by
gating on DCs that had taken up different numbers of beads. The
percentage of DCs having phagocytized from one to five beads
showed a declining trend (Figure 3B). However, bead uptake was
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comparable between NOD and NOD-Ncf1™V (Figure 3B). Thus,
we concluded that Ncfl is dispensable for antigen uptake by DCs.

Enhanced Phagosomal Acidification in

NOD-Ncf1m1J DCs

Although it has been reported that ROS are necessary for
regulation of phagosomal acidification, some studies have argued
that ROS are dispensable in phagosomal pH regulation (15,
17). These previous conflicting studies were conducted using
the C57BL/6 (B6) background rather than the autoimmune-
prone NOD mouse. One significant difference regarding
antigen presentation between NOD and B6 mice involves the
Slcllal gene within the Idd5 interval on Chromosome 1.
Nrampl, the gene product of Slcl1lal, promotes acidification
of phagosomes in DCs and this protein is deficient in B6
mice (51) leading to compromised phagosomal acidification
following phagocytosis. Here we used cells derived from NOD
mice with a functional Nramp1 (52). To examine phagosomal
acidification we utilized FITC, a widely used pH sensitive
fluorescence dye. FITC conjugated ovalbumin (DQ-OVA) and
the pH insensitive dye AF647 were linked to latex beads. BMDC
were then incubated with these FITC/AF647-fluorescent beads.
Notably, even with functional Slcl1lal alleles, phagosomal pH
in NOD DC was almost neutral through the initial 60 min
after phagocytosis. In stark contrast, we observed rapid and
significant decreases in phagosomal pH for NOD-Ncf1™ DC.
Indeed, pH quickly dropped to around 5 within the first 15 min
of the observation period (Figure4), suggesting a rapid DC
phagosomal acidification when Ncfl was non-functional. The
final pH value measured in NOD-NcfI"™Y DCs was 1 unit lower
than the previously reported values using gp91P"°*-defective B6
DCs (15), which could be rescued to approximately pH 7 by
adding the V-ATPase inhibitor concanamycin A (Figure 4B).
Opverall, Ncfl indispensable for NOD DCs to maintain a neutral
pH shortly after phagocytosis.

Accelerated Antigen Degradation in
NOD-Ncf1™'"’ DCs

In DCs, for efficient cross-presentation of exogenous antigen,
protein degradation is restricted immediately following
phagocytosis. As shown in the previous reports and above,
DCs constrain phagosomal acidification to inhibit antigen
degradation (15, 21, 22). Due to the strong decrease of
phagosome pH values observed in NOD-Ncfi™/ DC, we
expected to observe accelerated antigen digestion. To test this,
we employed DQ-conjugated ovalbumin (DQ-OVA), which is
designed to have self-quenched fluorescence group pairs when
the three-dimensional conformation is intact. Upon degradation
of this protein, the fluorescence and quenching groups detach
from one another, and green fluorescence is emitted upon
excitation (Figure5A). Here, latex beads were linked with
DQ-OVA and AF647 and incubated with BMDCs from NOD
or NOD-Nc¢f1"™V mice. DCs were analyzed, as described in the
Materials and Methods 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 min after
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FIGURE 4 | Enhanced phagosomal acidification in NOD-Ncf1™"/ DCs.

(A) Representative histogram of DCs phagocytized FITC/AF647 linked beads.
DCs from NOD or NOD-Ncf1™ ™ were incubated with fluorescence linked
latex beads for 15 min, then unbound beads were washed away. Cells were
cultured 0, 15, 30, 45, or 60 additional minutes then cells were analyzed by
FACS. (B) Phagosomal pH kinetics of DC from NOD or NOD-Ncf1m1J post
phagocytosis. DC were treated with or without 30 pg/mL V-ATPase inhibition
with concanamycin A.

pulsing (Figure 5). This lack of antigen degradation is associated
with maintenance of neutral pH (Figure 4). However, in NOD-
NcfI™/ DC there was a rapid increase in FITC fluorescence
intensity. Indeed, only 15min post-pulsing, the fluorescence
intensity of DQ-OVA increased by 50% (Figure 5B). Therefore,
NOD-Ncf1™Y DC rapidly exhibited a reduction in pH (Figure 4)
and degradation of ovalbumin (Figure 5) indicating that without
Ncfl, there is accelerated antigen degradation in the phagosome.

Impaired Antigen Translocation in
NOD-Ncf1™" DC

In cross-presentation, exogenous protein is exported into the
cytoplasm by an unknown mechanism and processed by the
proteasome for peptide antigen loading into MHC Class I
molecules (14). To measure protein translocation into the
cytosol, we employed cytochrome c as a probe. Cytochrome cis a
protein that is sequestered in the inner mitochondrial membrane
and functions as part of the electron transport chain. During
apoptosis, cytochrome c is released into the cytoplasm and
complexes into the apoptosome to induce apoptotic cell death.
When cross-presenting cells such as BMDCs are incubated with
recombinant cytochrome c, they will internalize cytochrome ¢
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FIGURE 5 | Accelerated antigen degradation in NOD-Ncf1™™Y DCs. (A) lllustration of DQ-OVA analysis using FACS. DCs were incubated with DQ-OVA/AF647 linked
latex beads for 15 min 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 4+ SEM. Statistical analysis used Student’s t-test. **p < 0.01; ***p < 0.001.

and transport the intact protein from endosomes into cytoplasm,
which triggers apoptosome activation and caspase-3 dependent
apoptosis; in contrast, in cells that are incapable of translocating
exogenous cytochrome ¢ to cytoplasm, apoptosis would not
be triggered (33, 34). Thus, we employed cellular apoptosis
to indicate antigen translocation by incubating BMDC with
cytochrome c¢. NOD and NOD-N¢fI™ DC were treated with
increasing concentrations of cytochrome c [1 to 4 mg/mL] for 24
or 48h, and apoptosis was measured by MTT assay. In both 24
and 48-h groups, cytochrome c induced a dose dependent killing
of NOD DCs (Figure 6). However, cytochrome ¢ did not induce
apoptosis of NOD-Nc¢fI"™/ DCs indicating that cytochrome c
was not transported into the cytoplasm in p47PP* deficient DCs
(Figure 6), consistent with accelerated antigen degradation in
NOD-N¢f1"™V DC.

Defective Cross Presentation in
NOD-Ncf1™" DC

To determine if excessive antigen degradation and inhibition
of antigen translocation have an impact on CTL activation, an

in vitro cross-presentation assay was performed. BMDC from
NOD-Ncf1"¥ or NOD were pulsed with antigen and incubated
with G9CS8 cells, an insulin specific CD8" T cell clone (53). T
cell proliferation was then measured by [*H]TdR incorporation.
When DCs were pulsed with the specific insulin B15-23 peptide
antigen, T cell proliferation was comparable in both groups.
This suggests that when antigen processing is not required,
NOD-Ncf1™Y DCs have no deficiency in priming diabetogenic
CDS8™ T cells, consistent with the data above showing equal
upregulation of co-stimulatory markers and pro-inflammatory
cytokine expression by NcfI-intact and -deficient DCs (Figure 2).
In contrast, when DCs were primed with heat-inactivated insulin,
G9C8 CD8' T cell proliferation did not occur when the
DCs were from NOD-NcfI™ mice (Figure 7B). Strong G9C8
proliferation was induced when NcfI-intact NOD DCs processed
and presented heat-inactivated insulin (Figure 7B). Together,
these data indicate that antigen cross-presentation is severely
affected by the absence of Ncfl.

To mimic the scenario in T1D, necrotic NIT-1 cells
(pancreatic B cell line derived from a NOD mouse) were added
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FIGURE 6 | Deficient antigen translocation into cytoplasm in NOD-Ncf1m1J
DCs. DCs were treated with cytochrome ¢ with various concentrations for 24 h
(A) or 48h (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.

to DC-G9C8 co-cultures. As expected, NOD-Ncf1"™V DCs were
incapable of inducing diabetogenic T cell activation compared
with the Ncfl-intact control DC (Figure 7C). This highlights
the indispensable role of NADPH oxidase 2 in the DC to
activate diabetogenic T cells in T1D. In summary, processing
of exogenous autoantigen by NOD-Nc¢fI™/ DCs is deficient,
and without a functional Ncfl, DCs are not able to cross-
present autoantigens to diabetogenic CD8™ T cells and drive the
activation of these CTL.

DISCUSSION

ROS have long been considered a key part of T1D pathogenesis.
While much effort has gone into identifying the cellular sources
and targets of ROS, the overall roles for these molecules in T1D
remain controversial. Due to the exquisite sensitivity of rodent
islets to free radicals and oxidants, ROS have been proposed as
a major mediator of B cell destruction. In addition, ROS are
utilized by the immune system as signaling mediators. We have
addressed the role of NADPH oxidase 2-produced ROS in both
the islet and immune system. Our data support that NADPH
oxidase 2-derived free radicals and oxidants are contributors to
immunological events in T1D but have little responsibility in the
islet (23, 54).
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FIGURE 7 | Cross-priming of autoreactive CD8™ T cells by DCs.
(A) Proliferation of G9C8 cells induced by BMDCs from NOD or NOD-Ncf1m1J
pulsed with insulin peptide B15-23. (B) Proliferation of G9C8 cells induced by
BMDCs from NOD or NOD-Ncf1"7Y pulsed with heat-inactivated insulin.
(C) Proliferation of G9C8 cells induced by necrotic NIT-1 cell pulsed BMDCs.
Graphs are representative of three independent experiments performed in
triplicate. Data are represented as mean + SEM. Statistical analysis used
Student’s t-test. *o < 0.05; ***p < 0.001.

The role of NADPH oxidase 2 in f cell function and
dysfunction has been recently clarified. While early reports noted
that NADPH oxidase 2 was essential for both glucose-induced
insulin secretion and pro-inflammatory cytokine mediated f
cell destruction, more recent animal model and clinical studies
have not confirmed these results (23, 54, 55). Pre-clinical studies
have noted that NADPH oxidase 2 deficient mouse models
carrying non-functional allele of either Cybb (gp91PP*) or Ncfl
are resistant to diabetes development and exhibit enhanced
insulin secretion in response to glucose (23, 24, 54, 55). Further,
our clinical studies have reported that humans with Chronic
Granulomatous Disease (CGD), due to mutations in the gp9lph"X
subunit and no residual NADPH oxidase 2 activity, have reduced
incidence of diabetes as compared to that in the general
population (56). However, islets from NOD and NOD.Ncf1"™V
mice were destroyed at comparable levels when exposed to
proinflammatory cytokines or pre-activated insulin-specific Al4
CD8' T cells (23), thus suggesting that NADPH oxidase 2
deficient B cells are not resistant to autoimmune destruction.
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Indeed, adoptive transfer of pre-activated insulin-reactive Al4
CTLs rapidly induced T1D in both NOD and NOD-Ncf1"!/ mice
(23). In stark contrast, transfer of naive T cells into NOD-Ncf1 mij
mice resulted in delayed and reduced T1D onset compared
to NADPH oxidase 2 intact mice [Figurel and (23)]. The
dichotomy of these results supports an important role of NADPH
oxidase 2 activity in the CTL axis rather than in p cells.

Our studies have noted that the almost complete T1D
resistance of NOD-Nc¢fI™/ mice was associated with T cell
signaling and differentiation that was skewed away from a
diabetogenic Tyl response and resulted in defective effector
function (24). Tyl responses could be, in part, rescued by
interactions with NADPH oxidase 2 intact APCs suggesting
that during T cell activation by APC, ROS signals in the
immune synapse regulate T cell differentiation (24). Further
studies demonstrated that CD8% T cells from NOD-Ncf1™V
mice exhibited defective activation and effector function.
When transferred into NcfI-intact NOD mice, NOD-Ncf1™/
CDS8™' T cells initiated T1D with significantly slower kinetics
when compared to the transfer of CD8' T cells from
NOD mice (23). This defect resulted from an inability of
NOD-N¢fi™V CTL to properly deactivate the redox-sensitive
signaling suppressor Tumor Suppressor Complex 1/2 (TSC1/2).
After activation of NOD-N¢fi™/ CTL, TSC1/2 remained
active and continued to suppress mTORCI. This suppression
resulted in a lack of T-bet transcriptional activity along
with reduced expression of IFNy and granzyme B. The
limited expression of these effector molecules impaired CTL
effector function and inhibited in vitro B cell cytotoxicity.
Therefore, oxidants generated by NADPH oxidase are essential
to deactivate TSC1/2 during T cell activation. However, the
defects in CD8" T cell activity are not enough to explain
the almost full T1D resistance of NOD-Nc¢fI"™/ mice. Our
adoptive transfer studies clearly demonstrate that CD8' T
cells from NOD-NcfI™/ mice exhibit increased pathogenesis
when transferred into NOD.Ragl ™/~ mice in comparison
to transfer into intact NOD-Ragl~/~NcfI™ mice (Figure 1)
leading to our prediction that additional non-T cell mechanisms
are involved.

Herein, we assessed the competence of Ncfl-deficient DCs for
activation of diabetogenic CD8" T cells via cross-presentation
of exogenous protein antigens. We observed that NOD-Ncf1™V
DC were deficient in their ability to stimulate autoreactive
CDS8™T T cells after phagocytosis of intact antigen or necrotic
p cells. These data suggest that the reduction in T1D observed
in NOD-Ncf1"Y, results, in part, from a defect in the ability
of NOD-NcﬂmU DCs to activate autoreactive T cells (23).
The dearth of DC-induced autoreactive CD8" T cell activation
did not result from compromised expression of co-stimulatory
molecules or pro-inflammatory cytokines (Figure2). In fact,
under stimulation conditions with a panel of TLR ligands,
the co-stimulatory molecules CD80, CD86, and 4-BBL were
upregulated similarly when comparing NOD and NOD-Ncf1™/
DCs (Figures 2A-C). T1-IFN production and responses were
also intact in NOD-N¢fI™/ DCs after addition of ligands for
TLR3, TLR7, or TLR9 (Figures 2F-J). These data suggest that
on the NOD background ROS is dispensable for the activation
of MyD88 as well as TRIF after TLR ligand binding. The findings

are consistent with the data showing that when NOD-Nc¢f1"/ DC
were pulsed with the specific peptide antigen, autoreactive CTLs
were activated (Figure 7). Taken together, these data demonstrate
that NOD-Ncf1™/ DCs can efficiently prime diabetogenic CD8*
T cells when antigen processing is not required, and thereby,
highlight the potential significance of NADPH oxidase 2 in
processing of autoantigens for presentation by MHC Class I. In
addition, these data provide support for ROS in regulating T1D
through antigen-cross presentation by DC, a concept has not
previously been proposed or discussed.

While roles for NADPH oxidase 2 in antigen cross-
presentation by DCs have been previously reported, a
controversy remains regarding the mechanism of action for
NADPH oxidase 2 in this process (15, 17). Consistent with
previous reports (15, 21, 22), our data support the postulate
that antigen uptake is not impaired in NOD.Nc¢f1"™/ DC,
suggesting that NADPH oxidase 2 is dispensable for phagocytosis
(Figure 3). However, when measuring antigen degradation and
phagosomal pH in DC, we observed a rapid degradation of
antigen and a swift decline in pH values by DC that lacked
a functional ph47P"°* subunit (Figures 4-6). In accord with
previous work (15), this acidification as well as rapid antigen
degradation could be rescued by inhibition of the V-ATPase
with concanamycin A. At the concentration used, concanamycin
A is highly specific for V-ATPases and can be used to probe
biological mechanisms of V-ATPase mediated acidification
(15, 57). In the presence of concanamycin A, phagosome pH was
strongly increased in DC from NOD-N¢f1 " mice (Figure 4B).
As the pH remained neutral within phagosomes of NOD DCs
(with a functional Ncfl) after phagocytosis of antigen, only
a mild pH increase was observed during concanamycin A
treatment (Figure 4B). These results are in agreement with the
previous demonstration that V-ATPase is the major regulator
of endosomal acidification that can be regulated by NADPH
oxidase 2 (15).

These findings support the model where NADPH oxidase 2
modulates antigen processing though prevention of phagosomal
acidification (15, 22). In addition, as NOD mice have an
intact SlcIlal (52), increased phagosomal acidification would
be expected as compared to B6 mouse models utilized in prior
studies (15, 17, 22). Consistently, we observed a larger pH drop
in pa7Ph°X deficient NOD DCs compared with the reported
results using DC from B6-Cybb~/~ mice (15). Due to the
acidic environment in the phagosome, the antigen degradation
is strongly accelerated in NOD-Ncf1"¥ DCs, which results in
the deficiency in the antigen translocation from phagosome into
cytoplasm (Figure 6). The combination of NRAMP1 activity with
a loss of NADPH oxidase 2 function results in decreased antigen
loading in MHC Class I and reduced DC cross-presentation
of autoantigens in T1D. This is confirmed by the inability of
NOD-N¢fi™V DC to activate insulin-reactive CD8" T cells
when provided heat-inactivated insulin or necrotic p cells as the
antigen source (Figure 7). Our study supports the hypothesis that
ROS promote cross presentation by regulating phagosomal pH
values and confirm that NADPH oxidase 2-derived ROS from
diabetogenic DCs are required to activate autoreactive CD8"
T cells through promoting the preservation of autoantigens for
MHC Class I cross-presentation.

Frontiers in Immunology | www.frontiersin.org

11

May 2019 | Volume 10 | Article 952


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Liu et al.

Autoantigen Cross-Presentation Requires p47P1o%

ETHICS STATEMENT

All studies herein were approved by the institutional animal care
and use committee (IACUC) at the University of Florida (UF)
and performed under UF-IACUC Protocol #201605475.

AUTHOR CONTRIBUTIONS

CL researched the data and wrote the manuscript, RW,
AL, YX, and JC researched the data and reviewed/edited
the manuscript. AS, MW, and JL contributed to discussion

REFERENCES

1. Mathews CE. Utility of murine models for the study of
spontaneous autoimmune type 1 diabetes. Pediatr Diabetes. (2005)
6:165-77. doi: 10.1111/j.1399-543X.2005.00123.x

2. Anderson MS, Bluestone JA. The NOD mouse: a model
of  immune  dysregulation.  Ann  Rev  Immunol. (2005)
23:447-85. doi: 10.1146/annurev.iimmunol.23.021704.115643

3. Daneman D. Type 1 diabetes. Lancet. (2006)

367:847-58. doi: 10.1016/S0140-6736(06)68341-4

4. Willcox A, Richardson S], Bone AJ, Foulis AK, Morgan NG. Analysis of
islet inflammation in human type 1 diabetes. Clin Exp Immunol. (2009)
155:173-81. doi: 10.1111/j.1365-2249.2008.03860.x

5. Tsai S, Shameli A, Santamaria P. CD8+ T cells in type 1 diabetes. Adv
Immunol. (2008) 100:79-124. doi: 10.1016/S0065-2776(08)00804-3

6. Juedes AE, Rodrigo E, Togher L, Glimcher LH, von Herrath MG. T-bet
controls autoaggressive CD8 lymphocyte responses in type 1 diabetes. ] Exp
Med. (2004) 199:1153-62. doi: 10.1084/jem.20031873

7. Esensten JH, Lee MR, Glimcher LH, Bluestone JA. T-bet-deficient
NOD mice are protected from diabetes due to defects in both
T cell and innate immune system function. J Immunol. (2009)
183:75-82. doi: 10.4049/jimmunol.0804154

8. Thomas HE, Trapani JA, Kay TW. The role of perforin and granzymes in
diabetes. Cell Death Differ. (2010) 17:577-85. doi: 10.1038/cdd.2009.165

9. Skowera A, Ellis RJ, Varela-Calvino R, Arif S, Huang GC, Van-Krinks C, et al.
CTLs are targeted to kill beta cells in patients with type 1 diabetes through
recognition of a glucose-regulated preproinsulin epitope. J Clin Invest. (2008)
118:3390-402. doi: 10.1172/JCI35449

10. Kurts C, Robinson BW, Knolle PA. Cross-priming in health and disease. Nat
Rev Immunol. (2010) 10:403-14. doi: 10.1038/nri2780

11. Marino E, Tan B, Binge L, Mackay CR, Grey ST. B-cell cross-
presentation of autologous antigen precipitates diabetes. Diabetes. (2012)
61:2893-905. doi: 10.2337/db12-0006

12. Harbers SO, Crocker A, Catalano G, D’Agati V, Jung S, Desai DD, et al.
Antibody-enhanced cross-presentation of self antigen breaks T cell tolerance.
J Clin Invest. (2007) 117:1361-9. doi: 10.1172/JCI29470

13. Jung S, Unutmaz D, Wong P, Sano G, De los Santos K, Sparwasser T, et al.
In vivo depletion of CD1lc+ dendritic cells abrogates priming of CD8+
T cells by exogenous cell-associated antigens. Immunity. (2002) 17:211-
20. doi: 10.1016/S1074-7613(02)00365-5

14. Nair-Gupta P, Blander JM. An updated view of the intracellular
mechanisms regulating cross-presentation.  Front (2013)
4:401. doi: 10.3389/fimmu.2013.00401

15. Savina A, Jancic C, Hugues S, Guermonprez P, Vargas P, Moura
IC, et al. NOX2 phagosomal pH to regulate antigen
processing during crosspresentation by dendritic cells. Cell. (2006)
126:205-18. doi: 10.1016/j.cell.2006.05.035

16. Mantegazza AR, Savina A, Vermeulen M, Perez L, Geffner J,
Hermine O, et al. NADPH oxidase controls phagosomal pH and
antigen cross-presentation in human dendritic cells. Blood. (2008)
112:4712-22. doi: 10.1182/blood-2008-01-134791

Immunol.

controls

and reviewed/edited the manuscript, and CM conceived of
the study, researched the data, and wrote/reviewed/edited
the manuscript.

ACKNOWLEDGMENTS

This work was
the JDRE the
DK074656 (CM),
(CM), and the
Diabetes Research.

supported by research grants from
National Institutes of Health RO1
UC4 DK104194 (CM), P01 AI042288

Sebastian ~ Family ~Endowment for

17. Rybicka JM, Balce DR, Chaudhuri S, Allan ER, Yates RM.
Phagosomal  proteolysis in  dendritic cells is modulated by
NADPH oxidase in a pH-independent manner. EMBO ]. (2012)
31:932-44. doi: 10.1038/emboj.2011.440

18. Winterbourn CC. Reconciling the chemistry and biology of reactive oxygen
species. Nat Chem Biol. (2008) 4:278-86. doi: 10.1038/nchembio.85

19. Bedard K, Krause KH. The NOX family of ROS-generating NADPH
oxidases: physiology and pathophysiology. Physiol ~Rev. (2007)
87:245-313. doi: 10.1152/physrev.00044.2005

20. Lambeth JD. NOX enzymes and the biology of reactive oxygen. Nat Rev
Immunol. (2004) 4:181-9. doi: 10.1038/nri1312

21. Amigorena S, Savina A. Intracellular
cross presentation in dendritic cells. Curr Opin Immunol.
22:109-17. doi: 10.1016/j.c01.2010.01.022

22. Savina A, Vargas P, Guermonprez P, Lennon AM, Amigorena S. Measuring
pH, ROS production, maturation, and degradation in dendritic cell
phagosomes using cytofluorometry-based assays. Methods Mol Biol. (2010)
595:383-402. doi: 10.1007/978-1-60761-421-0_25

23. Thayer TC, Delano M, Liu C, Chen J, Padgett LE, Tse HM, et al
Superoxide production by macrophages and T cells is critical for
the induction of autoreactivity and type 1 diabetes. Diabetes. (2011)
60:2144-51. doi: 10.2337/db10-1222

mechanisms of antigen

(2010)

24. Tse HM, Thayer TC, Steele C, Cuda CM, Morel L, Piganelli
JD, et al. NADPH oxidase deficiency regulates Th lineage
commitment and modulates autoimmunity. ] Immunol. (2010)

185:5247-58. doi: 10.4049/jimmunol. 1001472

25. Abe K, Wechs S, Kalaydjiev S, Franz TJ, Busch DH, Fuchs H, et al. Novel
lymphocyte-independent mechanisms to initiate inflammatory arthritis via
bone marrow-derived cells of Alil8 mutant mice. Rheumatology. (2008)
47:292-300. doi: 10.1093/rheumatology/kem358

26. Xia CQ, Peng R, Annamalai M, Clare-Salzler M]J. Dendritic
cells post-maturation are reprogrammed with heightened IFN-
gamma and IL-10.  Biochem  Biophys Res Commun. (2007)

352:960-5. doi: 10.1016/j.bbrc.2006.11.136

27. XuY, Lee PY, Li Y, Liu C, Zhuang H, Han S, et al. Pleiotropic IFN-dependent
and -independent effects of IRF5 on the pathogenesis of experimental lupus. J
Immunol. (2012) 188:4113-21. doi: 10.4049/jimmunol.1103113

28. Lee PY, Kumagai Y, Xu Y, Li Y, Barker T, Liu C, et al. IL-1alpha modulates
neutrophil recruitment in chronic inflammation induced by hydrocarbon oil.
J Immunol. (2011) 186:1747-54. doi: 10.4049/jimmunol.1001328

29. Weinstein JS, Delano MJ, Xu Y, Kelly-Scumpia KM, Nacionales DC, Li Y,
et al. Maintenance of anti-Sm/RNP autoantibody production by plasma cells
residing in ectopic lymphoid tissue and bone marrow memory B cells. J
Immunol. (2013) 190:3916-27. doi: 10.4049/jimmunol.1201880

30. LeePY, LiY, KumagaiY, Xu Y, Weinstein JS, Kellner ES, et al. Type I interferon
modulates monocyte recruitment and maturation in chronic inflammation.
Am ] Pathol. (2009) 175:2023-33. doi: 10.2353/ajpath.2009.090328

31. Tang XQ, Zhuang YY, Zhang P, Fang HR, Zhou CE, Gu HE et al
Formaldehyde impairs learning and memory involving the disturbance of
hydrogen sulfide generation in the hippocampus of rats. ] Mol Neurosci. (2013)
49:140-9. doi: 10.1007/s12031-012-9912-4

Frontiers in Immunology | www.frontiersin.org

May 2019 | Volume 10 | Article 952


https://doi.org/10.1111/j.1399-543X.2005.00123.x
https://doi.org/10.1146/annurev.immunol.23.021704.115643
https://doi.org/10.1016/S0140-6736(06)68341-4
https://doi.org/10.1111/j.1365-2249.2008.03860.x
https://doi.org/10.1016/S0065-2776(08)00804-3
https://doi.org/10.1084/jem.20031873
https://doi.org/10.4049/jimmunol.0804154
https://doi.org/10.1038/cdd.2009.165
https://doi.org/10.1172/JCI35449
https://doi.org/10.1038/nri2780
https://doi.org/10.2337/db12-0006
https://doi.org/10.1172/JCI29470
https://doi.org/10.1016/S1074-7613(02)00365-5
https://doi.org/10.3389/fimmu.2013.00401
https://doi.org/10.1016/j.cell.2006.05.035
https://doi.org/10.1182/blood-2008-01-134791
https://doi.org/10.1038/emboj.2011.440
https://doi.org/10.1038/nchembio.85
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1038/nri1312
https://doi.org/10.1016/j.coi.2010.01.022
https://doi.org/10.1007/978-1-60761-421-0_25
https://doi.org/10.2337/db10-1222
https://doi.org/10.4049/jimmunol.1001472
https://doi.org/10.1093/rheumatology/kem358
https://doi.org/10.1016/j.bbrc.2006.11.136
https://doi.org/10.4049/jimmunol.1103113
https://doi.org/10.4049/jimmunol.1001328
https://doi.org/10.4049/jimmunol.1201880
https://doi.org/10.2353/ajpath.2009.090328
https://doi.org/10.1007/s12031-012-9912-4
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Liu et al. Autoantigen Cross-Presentation Requires p47P1ox
32. LiY, Lee PY, Kellner ES, Paulus M, Switanek J, Xu Y, et al. Monocyte surface 48. Diamond MS, Kinder M, Matsushita H, Mashayekhi M, Dunn GP,
expression of Fcgamma receptor RI (CD64), a biomarker reflecting type-I Archambault JM, et al. Type I interferon is selectively required by
interferon levels in systemic lupus erythematosus. Arthritis Res Ther. (2010) dendritic cells for immune rejection of tumors. J Exp Med. (2011)
12:R90. doi: 10.1186/ar3017 208:1989-2003. doi: 10.1084/jem.20101158
33. Lin ML, Zhan Y, Proietto Al Prato S, Wu L, Heath WR, et al. Selective suicide 49. Dieu-Nosjean MC, Vicari A, Lebecque S, Caux C. Regulation of dendritic cell
of cross-presenting CD8+- dendritic cells by cytochrome c injection shows trafficking: a process that involves the participation of selective chemokines. |
functional heterogeneity within this subset. Proc Natl Acad Sci USA. (2008) Leukoc Biol. (1999) 66:252-62. doi: 10.1002/j1b.66.2.252
105:3029-34. doi: 10.1073/pnas.0712394105 50. Asselin-Paturel C, Brizard G, Chemin K, Boonstra A, O’Garra A, Vicari A,
34. Sutherland RM, Zhan Y, Carrington EM, Londrigan SL, Lew AM. Selective et al. Type I interferon dependence of plasmacytoid dendritic cell activation
depletion of cross-presenting dendritic cells enhances islet allograft survival. and migration. ] Exp Med. (2005) 201:1157-67. doi: 10.1084/jem.20041930
Cell Transplant. (2011) 20:467-74. doi: 10.3727/096368910X528094 51. Malo D, Vogan K, Vidal S, Hu J, Cellier M, Schurr E, et al. Haplotype
35. Chen J, Gusdon AM, Piganelli ], Leiter EH, Mathews CE. mt-Nd2(a) Modifies mapping and sequence analysis of the mouse Nramp gene predict
resistance against autoimmune type 1 diabetes in NOD mice at the level of the susceptibility to infection with intracellular parasites. Genomics. (1994)
pancreatic beta-cell. Diabetes. (2011) 60:355-9. doi: 10.2337/db10-1241 23:51-61. doi: 10.1006/geno.1994.1458
36. Hamaguchi K, Gaskins HR, Leiter EH. NIT-1, a pancreatic beta-cell 52. Dai YD, Marrero IG, Gros P, Zaghouani H, Wicker LS, Sercarz EE. Slcllal
line established from a transgenic NOD/Lt mouse. Diabetes. (1991) enhances the autoimmune diabetogenic T-cell response by altering processing
40:842-9. doi: 10.2337/diab.40.7.842 and presentation of pancreatic islet antigens. Diabetes. (2009) 58:156-
37. Morel PA. Dendritic cell subsets in type 1 diabetes: friend or foe? Front 64. doi: 10.2337/db07-1608
Immunol. (2013) 4:415. doi: 10.3389/fimmu.2013.00415 53. Wong FS, Visintin I, Wen L, Flavell RA, Janeway CA Jr. CD8T cell clones
38. Zipris D. Toll-like receptors and type 1 diabetes. Adv Exp Med Biol. (2010) from young nonobese diabetic (NOD) islets can transfer rapid onset of
654:585-610. doi: 10.1007/978-90-481-3271-3_25 diabetes in NOD mice in the absence of CD4 cells. J] Exp Med. (1996)
39. Devaraj S, Dasu MR, Rockwood ], Winter W, Griffen SC, Jialal I. Increased 183:67-76. doi: 10.1084/jem.183.1.67
toll-like receptor (TLR) 2 and TLR4 expression in monocytes from patients 54. Li N, Li B, Brun T, Deffert-Delbouille C, Mahiout Z, Daali Y, et al. NADPH
with type 1 diabetes: further evidence of a proinflammatory state. J Clin oxidase NOX2 defines a new antagonistic role for reactive oxygen species
Endocrinol Metab. (2008) 93:578-83. doi: 10.1210/jc.2007-2185 and cAMP/PKA in the regulation of insulin secretion. Diabetes. (2012)
40. Belz GT. Getting together: dendritic cells, T cells, collaboration and fates. 61:2842-50. doi: 10.2337/db12-0009
Immunol Cell Biol. (2008) 86:310-1. doi: 10.1038/icb.2008.18 55. Xiang FL, Lu X, Strutt B, Hill D], Feng Q. NOX2 deficiency protects against
41. Luckheeram RV, Zhou R, Verma AD, Xia B. CD4(+)T cells: streptozotocin-induced beta-cell destruction and development of diabetes in
differentiation ~ and  functions. Clin  Dev  Immunol. (2012) mice. Diabetes. (2010) 59:2603-11. doi: 10.2337/db09-1562
2012:925135. doi: 10.1155/2012/925135 56. Leiding JW, Marciano BE, Zerbe CS, Deravin SS, Malech
42. Athie-Morales V, Smits HH, Cantrell DA, Hilkens CM. Sustained IL- HL, Holland SM. Diabetes, renal and cardiovascular
12 signaling is required for Thl development. ] Immunol. (2004) disease in p47 phox-/- chronic  granulomatous disease. ]
172:61-9. doi: 10.4049/jimmunol.172.1.61 Clin Immunol. (2013) 33:725-30. doi: 10.1007/s10875-013-
43. Macatonia SE, Hosken NA, Litton M, Vieira P, Hsieh CS, Culpepper JA, et al. 9871-8
Dendritic cells produce IL-12 and direct the development of Th1 cells from 57. Huss M, Ingenhorst G, Konig S, Gassel M, Drose S, Zeeck A, et al.

44.

45.

46.

47.

naive CD4+ T cells. ] Immunol. (1995) 154:5071-9.

Richter C, Herrero San Juan M, Weigmann B, Bergis D, Dauber K, Muders
MH, et al. Defective IL-23/IL-17 axis protects p47phox-/- mice from colon
cancer. Front Immunol. (2017) 8:44. doi: 10.3389/fimmu.2017.00044

Richter C, Juan MH, Will J, Brandes RP, Kalinke U, Akira S, et al. Ncfl
provides a reactive oxygen species-independent negative feedback regulation
of TLR9-induced IL-12p70 in murine dendritic cells. J Immunol. (2009)
182:4183-91. doi: 10.4049/jimmunol.0800795

Li Q, Xu B, Michie SA, Rubins KH, Schreriber RD, McDevitt HO. Interferon-
alpha initiates type 1 diabetes in nonobese diabetic mice. Proc Natl Acad Sci
USA. (2008) 105:12439-44. doi: 10.1073/pnas.0806439105

Spadaro F, Lapenta C, Donati S, Abalsamo L, Barnaba V, Belardelli F,
et al. IFN-alpha enhances cross-presentation in human dendritic cells by
modulating antigen survival, endocytic routing, and processing. Blood. (2012)
119:1407-17. doi: 10.1182/blood-2011-06-363564

Concanamycin A, the specific inhibitor of V-ATPases, binds to the
V(o) subunit c. J Biol Chem. (2002) 277:40544-8. doi: 10.1074/jbc.M207
34520

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Liu, Whitener, Lin, Xu, Chen, Savinov, Leiding, Wallet and
Mathews. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

13

May 2019 | Volume 10 | Article 952


https://doi.org/10.1186/ar3017
https://doi.org/10.1073/pnas.0712394105
https://doi.org/10.3727/096368910X528094
https://doi.org/10.2337/db10-1241
https://doi.org/10.2337/diab.40.7.842
https://doi.org/10.3389/fimmu.2013.00415
https://doi.org/10.1007/978-90-481-3271-3_25
https://doi.org/10.1210/jc.2007-2185
https://doi.org/10.1038/icb.2008.18
https://doi.org/10.1155/2012/925135
https://doi.org/10.4049/jimmunol.172.1.61
https://doi.org/10.3389/fimmu.2017.00044
https://doi.org/10.4049/jimmunol.0800795
https://doi.org/10.1073/pnas.0806439105
https://doi.org/10.1182/blood-2011-06-363564
https://doi.org/10.1084/jem.20101158
https://doi.org/10.1002/jlb.66.2.252
https://doi.org/10.1084/jem.20041930
https://doi.org/10.1006/geno.1994.1458
https://doi.org/10.2337/db07-1608
https://doi.org/10.1084/jem.183.1.67
https://doi.org/10.2337/db12-0009
https://doi.org/10.2337/db09-1562
https://doi.org/10.1007/s10875-013-9871-8
https://doi.org/10.1074/jbc.M20734520
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Neutrophil Cytosolic Factor 1 in Dendritic Cells Promotes Autoreactive CD8+ T Cell Activation via Cross-Presentation in Type 1 Diabetes
	Materials and Methods
	Animals
	Materials
	Purification of T Cells
	Adoptive Transfer
	Cell Culture
	Quantitative Real-Time Quantitative PCR
	Flow Cytometry
	Measurement of Phagocytosis
	Measurement of Phagosomal pH
	Phagosomal Antigen Degradation Assay
	Detection of Antigen Translocation
	Measurement of T Cell Proliferation
	In vitro Cross Presentation Assays
	Statistics

	Results
	NOX2 Activity in Both Donor CD8+ T Cells and Endogenous Recipient Immune Cells Is Essential for Full Adoptive Transfer of T1D
	Maturation of NOD-Ncf1m1J and NOD DC Is Comparable
	Lack of Ncf1 Does Not Impact Production of Type 1 Interferons by DC
	Comparable DC Phagocytosis in NOD and NOD-Ncfm1J
	Enhanced Phagosomal Acidification in NOD-Ncf1m1J DCs
	Accelerated Antigen Degradation in NOD-Ncf1m1J DCs
	Impaired Antigen Translocation in NOD-Ncf1m1J DC
	Defective Cross Presentation in NOD-Ncf1m1J DC

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


