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Abstract
Chronic granulomatous disease (CGD) is a primary immunodeficiency defined by mutations in the
NADPH oxidase complex leading to reduced superoxide production, increased susceptibility to
infection, chronic inflammation, and recurring abscess and granuloma formation. Here, we found
that CGD mice were hyperresponsive to abscess-inducing T-cell-dependent carbohydrate antigens
(glycoantigens) due to a ten-fold increase in NO production within APCs, which is known to be
necessary for glycoantigen presentation on MHC class II. CGD mice exhibited increased Th1 pro-
inflammatory T-cell responses in vitro and in vivo, characterized by more severe abscess
pathology. This phenotype was also seen in WT animals following adoptive transfer of neutrophil-
depleted APCs from CGD animals, demonstrating that this phenotype was independent of
neutrophil and T-cell defects. Finally, pharmacological attenuation of NO production to WT levels
in vivo reduced abscess incidence and severity in CGD without overt increases in inflammation or
the ability to clear infection, suggesting a potential new treatment option for early stage CGD-
associated infections.
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Introduction
Oxidative killing of microbes by phagocytes represents a leading edge of the innate immune
response. The released microbial contents following killing also serve as a pool of potential
antigens for the adaptive immune response within the endosomal class II major
histocompatibility complex (MHCII) pathway. Oxidation is achieved through the production
of both reactive oxygen species ROS and reactive nitrogen species (RNS) that attack surface
molecules and lyse pathogens. The primary source of reactive nitrogen species is NO
synthesized by the inducible nitric oxide synthase (iNOS) enzyme [1], which is
transcriptionally activated via the NF-κB signaling cascade upon recognition of microbial
“molecular patterns” at the cell surface [2]. The NADPH oxidase complex is responsible for
the production of superoxide, which fuels the synthesis of hydrogen peroxide and
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hypochlorous acid through the serial enzymatic actions of superoxide dismutase and
myeloperoxidase respectively [3, 4].

Chronic granulomatous disease (CGD) is characterized by any of a number of deleterious
mutations within the NADPH oxidase complex [5-7]. While the reduction of superoxide
production varies in severity depending on the mutation, patients with CGD show
heightened susceptibility to bacterial and fungal infections, have increased incidence of
abscess and granuloma formation, and suffer from chronic inflammation [7-9], all of which
highlight the central role for oxidation in controlling infectious disease. Although CGD is
classified as a primary immunodeficiency, the increases in abscess and granuloma formation
as well as the chronic unresolved inflammation represent hyperresponsiveness to infection
and microbial products [8-10]. The granulomas are often sterile and form in response to
unregulated and widespread inflammation [7-11]. In contrast, abscess formation is a T-cell-
dependent adaptive pathway [12] that normally serves to quarantine the offending pathogen.
Despite the role in reducing dissemination of the pathogen throughout the body, abscesses
reduce the efficacy of antibiotics due to isolation of the bacteria from the blood stream and
they require surgical drainage, collectively increasing risk of secondary infections [8].

CGD patients are susceptible to abscess formation induced by microbes carrying antigenic
capsular carbohydrates, including the fungus Aspergillus sp., the Gram-positive
Staphylococcus aureus, and other catalase-positive organisms [7, 13]. Bacteroides fragilis,
also catalase-positive, is the most common anaerobic bacteria isolate from clinical abscess
samples [14], and both S. aureus and B. fragilis carry zwitterionic glycoantigens (GlyAgs)
that have been shown to induce abscess formation in animal models through the activation
of pro-inflammatory CD4+ T lymphocytes [15, 16]. The canonical member of the GlyAg
family is polysaccharide A (PSA) from the capsule of B. fragilis. PSA is comprised of a
tetrasaccharide repeating unit with both positively and negatively charged groups [17] that
facilitate its ability to be presented by MHCII molecules [18]. GlyAgs are endocytosed by
professional APCs and trigger the production of NO [19], which is responsible for the
oxidative cleavage of the antigen to low molecular weight fragments for MHCII-mediated
presentation [20, 21]. This NO-dependent oxidative processing and presentation mechanism
is essential for GlyAg-specific T-cell recognition and activation. Animals lacking the iNOS
gene fail to form abscesses in response to GlyAg challenge [20].

With NO-mediated oxidation at the root of GlyAg-induced abscess formation, we sought to
understand the nature of the hyperresponsiveness in CGD. Using the gp91phox-deficient
animal model of CGD, we discovered that the loss of a functional NADPH oxidase results in
a ten-fold increase in sensitivity against GlyAg challenge, with CGD abscesses being
consistently larger compared with WT C57BL/6 (WT) controls. Ex vivo experiments further
reveal an earlier and more robust T-cell activation response against GlyAg that correlated
with increased NO and iNOS protein production in CGD animals and increased GlyAg
processing in CGD APCs. Remarkably, CGD hyperresponsiveness was transferrable to WT
animals through adoptive transfer of neutrophil-depleted CGD APCs, demonstrating that
increased abscess formation was a result of aberrant APC function and the resulting
downstream T-cell activation, rather than changes in neutrophil or T-cell activity resulting
from changes in ROS production. Perhaps most significantly, we discovered that attenuation
of iNOS activity with 1400W (N-(3-(aminomethyl)benzyl)acetamidine, 2HCl) effectively
and safely reduced the incidence and severity of abscesses in CGD. These findings reveal
that the abscess hyperresponsiveness in CGD is mediated at least in part through greater
sensitivity to GlyAg via an increase in NO-dependent T-cell activation and that treatment
with 1400W could represent a novel approach to improving infection outcomes for CGD
patients.
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Results
Dysregulated oxidation leads to excessive GlyAg-mediated abscesses

GlyAg-mediated abscess formation in rodent models of sepsis is dependent upon MHCII
presentation [20, 22, 23] and CD4+ T-cell activation [16, 23-26], while being exquisitely
sensitive to NO production in responding APCs [19-21, 23]. Given the dependence upon
oxidation, we measured the impact of the CGD mutation on GlyAg-specific responses. CGD
and WT mice were challenged i.p. with either 200 μg GlyAg containing undiluted sterile
cecal contents (SCC) (dilution = 1), SCC alone, or dilutions of each inoculum. On day 7, the
number of mice with at least one abscess was scored (Fig. 1A). CGD animals were ten-fold
more sensitive to GlyAg challenge compared with WT control animals (C1/2 = four-fold
dilution for WT; 40 for CGD). The SCC-only controls showed no abscesses in WT and
limited abscesses in several CGD animals, but only at high SCC concentrations. CGD
abscesses were consistently larger than in WT animals with equivalent challenge (Fig. 1B)
and flow cytometry of collagenase D-released abscess cells indicated that a majority of cells
were Gr-1+neutrophils, F4/80+ macrophages, and CD11c+ DCs (Fig. 1C). The total number
of cells within a WT abscess was 5.3 × 106 while the CGD abscess yielded 3.06 × 107 cells,
a 5.7-fold increase that correlates well with the increased abscess size. Finally, H&E
staining of abscess sections showed the difference in overall size and revealed distinct areas
of increased neutrophilic infiltrate in the CGD abscess (Fig. 1D). These data establish that
the CGD mutation results in extreme sensitivity to abscess formation in response to GlyAg/
SCC exposure characterized by more severe pathology and either increased neutrophil
infiltrate or defective clearance (e.g. efferocytosis) following the initial insult.

CGD mice exhibit increased NO production in response to GlyAg
To discern the hyperresponsiveness mechanism, mice were challenged with 100 μg GlyAg
and 1:4 diluted SCC for analysis of cellular infiltration (Fig. 2). At the times indicated, a
peritoneal lavage was performed. Recovered cells were analyzed by flow cytometry while
lavage supernatants were tested for nitrate and nitrite levels as markers of NO synthesis.
Unchallenged CGD animals showed elevated baseline NO levels compared with WT
(p<0.03); however, this difference increased dramatically over the first 24-h period upon
challenge (Fig. 2A), demonstrating the hyperresponsiveness to the GlyAg+SCC stimulation
despite the modestly increased baseline. Remarkably, total cellular influx into the
peritoneum was not significantly different at most time points (Fig. 2B) and no consistent
proportional differences in neutrophil, macrophage, or CD4+ T-cell populations were seen
between WT and CGD (Fig. 2C and D), although modest differences in neutrophils were
seen at 24 h (Fig. 2D). These data suggest that the proportional increase in neutrophils
visible by H&E within the abscess (Fig. 1C and D) was mostly likely due to defects in
neutrophil clearance rather than increased peritoneal infiltration, which is consistent with
previous reports [27-29]. More importantly, these findings suggest that the > 10-fold
increase in NO detected in the peritoneal lavage (Fig. 2A) was not due to increased cell
numbers, but was more likely the result of changes in per-cell production of NO.

CGD cells up-regulate iNOS in response to GlyAg
iNOS expression was examined in isolated WT and CGD cells to establish the source of
increased NO levels. Lavage cells were collected from GlyAg challenged mice for mRNA
isolation and detection of the iNOS transcript using RT-PCR. In vivo challenge induced
CGD cells to transcribe iNOS mRNA to a remarkably greater extent compared with WT
cells at 24 h (Fig. 3A). These bulk lavage cells were also separated via magnetic beads into
neutrophil and macrophage populations and used to isolate mRNA to determine the cell-type
specific response with quantitative PCR (Fig. 3B). The data reveal that the individual CGD
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cells up-regulate the transcription of the iNOS gene (NOS2) beyond WT cells in both
neutrophil and macrophages upon challenge.

The response of bone marrow-derived dendritic cells (BMDCs) from unchallenged WT and
CGD mice to GlyAg alone was also tested. At 24 h, mRNA and cell extracts were isolated
and analyzed by qPCR and Western blot respectively. We found that iNOS transcription was
increased by nearly ten-fold over WT in response to GlyAg (Fig. 3C) and this difference
was readily apparent at the protein level (Fig. 3D). These data demonstrate that GlyAg-
stimulated CGD cells up-regulate the iNOS gene to a significantly greater extent than WT
cells in neutrophils, macrophages, and BMDCs, and this difference accounts for the
increased NO produced in the peritoneal cavity upon challenge (Fig. 2A).

Excessive NO in CGD cells leads to increased GlyAg processing and T-cell activation
Given that GlyAg-induced abscess formation is dependent on NO-dependent processing,
presentation on MHCII, and subsequent CD4+ T-cell activation [20], we examined the CGD
effect on the amount of GlyAg processing. CGD and WT APCs were incubated for 48 h
with radiolabeled GlyAg, then intracellular GlyAg was analyzed for changes in molecular
mass as a measure of processing. Greater amounts of the MHCII-presentable low molecular
weight form of GlyAg were found in CGD cells compared with WT (Fig. 4A, arrow),
demonstrating that increases in NO correlates with greater processed GlyAg available for
MHCII presentation.

Next, to determine if the increased NO production and antigen processing seen in CGD mice
would lead to aberrant T-cell activation, syngeneic APCs and CD4+ T cells were cultured
and stimulated with GlyAg and analyzed for IFN-γ by ELISA. We found that the CGD T
cells responded earlier and more robustly than WT T cells, with strong IFN-γ production by
day 3 in CGD assays (Fig. 4B). The relationship between NO production and T-cell
response was further demonstrated by comparing the T-cell responses from WT, CGD, and
iNOS−/− animals at day 3. IFN-γ production was modest for WT, heightened for CGD, and
reduced for iNOS−/− cells (Fig. 4C), showing a direct correlation between NO concentration
and T-cell response amplitude.

To differentiate between greater individual cell responses and a greater number of cells
responding, we challenged WT and CGD animals with GlyAg and compared the number of
CD4+ T cells expressing CD69, an early activation marker (Fig. 4D). At 24 h, the number of
CD4+CD69+ cells without GlyAg challenge was indistinguishable between WT and CGD
animals (12.3 and 11.4% respectively), while in vivo stimulation with GlyAg yielded ~4%
increases in CD69+ T cells in both backgrounds (Fig. 4D). Since responding CD4+ T cells
have been previously localized to the abscess wall following GlyAg challenge [24], we also
performed immunohistochemistry on abscess cryosections. Confocal microscopy failed to
reveal significant differences in the CD4+ T-cell composition of abscess walls (Fig. 4E).
These data indicate that the overall number of responding T cells is constant between WT
and CGD, but that the inflammatory signal amplitude (i.e. IFN-γ) is increased within
individual T cells in proportion to the CGD-associated increase in NO production within
APCs.

To directly test whether CGD APCs drive increased T-cell-dependent abscess formation in
CGD, splenocytes were harvested from WT and CGD animals and depleted of both
neutrophils and T cells. The remaining cells (B cells, macrophages, and DCs; data not
shown) were adoptively transferred into WT animals and then each animal was challenged
with a seven-fold dilution of the GlyAg and SCC inoculum, which generated an abscess in
0–10% of WT animals (see Fig. 1A). We found that when WT APCs were transferred into
the WT animals, 1 out of 8 mice developed an abscess, as before. In contrast, 75% of the
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WT animals receiving CGD APCs developed an abscess (Fig. 4F). These findings
demonstrate that CGD APCs are sufficient to transfer the CGD phenotype characterized by
increased GlyAg-induced abscess formation.

Attenuation of NO reduces GlyAg-induced abscess formation
Based on our findings, attenuation of NO production in the first 24 h post challenge should
reduce T-cell activation and abscess incidence in CGD. We therefore performed in vitro T-
cell activation experiments with CGD cells with and without the specific iNOS inhibitor
1400W. We found that 1400W reduced the amount of IFN-γ produced by up to 50% as
compared with mock-treated cultures (Fig. 5A).

Next, WT and CGD animals were challenged with a four-fold dilution of the standard
inoculum and compared with another group of CGD animals also treated 0 and 6 h post
challenge with 0.5 mg 1400W. Twenty-four hours later, peritoneal lavage fluid was
collected and analyzed for NO production. We found a large increase in NO production in
CGD animals over WT (Fig. 5B), reflecting increased iNOS expression (Fig. 3). In addition,
1400W did not eliminate NO production, but reduced NO levels to that seen in WT animals
(Fig. 5B).

Reducing NO production to WT levels in already immunocompromised CGD mice could
result in the inability to clear bacterial challenge, thus we examined bacterial clearance in
CGD animals treated with 1400W. Mice were challenged with 106 live B. fragilis, a leading
cause of peritonitis associated with intestinal leakage [30, 31], and were treated with 0.5 mg
1400W or PBS vehicle at 0, 6, and 24 h post inoculation. All mice maintained body weight
(Fig. 5C and D) and no overt change in activity levels was seen over a 10-day period. On
day 8, one mouse in each group was sacrificed and blood agar plates were streaked with
tissue samples of blood, liver, spleen, and peritoneal lavage and incubated under anaerobic
conditions for 48 h. No bacterial growth was detected from any tissue sample from the PBS
or 1400W treated mice (not shown), indicating that 1400W had no deleterious effect on the
ability to clear B. fragilis.

To address the possibility that increased inflammation could result from changes in oxidant
concentration following 1400W treatment, BM-derived macrophages (BMMs) from WT and
CGD animals were stimulated in vitro with LPS or GlyAg in the presence and absence of
1400W for 24 h. The culture supernatants were analyzed for the inflammatory mediator
IL-1β (Fig. 5E), and we found that while both GlyAg and LPS stimulated IL-1β production,
the response in WT and CGD cells were indistinguishable, even with 1400W present.

Finally, we tested the efficacy of 1400W in reducing abscess incidence in CGD mice. Using
the four-fold dilution challenge (50 μg GlyAg and 1:4 SCC), we found that 1400W
treatment significantly reduced the number of CGD animals that developed abscesses from
93 to 57% (Fig. 5F). Moreover, the abscesses found in 1400W-treated CGD animals were
also significantly reduced in clinical score as judged by size (1.9 mm average diameter)
compared with those found in CGD animals without 1400W (3.6 mm average diameter; Fig.
5F and G). These data show that modulation of iNOS activity via 1400W decreases NO
production in vivo compared with that seen in WT animals, resulting in the reduced
incidence and severity of GlyAg-mediated abscess formation in CGD.

Discussion
We show that the gp91phox mutation in CGD results in the upregulation of NO production,
leading to increased T-cell-mediated abscess formation in response to GlyAg. We further
demonstrate that inhibition of iNOS in vivo with 1400W decreases abscess incidence and
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severity in CGD without increasing risk of bacterial sepsis, raising the possibility of iNOS
inhibition as a clinical approach for CGD patients.

CGD is characterized by recurring abscess and granuloma formation [7-9]. While
granulomas are usually sterile and result from chronic inflammation [7, 11], abscesses tend
to form in response to microbial stimuli [13]. For example, S. aureus, a GlyAg-expressing
pathogen [16], is commonly associated with liver and brain abscesses [8, 11, 13, 32].
Although abscesses are an important response to contain microbes and prevent sepsis, once
formed, they preclude antibiotic effectiveness and require surgical drainage [7, 8]. As a
result, attenuation of abscess formation could provide a significant reduction in infection
morbidity and possibly even mortality through improving antibiotic efficacy and reducing
surgical intervention.

CGD has traditionally been viewed as a neutrophil-mediated disease since neutrophils are
early responders to infection and produce high bactericidal oxidant concentrations. In
addition, apoptosis of responding neutrophils is known to be abnormal through multiple
mechanisms including deficient surface expression of phosphatidylserine (PS) [27, 28, 33],
or diminished production of the apoptosis-inducers TGFβ and prostaglandin D2 [34].
However, an emphasis on the involvement of other cell populations (e.g. macrophages, DCs,
and even T cells) in CGD has more recently challenged the neutrophil-centered model. For
example, phosphatidylserine-mediated efferocytosis of apoptotic cells by macrophages is
reduced in CGD, although normal levels of efferocytosis can be restored with IL-4 [27].
Changes in protein antigen processing and T-cell activation have also been reported in CGD
[35], while studies using human cells have reported increased pro-inflammatory and
decreased anti-inflammatory mediators when compared with healthy controls [34, 36-38].

We focused upon a recently described family of GlyAgs expressed by commensal and
pathogenic bacteria (e.g. S. aureus, S. pneumoniae, and B. fragilis) that have been shown to
induce abscess formation via CD4+ T-cell activation [12, 16, 20, 23, 39]. Lack of intact αβ
T-cell receptor expression or blockade of costimulatory pathways in mice translates into a
failure to develop abscesses in response to GlyAg [24]. GlyAgs require processing via NO-
dependent oxidation [20, 21, 23] and presentation on MHCII molecules [16, 20, 23],
providing an unexpected link to oxidative disorders. Our results reveal that CGD mice
showed a dramatically increased immune response against GlyAgs, resulting in more
frequent and severe abscesses. This differential response was mediated by APCs rather than
neutrophils as might be expected and appears to be a result of increased NO and more
efficient GlyAg processing. Likewise, the CGD phenotype was transferrable to WT animals
via APC transfer, which indicates that the difference in T-cell activation is due to changes in
the APC and not the responding T cells. Although we cannot completely rule out direct NO
effects on responding T cells, it is clear that NO is required for processing [20, 23] and that
CGD APCs are better GlyAg processors than their WT counterparts.

The NADPH oxidase complex is also known to maintain a neutral pH environment within
endo/lysosomes [35], and thus changes impact acid-dependent protein antigen processing. In
fact, CGD favors vesicular acidification and increased conventional antigen proteolysis [35].
In sharp contrast, GlyAg processing is dependent upon a neutral pH and acidification stops
GlyAg processing in cells [40]. As a result, one might expect the CGD cells to process
GlyAg less than the WT counterparts due to increased acidification, yet we observed the
opposite. With the role of NO firmly established within this pathway [20, 23] and together
with the ability to ameliorate the CGD effect by iNOS inhibition and the effectiveness of
APC transfer into WT animals, we conclude that CGD results in GlyAg
hyperresponsiveness because of increased GlyAg processing by resident APCs via increased
NO levels, resulting in greater T-cell activation and downstream sequelae.
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Another unexpected observation was that the level of IL-1β, used as a crude measure of
inflammation, was not altered in CGD cells. While this may seem counterintuitive, recent
evidence in humans has indicated that asymptomatic CGD patients do not make more IL-1β
in response to a number of stimuli compared with healthy controls [41]. Thus, our findings
are consistent with the human CGD condition.

Our data further suggest that the production of ROS and NO is linked. Since transcriptional
regulation of iNOS is altered, this linkage is most likely at the level of the signaling
pathways and ultimately NFκB associated. It remains unclear whether this effect is mediated
by the ROS molecules themselves, the changes in vesicular pH, or another mechanism;
however, our data are supported by findings in which the anti-inflammatory regulator Nrf2
was found to be defective in CGD [42]. This raises the possibility that increased iNOS
transcription in CGD upon GlyAg stimulation could be a result of an inability to shut down
the initial GlyAg-mediated TLR2-dependent signal [19] to activate iNOS synthesis in the
first place. The difference between WT and CGD responses to an actual antigen like PSA
from B. fragilis provides an ideal model system to explore the relationship between the
control of ROS and NO production.

Taken together, our findings suggested that NO in macrophages, but not neutrophils, is the
primary mediator of hyperresponsiveness to GlyAg in CGD. Our adoptive transfer
experimental data further suggest that the loss of ROS in the T-cell population, which has
been linked to a switch between T effector and T regulatory cells [43], does not explain the
enhanced GlyAg response. These interpretations were confirmed in vivo using iNOS
inhibition which completely prevented abscess formation in 6 of 14 animals while
significantly reducing the abscess severity in the remaining mice. Since 1400W did not
appear to increase the risk of bacterial sepsis, this strategy may represent a new pathway of
treatment for CGD patients, although far more stringent testing with more invasive
organisms would be needed to confirm these initial findings.

In contrast to the CGD T-cell studies in which non-specific anti-CD3/anti-CD28 stimulation
of T cells was used [44, 45], our findings suggest a novel pathway responsible for CGD-
associated recurring abscess formation that is centered upon professional APCs, increased
GlyAg processing, and antigen-mediated T-cell activation. This pathway can be specifically
targeted through inhibition of iNOS activity in vivo, resulting in attenuation of CGD-
associated immune pathology arising from bacterial infection. This approach could
significantly improve treatment outcomes for CGD patients through increasing antibiotic
efficacy and reducing the need for surgical drainage of abscesses.

Materials and methods
Mice

WT (C57BL/6J, stock 000664) and X-linked gp91phox-deficient CGD (B6. 129S6-
Cybbtm1Din/J, stock 002365) breeders were purchased from Jackson Labs and colonies were
housed at CWRU Animal Resource Center. Experiments were performed in accordance with
the guidelines of the National Institutes of Health (NIH) and protocols approved by the
Institutional Animal Care and Use Committee. All experimental mice were at least 12 wk
old.

Primary cells
Neutrophils and macrophages were harvested by peritoneal lavage at various time points
after antigenic challenge and were purified by magnetic beads using anti-F4/80-Biotin
(Biolegend), anti-Ly6G-Biotin, anti-Biotin microbeads, and magnetic columns (Miltenyi
Biotec). BMDCs were obtained by culturing BM cells in RPMI 1640 with 15 ng/mL GM-
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CSF (Invitrogen) for 11–13 days. BM macrophages were derived via culture with
LADMAC for 7 days.

Antibodies and general reagents
For flow cytometry: FITC-anti-mouse CD4, FITC-anti-mouse Gr-1, FITC-anti-mouse
F4/80, FITC-anti-mouse I-Ab, FITC-mouse IgG2a isotype, FITC-rat IgG2b isotype (all from
Biolegend); FITC-anti-mouse CD3, PE-anti-mouse CD69, FITC-Hamster IgG isotype, PE-
Hamster IgG isotype, PE-rat IgG1 isotype (all from eBioscience). For Western blotting:
mouse anti-iNOS/Nos2 (BD Biosciences), mouse anti-actin (Santa Cruz Biotechnology).
iNOS inhibitor 1400W was purchased from Cayman Chemical.

Primers and PCR
Primers for iNOS and β-actin for PCR were purchased from Integrated DNA Technologies:
iNOS sense: 5′-GTC CTA CAC CAC ACC AAA-3′, iNOS anti-sense: 5′-CAA TCT CTG
CCT ATC CGT CTC-3′ (product size, 197 bps); β-actin sense: 5′-TGA GAG GGA AAT
CGT GCG TGA C-3′, β-actin anti-sense: 5′-GAA CCG GTT GCC AAT AGT G-3′ (product
size, 154 bps). Isolated RNA was standardized, converted to cDNA via First Strand cDNA
synthesis (Invitrogen), and then rt-PCR was performed with SuperScript III (Invitrogen) and
MultiGene II thermocycler (Labnet International). Quantitative PCR was done using
SYBR®GreenER™ (Invitrogen) and iCycler (Bio-Rad Laboratories). Data were analyzed
using the Pfaffl Method.

GlyAg purification and SCC preparation
GlyAg from the capsule of B. fragilis was purified as described previously [46]. Briefly, B.
fragilis was anaerobically grown for 24 h, harvested, and extracted with phenol. The soluble
phenol sample was extracted with diethyl ether and then digested with DNase and RNase,
followed by Pronase. The resulting mixture of LPS and capsule was separated on a
Sephacryl S-300 column in 3% deoxycholate.

SCC were made by harvesting cecal contents, diluting with enough PBS to make it easy to
transfer via pipette, and then sterilization in an autoclave. The SCC was stored in aliquots at
−80°C until use. All experiments in the present study were performed with the same batch
of SCC to ensure dilution consistency.

Nitrate and nitrite detection
Lavage supernatants were tested for nitrate/nitrite concentrations using Nitrate Reductase kit
and Griess Reagent (Caymen Chemical) according to the manufacturer’s protocol. Color
change was quantified on a Victor 3V multilabel plate reader.

Flow cytometry
To measure cellular influx, mice were injected with 100 μg GlyAg and 1:4 SCC and at
various time points, peritoneal lavage was performed with 1 mL of sterile PBS. The
collected lavage samples were counted, divided, and stained for CD4, Gr-1, F4/80, or the
appropriate isotype controls. The relative cell number was determined for each by
multiplying the percent of positive stained cells by the total cell number. To determine T-
cell phenotype, cells were collected from spleens of unchallenged WT and CGD mice or
from peritoneal lavage samples taken 24 h after challenge with 100 μg GlyAg and 1:4 SCC.
The bulk cells were stained for CD4, CD69, or isotype controls and analyzed. Cells were
gated on CD4. All experiments were performed using C6 Flow Cytometer (Accuri).
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Abscess experiments
For abscess induction, mice were injected with a challenge inoculum (200 μL i.p.) consisting
of GlyAg and SCC at various dilutions. At day 7, mice were euthanized and scored for
abscess formation (≥1 abscess = positive). Abscesses were removed and weighed and the
diameter was measured. Some abscesses were sectioned and stained with H&E, or
cryosectioned for confocal microscopy. Abscess digestion was done for 2 h using 2 mg/mL
collagenase D at 37°C. The resulting cell suspensions were stained with antibodies and
analyzed via flow cytometry. For 1400W administration, CGD mice were treated challenged
with 50 μg GlyAg and 1:4 SCC and 100 μL of either PBS or 0.5 mg 1400W in PBS.
Additional injections of either PBS or 1400W were administered at 6 and 24 h post
challenge.

Western blot
Performed as described [47]. Briefly, NP-40 cellular extracts were boiled in standard SDS-
PAGE loading buffer containing 1% SDS and loaded onto a 10% polyacrylamide gel.
Protein was transferred to a nitrocellulose membrane and blotted with anti-NOS2
monoclonal antibody. Bands were visualized with a HRP-conjugated secondary antibody
and ECL (GE Healthcare) according to the manufacturer’s protocol.

Processing assays
Intracellular processing was assessed by incubating splenocytes with 50 μg/mL [3H]GlyAg
(PSA) for 48 h. Processed radioactive GlyAg was isolated as previously described [20, 23]
and analyzed for molecular mass on a SuperDex 75 column in PBS using an Akta®
Purifier10 HPLC system (GE Healthcare Biosciences) to measure cleavage compared with
the input, unprocessed GlyAg.

T-cell assays
APCs and CD4+ T cells were purified from WT, CGD, or iNOS−/− splenocytes using
microbeads for CD90.2 (for T-cell-depleted APCs) or CD4 (CD4+ T-cell purification) and
magnetic columns (Miltenyi Biotec, Auburn, CA, USA). 1.5 × 105 APCs and 2.5 × 105 T
cells were added to wells of 96-well plates in triplicates and treated with 100 μg/mL GlyAg
in PBS or PBS alone. At various time points, supernatant was removed and analyzed for
IFN-γ production via ELISA (eBioscience). Additional experiments were set up as described
above but wells were also treated with 0.1 mM 1400W or PBS.

Adoptive transfer
5 × 106 WT or CGD splenic APCs (T cell and neutrophil depleted by anti-CD90.2 or anti-
Ly6G microbeads respectively; Miltenyi Biotec) were transferred i.p. into WT animals
which were then challenged with 50 μg GlyAg and 1:7 SCC. After 7 days, mice were scored
for abscess formation.

IL-1β production
9 × 104 WT or CGD BM-derived macrophages were plated in triplicates in 96-well plates,
then stimulated with 100 ng/mL LPS (Sigma), 100 μg/mL GlyAg±100 μM 1400W for 24 h.
Cells were treated with 5 mM ATP (Sigma) 45 min prior to collection of supernatant and
IL-1β was detected via ELISA (Biolegend).
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Statistical analysis
Data are expressed as mean±standard error of the mean (SEM). Graphs were generated
using GraphPad Prism v. 4 graphing software and data analyzed using unpaired t-test with a
Student’s two-tailed p value using GraphPad Instat3.
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Figure 1.
CGD mice are hyper-responsive to GlyAg challenge. (A) WT and CGD mice were
challenged i.p. with 200 μg GlyAg with undiluted sterile cecal contents (SCC, dilution = 1),
SCC alone (red), or serial dilutions of the inoculum (e.g. dilution of 4 = 50 μg GlyAg and
1:4 diluted SCC), then scored for abscesses (n = 8 per dilution). CGD animals (right) were
much more sensitive to GlyAg+SCC challenge compared with WT (left). (B) Abscesses
were isolated and weighed 7 days post GlyAg challenge at a dilution of 4 (individual weight
data points shown). (C) After collagenase digestion, the cellular contents of abscesses were
analyzed by flow cytometry (n = 4; blue = Gr-1+, green = CD11c+, red = F4/80+) to quantify
total cell numbers. (D) H&E-stained sections of CGD abscesses were analyzed to determine
any differences in abscess infiltration and composition (representative sections from four
independent abscesses shown). All error bars represent mean±SEM and p values were
determined using an unpaired Student’s t-test with a two-tailed p value.

Lewis and Cobb Page 13

Eur J Immunol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
CGD animals have increased NO but similar cellular influx in response to GlyAg challenge.
(A) WT and CGD mice were challenged with GlyAg and SCC; then, peritoneal lavage with
PBS was performed at the indicated time points (n = 3 independent animals per time point,
per genotype on all Fig. 2 data). The resulting supernatants were tested for nitrates and
nitrites using the Griess assay as a measure of NO production. (B–D) WT and CGD mice
were challenged with GlyAg and SCC; then, peritoneal lavage with PBS was performed at
the indicated time points and the cellular influx was characterized using flow cytometry and
antibodies specific for neutrophils (α-GR-1), macrophages (α-F4/80), and CD4+ T cells (α-
CD4). (B) The total responding cellular influx, (C) percent of each cell type, and (D) relative
number (% multiplied by total cell count) of each cell type at the various time points are
shown to compare WT and CGD animal responses. All data points represent n = 3 mice, all
error bars represent mean±SEM, and comparisons were performed using an unpaired
Student’s t-test with a two-tailed p value. All data points are not significantly different
(p>0.05), unless indicated.
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Figure 3.
iNOS is induced to a greater extent in CGD cells compared with WT cells. (A) WT and
CGD animals were challenged with GlyAg and SCC for 24 h. After peritoneal lavage,
mRNA was isolated from the harvested cells and subjected to PCR using primers specific
for iNOS gene transcript, using β-actin as a housekeeping control. The resulting PCR
products were run on an agarose gel and the data shown are representative of n = 4
experiments. (B) Using quantitative PCR, we examined the upregulation of iNOS transcript
in RNA isolated from bulk lavage cells (Bulk) or purified neutrophils (Neut) and
macrophages (Macs) from CGD and WT animals (normalized to WT; n = 9). The data were
first normalized to β-actin; then, WT levels were set to unity. (C) BMDCs were stimulated
with PBS or GlyAg in vitro for 24 h and then evaluated for iNOS expression as before
(normalized to WT; n = 9). (D) Western blots of BMDC lysates following stimulation were
performed to compare the iNOS protein levels in WT and CGD BMDCs stimulated with
GlyAg. Data shown are representative of n = 3 independent experiments. All error bars
represent mean±SEM.
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Figure 4.
CGD APCs process more GlyAg and activate T cells earlier to produce more pro-
inflammatory cytokine than WT T cells. (A) The ability of WT or CGD APCs to process
GlyAg was assessed in vitro by incubating APCs with radiolabeled GlyAg for 48 h and then
comparing the molecular mass of intracellular GlyAg to an unprocessed GlyAg control. Low
molecular weight products are found in the late elution volumes (19–20 mL; arrow). CPM,
counts per minute. Data shown are representative of n = 3 independent experiments. (B) In
vitro T-cell activation assays with co-cultures of WT or CGD APCs and CD4+ T cells
stimulated with GlyAg. At the times indicated, supernatants were removed and analyzed for
IFN-γ production by ELISA as a marker of T-cell activation (n = 3 independent experiments
per day, per genotype). (C) As a control, a similar T-cell activation assay was set up using
iNOS−/− (NO deficient) APCs and CD4+ T cells and IFN-γ production was measured on day
3 (n = 3 independent experiments per day, per genotype). (D) The number of in vivo GlyAg-
specific T cells were analyzed at 24 h post challenge in WT and CGD animals using the
early activation marker CD69 and flow cytometry. Data shown are representative of n = 3
independent experiments. (E) Confocal microscopy of CD4+ T cells (green) in abscesses
was performed to determine the relative number of T cells within the walls of each abscess
(representative image of n = 8 shown). (F) Splenocytes from either WT or CGD animals
depleted of both T cells and neutrophils were adoptively transferred into WT recipient mice
(eight animals per group) to determine whether the CGD phenotype could be transferred to
the WT animals using APCs alone. These WT mice were then challenged with a seven-fold
dilution of GlyAg and SCC inoculum, which normally generates an abscess in only 10% of
the WT animals (see Fig. 1A). The number of positive animals is given above each bar.
Error bars represent SEM; scale bar represents 20 μm for confocal images; comparisons
were performed using an unpaired Student’s t-test with a two-tailed p value.
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Figure 5.
Attenuation of NO reduces GlyAg-induced abscess formation. (A) T-cell activation assays
were set up as before using CGD APCs and T cells with or without an irreversible iNOS
inhibitor, 1400W, and compared with WT cells to determine the ability to reduce the CGD-
mediated changes in T-cell response via reduction in NO production (n = 3 independent
experiments per day, per treatment). (B) To test the effectiveness of 1400W in vivo, WT and
CGD mice were challenged with GlyAg and SCC; then, peritoneal lavage was performed at
24 h (n = 4 independent experiments per genotype). An additional group of CGD mice were
treated with 0.5 mg 1400W at 0 and 6 h post challenge (n = 4). The lavage fluid was then
assayed for NO production as before. (C and D) To determine the relative safety of NO
inhibition in CGD mice, animals were challenged with live B. fragilis with (left) or without
(right) 1400W (n = 4 per group; shown individually) and monitored closely for weight and
activity levels over 10 days. No overt differences in activity level were seen and no bacteria
were detectable in any non-intestinal tissue (data not shown). (E) To verify that no
differences in inflammatory mediators accompany 1400W treatment, WT and CGD
macrophages were stimulated in vitro with GlyAg±1400W for 24 h; then, culture
supernatants were tested for IL-1β production. p>0.05 for all WT versus CGD values. (F)
CGD animals were challenged with GlyAg±0.5 mg 1400W at 0, 6, and 24 h post challenge
(n = 14 per group). Seven days after challenge, mice were scored for abscess formation and
size (in mm) to determine the effectiveness of iNOS inhibition in reducing abscess incidence
and severity. (G) Representative photos of CGD abscesses in the presence and absence of
1400W, illustrating the effect of 1400W in abscess size. For all panels, error bars represent
mean±SEM and comparisons were performed using an unpaired Student’s t-test with a two-
tailed p value.
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