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Abstract
Phagocytes kill encapsulated microbes through oxidative cleavage of surface carbohydrates,
releasing glycan fragments and microbial contents that serve as ligands for immune receptors, which
tailor the immune response against the offending pathogen. The glycan fragments serve as MHC
class II (MHC II) ligands and innate receptor agonists, whereas microbial proteins serve as substrates
for proteolytic cleavage and MHC II presentation, and released nucleic acids activate innate pattern-
recognition receptors (e.g., TLR9). In the current study, confocal microscopy of live macrophages
and dendritic cells revealed that endocytosis of carbohydrates lead to vesicular acidification
independent of proton pump activity. Acidification was dependent on NO-mediated oxidation in the
presence of the ingested carbohydrate and was sufficient to negatively regulate T cell-dependent
polysaccharide Ag cleavage, promote acid-dependent protein Ag processing, and facilitate CpG-
mediated TLR9 signaling. Our findings lead to a model in which oxidation of carbohydrates from
encapsulated microbes facilitates adaptive immune responses against microbial protein and
carbohydrate Ags through promoting Ag processing for MHC II-mediated presentation as well as
innate responses against released microbial DNA via TLR9 signaling.

Advances in our understanding of bacterial carbohydrates represent a new frontier in the study
of the adaptive and innate immune responses (1). Capsular polysaccharides expressed by a
number of pathogenic and commensal bacteria, such as type 1 Streptococcus pneumoniae (2)
and Bacteroides fragilis (3), are not only recognized by innate pattern-recognition receptors
(PRRs) like TLR2 (4), but can also stimulate T lymphocytes via Ag presentation on MHC class
II (MHC II) proteins (3). The glycoantigen (GlyAg) polysaccharide A from B. fragilis (PSA)
is the most thoroughly studied capsular polysaccharide able to initiate T cell activation (3,5–
7). It is composed of a zwitterionic tetrasaccharide repeating unit (8) and activates TLR2 (4),
leading to an MyD88-dependent signaling cascade and NFκB translocation into the cell nucleus
to regulate transcription of key immune response genes, including NOS2 (inducible NO
synthase [iNOS]). T cell activation is achieved following NO-mediated oxidation and
processing of PSA into small, 5–10-kDa fragments that associate with MHC II proteins (3,9)
for T cell recognition (3,10).

As seen with protein Ags, it is now well established that MHC II binding (11) and the resulting
T cell response against GlyAg (12) is dependent on processing the intact antigenic molecule
from >100 repeating units (>100 kDa) to a fragment ranging in size from 5–10 kDa (5–10
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repeating units) (3). Protein Ags are processed through the action of acid-activated proteases
within the vesicles of APCs and thus processing is regulated by both the environmental pH
and the specificity of the enzyme (13). In contrast, GlyAg cleavage is mediated by TLR2-
dependent NO oxidation (3,4) through a deamination reaction (9). Although NO oxidation
should cleave all repeating units equally, fragments <5 kDa, which fail to associate with MHC
II (11), have never been found within APCs, suggesting the presence of an uncharacterized
regulatory mechanism to prevent complete oxidative destruction of the GlyAg epitope during
processing.

Recently, it was shown that innate signaling via the TLR9 pathway is dependent on the same
acid-induced proteolytic activity that is required for conventional protein Ag processing (14,
15). Ligation of TLR9 with CpG to produce TNFα was blocked when the drug bafilomycin
A1 (BafA), an inhibitor of proton pumps that acidify endosomal compartments, was given to
the cells. Neutralization of these compartments prevented cleavage of a key domain on TLR9,
thus preventing ligation with CpG. As a result, it is now clear that regulation of the vesicular
pH is critical for adaptive immune responses against protein Ags as well as innate signaling
by nucleic acids in phagosomes.

In this study, live cell confocal microscopy revealed that GlyAg induces acidification of
vesicles in a NO-dependent fashion following endocytosis. This pathway is independent of the
resident proton pumps and is the result of proton release during NO oxidation in the presence
of GlyAg. Remarkably, GlyAg-dependent acidification leads to a negative feedback loop in
which further oxidation is inhibited, thus providing a novel mechanism for self-regulation of
GlyAg processing prior to MHC II ligation and T cell recognition. Furthermore, GlyAg-
induced acidification promoted conventional Ag-receptor ligand release into endosomal
compartments and protein Ag processing as well as CpG-mediated TLR9 signaling, even in
the presence of BafA through activation of the resident proteases. These results demonstrate
that capsular polysaccharides from phagocytosed microbes serve as ligands for immune
receptors to initiate immune responses and directly promote the processing and recognition of
other microbial products such as protein Ags and nucleic acids.

Materials and Methods
Cell lines

RAW 264.7 (RAW) macrophages (ATCC Cat. TIB-71; Manassas, VA) were cultured in
DMEM supplemented with 10% FBS. THP-1 monocytes (ATCC Cat. TIB-202) were cultured
in RPMI 1640 medium supplemented with 5% FBS and were differentiated into macrophage-
like cells by treatment with 10 ng/ml PMA (Sigma-Aldrich, St. Louis MO) for 72 h (16).

Mice and primary cells
Wild type (WT; C67BL/6J, stock 000664) and iNOS−/− (B6.129P2-Nos2tm1Lau/J, stock
002596) were purchased from The Jackson Lababoratory (Bar Harbor, ME). Mice were housed
at the CWRU Animal Resource Center, and experiments were performed in accordance with
the guidelines of the National Institutes of Health and protocols approved by the Institutional
Animal Care and Use Committee. Peritoneal macrophages (PMs) were obtained by peritoneal
lavage and plastic adherence 6 or 7 d after i.p. injection of 1 ml 3% Brewer’s thioglycollate.
PMs were cultured in DMEM with 10% FBS (17). Bone marrow-derived dendritic cells
(BMDCs) were obtained by collecting bone marrow from mouse femurs and culturing the cells
in RPMI 1640 with 10% FBS and 15 ng/ml GM-CSF (Invitrogen, Carlsbad CA). Media were
removed and replaced with media containing fresh cytokine on days 2 and 4 and then washed
on day 7. Cells were collected on days 11–13 to be used for experiments (CD11c-positive;
Supplemental Fig. 1).
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GlyAg purification and labeling
GlyAg from the capsule of B. fragilis was collected, purified, and analyzed for purity as
described previously (18). GlyAg was fluorescently labeled with AlexaFluor594 (Molecular
Probes, Eugene OR) as described previously (3).

Inhibitors
Competitive iNOS inhibitor Nω-nitro-L-arginine methyl ester hydrochloride (L-NAME) and
ATPase proton pump inhibitor BafA were purchased from Sigma-Aldrich (St. Louis, MO).
The irreversible iNOS inhibitor 1400W (N-[3-aminomethyl] benzylacetamidine, 2HCl) was
purchased from Cayman Chemical (Ann Arbor, MI).

NO production assays
Microwell plate assay—Cells (1 × 105) were added to triplicate wells of a 96-well plate
with 200 μl media. 4-amino-5methylamino-2′7′-difluorofluorescein diacetate (DAF-FM) (10
μM; 4-amino-5methylamino-2′7′-difluorofluorescein diacetate, excitation (ex) 495nm,
emmision (em) 515nm; Molecular Probes, Eugene, OR) in anhydrous DMSO was added to
each well, and the plate was incubated for 1 h at 37°C and 5% CO2. The cells were washed
with PBS, 200 μl fresh media was added, and the plate was incubated for an additional 30 min.
GlyAg (100 μg/ml) in PBS, PBS alone, and 1 mM L-NAME was added to the wells, and the
fluorescence was measured using a Wallac Victor3V (Perkin Elmer, Waltham MA) multilabel
counter at various time points. Data represent the change in fluorescence over PBS only treated
cells. For flow cytometry, 8 × 105 cells were added to wells of a six-well plate and treated with
DAF as described above. After 24 h, cells were removed from the plate, washed, and analyzed
using a Becton Dickinson FACScan flow cytometer (Franklin Lakes, NJ). Data were analyzed
using FCS Express software (De Novo Software, Los Angeles, CA). For nitrite detection, 1 ×
105 cells were added to triplicate wells of a 96-well plate with 200 μl media, treated with 100
ng/ml LPS (Sigma-Aldrich, St. Louis, MO), 100 μg/ml GlyAg in PBS, 15 nM Pam3Csk4
(P3C), or GlyAg with 0.1 mM 1400W, and incubated for 48 h. Supernatant was removed and
tested for nitrite using Griess Reagent System (Molecular Probes, Eugene OR) per the
manufacturer’s instructions.

Confocal microscopy
Microscopy was performed using a high-speed Leica SP5 Broadband confocal microscope
(Wetzlar, Germany) and HCX PL APO CS 63× oil immersion objective (NA 1.4). Live cell
confocal microscopy was performed with all apparatus at 37°C (heated stage and objective).
Cells were maintained within a temperature and humidity controlled chamber (37°C and 5%
CO2) in cell culture media for the duration of the experiments. Images were acquired and
analyzed using Leica Application Suite software. Further analysis (colocalization, correlation)
was performed using Imaris imaging suite (Bitplane, St. Paul, MN).

Intracellular pH flow cytometry
WT or iNOS−/− PMs were harvested, and 2 × 106 cells were added to wells of a six-well plate,
treated with 40 nM BafA overnight (~16 h), washed, and treated with 2 μM LysoSensor Green
DND-189 (ex 443 nm, em 505 nm; Molecular Probes, Eugene, OR) for 30 min. The cells were
removed from the plate, washed, and analyzed using a Becton Dickinson FACScan flow
cytometer. Data were analyzed using FCS Express software.

Intracellular pH confocal microscopy
Cells (2 × 105) were cultured in wells of an eight-well chamber slide (Nalge Nunc International,
Rochester, NY) overnight (~16hrs) with 40 nM BafA and 50 μg/ml AlexaFluor594-GlyAg
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(Molecular Probes) or 15 nM P3C. The cells were washed and treated with fresh BafA for 1
h. The chamber slide was placed on a confocal microscope; 2 μM LysoSensor Green DND-189
was added, the cells were incubated for 25 min, and images were captured. Additional images
were captured using cells that were pretreated with BafA then incubated overnight with
GlyAg-594 and LysoSensor Green.

OVA processing confocal microscopy
Cells were treated as described above, except that they were incubated for 25 min with 50 μg/
ml DQ-OVA (ex 505 nm, em 515 nm; Molecular Probes).

TNFα production
RAW 264.7 macrophages (105) were treated overnight (~16hrs) with 40 nM BafA and then
stimulated with 1 μg/ml ODN1826 CpG oligonucleotide (Invivogen, San Diego, CA) with and
without 50 μg/ml GlyAg. Supernatants were removed 24 h later and analyzed for TNFα using
an ELISA MAX kit (BioLegend, San Diego, CA) as indicated by the manufacturer.

Ozone cleavage and pH in vitro
Lyophilized samples of GlyAg were resuspended in either diH2O or PBS at 1 mg/ml and treated
with ozone gas generator (AquaZone, Red Sea, Houston, TX) at a constant flow rate of 100
mg/h. After 0, 15, 30, 45, and 60 min of ozone treatments, 150-μl aliquots were removed for
further analysis, and the pH of the resulting sample was measured. The 150-μl aliquots were
concentrated to 15 μl and analyzed by size exclusion chromatography on a SuperDex75 column
in PBS using an Akta Purifier10 HPLC system (GE Healthcare Biosciences, Piscataway, NJ)
outfitted with a ProStar 355 RI (refractive index) Flow Cell (Varian, Walnut Creek, CA). A
standard curve was generated based on the elution profile of several dextrans of known
molecular mass (1, 5, 12, 50, and 150 kDa). The Kav of the dextrans was calculated using the
equation:

where Ve is the elution volume of the peak, Vo is the column void volume, and Vt is the total
column volume. The Kav values were plotted using GraphPad Prism v.4 (GraphPad, San Diego,
CA) as a function of the log10 of their known molecular mass, which allows calculation of the
m.w. of the major experimental products in each sample based on the Kav.

Statistical analysis
Data are expressed as mean ± SEM. Graphs are generated using GraphPad Prism v.4 graphing
software and data analyzed using unpaired t test with a two-tailed p value using GraphPad
Instat3.

Results
GlyAg induces NO production in macrophages and dendritic cells

The processing of GlyAgs is an NO-dependent mechanism (3) that is initiated via TLR2
recognition (4). Within animal models of GlyAg responses, macrophages are the dominant
APC present (19). To establish a model of NO-dependent GlyAg oxidation, we first quantified
the NO response to B. fragilis GlyAg challenge using the NO-sensitive and cell-permeable
fluorescent probe DAF-FM diacetate. We found that despite amplitude differences between
human and mouse cells, cultured murine RAW 264.7, and human THP-1-derived macrophages
produced robust levels of NO in response to GlyAg over a 48-h period (Fig. 1A).
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Using the murine macrophages as a model, we found that maximal NO production occurs at
just over 1 d (t1/2 = 24.6 ± 1.1 h; Fig. 1B) and is dose-dependent, requiring 0.74 ± 0.6 μM of
GlyAg (Fig. 1C) to reach a half-maximal response. Using flow cytometry to measure NO
production on a per-cell basis, we confirmed substantial NO production in RAW macrophages
challenged with GlyAg for 24 h when compared with untreated cells (Fig. 1D, blue versus red
bars). NO production in response to GlyAg and LPS was chemically verified using the Griess
Reagent System (Molecular Probes), which detects nitrite in the culture supernatant as a
product of NO reduction. LPS and carbohydrate-treated RAW macrophages produced 10- and
7-fold more nitrite than resting cells (Fig. 1E). Finally, we confirmed that the oxidants produced
were NO and the result of iNOS expression using two enzyme inhibitors: L-NAME, an L-
Arginine mimic that competes for the NOS active site (20), and 1400W, a selective and
irreversible iNOS inhibitor (21). Both inhibitors significantly reduced oxidant production in
response to GlyAg as by flow cytometry (Fig. 1D, green bar) and Griess Reagent (Fig. 1E).

To facilitate the use of APCs from processing-deficient iNOS ablated (iNOS−/−) animals (3)
in dissecting the regulation mechanism for GlyAg processing, we next expanded our analysis
to include primary murine thioglycollate-recruited PMs and BMDCs (Supplemental Fig. 1)
from C57BL/6 animals. As seen with the immortalized cell lines, substantial GlyAg-dependent
NO production was detected over several days (Fig. 1F). Furthermore, the necessity of NO
production by GlyAg-stimulated APCs for T cell activation was examined using IFN-γ
production as a marker of T cell activation (Supplemental Fig. 2). Cocultures of WT APCs and
CD4+ T cells produce significantly more IFN-γ in response to GlyAg stimulation than do
iNOS−/− cocultures, demonstrating that NO production and subsequent oxidation of GlyAg is
fundamental for GlyAg processing, presentation, and T cell activation. These data demonstrate
that GlyAgs stimulate the NO response via iNOS expression in a broad spectrum of primary
and cultured APCs, with a peak production point of 24 h, and this NO production and oxidation
is vital for the generation of a GlyAg specific T cell response.

GlyAg oxidation via NO leads to vesicular acidification
Given the importance of pH for conventional Ag processing (22) and the strong NO response
shown in murine RAW macrophages, PMs, and BMDCs, we assessed the relationship between
NO production in the presence of GlyAg and intravesicular pH. First, we used the pH-sensitive
probe LysoSensor Green DND-189 (LysoSensor), which is modestly fluorescent at neutral pH
but increases in fluorescence within acidic environments (Supplemental Fig. 3). To verify that
we can detect acidic pH in cells using LysoSensor, we treated WT and iNOS−/− PMs with the
probe and analyzed the fluorescence using flow cytometry (Fig. 2A, 2B). To control for
constitutive vesicular acidification generated by the V-type ATPase proton influx pump, we
pretreated the cells overnight with the inhibitor BafA and then treated them with Lyso. The
addition of BafA reduced Lyso fluorescence by ~45% in both cell types, verifying that we can
reduce constitutive acidification and analyze vesicular pH using LysoSensor over a 24-h
period.

Next, RAW macrophages and WT PMs and BMDCs were incubated with AlexaFluor594-
conjugated GlyAg, and then confocal microscopy was performed with each live cell population
to assess the influence of GlyAg on vesicular pH. Control experiments in the absence of GlyAg
confirm that BafA reduces LysoSensor fluorescence in these cells, indicating that the vesicular
pH was almost neutral (Fig. 2). For all WT cells (RAW macrophages, PMs, and BMDCs),
vesicles containing carbohydrate (i.e., red) also displayed bright green LysoSensor
fluorescence, indicating that vesicles rich in GlyAg become acidic. This can be seen in the red
(GlyAg) and green (LysoSensor) colocalized areas of each NO-positive cell population (Fig.
3A; yellow in Merge column and blue in Colocalization column).
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To determine whether these acidic vesicles were generated because of NO-mediated oxidation
of ingested GlyAg, we used PMs and BMDCs from processing and NO-deficient mice
(iNOS−/−) (2,3). iNOS−/− PMs and BMDCs endocytosed GlyAg (Fig. 3A, red), but those
vesicles did not become acidic, as indicated by a lack of vesicles that demonstrated increased
LysoSensor fluorescence or any substantial colocalization. These data suggest that NO and
GlyAg collectively contribute directly to APC endosomal acidification.

Quantitative analysis of the colocalization between GlyAg and induced acidification was
performed for all images and is displayed as two-dimensional scatterplots (analogous to flow
cytometry dot plots) of LysoSensor versus GlyAg fluorescence intensity (Fig. 3B). The shaded
area in the upper right quadrant represents colocalized (double positive) pixels above baseline
threshold, and the associated Pearson’s correlation coefficient for all the included pixels is
shown. The data reveal that RAW macrophages and WT PMs and BMDCs exhibit more
colocalized pixels and with stronger positive correlation between the two fluorescent signals
than seen in the iNOS−/− cells. These data indicate that the presence of red signal (i.e., GlyAg)
is strongly associated with green signal (i.e., acidic environment) in an NO-dependent fashion.

To determine whether the concentration of GlyAg correlates with changes in pH, as measured
by fluorescence intensity, we performed confocal experiments as before and then measured
the mean fluorescent intensities of GlyAg and LysoSensor signals in 100 independent and
randomized regions of interest (ROIs) for each cell type. The data were then statistically
evaluated to determine the degree of correlation between the two signals (Fig. 4A–D). In
comparing PMs, we found that as the GlyAg signal increases, the LysoSensor signal (i.e.,
acidity) in WT (r = 0.4046; Fig. 4A) but not iNOS−/− cells (r = 0.0461; Fig. 4C) also increases.
Likewise, WT BMDCs show a strong statistical correlation between GlyAg and LysoSensor
intensity (r = 0.7451; Fig. 4B) that is significantly reduced in iNOS−/− BMDCs (r = 0.3770;
Fig. 4D). This trend is apparent in cells not treated with BafA (Supplemental Fig. 4A); however,
the correlation is stronger and more apparent when constitutive acidification is attenuated.
Although there appears to be a difference in correlation strength between BafA-treated PMs
and BMDCs, each WT cell type demonstrates a significantly stronger correlation than its
treated NO-deficient counterpart. These data reveal a dose-dependent relationship between
vesicular GlyAg concentration and induction of an acidic environment independent from
proton pump activity.

Using overall LysoSensor fluorescence intensity, we also performed confocal experiments to
quantify the degree of cellular acidification recovery in BafA-treated APCs upon the addition
and oxidation of carbohydrate. Live cell three-dimensional confocal microscopy experiments
were performed, and the mean intensities of all the fluorescent pixels above baseline were
quantified for each three-dimensionally reconstructed Z-stack (images not shown; n = 8 per
group). For clarity, the data were scaled to 100% and 0%—without and with BafA, respectively,
for each individual cell type and genotype—and the percent acidification recovery was
calculated based on the LysoSensor fluorescence intensity upon exposure to GlyAg. All cells
demonstrated decreased LysoSensor fluorescence when treated with BafA, indicating proper
drug efficacy to inhibit acidification in live cells. RAW macrophages (Fig. 4E), WT PMs (Fig.
4F, filled bars), and WT BMDCs (Fig. 4G, filled bars) were each able to achieve a substantial
degree of acidification recovery upon the addition of GlyAg (52.6%, 66.9%, and 48.7%,
respectively). In contrast, iNOS−/− PMs (Fig. 4F, open bars) and BMDCs (Fig. 4G, open bars)
were not able to achieve the same levels of recovery as their WT counter parts (39.9 and
−77.8%, respectively), although some recovery was seen in the iNOS−/− PMs. These
observations suggest that NO-mediated oxidation in the presence of ingested carbohydrate can
bypass the requirement for the normal acidification pathway by directly promoting
acidification.
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GlyAg oxidation facilitates protein Ag processing
LysoSensor experiments are directly sensitive to the pH of vesicles containing the probe, but
they fail to measure any functional consequences of NO-driven carbohydrate processing and
acidification. As such, we first sought to examine whether the acidification generated by GlyAg
oxidation could promote acid-dependent proteolytic processing of protein Ags. We used OVA
heavily conjugated with BODIPY (DQ-OVA), which is self-quenched within the intact OVA
protein, but becomes highly fluorescent upon cleavage. Untreated APCs and APCs treated with
BafA were incubated overnight with or without AlexaFluor594-GlyAg overnight. The cells
were then given DQ-OVA, and live cell confocal images were captured over a 25-min period.

All five untreated cell populations readily processed DQ-OVA, producing a bright green signal
(Fig. 5, first column). Because this proteolytic cleavage is dependent on an acidic pH near 5.0,
it was not surprising to find that BafA significantly reduced the appearance of OVA cleavage-
dependent fluorescence in all cell types (Fig. 5, second column). When provided with GlyAg
(Fig. 5, red, fourth column), RAW macrophages, WT PMs and WT BMDCs regained the ability
to process OVA (Fig. 5, green, third column). In contrast, GlyAg processing deficient
iNOS−/− PMs and BMDCs failed to generate the acidic environment required to induce
proteolytic cleavage of OVA when BafA is present (Fig. 5, third column), despite no obvious
difference in the ability to endocytose GlyAg (Fig. 5, fourth column). This can be seen readily
in the colocalization between GlyAg and processed OVA (Fig. 5, fifth column) in WT versus
iNOS−/− cells, demonstrating that NO-mediated oxidation in the presence of endocytosed
carbohydrate promotes protein Ag degradation through acidification and activation of resident
proteases.

Using statistical analyses of these images, we calculated the percent recovery of OVA
processing resulting from GlyAg oxidation-induced acidification. The overall green channel
(i.e., processed OVA) fluorescence intensity of cells treated with DQ-OVA alone (i.e., no BafA
or GlyAg) in a series of images was quantified and normalized to 100%. Using that scale as a
standard, the effect of BafA and GlyAg oxidation was quantified. In all cases, BafA reduced
the amount of OVA processing by atleast 70% (Fig. 6C, open bars) and as much as 98% (Fig.
6A, 6C, filled bars) compared with the controls. RAW macrophages (Fig. 6A), WT PMs (Fig.
6B, filled bars) and BMDCs (Fig. 6C, filled bars) all achieved at least 70% recovery of OVA
processing following GlyAg endocytosis, whereas the iNOS PMs (Fig. 6B, open bars) and
BMDCs (Fig. 6C, open bars) failed to overcome the BafA acidification inhibition.

Because DQ-OVA fluorescence is pH-sensitive (i.e., cleavage by acid-dependent proteases)
and GlyAg fluorescence is pH-insensitive, we further examined the strength of the relationship
between NO-and GlyAg-induced acidification and protein processing by evaluating the mean
ROI intensities as fluorometric ratios of DQ-OVA fluorescence:GlyAg fluorescence (Fig.
6D). WT PMs and BMDCs (Fig. 6D, filled bars) demonstrated a higher fluorescence ratio than
their iNOS−/− counterparts (Fig. 6D, open bars). These data substantiate our conclusion that
NO-dependent GlyAg processing induces acidification even in the presence of BafA.

Published reports have demonstrated that treatment of cells with acidification inhibitors
including BafA can also diminish receptor-mediated endocytosis and receptor-ligand
dissociation (23–28). To examine this possibility, we monitored uptake of cleavage-
independent fluorescent FITC-OVA in RAW macrophages treated with 40 nM BafA with or
without GlyAg (Supplemental Fig. 5). Treatment of the cells with BafA reduced the
internalization of the protein Ag resulting in surface accumulation of the FITC-OVA. Because
receptor dissociation of many ligands into endosomal vesicles requires receptor conformational
changes induced by an acidic pH (29), it is likely that BafA inhibited the release of OVA from
its receptor, leading to receptor-ligand recycling and OVA accumulation at the cell surface.
The addition of GlyAg to the cells overcame BafA inhibition and promoted FITC-OVA
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internalization and retention. Because we can visualize internalized and cleaved DQ-OVA
(Fig. 5) and FITC-OVA (Supplemental Fig. 5) in BafA-treated cells in the presence of NO-
mediated oxidization and GlyAg, these data indicate that GlyAg processing induces an acidic
environment that promotes not only protein Ag proteolysis, but also pH-sensitive receptor
mediated endocytosis and intravesicular dissociation of protein Ags from their cognate
receptors. Furthermore, stimulation of non-BafA treated cells with GlyAg induced greater
uptake of FITC-OVA than in cells not given GlyAg (Supplemental Fig. 4B) providing evidence
that GlyAg oxidative processing generates increased acidity within vesicles and promotes
protein Ag uptake and retention, even in the absence of BafA.

NO oxidation of GlyAg induces protein processing only in GlyAg+ endosomes
It remained possible that NO-oxidized GlyAg could trigger a cell-wide signaling cascade that
induces BafA-resistant vesicular acidification in all vesicles, or the oxidation reaction could
simply release protons into the local vesicular environment. To differentiate these possibilities,
we performed colocalization analyses of confocal images collected as described for Fig. 5.
RAW macrophages incubated with DQ-OVA without BafA are able to process OVA, as
indicated by the pixels spread along the DQ-OVA fluorescence gradient on the x-axis of the
scatterplot (Fig. 7A). In agreement with the data presented in Fig. 5, RAW macrophages
pretreated with BafA are not able to process DQ-OVA because of a lack of pH-sensitive
proteolytic activity, as demonstrated by the lack of pixels along the x-axis (Fig. 7B). However,
when BafA-treated cells were also given GlyAg, OVA processing was restored (Fig. 7C),
demonstrating that GlyAg oxidation is sufficient to promote protein Ag processing. More
importantly, essentially no pixels were single-positive for OVA processing (green-only pixels,
bottom right quadrant), demonstrating that vesicles without GlyAg do not become acidic. As
before, we found that strong colocalization of OVA processing and GlyAg was dependent on
the induction of NO oxidation. WT cells (Fig. 7D, 7F) showed higher correlation between the
fluorescent signals and had a larger percentage of colocalized pixels than did the NO-deficient
cells (Fig. 7E, 7G). Because of the highly localized nature of the acidification and proteolytic
cleavage (upper right quadrants), these data argue against a cell-wide signaling cascade that
activates a BafA-insensitive pathway and suggest that the pH changes are limited to the
GlyAg+ vesicle microenvironment.

NO production in the absence of GlyAg is insufficient to generate acidic endosomes
GlyAgs are known TLR2 agonists (4) that induce NO production (Fig. 1). To determine
whether NO induction via TLR2 signaling was sufficient to induce vesicular acidification, cells
were stimulated with the TLR2 agonist P3C to induce NO production (Fig. 8A). The stimulation
of TLR2 and production of NO in WT cells had no observable effect on pH in the absence of
GlyAg within the vesicles (compare WT cells in Figs. 5 and 8B). In contrast, both BafA-treated
WT and iNOS−/− PMs (Fig. 8B, 8C) and BMDCs (data not shown) failed to generate the
appropriate acidic environment required to promote OVA processing when stimulated with
P3C, suggesting that NO is not acting as a signal to the cell to induce acidification, but is acting
through oxidation of GlyAg.

GlyAg oxidation promotes TLR9 signaling
Two recent reports have demonstrated that signaling through the PRR molecule TLR9, which
recognizes double-stranded microbial DNA (e.g., CpG) inside endosomal compartments,
requires proteolytic cleavage of the TLR9 ectodomain for appropriate signal transduction and
the initiation of the innate immune response (14,15). To determine whether GlyAg oxidation
could promote TLR9 signaling through the generation of acidic endosomes, we first measured
TNFα production in RAW macrophages with and without BafA. Our results confirm that
TNFα production in response to CpG was eliminated by BafA-mediated pH neutralization (Fig.
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8D). However, when the BafA-treated macrophages were also provided GlyAg, TLR9
recognition and signaling in response to CpG was restored by ~44% (Fig. 8D), which closely
matches the 52.6% degree of acidification recovery measured by LysoSensor detection (Fig.
5E). These data indicate that GlyAg oxidative cleavage can promote innate responses via TLR9
signaling and TNFα production.

Oxidative GlyAg processing is negatively regulated through proton release
GlyAg is processed by NO via attack on the free amine within each repeating unit at neutral
pH (9). Given that each repeating unit is identical and that GlyAg fragments must be larger
than four repeating units (~4 kDa) to associate with MHC II (11) and elicit an immune response
(12), we were interested in understanding the possible functional role for pH in downregulating
NO oxidation to prevent complete degradation of the 4–10-kDa GlyAg epitope.

GlyAg was oxidized in vitro to mimic the microenvironment of an endosome to measure the
functional correlation between oxidative cleavage and pH. GlyAg was dissolved in diH2O or
PBS and then subjected to oxidative cleavage in vitro for 1 h. At various time points, aliquots
were removed and analyzed for pH and molecular mass of the major product by analytical
HPLC. During the first 15 min of oxidation, the GlyAg dissolved in diH2O was cleaved from
>50 to 37.4 kDa, while the pH of the system rapidly dropped from ~7.0 to 4.85 (Fig. 9A). Slow
cleavage was seen following this pH drop, ending at a major product with an average molecular
mass of 9 kDa at 60 min, which strongly correlates in size to the major product found inside
APC endosomes and bound to MHC II at the cell surface (3). In the absence of GlyAg, no pH
change was observed (data not shown). However, when the GlyAg solution was buffered with
phosphate, the pH changed much more slowly during the first 15 min of oxidation, from 6.98
to 6.69, and this correlated to highly efficient processing from >50 to 4.4 kDa (Fig. 9B). As
time was extended, the pH never reached below 5.7, and the extended oxidation resulted in
small single monosaccharide fragments that are known to be unable to associate with MHC II
proteins (3,11). These data indicate that carbohydrate oxidation yields protons as a reaction
product, and that high proton concentration inhibits further oxidation and preserves
appropriately sized fragments for MHC II presentation in a self-regulatory feedback
mechanism.

Discussion
The results presented in this study reveal a number of important insights. Murine macrophages
and dendritic cells responded to GlyAg stimulation through the production of NO. More
importantly, the NO-driven oxidation of engulfed GlyAg led directly to the release of protons
and ultimately endosomal acidification. The pH-sensitive probe LysoSensor Green showed
that cells capable of producing NO have a strong correlation between GlyAg oxidation and
vesicular acidification independent of resident proton pump activity, whereas NO-deficient
cells failed to show acidified endosomal compartments. This relationship was detectable in
both BafA-treated and untreated cells. In addition, the induction of NO alone via P3C-mediated
TLR2 stimulation failed to generate acidic vesicles, demonstrating that GlyAg oxidation by
NO was the key to the generation of acidic vesicular microenvironments.

The physiologic significance of these fundamental observations was assessed under three
circumstances: conventional protein antigen processing, TLR9 signaling, and GlyAg
processing. First, OVA processing was strongly inhibited by BafA treatment, yet was largely
restored in WT but not NO-deficient cells after GlyAg incubation. These experiments
conclusively demonstrate that GlyAg-induced acidification directly supports conventional
protein Ag processing through activation of resident proteases. Second, CpG DNA stimulation
of TLR9 resulting in TNFα production was eliminated with BafA treatment, but the TNFα
response was restored to ~50% of that of BafA negative control cells when the BafA-treated
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cells were also incubated with GlyAg. These results show that GlyAg-induced acidification is
sufficient to promote TLR9 signaling. Finally, in vitro oxidation of GlyAg revealed the release
of protons as a reaction product, which lowered the pH of the local environment and inhibited
further GlyAg cleavage. These data suggest a novel feedback mechanism of GlyAg oxidation
via the release of protons into the endosomal compartment that protects the GlyAg epitope
from complete degradation. Our findings point to a novel model in which capsular carbohydrate
oxidation leads to vesicular acidification and subsequently promotes adaptive immune
responses through the promotion of conventional Ag processing and negative regulation of
GlyAg processing as well as innate immune responses against microbial DNA through TLR9
recognition and signaling.

The results described in this study are highly compatible with previous findings, as these
classical immune mechanisms are known to be highly sensitive to pH. Most recently, TLR9-
mediated TNFα production in response to microbial DNA was shown to be dependent on
vesicular pH-sensitive proteolysis of the luminal TLR9 ectodomain (14,15). Similarly,
conventional protein Ag processing is triggered by acidic pH because of the proteolytic
enzymes, such as the cathepsin family, which relies on low pH for activation (30–32). As a
consequence, the observation that NO-mediated oxidation of endocytosed carbohydrate and
the resulting low pH leads TLR9 signaling and OVA processing is in harmony with these
mechanisms through the common link of acid-dependent proteolysis. These findings also
provide an explanation for why GlyAg fragments <~4 kDa have never been reported within
endosomal compartments (2,3), because oxidation generally favors neutral or alkaline pH
(33). This is a key point because fragments <4 kDa fail to trigger a T cell response (12), likely
owing to their failure to associate with MHC II (11), thus providing specific functionality to
the self-limiting nature of GlyAg oxidation in APCs.

Many microbes, including commensal organisms of the gut microbiota, are encapsulated by
carbohydrates. Upon phagocytosis, these microbes are lysed through the action of oxidant
molecules that cleave the surface polysaccharides into fragments. This results in the spilling
of microbial contents, including nucleic acids and antigenic proteins, into the lumen of the
endosome. This endosomal milieu is rich in potential immune targets, including GlyAgs—
molecules that are recognized by PRR molecules such as TLR9 and microbial proteins that
can be processed by proteases for MHC II loading and T cell activation. GlyAg molecules are
known ligands of pattern recognition receptors (e.g., NOD, TLR) that initiate signaling
cascades, which trigger the innate microbial clearance pathways and can shape the adaptive
immune response (4). In addition, GlyAgs expressed by commensal organisms have been
implicated in directing the maintenance of immune homeostasis within the gut. The B.
fragilis GlyAg PSA was shown to normalize the TH1/TH2 imbalance found in gnotobiotic mice
(34), whereas CD4+ T cells recognizing GlyAg via MHC II presentation (3) can downregulate
inflammation in the IL-10−/− model of inflammatory bowel disease (35). It is clear from these
studies that the importance of carbohydrates within the immune response is becoming more
widely recognized as a critical portion of the overall immune response to microbes. Our
findings show that the pathways surrounding GlyAg oxidation, protein processing and TLR9
signaling mechanistically intersect in the endosomal compartment because of pH, thus
providing a novel view of the events immediately following oxidative death of encapsulated
microbes via oxidation within phagocytes.

Although our findings are focused on NO-mediated oxidation, there is also strong
corroborating data in the literature pointing to the general importance of oxidation and pH in
the immune response. In agreement with our findings, the NADPH oxidase complex that
produces superoxide is effective only at near-neutral pH, because a more neutral environment
has been found to be more conducive to oxidation-mediated killing of pathogens (36).
Interestingly, phagocytes isolated from chronic granulomatous disease (CGD) model mice, a

Lewis and Cobb Page 10

J Immunol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



primary immunodeficiency in which a genetic defect in the NADPH oxidase results in
diminished reactive oxygen species production, have been shown to contain more acidic
phagosomes than seen in normal WT cells and are thus unable to kill ingested pathogens
(37–39) despite the presence of normal to high concentrations of NO (40,41). Given our
findings, it is not surprising that patients with CGD are particularly susceptible to infection by
heavily encapsulated microbes (42,43), including Staphylococcus aureus that carry T cell
activating GlyAgs in their capsule (44) and Aspergillus species. Our model suggests that the
lack of carbohydrate oxidation and cleavage at acidic pH in CGD directly contributes to
decreased microbial killing and leads to a failure to provide MHC II and other PRR molecules
with the agonists required for appropriate innate and adaptive immune responses.

The importance of achieving and maintaining a proper pH gradient along the endocytic
pathway is also highlighted by findings that some pathogenic bacterial and fungal species can
modulate vesicular acidification by various mechanisms as a means to circumvent detection
and killing by immune cells. For example, Mycobacterium tuberculosis inhibits acidification
and persists in phagosomes by preventing phagosomal maturation and the acquisition of the
V-type adenosine triphosphatase (45–47). The pathogenic fungus Histoplasm capsulatum also
inhibits acidification by preventing acquisition of the proton pump (48). If Helicobacter
pylori crosses the gastric epithelium and undergoes phagocytosis, it can prevent vesicular
acidification by expressing urease, which breaks urea down and buffers the vesicles carrying
the bacteria to neutrality (46,49). Other bacteria including Salmonella, Legionella
pneumophilia, and Chlamydia can alter vesicular pH by blocking vesicular fusion and
maturation (50–53). In all of these cases, it is conceivable that administration of GlyAg could
induce microbicidal acidification within the endocytic pathway independent of the V-type
adenosine triphosphatase and endosomal maturation, thereby assisting in the eradication of the
resident pathogen.

We have found that NO-mediated oxidation of endocytosed carbohydrates leads to the release
of protons that acidify the local endosomal environment, resulting in GlyAg epitope protection,
conventional Ag retention and processing, and TLR9 signaling. Our model therefore provides
important new insights into the induction of TLR9-dependent innate as well as protein and
GlyAg-mediated adaptive immune responses to microbial products from heavily encapsulated
pathogens. These insights may also point to a novel antibiotic approach for some intracellular
pathogens.
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DAF-FM 4-amino-5methylamino-2′7′-difluorofluorescein diacetate

em emission

ex excitation

GlyAg glycoantigen

iNOS inducible NO synthase

L-NAME Nω-nitro-L-arginine methyl ester hydrochloride

MHC II MHC class II

ND not detected

P3C Pam3Csk4

PSA polysaccharide A from Bacteroides fragilis

PM peritoneal macrophage

RAW RAW 264.7

ROI region of interest

PRR pattern-recognition receptor

unt untreated

WT wild type
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FIGURE 1.
NO is produced by macrophages and dendritic cells in response to GlyAg. Unless noted
otherwise, NO production was detected using 10 μM DAF-FM. Cells were treated with DAF-
FM, GlyAg in PBS at 100 μg/ml (1 μM) or as labeled, or PBS alone. Data represent the change
in fluorescence over PBS control. All data (except flow cytometry) are n = 9, and error bars
represent SEM. A, Significant NO was produced in human and murine cultured macrophage
cell lines in response to GlyAg. B, Time course of NO production in murine RAW
macrophages, revealed a t1/2 (time to reach half completion) of 24.6 ± 1.1 h, suggesting de
novo synthesis of the iNOS enzyme was required. C, NO production in RAW macrophages
showed that 0.74 ± 0.6 μM of GlyAg was required to reach a half-maximal response, illustrating
the dose-dependence of the NO response. D, Significant NO was produced on a per cell basis
in RAW macrophages over background (filled black histogram, unstained cells; blue,
unstimulated but stained cells) as measured by flow cytometry 24 h after stimulation with
GlyAg (red). The response was reduced by 100 mM L-NAME (iNOS inhibitor; green),
confirming the specificity of NO detection. Inset bar graph shows the mean fluorescence
intensity in match color scheme. E, Nitrite concentration in RAW macrophage spent media
was measured in untreated (M) or stimulated cells (L, 100 ng/ml LPS; G, 100 μg/ml GlyAg)
as determined by the Griess reagent at 48 h, confirming NO secretion. Inhibition of NO
production was achieved using the iNOS-specific inhibitor 1400W at 0.1 mM (G + I) to verify
the mechanism of NO synthesis. F, NO production was also readily detectable using DAF-FM
in primary murine PMs and BMDCs from WT C57BL6 mice. The data presented in this figure
show that GlyAgs stimulate significant NO synthesis in a variety of professional APCs known
to process and present GlyAg to T cells.
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FIGURE 2.
BafA inhibits intracellular acidification. WT (A) or iNOS−/− (B) peritoneal macrophages were
treated with (+) and without (−) 40 nM BafA overnight, then all were treated with 2 μM
LysoSensor Green (Lyso) and fluorescence was measured by flow cytometry to evaluate
vesicular pH. Additional cells were not treated with BafA or Lyso (unt). Cells not treated with
BafA displayed high levels of Lyso fluorescence (i.e., vesicular acidification [gray bar and
histogram]), and the addition of BafA (black bar and histogram) reduced the fluorescence by
~45% in both WT and iNOS−/−. Number above bars on the bar graph indicate corresponding
mean fluorescence intensity.
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FIGURE 3.
GlyAg oxidation leads to intracellular acidification. All images taken with a 63× oil immersion
lens. A, APCs were treated with 40 nM BafA to block normal acidification and 2 μM Lyso to
detect vesicular pH and then incubated with 50 μg/ml AlexaFluor594-conjugated GlyAg
(GlyAg-594) for 18 h. We found that RAW macrophages and WT primary cells showed intense
green fluorescence, indicating acidic pH, and significant colocalization (yellow), indicating
that the acidic environment occurred primarily in vesicles loaded with GlyAg. In contrast,
iNOS−/− cells showed little colocalization, and the green signal remained unchanged (no
increase in fluorescence over background levels), collectively suggesting that NO-mediated
oxidation in the presence of GlyAg was required for acidification. Colocalization was
determined using Imaris imaging software. Scale bar, 20 μm. B, Representative scatterplots of
each fluorescent pixel from confocal images with LysoSensor Green fluorescent intensity along
the x-axis and GlyAg fluorescent intensity along the y-axis. The shaded area in the upper right
quadrant represents colocalized pixels (i.e., double-positive for red and green) above
background with the associated Pearson correlation coefficient indicated for all colocalized
pixels, as calculated using Imaris CoLoc software. NO-producing cells showed a direct
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correlation between GlyAg and acidification, which was lost in the absence of NO-mediated
oxidation.
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FIGURE 4.
Vesicular acidification is GlyAg-concentration–dependent and overcomes BafA inhibition.
Live APCs were treated with 40 nM BafA and 50 μg/ml AlexaFluor-conjugated GlyAg
overnight, washed, and treated with 2 μM LysoSensor Green for 25 min, after which 10
confocal images in the z-axis were captured for each sample. The mean intensity of GlyAg and
LysoSensor signals were quantified for 100 subcellular ROIs using the Leica Application Suite
software and graphed in order of brightest to weakest GlyAg signal. WT PMs (A) and BMDCs
(B) showed a positive correlation between GlyAg intensity (black bars) and Lyso intensity
(gray bars), in that as GlyAg concentration increased, the degree of acidification followed in
a colocalized manner. This correlation was significantly reduced in the iNOS−/− PMs (C) and
BMDCs (D), demonstrating that acidification (increased Lyso intensity) was locally sensitive
to GlyAg concentration and depended on NO-mediated oxidation. Furthermore, global
fluorescence intensity values for each image were normalized to LysoSensor-only samples
(100%) and BafA-treated cells (0%) of each respective cell type. The percent acidification
recovery was then determined for GlyAg-treated WT and iNOS−/− cells. In cells capable of
NO synthesis (E–G, filled bars), GlyAg led to significant recovery of acidification. iNOS−/−

PMs (F, open bars) showed a significant decrease in recovery compared with WT PMs, whereas
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the NO-deficient BMDCs were completely unable to recover (G, open bars). Statistical analysis
was performed between Lyso-only samples and GlyAg-treated samples. In iNOS−/− PMs and
BMDCs, there is a significant statistical difference indicating that the percent recovery failed
to achieve BafA-negative levels, whereas the WT cells achieved BafA-negative levels. Data
represent eight separate images for each treatment group, and cell type and error bars represent
SEM. ND, none detected (i.e., no increased LysoSensor fluorescence over BafA treated
samples).
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FIGURE 5.
NO oxidation of GlyAg leads to enhanced pH-dependent OVA processing. All images taken
with a 63× oil immersion lens. Confocal images of untreated APCs (left column), APCs treated
with 40 nM BafA to inhibit normal acidification (second column), and BafA-treated APCs
incubated with 50 μg/ml AlexaFluor594-conjugated GlyAg (three right columns). All cells
were incubated with 50 μg/ml DQ-OVA for 25 min before image capture. All cells readily
processed DQ-OVA upon internalization (green), but cleavage was strongly inhibited by BafA
(second column) as expected. Although all cells were equally able to endocytose GlyAg (red),
only RAW macrophages and WT primary APCs were able to process OVA above the BafA
background (middle column; green) when incubated with GlyAg. Colocalization images (blue;
Imaris CoLoc software) show that essentially all green regions of the cells were also GlyAg
positive (compare the green and blue images), suggesting that the pH effect was strictly
localized. In contrast, both NO-deficient cells were unable to initiate acid-dependent processing
of OVA, indicating that NO-mediated oxidation in the presence of GlyAg generated an acidic
environment that promotes protein Ag processing. Scale bars, 20 μm.
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FIGURE 6.
NO-capable cells demonstrate GlyAg-induced recovery of inhibited protein processing.
Confocal images for each cell type and treatment condition (DQ-OVA for 25 min in cells
treated ± BafA ± GlyAg overnight as shown in Fig. 5) were collected and quantified using the
mean ROI intensity (n ≥ 40 ROIs per sample) and then normalized to the respective untreated
samples to determine the percent pH-dependent proteolysis recovery following BafA
treatment. Error bars represent SEM. Cells capable of NO production (A–C, filled bars) showed
significant recovery of protein processing when BafA-treated cells were given GlyAg. This
effect was lost in NO-deficient cells (B, C, open bars). Statistical analysis was performed
between Lyso, BafA-treated samples, and GlyAg-treated samples. In both WT PMs and
BMDCs, there is a statistically significant change in OVA cleavage induced by the addition of
GlyAg to NO-capable cells, but this difference is not present in iNOS−/− cells. *There is a
statistical difference between the mean fluorescence of iNOS−/− BMDCs when treated with
BafA only or with BafA with GlyAg; however, the addition of GlyAg results in a lower mean
fluorescence rather than recovery. D, We examined the strength of the relationship between
NO- and GlyAg-induced acidification and protein processing by evaluating the mean ROI
intensities (n ≥ 40 ROIs per sample) as fluorometric ratios of DQ-OVA fluorescence:GlyAg
fluorescence, because DQ-OVA fluorescence is pH-sensitive whereas GlyAg fluorescence is
pH-insensitive. Both WT PMs and BMDCs demonstrated a much higher fluorescence ratio
than did their iNOS−/− counterparts. These data show that carbohydrate oxidation by NO
generates an acidic environment conducive to protein Ag processing within endosomes.
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FIGURE 7.
GlyAg oxidation-mediated acidification is limited to GlyAg+ vesicles. Using three-
dimensional reconstructions of the data sets (Figs. 5, 6), the individual pixel intensities were
also mapped in scatterplots to quantify colocalization of OVA processing and GlyAg. Cells
given DQ-OVA only (no GlyAg or BafA) displayed a large number of green pixels, which
represent processed OVA (A), whereas BafA blocks proteolysis, as seen with a significantly
reduced number of green pixels (B). When RAW macrophages were incubated with BafA and
GlyAg (C), all bright green regions (i.e., processed OVA) were also positive for GlyAg (double
positive, upper right quadrant). Many cell regions were positive for GlyAg only, but no regions
were positive for OVA processing alone. The same pattern was observed in primary WT cells
(D, F), in that green pixels were nearly always positive for red, but not vice versa. Conversely,
NO-deficient cells show dramatically reduced numbers of green pixels and colocalization (E,
G). These data confirm that carbohydrate oxidation by NO had a local pH effect within
individual GlyAg+ endosomes. All values, including the Pearson correlation coefficients (r
values) were determined by the Imaris CoLoc software.
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FIGURE 8.
P3C-mediated TLR2 signaling and NO production is inadequate to induce acidification, yet
GlyAg oxidation promotes CpG-mediated TLR9 signaling (A). To verify P3C-induced NO
production, RAW macrophages were stimulated with 15 nM P3C (P), 100 ng/ml LPS (L), 100
μg/ml GlyAg (G), or left untreated (M); spent media were analyzed for nitrite concentration
at 48 h as determined by the Griess reagent (n = 3). All Ags stimulated significant NO
production. B, PMs were treated with 40 nM BafA then 15 nM P3C overnight, washed, and
incubated with 50 μg/ml DQ-OVA for 25 min. Multiple confocal images (63×) for both WT
and iNOS−/− PMs and each treatment condition were taken, which showed little to no green
signal and therefore no OVA processing in BafA-treated cells given P3C. Scale bar, 20 μm.
C, Images were analyzed using the Leica Application Suite for ROI mean intensity values (n
≥ 40 ROIs per sample; error bars are SEM) and normalized to the respective DQ-OVA–only
positive control samples. Despite P3C-mediated, TLR2-dependent synthesis of NO (not
shown), P3C failed to induce acidification in PMs over the BafA-treatment, suggesting that
both NO and NO oxidation of GlyAg were collectively necessary to achieve acidification. D,
RAW macrophages were treated with 40 nM BafA overnight to inhibit TLR9 signaling and
then stimulated with 1 μg/ml CpG with and without 50 μg/ml GlyAg. Supernatants were
removed 24 h later, and the amount of TNFα produced was determined by ELISA. TNFα
production was normalized to the control (CpG without BafA) and compared with the cells
incubated with and without GlyAg and BafA. As expected, BafA eliminated TLR9 signaling,
but GlyAg oxidation was able to restore 43.98% of the TNFα production induced by CpG and
TLR9. Error bars represent SEM. ND, not detected.
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FIGURE 9.
GlyAg oxidation releases protons and self-limits subsequent cleavage. GlyAg was dissolved
in diH2O or PBS at 1 mg/ml and treated with ozone gas for 0, 15, 30, 45, or 60 min to induce
oxidative cleavage. Each time point aliquot was analyzed for molecular mass on a Superdex
75 size-exclusion column and pH. A, When carbohydrate was oxidized in a nonbuffered
solution (diH2O), the pH dropped to <5.0 within the first several minutes (inset), and this
correlated to only modest cleavage following the acidic pH change and maintenance of
fragments broadly averaging 9 kDa. B, When carbohydrate was oxidized in a buffered system
(PBS), the pH remained above 6.0 for most of the time course (inset), and this correlated to
dramatically increased cleavage that resulted in large concentrations of single monosaccharide
fragments (EV = ~22 ml), which have never been detected in APC vesicles and are incapable
of MHC II binding and presentation. These data revealed that GlyAg oxidation resulted in the
rapid release of protons from the GlyAg, which inhibited further cleavage in a classical product-
inhibition feedback manner.
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