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Abstract

Bacterial enteric pathogens have evolved efficient mechanisms to suppress mammalian
inflammatory and immunoregulatory pathways. By exploiting the evolutionary relationship
between the gut and pathogenic bacteria, we have developed a potential mucosal therapeutic. Our
findings suggest that engineered preparations of the Sa/lmonella acetyltransferase, AvrA, suppress
acute inflammatory responses such as those observed in inflammatory bowel disease (IBD). We
created 125 nm diameter cross-linked protein nanoparticles directly from AvrA and carrier protein
to deliver AvrA in the absence of Sa/monella. AvrA nanoparticles are internalized /in vitroand in
vivo into barrier epithelial and lamina propria monocytic cells. AvrA nanoparticles inhibit
inflammatory signaling and confer cytoprotection /in vitro, and in murine colitis models, we
observe decreased clinical and histological indices of inflammation. Thus, we have combined
naturally evolved immunomodulatory proteins with modern bioengineering to produce AvrA
nanoparticles, a potential treatment for IBD.
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Inflammatory bowel disease (IBD) (Crohn’s disease and ulcerative colitis) are chronic
relapsing autoimmune disorders of the intestinal tract that affect 1-2 of every thousand
persons in developed countries, and incidence is increasing.:2 In the intestine, they manifest
with acute and chronic inflammation, tissue injury, scarring, and predisposition to
adenocarcinoma and may also have systemic effects. IBD is generally recognized to
represent aberrant immune recognition of the normal commensal microbiota. Current
therapy involves inflammatory suppression with local 5-aminosalicylates, systemic
corticosteroids, cytotoxic immunosuppressants, or biologicals, such as anti-TNF monoclonal
antibodies. While effective, these are fraught with the complications of systemic
immunosuppression and other toxicides.3# There is increasing interest in use of beneficial
bacteria (probiotics) as a therapy, though to date, only modest efficacy has been reported.

It is known that enteric bacterial pathogens have evolved mechanisms to suppress
inflammatory and immunoregulatory pathways through active interference with regulators of
the inflammatory response.b.” Enteric pathogens influence eukaryotic pathways by soluble
effector proteins that are translocated into the cytoplasm of target cells viaa type Il1
secretion system (TTSS) and have evolved to usurp host cellular functions for the benefit of
the invading organism.8 AvrA, from Salmonella, is one such protein. It is a member of a
family of acetyltransferases that covalently modify and inactivate members of the mitogen-
activated protein kinase (MAPK) superfamily and thus have potent and diverse effects on a
wide variety of eukaryotic growth, survival, and immune pathways.? We have shown that
AvrA overexpressed in transfected cells, 10 or in a Drosophila transgenic model, 1! blocked
activation of nuclear factor-xB (NF-xB), INK MAPK, and transcriptional activation of a
range of inflammatory effector genes. AvrA acetylates MKK4/7, accounting for the
blockade of JNK. Another laboratory demonstrated similar effects in a yeast model.12
Remarkably, in yeast, flies, human cells, and murine intestinal epithelia, AvrA-mediated
signaling blockade occurs without induction of the apoptotic cell death characteristically
seen during inhibition of host stress signaling pathways, %12 thus making this activity an
ideal therapeutic approach for IBD or other forms of inflammation. However, a major
challenge in realizing the therapeutic potential of AvrA, or any exogenous protein effector, is
the ability to deliver it locally through the harsh environment of the gastrointestinal tract and
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into the resident epithelial and immune cells without compromising the biological activity of
the protein. Sa/monella meets this challenge through use of TTSS. However, in Sa/monella
infection, AvrA is a SPI-1 TTSS effector protein that is co-delivered along with other
virulence proteins,12:13 which can have negative effects, such as promotion of colonic
tumorigenesis.141® Therefore, an alternative delivery approach is necessary to deliver only
AvrA in the absence of Salmonella and safely access its anti-inflammatory functions.

Nanoparticles have been investigated for a variety of intraluminal gut applications including
vaccination,1® diabetes,1” and IBD18-24 that target different cell types for systemic or local
delivery. Previous IBD studies have encapsulated small anti-inflammatory drugs or siRNA in
biodegradable polymeric micro- and nanoparticles.2? The primary benefits seen were
reduced systemic side effects and reduced dosage required for the same therapeutic
response. Furthermore, higher particle deposition has been seen in animals with induced
colitis as compared to healthy animals, perhaps a consequence of depleted mucus, presence
of phagocytic cells, or epithelial barrier disruption observed in inflamed tissue.20:21.25.26 |
the case of protein drugs, however, polymeric delivery particles have limitations. Protein
loading is extremely low, or the particles are too large to be internalized by cells, and harsh
fabrication or degradation conditions can damage the protein.22-27-30 \We have adapted a
protein desolvation process31:32 to create condition-responsive cross-linked protein
nanoparticles made from AvrA that can un-cross-link in the reducing environment observed
inside cells, while maintaining the bioactivity of the AvrA cargo (Figure 1a). With these
particles, we demonstrate the ability to suppress proinflammatory pathways /n vitro and
tissue inflammation in murine model colitis. This innovative approach has potential as a IBD
therapeutic and establishes a drug discovery paradigm that exploits the evolution of bacterial
immunoregulatory mechanisms and engineers a nanoparticle delivery strategy essential for
clinical viability.

RESULTS AND DISCUSSION

Synthesis and Characterization of AvrA Nanoparticles.

The therapeutic approach described herein relies on the availability of active, soluble
bacterial proteins and the ability to engineer the protein sequences for desired delivery
properties. We cloned the genes of AvrA and a mutant form (mAvrA) into pGEX expression
plasmids containing N-terminal glutathione S-transferase (GST) and C-terminal 6x-His tags
using standard recombinant techniques to produce soluble AvrA-GST and mAvrA-GST
fusion proteins. The mutant form contains a single cysteine substitution (C186A) that
renders the acetyltransferase inactive and eliminates JNK inhibition and attenuates NF-xB
suppressive activity.10 We expressed AvrA fusion proteins and a carrier protein, enhanced
green fluorescent protein (eGFP), in £. coli and purified them (Figure S1).

We fabricated protein nanoparticles by desolvating a solution of AvrA and eGFP protein by
constant addition of ethanol while stirring (Figure 1a).32 The resulting particles were cross-
linked with reducible 3,3’-dithiobis-[sulfosuccinimidylpropionate] (DTSSP) to stabilize
them during delivery (Figure S2). DTSSP contains a central disulfide bond that is sensitive
to intracellular reducing conditions.33 By varying imidazole concentration during synthesis,
we produced spherical particles with diameters of 125 + 25 nm and ¢-potential of -11.3 +
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0.1 mV in phosphate buffered saline (PBS) and —24.3 + 1.1 mV in 10 mM HEPES buffer
(Figure 1b,c). We selected this size in order to achieve mucosal barrier penetration and
cellular internalization. Previous work has shown that the size, hydrophobicity, and charge
of particles play an important role in the transport of nanoparticles in mucosa.16

In order to penetrate mucus, nanoparticles must avoid adhesion to mucin fibers and be small
enough to prevent steric hindrance. AvrA-eGFP nanoparticles exhibit slightly negative ¢-
potential in the presence of physiological ion concentrations, which can prevent electrostatic
interactions with negatively charged mucin fibers and thus decrease adhesion to mucus. The
size of AvrA-eGFP nanoparticles is within the range of the interfiber spacing of mucin to
allow the particles to diffuse through the mucus.16

Though smaller particles may have better delivery properties, they also contain less AvrA
than large particles. The nanoparticles contained approximately 316 AvrA molecules per
particle. Real-time imaging of a Sa/monella model infection has shown that a different
TTSS-secreted effector, SipA, mediates biochemical functions within minutes of infection at
a concentration of 1000 molecules/cell.3* Particles were fabricated from combinations of
AvrA-GST or mAvrA-GST and eGFP to create fluorescent particles that could be visualized
in specific experiments (Figure S3). We substituted bovine serum albumin (BSA) for eGFP
in particle formulations that required nonfluorescent particles but similar properties (99.7 £
23.1 nm in diameter, ¢-potential of -16.9 + 0.9 mV in PBS).

Uptake and Disassociation of AvrA Nanoparticles.

We sought to take advantage of endocytic uptake mechanisms of nanoparticles containing
AvrA because the Salmonella TTSS is not feasible for AvrA delivery. We confirmed uptake
of AvrA-eGFP nanoparticles by cultured J774A.1 macrophages or T84 polarized epithelial
cells using confocal microscopy (Figure 2a,b). T84 cells are a highly differentiated epithelial
cell line that can recapitulate the barrier and uptake properties of the native epithelial
monolayer.3% J774A.1 macrophages serve as a model phagocytic cell and expectedly showed
more eGFP fluorescence.36:37 In the nanoparticle fabrication process, eGFP and AvrA are
co-desolvated and cross-linked together. Internalized eGFP suggests that AvrA is also co-
delivered and internalized. The punctate spots seen in midcell optical sections clearly show
delivery of nanoparticles, whereas the lack of green fluorescence in the soluble eGFP images
indicates very low uptake of soluble protein.

Next, we used flow cytometry with anti-AvrA antibodies to quantify uptake of specific AvrA
immunoreactivity, as well as eGFP fluorescence. At 6 h, 420 times more J774A.1 cells were
positive for AvrA and eGFP when treated with nanoparticle AvrA-eGFP in comparison to
cells treated with soluble AvrA and eGFP (Figure 2c). SK-CO15 epithelial cells also
internalized more nanoparticle AvrA-eGFP than soluble AvrA and eGFP in 6 h. Though
only ~10% of J77A.1 or SK-CO15 cells labeled positive for AvrA, significantly more
J774A.1 cells labeled positive for eGFP (Figure S4). This could indicate that in
macrophages the nanoparticles are not completely disassociated and the antibody is not able
to access all AvrA still in the nanoparticles as the eGFP signal is not dependent on particle
dissociation. However, as described in the Methods, the dose used for the uptake studies was
larger than the dose for /n7 vitro activity studies in order to have sufficient signal for imaging.
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The low signal also necessitated the use of a quantum-dot-labeled secondary antibody to
detect AvrA. This indicates AvrA is quite potent, and we can detect functional activity at
lower concentrations than we can detect the “physical presence” of AvrA in cells by
fluorescence. Interestingly, eGFP and AvrA-eGFP particles had the same uptake in SK-
CO15 epithelial cell line, but in J774A.1 macrophages, AvrA-eGFP particles were taken up
much more than eGFP only particles (Figure S4). This is surprising given that the particles
with or without AvrA have the same size and ¢-potential and that AvrA is a small fraction of
the total protein in a particle (4% by mass). These data indicate that AvrA may play a role in
uptake of the particles, though it seems to be cell-type-specific. YopJ, a close ortholog of
AvrA, is another TTSS effector from Yersinia that shares sequence similarities with AvrA 38
YopJ is an anti-inflammatory and pro-apoptotic effector that is known to be cell-selective; it
induces apoptosis in macrophages and dendritic cells but not in endothelial cells or
neutrophils.3%40 AvrA could similarly exhibit some manner of specificity. AvrA has been
shown to be differentially expressed depending on the organ location of the Sa/monella
infection,*! also suggesting potential specificity. Additionally, as a pathogenic protein, AvrA
could contain pathogen-associated molecular patterns (PAMPS) able to be recognized by
macrophage pathogen recognition receptors (PRRs). Engagement of PRRs by any AvrA
present on the surface of the nanoparticle can activate macrophages and increase
endocytosis, leading to the difference in uptake seen between AvrA-eGFP and eGFP-only
nanoparticle. SK-CO15 cells are epithelial cells lacking PRRs.

The route of nanoparticle uptake in J774A.1 cells was investigated by flow cytometry using
the eGFP signal in the presence of endocytosis inhibitors (Figure 2d). J774A.1 cells utilize
primarily energy-dependent routes, as indicated by low uptake at 4 °C. There was no strong
preference toward a particular route, as inhibitors for macropinocytosis (amiloride),
caveolae-mediated endocytosis (genistein), and clathrin-mediated endocytosis
(chlorpromazine) all reduced nanoparticle uptake. Colocalization studies in J774A.1 cells of
nanoparticles with lysosomal marker anti-Lampl confirmed the route of uptake to be
endosomal in nature and showed that the majority of nanoparticles are found in lysosomes
after 6 h (Figure S5). However, the dose of nanoparticles required for visualization was
much higher than that required to detect AvrA activity, as described below. Importantly,
incubation of J774A.1 cells with nanoparticles does not have any cytotoxic effect (Figure
S6). Next, we exposed human polymorphonuclear leukocytes (PMNs) to AvrA-eGFP
nanoparticles for 30 min ex vivo. We used flow cytometry to assess nanoparticle uptake by
eGFP fluorescence and PMN activation by labeling for CD18/CD11b, which are integrins
that are upregulated during activation and recruitment of leukocytes to sites of inflammation.
Both AvrA-eGFP and mAvrA-eGFP nanoparticles were clearly internalized by neutrophils,
and there was no increase in CD18/CD11b expression (Figure 2e,f).

Next, we assessed AvrA-eGFP particle disassociation /n vitro in cultured epithelial
monolayers. Nanoparticles were incubated with IEC-6 monolayers for 5 min to 4 h, washed,
lysed with SDS buffer containing DTT, and analyzed by Western blot with anti-AvrA
antibodies following separation by denaturing SDS-PAGE in a 10% gel (Figure 2g). The
high molecular weight AvrA immunoreactivity is indicative of nanoparticle fragments or
protein aggregates as intact nanoparticles do not enter the gel.32 The signal is weak at early
time points and contains only high molecular weight fragments. However, by 3 h incubation,
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we detected the expected MW (61 kDa) of soluble AvrA-GST, representing the intracellular
dissociation of AvrA from the nanoparticles. Because nanoparticles are provided throughout
the duration of the experiment, both the high molecular weight and soluble AvrA bands
increase in intensity over time. We obtained similar data with uptake into 1C-21
macrophages, though as expected in this phagocytic cell type, uptake and dissociation were
greater and more rapid (Figure 2h). Macrophage uptake appeared to saturate, as seen by the
constant high molecular weight band at later time points, but nanoparticle disassembly did
not saturate and the amount of soluble AvrA continued to increase. This indicates that the
reducing and denaturing conditions of lysis and SDS-PAGE were not causing nanoparticle
breakup.

Though colocalization studies with anti-Lamp1 indicated the majority of AvrA-eGFP
nanoparticles are endocytosed and traffic to lysosomes after 6 h (Figure S5), the detection of
single AvrA-GST protein in cell lysates (Figure 2g,h) and the functional AvrA activity
described below demonstrate that some AvrA protein does reach the cytosol. Though it is
difficult to pinpoint endosomal escape mechanisms for most nanoparticles, there are several
features of AvrA particles that could contribute to their escape. One contribution could be
from osmotic pressure changes that may occur as the cross-links reduce and particles break
up into soluble protein. Reducible polyarginine DNA nanocarriers have been shown to have
higher transfection efficiency than those that are not reducible or when disulfide reduction
was inhibited.#2 Another possible mechanism is membrane destabilization due to cationic
interactions and an osmotic buffering effect by protonation of the 6x-histidine tags on eGFP
and AvrA-GST.*3 It is also possible that AvrA itself could have endolytic properties, as there
are a variety of bacterial pathogens that produce toxins or effectors that contain domains that
assist in endosomal escape by different mechanisms.*4 Hemolysis assays showed that pure,
soluble AvrA-GST was significantly lytic with increasing concentration from 10 to 1000
g/mL, and at higher concentrations, lysis was increased at neutral pH compared to acidic
conditions (Figure S7). Considering a single particle in a 200 nm endosome, the AvrA
concentration is estimated to be higher than 1000 pg/mL. This suggests AvrA may have
endosomal escape properties prior to acidification. However, when the hemolytic activity of
mixtures of soluble eGFP and AvrA was assessed, as would be found from a disassembled
particle, the lytic activity was completely abolished (Figure S8). This suggests that soluble
eGFP interferes with any lytic property of AvrA. Interestingly, intact AvrA-eGFP
nanoparticles did exhibit some lytic activity, at neutral and slightly acidic pH. Nanoparticles
made only of eGFP or mAvrA-eGFP showed significantly less, but nonzero, lytic activity at
neutral and slightly acidic pH. These data suggest that intact AvrA-eGFP nanoparticles
could contribute to destabilization of endosomal membranes at early stages of acidification.
It also suggests more generally that AvrA in AvrA-eGFP nanoparticles has some interaction
with cell membranes, in agreement with the observation in Figure S4 that AvrA-eGFP
nanoparticles are internalized by macrophages more than eGFP nanoparticles.

To detect particle uptake 77 vivo, we used direct transrectal instillation of AvrA-eGFP
particles into both intact and damaged/inflamed murine colons. In tissues evaluated
postinstillation, eGFP was detected in the extracellular mucus layer of the epithelial cells by
anti-eGFP (Figure S9). Intracellular eGFP uptake was seen within epithelial cells by 4 h in
apical cells and in the base of crypts (Figure 3a,b). eGFP positive cells were seen in the
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lamina propria (Figure 3c) and in F4/80 positive macrophages (Figure 3d). Nanoparticle
uptake in healthy tissue indicates that nanoparticles are able to penetrate healthy, fully intact
mucus and could potentially be used as a protective agent to prevent the spread of
inflammation. This uptake into cells was also diffusively distributed in inflamed colons
when we induced injury with a seven-day pretreatment of 2% DSS in drinking water (Figure
S10). We were unable to detect AvrA immunoreactivity /n7 vivo, likely due to the small
amount of AvrA taken up. Based on the colocalization of eGFP and anti-AvrA signals from
in vitro flow cytometry nanoparticle uptake experiments, we conclude from the anti-eGFP
fluorescence that AvrA-eGFP nanoparticles are taken up and AvrA is present with eGFP.
The /n vivo images indicate that these particles effectively transverse the mucosal barrier and
reach the underlying epithelia, as well as lamina propria monocytes.

Inhibition of Inflammatory Signaling by AvrA Nanoparticles.

AvrA has been shown to inhibit JNK phosphorylation and 1 xB degradation by transfection
and transgenic approaches.19.11 Experiments with AvrA-eGFP nanoparticle preparations
applied to the apical surface of polarized T84 monolayers for 3 h, to allow particle
internalization and dissociation, were successful in partly suppressing both TNF-a-induced
JNK activation and | x5 degradation (Figure 4a). AvrA nanoparticles show stabilization of

| kBa after 30 min with levels reaching the prestimulation levels by 60 min. AvrA is
hypothesized to act on a distal event in the NF-kB pathway downstream of 1xfa.10 Though
| xBa still is phosphorylated, this does not lead to degradation of | xBa, thereby preventing
NF-kB release and transcription of inflammatory signals. For this reason, levels of P-1 x8a
increase over time in the presence of TNF-a and AvrA nanoparticles as | x8a accumulates
due to reduced degradation. JNK inhibition by AvrA nanoparticles was observed to be dose
dependent (Figure 4b) and mAvrA-eGFP nanoparticles, eGFP nanoparticles, and soluble
AvrA did not inhibit JINK (Figure 4c). The ability of AvrA nanoparticles to suppress NF-xB
activity was confirmed by a luciferase gene reporter assay (Figure 4d). Partial suppression of
NF-xB activity was observed with mAvrA nanoparticles. AvrA, has been shown to also
exhibit deubiquitinase activity in the NF-xB pathway that is not entirely eliminated by the
C186A mutation.*> T84 monolayers incubated with AvrA nanoparticles and stimulated with
TNF-a were also assayed for IL-8 secretion at 6 h by ELISA (Figure 4e). Secreted IL-8 was
markedly reduced in particle treated cells. In human neutrophils ex vivo, AvrA-eGFP
nanoparticles, but not mAvrA-eGFP nanoparticles, inhibited transmigration across cultured
T84 monolayers, a critical inflammatory behavior (Figure 4f). Together with the uptake
experiments, it is apparent that particles internalized by cells dissociate over time and release
functional AvrA. After at least 3 h is there evidence of soluble AvrA release and subsequent
bioactivity. It is not yet clear what fraction of AvrA delivered is responsible for the
bioactivity seen.

To demonstrate anti-inflammatory activity /n vivo, we first employed a traditional murine
peritonitis model of acute inflammation“® before moving into a more complex colitis model.
Mice were pretreated with an intraperitoneal (IP) dose of active AvrA-BSA nanoparticles,
mAvrA-BSA particles, inert BSA particles or PBS control 1 h before IP instillation of 10 mg
zymosan, a fungal cell wall component commonly used as an inducer of acute inflammation.
After four additional hours, mice were sacrificed and inflammatory exudates in the
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peritoneal cavity collected by lavage. Neutrophils were marked with anti-Ly6G antibodies
and populations quantified by flow cytometry (Figure 5a). Essentially no inflammatory cells
were detected in control (PBS pretreated, no zymosan) mice, while positive control (PBS
pretreated, zymosan) mice showed the expected accumulation of neutrophils. Pretreatment
with AvrA nanoparticles resulted in a significant reduction of neutrophil influx into the
peritoneal cavity. Inert BSA particles and mutant AvrA particles showed no significant
effect. The ability of AvrA nanoparticles to prevent neutrophil infiltration in the peritonitis
model could transfer to prevention of neutrophil infiltration in the gastrointestinal tract. We
expect this anti-inflammatory activity to be beneficial in colitis models because immune
cells are the primary contributors to and perpetrators of the chronic inflammatory state seen
in IBD.47

Next, we tested AvrA particles in in vivo models of colitis. TNBS-colitis is a rapid local
transmural colitis model induced by rectal administration of the hapten reagent 2,4,6-
rinitrobenzenesulfonic acid (TNBS) and is associated with a Th1 T cell response.*8
Inflammatory responses can be observed within 24 h. Mice were instilled luminally
(transrectally) with particles 4 h prior to TNBS administration to assess if the particles could
modify this colitis model. At 48 h, TNBS results in marked colitis as measured by clinical
parameters of vascular pattern, size of the ulceration, stool consistency, and rectum stenosis
using a small animal veterinary endoscope and standard histological indices. Remarkably,
these parameters were significantly improved in mice pretreated with AvrA particles, while
control BSA particles had no effect (Figure 5b—e). Interestingly, mutant AvrA particles also
showed significant activity, suggesting the therapeutic enzymatic activity of AvrA in this
model is not abolished with a single mutation in the acetyltransferase active site. Mutant
AvrA partial activity is reported in literature and seen in the /n vitro activity data (Figure 4d),
possibly because the deubiquitinase activity in the NF-xB pathway is not entirely eliminated
by the C186A mutation.*® Indeed, many, if not most TTSS effectors are bi- or multi-modular
proteins with multiple catalytic functions,%950 and other activities in AvrA may account for
partial activity seen in vivo. A second active site, an SH2-like domain, is also present in
AvrA and Yersinia ortholog YopJ.*® Mutation of this D/E-X-E active site reduces YopJ anti-
inflammatory function, and is expected to have a similar function in AvrA. This domain
should be unaffected by the C186A mutant used in these studies and so its function would
remain intact. We have also seen partial function of nanoparticles made from the same
mutant of YopJ, in agreement with multiple domains responsible for bioactivity.>1

Dextran sodium sulfate (DSS) colitis is another /in vivo model where the chemical irritant,
supplied in drinking water, results in epithelial erosions and subsequent inflammation in the
colon within 4-5 days. With this model, we tested nanoparticles both as prophylaxis,
administered at 1 day prior and 1 day post initiation of DSS (Figures 6a—d), and as a
therapeutic design, administered 7 days post initiation of DSS after clinical symptoms have
become manifest (Figures 6¢,f). In both experimental designs, suppression of clinical indices
and scores of colonic inflammation were observed. From these experiments we conclude
that sufficient quantities of bioactive AvrA are delivered to colonic tissue to suppress acute
inflammatory events in distinct colitis models.
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IBD results from aberrant mucosal immune activation, often in the context of genetic
susceptibility, resulting in the influx of acute and chronic inflammatory cells into the
mucosa. Both the overlying epithelial monolayer and the underlying immune cells of the
lamina propria possess the ability to initiate inflammatory reactions during injury.>2 In our
murine experiments, restricted to transrectal delivery of nanoparticles into the distal colon,
both surface epithelial and monocytic cells in the lamina propria took up nanoparticle
formulations of AvrA under control and colitic conditions. AvrA particles potently
suppressed histologic inflammation and clinical injury in several commonly used /n7 vivo
models of colitis. It is widely known that there is not a perfect model of IBD. In our studies,
we utilized chemical models of acute/self-limited inflammation with DSS and TNBS that
occur even in the absence of a functional adaptive immune system. Thus, our data
demonstrates an inflammatory suppressive role outside of adaptive regulatory mechanisms.
We speculate that use of AvrA nanoparticles in the treatment of a chronic model of IBD,
such as 1L-10 knockout®3 or T-bet and RAG2 double knockout,>* would lead to similar
results of suppression of inflammation markers and disease activity scores because the INK
and NF-xB targets of AvrA are highly conserved inflammatory signaling molecules. Though
complications arising from tissue restructuring, such as neoplasia and fibrosis, would likely
not be reversed by AvrA nanoparticles, further damage could be prevented and a reversal of
symptoms may be observed. To make these nanoparticles clinically relevant, oral delivery is
necessary. Future work will entail encapsulation of nanoparticles and oral delivery that will
allow AvrA-eGFP nanoparticles access to Peyer’s patches and other components of the gut
associated lymphoid tissue (GALT) resident in the distal ileum. It will be interesting to
determine if such therapeutic strategies affect adaptive immunity.

The protein nanoparticle platform is highly adaptable to a variety of biological molecules
and chemistries. Nanoparticle formation, stabilization, and targeting ligands can be
independently modified to suit the biological delivery requirements of different diseased
tissues and routes of administration. For example, AvrA nanoparticles could also be used in
other models of inflammation that do not require systemic access, such as in the joints,
airways, skin, or eyes. In this work both BSA and eGFP were used as carriers for AvrA and
in either case, AvrA was successfully delivered and retained its function. The versatility of
the protein nanoparticle would allow use of recombinant human serum albumin (HSA) as a
carrier in future human clinical applications as it is more physiologically benign and FDA
approved. While AvrA was chosen as a model immunosuppressive protein for construction
into nanoparticles, this approach could be applied to other proteins. Orthologous
acetyltransferases (YopJ, VopA, AopP) have been detected in a variety of bacteria that
associate intimately with eukaryotic hosts, and these effectors exhibit extended activity
against a wider spectrum of MAPKSs. Our lab and others have been studying these related
effectors that have variable effects on MAPK and are more potently immune suppressive,
but can also be potently pro-apoptotic.5556 The many other classes of bacterial effectors
demonstrate a potentially vast repository of biochemical activities relevant to manipulation
of eukaryotic inflammatory signaling, and exploitation of bacterial virulence proteins in
yeast and mammalian immune cells has been explored as a synthetic biology approach.>’
However, this method is not limited to bacterial proteins or single types of proteins.
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Combination therapies of bacterial proteins and human cytokines or small molecule anti-
inflammatory agents, for example, may have value in future immunological therapeutics.

IONS

Enteric bacteria have coevolved with humans to develop specific effector proteins capable of
immunomodulation. We engineered one such protein, AvrA, to form protein nanoparticles,
enabling intracellular delivery of AvrA in the absence of Salmonella. AvrA nanoparticles
inhibited inflammatory pathways /n vitro and reduced inflammation in murine colitis
models, indicating their potential as a treatment for IBD. Future work could expand the
protein nanoparticle platform to other bacterial proteins for development of effective
therapeutics to combat chronic inflammatory disease.

J774A1 cells were purchased from American Type Culture Collection and cultured in
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% (v/v) fetal bovine
serum (FBS). SK-CO15 epithelial cells were cultured in DMEM with 10% FBS and 1%
nonessential amino acids. IEC 6 cells and T84 cells were cultured as described previously.>®
Briefly, primary rat intestinal IEC 6 epithelial cells were maintained in DMEM (4.5 g of
glucose/L) supplemented with 10% FBS and 4 gg/mL insulin (Invitrogen). T84 model
human intestinal epithelial cells were prepared on 0.33 cm? permeable filters and cultured in
DMEM/F12 supplemented with 5% FBS. T84 cells were used after they had achieved a
stable transepithelial resistance of >1000 Q-cm2. Mouse macrophage 1C21 cells were
maintained in RPMI-1640 medium with 10% FBS. All media were supplemented with 1%
penicillin/streptomycin, and cells were incubated in a 5% CO, humidified air atmosphere.

All experimental protocols used C57BL/6 (WT) mice (The Jackson Laboratory). All
procedures using animals were reviewed and approved by the Emory University Institutional
Animal Care and Use Committee and were performed according to National Institutes of
Health criteria.

AvrA and mAvrA genes were amplified by PCR using the primers 5'-
TCATGAATTCCCATGATATTTTCGGTGCAGGAGCTATCATG-3” and 5'-
ATGAGTCGACTTAATGATGATGATGATGATGCGGTTTAAGTAAAGACTTATATTCAG
CTATCCT-3’ and inserted into the bacterial expression plasmid pGEX-4T-2 (GE
Lifesciences) between Safl and EcoRl sites. Since pGEX-4T-2 does not encode a 6xHis tag,
the reverse primer was designed to introduce it. Constructs were confirmed by DNA
sequencing. eGFP gene in a pPROTet plasmid (Clontech Laboratories) was a kind gift of Dr.
Andreas Bommarius.
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Production of Recombinant Proteins.

Protein expression was performed in BL21 Escherichia coli. Bacterial cultures were grown
to 0.d. 0.7 at 37 °C and induced with 0.4 mM isopropyl B-p-thiogalactoside (IPTG) (only for
AvrA fusions) at 25 °C for 4 h. AvrA-GST, mAvrA-GST, and eGFP proteins were purified
on Ni-NTA agarose (Qiagen) following manufacturer’s native purification protocols in
imidazole-containing buffers. Purified proteins were buffer exchanged using 10k MWCO
centrifugal ultrafiltration devices (Millipore) into PBS buffer (10 mM NaH,POy4, 137 mM
NaCl, 2.7 mM KCI, 2 mM KH,POy; pH 7.4).

Nanoparticle Production.

Protein particles were prepared by the desolvation technique as previously described.28 In
brief, 600 1g of eGFP and ~5 1g of AvrA-GST or mAvrA-GST in 100 4L imidazole solution
(250 mM imidazole, 300 mM NaCl, 50 mM NayPO,4 pH 8) were placed in a glass vial. The
protein solution was desolvated by continuous, drop-by-drop addition of 400 L ethanol at a
rate of 1 mL/min. After desolvation, particles were cross-linked with 2 mg/mL
dithiobis(sulfosuccinimidylpropionate) (DTSSP; Pierce) at a ratio of cross-linker to lysines
of 1:2.2. After being stirred for 2 h, the cross-linking reaction was stopped by centrifugation
at 1000¢g for 1 min and supernatant removed. Particles were resuspended in PBS and
sonicated on ice for 1 s every 15 s at 30% amplitude for a total of 5 min.

Nanoparticle Characterization.

Particle size distribution was measured by dynamic light scattering using a Zetasizer Nano
Z590 (Malvern Instruments Ltd.). All samples were measured at 25 °C and a scattering
angle of 90°. Average particle size was calculated as the arithmetic mean of the distribution
of at least 3 batches of particles and the standard deviation was calculated as the variance
between average diameters of the batches. The ¢-potential was determined by measuring the
electrophoretic mobility of the nanoparticles in PBS and 10 mM Hepes buffer using the
same instrument.

Particles were prepared for scanning electron microscopy (SEM) imaging by further cross-
linking the particles with glutaraldehyde after fabrication. A 5 gL droplet of these
nanoparticles suspended in water was placed on an SEM specimen stub. The droplet was
frozen in liquid nitrogen vapor and lyophilized for 24 h. Samples were coated with gold/
palladium and imaged at 3 kV using a Zeiss Ultra60 FE-SEM.

Confocal Microscopy.

J774.A1 cells were seeded at a density of 104 cells per well in an 8-well chamber slide
system (Nunc LabTek 11, Thermo Scientific) with growth medium. After 14 h, cells were
incubated for 6 h with fresh cell media containing 300 zg/mL soluble AvrA-GST and eGFP
or AvrA-eGFP nanoparticles. Cells were washed twice with ice cold PBS and fixed with
3.7% paraformaldehyde for 15 min at room temperature. Cells were permeabilized with 1%
Triton X-100 in PBS for 15 min at room temperature and rinsed three times in PBS. Cells
were incubated with 2 4M Hoechst 33342 (AnaSpec Inc.) and 0.165 &M rhodamine
phalloidin (Biotium) in blocking buffer for 20 min at room temperature. Cells were washed
three times with PBS and mounted for imaging in a Zeiss LSM 700 confocal microscope.
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T84 cells were cultured in transwell chambers in a 24 well plate. Soluble AvrA-GST and
eGFP or AvrA-eGFP nanoparticles were administered to cells and cells were prepared as
described for J774A1 cells. Transwell membranes were cut using a razor blade and mounted
onto a glass slide for imaging.

AvrA Nanoparticles in Cells.

J774A1 macrophages or SK-CO15 epithelial cells were plated at a density of 2 x 10 cells
per well in a 24-well dish. After 14-16 h of incubation, cell medium was replaced with fresh
media containing 300 sg/mL AvrA-eGFP nanoparticles or soluble AvrA-GST an eGFP and
incubated for 6 h. Control cells were incubated with AvrA-eGFP nanoparticles or soluble
AvrA-GST and eGFP at 4 °C. Cells were washed twice with ice cold PBS, scraped or
trypsinized, and fixed with 3.7% paraformaldehyde for 15 min at room temperature. Fixed
cells were washed 3 times by centrifugation with ice cold PBS and permeabilized with
0.25% Triton X-100 in PBS for 15 min at room temperature. Cells were rinsed three times in
PBS and incubated with purified anti-AvrA antibody in 6% BSA and 10% FBS in PBS for 1
h. After this, cells were washed 3 times with PBS and incubated with 20 nM Qdot 655
VIVID secondary antibody conjugate (Invitrogen) in 6% BSA in PBS for 1 h. Cells were
washed 3 times with PBS and analyzed in an LSR 1l flow cytometer (Becton Dickinson and
Company). Positive events were identified as cells with simultaneous increase in green
fluorescence and quantum dot fluorescence.

Endocytosis Inhibition Assay.

Intracellular

J774.A1 macrophages were plated at a density of 2 x 104 cells per well in a 24-well dish.
After 14-16 h of incubation, cell media was replaced with fresh media containing
endocytosis inhibitors. Macropinocytosis was inhibited using 2 mM amiloride (MP
Biomedicals, LLC). Caveolae-mediated endocytosis was inhibited using 300 /M genistein
(TCI America). Clathrinmediated endocytosis was inhibited using 20 wg/mL chlorpromazine
(Alfa Aesar). Energy-dependent endocytosis was inhibited by incubation at 4 °C (cells were
also incubated at 4 °C for 1 h prior to nanoparticle introduction). Cell viability in the
presence of all inhibitors was measured according to the methods described in the
Supporting Information and was found to be at least 80% of untreated cell control.

After 1 h pretreatment with inhibitors, cell media was replaced with fresh inhibitor and
AvrA-eGFP nanoparticles or positive controls (clathrin-mediated: transferrin-CF640R,
caveolae-mediated: BSA-CF640R, macropinocytosis: 10000 MW Dextran-CF640R, all
purchased from Biotium) suspended in PBS (50% v/v). Twenty-five zg/mL of positive
control or 300 g/mL nanoparticles were used. Cells were incubated for an additional 3 h,
then washed twice with ice cold PBS, scraped, and resuspended in PBS. Cells were analyzed
in an Accuri C6 flowcytometer and relative endocytosis was quantified as the ratio of mean
fluorescence of the sample population to fluorescence of the control population (no particles
given).

Particle Degradation.

IEC6 epithelial cells and 1C-21 peritoneal macrophages were seeded at a density of 8 x 104
cells per well in a 48-well plate and incubated overnight. Cells were treated with 40 zg/mL
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AvrA-eGFP or eGFP nanoparticles for 5 min to 4 h. Next, cell medium was removed, and
cells were washed once with PBS. Cells were lysed with 1x SDS lysis buffer (62.5 mM Tris-
Cl, pH 6.8, 10% glycerol, 2% SDS, 50 mM DTT, 0.1% bromophenol blue), and cell lysates
were collected and immediately stored at —80 °C until analysis by Western blot. Lysates
were loaded onto 10% SDS-PAGE gels and transferred onto nitrocellulose membranes and
immunostained with anti-AvrA antibodies.

Enzyme-Linked Immunosorbent Assay (ELISA) for Cytokine IL-8.

Polarized T84 cells were pretreated with AvrA-eGFP nanoparticles for 3 h and culture
medium was collected after recombinant human TNFa (R&D Systems) stimulation (20
ng/mL) for 5 h. IL-8 levels released by T84 cells were quantified using ELISA according to
the manufacturer’s instructions (R&D Systems).

JNK and IxBa Western Blot.

For cell signal transduction inhibition experiments, HeLa cells were seeded in 24-well plates
at 80% confluency and incubated overnight. AvrA-eGFP nanoparticles (0.835 pg/mL) or
PBS were added to cells for 4 h followed by 20 ng/mL rhTNFa for 5, 15, 30, 45, and 60
min. For immunoblotting, cells were harvested at different time points, washed in PBS, and
lysed in RIPA buffer (150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) with a cocktail of complete protease
inhibitors (Roche Applied Science). Sample protein concentration was determined by Bio-
Rad protein assay. Lysates with equal protein concentration were separated by 10% SDS-
PAGE at 100 V for 60 min. Proteins were transferred to nitrocellulose membranes and
immunostained with anti-p-JNK or 1xBa antibodies.

NF-kB Luciferase Assay.

HeLa cells were seeded at 6 x 105 cells/well in a 6-well plate and incubated overnight at 37
°C. To prepare the transfection agent, 2 1g of pGL4 plasmid (Promega) and 15 gL of
lipofectamine (Life Technologies) were added to 300 L of serum-free media (DMEM,
ATCC) and incubated at room temperature for 5 min. The cell medium was aspirated, and
the transfection solution was added directly on top of confluent cells for 1 min. Six
milliliters of 1% FBS in DMEM was then added to the well. The transfection agent was
incubated with the cells overnight at 37 °C. Cells were then trypsinized and plated at 50000
cells/well in a 96-well plate overnight in 1% FBS in DMEM. Cells were pretreated with
nanoparticles (300 wg/mL) for 4 h and then stimulated with 20 ng/mL of recombinant human
TNF-a (R&D Systems) for 1 h. Afterward, the medium was aspirated and 50 1 BrightGlo
reagent (Promega) and 50 yL of serum-free medium was added to each well. Luminescence
was measured in a BioTek Synergy 2 plate reader.

Ex Vivo PMN Activity Assays.

For PMN isolation, human blood was drawn and handled according to protocols for the
protection of human subjects, as approved by the Emory University Hospital Institutional
Review Board. PMN were isolated by density gradient centrifugation and were used in
experiments within 2 h of isolation. Freshly isolated PMN were incubated with either AvrA-
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eGFP or mAvrA-eGFP nanoparticles for 30 min (37 °C). The uptake of nanoparticles tagged
with eGFP fluorescence was examined by flow cytometry, using FACS Calibur and FlowJo
software. To examine the activation state of neutrophils after nanoparticle uptake,
neutrophils were stained for the activation marker CD11b/CD18. For microscopy studies,
PMN incubated with nanoparticles were PFA fixed, permeabilized with 1% Triton 100 and
incubated with nuclear stain, TO-PRO-3 iodide (Molecular Probes). All images were
acquired on a LSM510 confocal microscope (Carl Zeiss, Thornwood, NY) with Plan-
Neofluor 60x objective.

PMN transepithelial migration across human intestinal epithelial cells (T84) was examined
in the presence of either AvrA-eGFP or mAvrA-eGFP nanoparticles (25 pg/mL) using a
transwell setup. In these assays, nanoparticles were added to the upper chambers of
transwells (basolateral side of the epithelium) immediately prior to the addition of PMNs.
PMN migration in the physiologically relevant, basolateral-to-apical direction was induced
with addition of A-formyl-methionine-leucine-phenylalanine (fMLF) (100 nM) to the
bottom chamber and quantified by assaying for the PMN azurophilic granule protein MPO
as previously described.>® Data are shown as percent migrated out of total PMN applied (1 x
10%/well).

In Vivo Peritonitis and Colitis Models.

Care of experimental animals was performed in accordance with Emory University IACUC
institutional guidelines. Zymosan-induced peritonitis was used to study acute
polymorphonuclear leukocyte (PMN) response and infiltration in vivo.*8 C57BL/6J female
mice were treated intraperitoneally (IP) with nanoparticles containing 540 ng AvrA or
vehicle (PBS). After 1 h, mice were injected IP with 10 zg zymosan (Sigma-Aldrich) to
induce peritonitis. Four hours after zymosan administration, the animals were sacrificed by
CO», asphyxiation. The peritoneal lavage fluid was collected with 3 mL of cold PBS/EDTA
solution. The total number of PMN in the lavage was labeled with antimouse Ly-6G (Gr-I)
Ab (eBioscience) and assessed by flow cytometry in a LSR Il flow cytometer (Beckman
Coulter) using a known concentration of fluorescent beads (Molecular Probes) as a control.

Trinitrobenzenesulfonic acid (TNBS)-induced colitis was induced by exposure to TNBS.50
Briefly, mice were presensitized with 1% TNBS on a shaved 1.5 cm x 1.5 cm area on the
back of the mouse between the shoulders. After 7 days, mice were fasted and nanoparticles
containing 540 ng AvrA or vehicles (PBS) were injected intrarectally. Four hours later, mice
were anesthetized with ketamine and xylazine and a 100 gL enema containing 2.5% TNBS
was administered. After 24 h, colon images were taken by a high-resolution miniaturized
colonoscopy system (Karl Stortz). Clinical analysis of TNBS-induced colitis was conducted
in a blind experiment scoring from 0 to 3 the thickening of the colon, changes of the
vascular pattern, size of the ulceration, stool consistency, and rectum stenosis. A clinical
index was calculated as the sum of the individual scores.61 At the end of experiment, the
mice were sacrificed and the colon was dissected out, cut open, and solid feces carefully
removed. A swiss roll was made, put in a cassette, soaked in 10% formalin overnight, and
sent to a pathological core facility for processing. Histological examination was carried out
with hematoxylin—eosin staining in paraffin sections. Histology index was determined as the
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sum of the scores for inflammatory cell infiltration in colons, edema, and erosion; each
ranging from 0 to 3.60

Dextran sulfate sodium (DSS) colitis was induced by giving 3% (wt/vol) DSS (36000-50000
MW; MP Biomedicals) in autoclaved Milli-Qwater as drinking water and allowing mice to
drink ad libidum for 7 days. Nine hundred nanograms (AvrA dose) of eGFP+AvrA or eGFP
+mAVrA nanoparticles or vehicles (PBS) was intrarectally injected at indicated times.
Disease activity was monitored daily. Disease activity index was calculated as the sum of the
scores of stool consistency (0: hard, 2: soft, 4: diarrhea), fecal occult blood using Hemoccult
Sensa (Beckman Coulter) (0: negative, 2: positive, 4: macroscopic) and weight loss (0: <1%,
1: 1-5%, 2: 5-10%, 3: 10-20%, 4: >20%). Disease score was calculated as the average of
these three parameters. At the end of experiment, the mice were sacrificed and the colon was
dissected out, cut open, and solid feces carefully removed. A swiss roll was made, put in a
cassette, soaked in 10% formalin overnight, and sent to a pathological core facility for
processing. Histological examination was performed by two independent observers on
hematoxylin—eosin slides of paraffin colon sections. Histology score was assessed for
severity of inflammation (0: none, 1: slight, 2: moderate, 3: severe), PMN infiltration/HPF
(0: <5, 1: 5-20, 2: 21-60, 3: 61 — 100, 4: >100), depth of injury (0: none, 1: mucosa, 2:
mucosa and submucosa, 3: transmural), crypt damage (0: none, 1: basal 1/3, 2: basal 2/3, 3:
only surface epithelium intact, 4: entire crypt lost), and adjusted to tissue involvement by
multiplication of percentage factor (x1: 0-25%, x2: 26-50%, x3: 51-75%, x4: 76-100%).52

Mucosal Uptake of AvrA Particles in Murine Colonic Epithelia.

C57BL/6J female mice were fasted overnight and AvrA-eGFP nanoparticles (12 g eGFP)
were injected intrarectally the following day. After 5 h, mice were sacrificed and colon
tissue was removed. Distal colon was fixed in 4% paraformaldehyde and embedded in
Tissue-Tek O.C.T. Compound. Twenty micrometer frozen sections were immunostained
with anti-g-catenin and anti-GFP antibodies, and mucosal uptake of eGFP particles were
imaged using a Zeiss LSM 510 confocal laser scanning system.

Statistical Analysis.

One-way ANOVA was performed, followed by post hoc comparisons using Tukey’s multiple
comparison test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Synthesis and characterization of AvrA particles. (a) Schematic representation of eGFP-
AvVrA particle design, preparation, and hypothesized mode of action. Particles diffuse
through the mucus and are internalized by resident cells. As the particles dissociate and
release free AvrA, inflammatory function is replaced by healthy function due to AvrA
activity. (b) AvrA-eGFP particle size distributions as a function of imidazole concentration
during fabrication. (c) Scanning electron micrograph of 125 nm AvrA-eGFP nanoparticles
used for experiments (scale bar 300 nm).
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Figure 2.
Cellular uptake of AvrA particles. Confocal images of (a) T84 and (b) J774A.1 cells

incubated with mixed soluble AvrA (15 g/mL) and eGFP (300 wg/mL), or AvrA-eGFP
nanoparticles for 6 h. Images are midcell optical section overlays of eGFP fluorescence
(green), nuclear Hoechst dye (blue), and actin filaments (red) labeled with rhodamine-
phalloidin (scale bars 20 pm). (c) Flow cytometry quantification of soluble AvrA (15 g/mL)
and eGFP (300 pg/mL) or AvrA-eGFP nanoparticle uptake in SK-CO15 cells (light gray)
and J774A.1 cells (dark gray). (d) Comparison of AvrA-eGFP nanoparticle (315 pg/mL)
uptake by J774A.1 cells following pretreatment with the indicated drug. A single asterisk
indicates statistical significance to all other groups; double asterisks indicate statistical
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significance compared only to untreated control. (¢) Flow cytometry characterization of
PMNs exposed to AvrA-eGFP and mAvrA-eGFP nanoparticles (500 wg/mL eGFP, 25 pg/mL
(m)AvrA). eGFP represents uptake and CD18/CD11b represents activation. (f) Fluorescent/
bright-field overlay of PMN uptake of AvrA-eGFP nanoparticles (scale bar 2 t/m). (g) IEC-6
model intestinal epithelia and (h) IC-21 peritoneal macrophages were treated with
nanoparticles for indicated times and detected by immunoblotting with anti-AvrA antibody.
(*r<0.05, **p<0.01).

ACS Nano. Author manuscript; available in PMC 2020 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Herrera Estrada et al. Page 23

Figure 3.
Mucosal uptake of AvrA-eGFP (12 1g eGFP) particles in healthy murine colonic surface

epithelium (a), crypts (b), lamina propria (c), and macrophages (F4/80+) (d) imaged by
confocal microscopy (scale bars 20 xm). Particles were instilled transrectally and imaged
after 4 h. Particle uptake is marked by anti-eGFP fluorescence (green). Epithelial cells are
counterstained with beta-catenin (red in (a—c)) and macrophages stained with F4/80 (red in
(d), yellow indicates colocalization of eGFP and F4/80+).
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Figure 4.

AvrA nanoparticles inhibit inflammatory signaling. AvrA nanoparticles were applied for 4 h
prior to TNF- a stimulation for data shown in (a)—(d), (f). Western blots with indicated
antisera showing (a) TNF- a time course; (b) AvrA nanoparticle dose response after TNF- a
stimulation for 15 min; (c) AvrA nanoparticles compared to soluble AvrA, mAvrA
nanoparticle and carrier nanoparticle controls. (d) Nanoparticles made from 30 zg/mL AvrA
or mAvrA and 1500 pg/mL BSA were incubated with HeL a cells transfected with Luciferase
NF-xB reporter gene 4 h prior to 1 h stimulation with 20 4g/mL recombinant human TNF-a
(*p < 0.05, **p < 0.01 compared with + TNF- a control samples). (¢) IL-8 production in
polarized T84 monolayers with AvrA nanoparticles applied 3 h prior to TNF-a stimulation.
(f) Transepithelial migration of PMNSs following exposure to AvrA and mAvrA
nanoparticles. **p < 0.01.
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Figureb.

Anti-inflammatory activity of AvrA nanoparticles in murine inflammation. (a) Zymosan-
induced peritonitis: quantification of neutrophils isolated by peritoneal lavage from mice (5
per indicated condition) injected peritoneally with 540 ng AvrA 1 h prior to zymosan
injection. Line represents average number of neutrophils. Twenty-four hour TNBS-induced
colitis models in mice: (b) representative microendoscopic images of colon and (c)
representative colon histology from mice treated transrectally as indicated with 540 ng of
AvrA 4 h prior to TNBS injection. (d) Quantification of clinical and endoscopic score from 5
mice per indicated condition. (e) Quantification of histological score from 5 mice per
indicated condition (*p < 0.05, bars over 2 groups with no * are not statistically different).
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Figure 6.

Anti-inflammatory effect of AvrA on dextran sodium sulfate (DSS)-induced colitis. (a)
Clinical disease activity index and (b) histological scoring of 5 mice per indicated condition
receiving two injections (intrarectal) of nanoparticles (900 ng AvrA per injection) while
subjected to DSS challenge for 7 days. (c) Representative colon gross pathology from mice
treated as indicated in (a). (d) Representative colon histology from mouse treated as
indicated in (a). (e) Clinical disease activity index and (f) histological scoring of 5 mice per
indicated condition treated once with nanoparticles (900 ng AvrA) after DSS-induced colitis
(*r<0.05).
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