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Ulcerative colitis has no cure and there are limited options for
patients. Many current therapeutic drugs have poor bioavailability
and targeting ability, including inhibitors of the cGAS—STING path-
way, which has limited their clinical approval for colitis. Here we
address this critical need through inflammation-triggered nanomi-
celles (ITMs) that are composed of biopolymer hyaluronic acid
which specifically targets the inflamed colon by binding to CD44
receptors. ITMs encapsulate the cGAS inhibitor RU.521 improving
the drug’s overall bioavailability, and utilize a reactive oxygen
species (ROS)-responsive thioketal linker, enabling site-specific
drug release at the inflamed colon. The efficacy of ITMs was shown
in a clinically relevant microbial-induced colitis model that recapi-
tulates human colitis. Acute colitis was developed in gnotobiotic
altered Schaedler's flora (ASF) IL-10 knockout mice infected with
Helicobacter bilis or Escherichia coli 1D to induce severe and
moderate colitis, respectively. Oral delivery of ITMs alone signifi-
cantly reduced inflammation in the E. coli 1D model, while combin-
ing ITMs with anti-IL-12p40 antibodies mitigated disease severity in
the H. bilis model as revealed by body weight recovery, reduced
colon shortening, restoration of the intestinal epithelium, and
reduction in proinflammatory cytokines. In vivo end points were
validated with ex vivo tissue imaging and assays that identified the
downregulation of cGAS expression and other mechanisms by
which ITMs enable mucosal healing. These findings highlight the
potential of ITMs for targeted, site-specific drug delivery as a novel
IBD treatment strategy, and the importance of inhibiting the cGAS—
STING pathway in inflammatory diseases.
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New concepts

Here we report innovative inflammation-triggered nanomicelles that are
synthesized with hyaluronic acid (HA) and stearic acid biopolymers.
These nanomicelles enable programmable drug delivery through a thio-
ketal linker that is cleaved in the presence of reactive oxygen species
(ROS) in vivo. We demonstrated dynamic drug release in the inflamed
colon of mouse models of acute colitis which has high endogenous ROS
arising from inflammation. The micelles also leverage the well-
established molecular interactions between HA and CD44, where CD44
is a receptor overexpressed on the inflamed colonic mucosa and macro-
phages. Therefore, these micelles naturally target the inflamed colon
without requiring further biochemical modification of the micellar sur-
face. The innovation of this work also lies in the ability of the micelles to
downregulate the cGAS-STING pathway with RU.521, a highly potent
small molecule inhibitor but with poor bioavailability and targeting
ability. The efficacy of the micelles was examined in a clinically relevant
microbial model of colitis, i.e., in gnotobiotic altered Schaedler’s flora
(ASF) IL-10 knockout mice infected with Helicobacter bilis or Escherichia
coli 1D to simulate severe and moderate colitis, respectively. Oral delivery
of micelles reduced inflammation in the E. coli 1D model, while combin-
ing micelles with anti-IL-12p40 antibodies mitigated disease severity in
the H. bilis model.

1. Introduction

Ulcerative colitis is a chronic inflammatory disorder of the
gastrointestinal (GI) tract that results in loss of intestinal
barrier function and poor quality of life." Colitis is also asso-
ciated with dysbiosis of the gut microbiota, characterized by a
reduction in microorganisms considered to be beneficial to the
host.” Innate immunity is crucial for maintaining intestinal
homeostasis and plays a significant role in the pathogenesis of
inflammatory bowel diseases (IBDs).> Central to this process
are innate receptors that regulate immune responses, including
the cyclic GMP-AMP synthase-stimulator of interferon genes
(cGAS-STING) pathway."® Recent studies in both mouse
models of IBD® and IBD patients”® have clearly demonstrated
a significant upregulation of the cGAS-STING pathway. While
the role of STING has been studied extensively in cancer,
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over-activation of STING has also been associated with other
inflammatory diseases.”'® Despite these studies that under-
score the importance of inhibition of cGAS as a target for the
attenuation of colitis, there are no clinically approved cGAS-
specific inhibitors available to treat IBDs. This is in part due to
the low bioavailability after oral delivery, poor pharmacoki-
netics, and poor inflammation site targeting of these drugs
which all contribute to systemic toxicity and debilitating side-
effects.’* Indeed, a number of small molecule inhibitors and
biologicals are available for IBD treatment, but due to the
aforementioned limitations, treatment efficacy has been sub-
par with poor long-term outcomes."?

Nanoformulations have transformed the landscape of drug
delivery, enabling targeted and localized accumulation at the
disease site, and recent studies have shown the efficacy of
nanoformulations in IBDs."*"'® However, many nanoformula-
tions cannot withstand the harsh environment of the stomach,
requiring systemic delivery that induces off-target toxicity, and
would ultimately have an undue burden on patients, necessi-
tating repeated hospital visits. In this work, inflammation-
triggered nanomicelles (ITMs) were engineered with hyaluronic
acid (HA) that allows targeted accumulation at the site of gut
inflammation via the well-established binding of HA to CD44
receptors.’”” CD44 is upregulated on the surface of the colonic
epithelium and pro-inflammatory macrophages.'® ITMs also
leverage a reactive oxygen species (ROS) responsive thioketal
(TK) linker'® that triggers micelle disruption and drug release
in the presence of inflammation.”®*"' ROS is generated through
the expression of inducible nitric oxide synthase (iNOS) upre-
gulated in the inflamed gut. The TK functional group is cleaved
into non-toxic thiol-containing molecules in the presence of
ROS. ITMs are loaded with an inhibitor of the ¢cGAS-STING
pathway, RU.521, a drug that has been shown to downregulate
cGAS-aggravated inflammatory responses in vitro'' and
in vivo,*> and facilitate the restitution of the intestinal
epithelium.>® In our previous proof-of-concept study, we
showed the efficacy of micelles in dextran sulfate sodium
(DSS) induced colitis, a model widely employed in IBD
research.?> However, the DSS-induced colitis model does not
replicate human colitis, and is therefore limited in studying
how the gut microbiome contributes to the development of
intestinal inflammation.?* In this work, we demonstrate the
efficacy of ITMs in the attenuation of inflammation in vivo in a
clinically relevant microbial-induced colitis model that recapi-
tulates human colitis more closely.

Here, gnotobiotic, altered Schaedler’s flora (ASF) IL-10
knockout (KO) mice on a 12956 background were used for the
bacterial-induced colitis model. The ASF consists of a commu-
nity of 8 known murine bacterial species (Table S1) representing
a simplified microbiota that facilitates to study the functional
changes in the gut microbiota following treatment.”>*® The
functional genetic content of the ASF when compared to wild-
type murine metagenomes showed that ASF functionally repre-
sents and serves as an experimentally tractable surrogate for
wild-type microbiomes.>” The ASF model is clinically relevant
because patients with IBDs are also known to have a dramatic
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reduction (i.e., dysbiosis) in beneficial microorganisms includ-
ing members of Clostridium, Lactobacillus, and Eubacterium that
are present in the ASF (Table S1). These beneficial microorgan-
isms promote gut health by promoting regulatory T cell (Tyeg)
functions. IL-10, an immunoregulatory cytokine with anti-
inflammatory functions, regulates intestinal inflammation in
both mouse models and humans, and IL-10 KO mice are a
well-established model of acute and chronic colitis.>** IL-10 KO
mice also simulate the pre-disposed human patients who have
polymorphisms in their IL-10 gene that makes them prone to
colitis at an earlier age.”>*° Here, we chose ASF IL-10 KO mice
because when colonized with a pathobiont, these mice repro-
ducibly develop bacterial-induced colitis in ~1-4 weeks relative
to wild-type mice which require >4 months.*"

In this work, ASF IL-10 KO mice were colonized with
Helicobacter bilis (H. bilis) to induce severe acute colitis®*?
and with E. coli 1D, a strain of attaching and invasive E. coli
(AIEC) derived from a dog, to induce moderate colitis.>* We
particularly chose these two pathobionts to enable a broader
spectrum of acute colitis severity that occurs in patients. Our
findings show that in the E. coli 1D challenge model, RU.521-
loaded ITMs alone were effective in ameliorating inflammation
and protecting the mice from colon shortening. In the severe
H. bilis model, the combination of ITMs with anti-IL-12p40
monoclonal antibodies (mAbs) was highly effective at attenuat-
ing bodyweight loss, reducing proinflammatory cytokines, alle-
viating colon injury, and reducing epithelial damage. Note that
approximately 50% of IBD patients who initially respond to
monotherapies with biologics or small molecules ultimately
acquire resistance.*® Therefore, advanced combination therapies
are now being adopted in clinical practice***® and have shown
success in clinical trials (NCT03662542, NCT02764762). In both
models, we found upregulation of cGAS expression in the
untreated colitis group and successful downregulation with
ITMs. Our findings highlight the transformative potential of
ITMs and combination therapies in reducing intestinal inflam-
mation, and the potential to ultimately allow a ““functional cure”
by promoting long-term protection against chronic colitis.

2. Results and discussion

2.1. Synthesis and characterization of the hyaluronic acid/
stearic acid conjugate and ITMs

ITMs were synthesized by self-assembly of the HA and stearic acid
(SA) conjugate, and triggered drug release was enabled through a
TK linker. The conjugate, NH,-TK-SA-HA, was synthesized
through a series of reactions represented in Scheme S1 and
reported in our previous work.”> The TK linker with amine
terminals was synthesized as previously described.>* The amino
groups of the synthesized TK linker were then reacted with the
carboxylic group of stearic acid (SA), resulting in TK-SA, using
carbodiimide coupling (EDC/NHS). The TK-SA conjugate was
reacted with HA through a carbodiimide coupling reaction to
synthesize the polymer that would subsequently self-assemble to
form ITMs. The composition of ITMs was confirmed with proton
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Fig. 1 Physicochemical properties of inflammation-triggered micelles (ITMs). (a) *H-NMR spectra of NH,—TK-SA—HA in DMSO-D6 : D,O. (b) Critical
micellar concentration of ITMs. TEM images of RU.521 loaded micelles (c) incubated in DI water at two different magnifications (top: low magnification,
bottom: high magnification) and (d) after incubating in 5 mM H,O, showing ITMs' disintegration in presence of ROS. The scale bar is 2 um for the low
magnification images (top) and 200 nm for the high magnification images (bottom). (e) Polydispersity index (PDI) and (f) average hydrodynamic diameter
of RU.521 loaded ITMs incubated in PBS and in solutions containing free radicals including 1 mM NaOCL, 100 mM AAPH, and 5 mM H,0O,. (g) Cumulative
drug release of RU.521 from ITMs in PBS versus 5 and 10 mM H,O,. (h) Average hydrodynamic diameter of RU.521 loaded micelles in PBS in comparison
to micelles incubated in simulated gastric fluid with pepsin and simulated intestinal fluid with pancreatin. Cumulative drug release of RU.521 from ITMs in
(i) simulated gastric fluid with pepsin and (j) simulated intestinal fluid with pancreatin. Experiments were run in triplicate and are presented as average +
standard deviation. Statistical significance is reported by a 2-tailed Student’s t-test *p < 0.05, **p < 0.01, and ***p < 0.001.

nuclear magnetic resonance ("H-NMR) and FTIR analysis, which  The presence of these peaks confirms the successful conjugation
can be found in Fig. S1. The chemical shift 6 (ppm) 1.17 shown in  of TK to HA and SA. The degree of substitution for stearic acid in
'H-NMR (Fig. 1(a)) corresponds to the methylene groups the polymer was calculated to be 24% by dividing the integral of
(CH,CH,CH,), whereas ¢ (ppm) 0.94 refers to the terminal methyl the peak corresponding to the terminal methyl group (6 0.94 ppm)
groups (CHj3) of C18. The peak corresponding to the acetamido by the integral of the peak corresponding to N-acetylglucosamine
moiety (-(NHCOCH;) of the N-acetyl-p-glucosamine residue of HA (6 ppm 1.78), which means 24% of HA’s carboxyl groups were
was seen at ¢ (ppm) 1.78. In addition, the -SC(CH;), methyl substituted with the hydrophobic NH2-TK-SA group. The cGAS-
groups in TK were observed as a chemical shift of § (ppm) 1.63. inhibitor, RU.521, was loaded into the ITMs via sonication. The
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critical micellar concentration (CMC) is useful in determining the
lowest concentration of a polymer needed to generate micelles.
Using pyrene as the fluorescent probe, the CMC was measured to
be 38 ug ml~* (Fig. 1(b)). ITMs’ morphology was assessed with
transmission electron micrographs (TEM, Fig. 1(c)) showing
spherical micelles formed with an average size of 253 + 88 nm.
An average hydrodynamic diameter of 297.15 £+ 8.45 nm and a
polydispersity index (PDI) of ~0.2 were confirmed with DLS
(Fig. 1(e) and (f)). The drug, RU.521, is encapsulated within ITMs’
hydrophobic core, which is formed via the self-assembly of stearic
acid, allowing the hydrophobic regions of the drug to interact with
the hydrophobic chain of stearic acid. RU.521 loading content in
ITMs was calculated to be 8.66 = 0.93%. The free drug was
removed via dialysis. The micelle solution was analyzed before
and after dialysis, which showed a decrease in the characteristic
peak of RU.521, confirming that the free drug was removed
(Fig. S2). Throughout this study, RU.521 at 100 uM concentration
was used as the dosage for in vitro and in vivo experiments. After
ITMs are incubated in 5 mM hydrogen peroxide (hydroxyl radical
generator), the micellar structure ruptures in the presence of free
radicals, as represented in TEM photomicrographs (Fig. 1(d))
showing structural changes of the ITMs. The ROS-responsive
degradation of ITMs was further confirmed by incubating I'TMs
with various ROS generators that include sodium hypochlorite
(NaOCl, free radical generator), hydrogen peroxide (H,O,, hydro-
xyl radical generator), and 2,2-azobis(2-amidinopropane) dihy-
drochloride (AAPH, peroxy radical generator). The hydrodynamic
size and PDI (Fig. 1(e) and (f)) of ITMs both increased relative to
the samples dispersed in PBS indicating the successful dissocia-
tion of ITMs in response to ROS. Next, the drug release profile of
RU.521 loaded in ITMs was evaluated in PBS with and without
H,0, to recapitulate the conditions of inflamed and healthy colon
respectively. The significantly higher cumulative drug release
from ITMs when incubated with both 5 mM and 10 mM H,O,
compared to PBS suggests that this ROS-responsive property of
ITMs could be leveraged to target the inflamed colon in vivo
(Fig. 1(g))- The stability of ITMs during oral delivery was further
evaluated to assess their ability to withstand the harsh environ-
ment of the gastrointestinal tract. ITMs were incubated for 2 hours
in simulated gastric fluid supplemented with pepsin, followed by
a 6 hour incubation period in simulated intestinal fluid supple-
mented with pancreatin. Minimal changes were observed in the
hydrodynamic diameter of ITMs when incubated with the simu-
lated fluids (Fig. 1(h)) as well as minimal drug leakage (Fig. 1(i)
and (j)) confirming that ITMs are stable in the gastrointestinal
environment.

2.2. Therapeutic efficacy of ITMs in vitro in macrophages and
epithelial cells

The uptake, targeting, and anti-inflammatory response of ITMs
were studied in vitro in two different murine cell lines: J774.A1
macrophages and MODE-K epithelial cells. Our rationale for
the choice of these cells was to assess if ITMs interacted with
multiple resident cell types in the inflamed colon including
macrophages and epithelial cells. The toxicity of 100 pM
RU.521 loaded ITMs was studied via a CCK-8 assay. J774.A1
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cells showed high viability when incubated with drug loaded
ITMs at various concentrations (Fig. 2(a)). MODE-K cells were
slightly more susceptible to toxicity at high concentrations of
ITMs (50 pug ml ™) but still had high viability at lower doses
(Fig. 2(b)). To visualize intracellular uptake of ITMs, a near-
infrared dye, IR780, was loaded in the micelles and then the
IR780-loaded micelles were incubated with LPS-treated J774A.1
macrophages and MODE-K cells. To confirm active targeted
delivery of micelles in the cells via CD44 receptors, which are
overexpressed on both macrophages and epithelial cells follow-
ing LPS stimulation, cells were pre-treated with HA to block the
CD44 receptors.’”° The fluorescence (FL) images in both
J774A.1 (Fig. 2(c)) and MODE-K (Fig. 2(d)) cells show minimal
uptake of IR780-loaded micelles indicated by the lower Cy7 FL
signal when CD44 receptors were blocked and an increase in
the Cy7 signal without CD44 blocking. These findings confirm
CD44-mediated active targeting and endocytosis of ITMs in
both proinflammatory macrophages and inflamed epithelial cells
(MODE-K). We next assessed if ITM treatment reduced the secre-
tion of pro-inflammatory cytokines from LPS-treated ]J774.A1
(Fig. 2(e)-(h)) and MODEXK cells (Fig. 2(i)); free RU.521 at an
equivalent dose (100 uM) was used as a positive control. In the
LPS-treated J774.A1 cells, several pro-inflammatory cytokines
including IL-1B, IL-12p40, IL-6 and TNF-o. were significantly
downregulated, while LPS-treated MODE-K cells only showed a
decrease in secreted IL-6 levels with ITM treatment and other
cytokines were below the detection limit of the Luminex platform
(Iess than 3 pg ml ™", data not shown). These findings suggest that
(i) inflammation in intestinal epithelial cells (IECs) is less pro-
nounced compared to that in macrophages in the context of
colitis, and (ii) ITMs are more impactful in ameliorating inflam-
mation in macrophages since a moderate concentration of ROS is
needed for the micelles to trigger drug release. Further, NF-kB p65
was measured using a semi-quantitative ELISA kit (Abcam,
ab176663) in the cell lysates of both J774A.1 and MODEK cells
since NF-kB is a major transcription factor regulating pro-
inflammatory responses and is involved in the pathogenesis of
colitis.”® Our results show that pro-inflammatory macrophages
(Fig. 2(j)) have a higher NF-xB response under inflammatory
conditions than inflamed epithelial cells (Fig. 2(k) and Fig. S3a)
and ITMs and free RU.521 (at equivalent dose) both significantly
downregulate NF-xB in these cells. It is worth noting that some
cells, such as macrophages, have a high basal NF-kB level, which
means control cells and LPS-stimulated cell lysates show the same
levels of NF-kB.*" Finally, ITMs’ ability to suppress cGAS activation
was evaluated in RAW 264.7 ¢GAS-knockout macrophages (RAW
KO-cGAS), which have a luciferase reporter gene (ISG54) that
responds to type-I interferon activation. RAW KO-cGAS cells were
stimulated with cGAMP to activate the cGAS-STING pathway.
ITMs significantly decreased the cGAS reporter gene activity
(Fig. 2(I)) when cells were stimulated with ¢cGAMP, and in the
absence of cGAMP stimulation ITMs had minimal impact on the
reporter activity. DCFDA was used to measure intracellular ROS in
control versus inflamed cells with or without ITMs or free drug
(Fig. 2(m) and (n)). J774A1 and MODE-k cells were incubated with
LPS to induce inflammation and were subsequently incubated
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Fig. 2 In vitro activity of ITMs. (a) Cellular viability of J774.A1 macrophages treated with 100 uM RU.521 loaded ITMs and (b) Cellular viability of MODE-K
epithelial cells treated with 100 pM RU.521 loaded ITMs. In both (a) and (b) untreated cells served as a negative control (i.e., no cytotoxicity), and 0.1%
Triton X-100 was chosen as the positive control for cytotoxicity. (c) Fluorescence images of internalization of IR780-loaded micelles in LPS-stimulated
J774.A1 macrophages showing cells incubated without micelles (top), cells where CD44 receptors were blocked and incubated with micelles (middle),
and cells without CD44 blocking and incubated with micelles (bottom). The scale bar is 430 pm. (d) Fluorescence images of internalization of IR780-
loaded micelles in LPS-treated MODE-K epithelial cells incubated without micelles (top), cells where CD44 receptors were blocked and incubated with
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micelles (middle), and cells without CD44 blocking and incubated with micelles (bottom). The scale bar is 430 um. Cytokine analysis of culture
supernatants from LPS-treated J774A.1 cells treated with ITMs and an equivalent dose of RU.521 (100 pM) alone. The cytokines analyzed include (e) IL-1,
(f) IL-12p40, (g) TNF-a and (h) IL-6. (i) Cytokine (IL-6) concentrations in LPS-treated MODE-K cell media treated with [TMs and an equivalent dose of
RU.521 (100 pM) alone or untreated (LPS) control. (j) ELISA analysis of NF-kB concentration in LPS-treated J774.A1 cell lysates; here cells are treated with
ITMs and an equivalent dose of RU.521 (100 uM) as free drug or untreated (LPS) control. (k) ELISA analysis of NF-xB concentration in LPS-treated MODE-K
cell lysates; LPS-treated MODE-K cells were treated with ITMs or an equivalent dose of RU.521 (100 uM) as free drug or untreated (LPS) control. (l) Relative
luciferase unit of RAW KO-cGAS cells with and without cGAMP stimulation and simultaneous treatment with RU.521 and ITMs. Intracellular ROS
measured by DCFDA staining in (m) J774.A1 and (n) MODE-k cells in four groups that include treated with LPS, untreated control, LPS + ITMs, and LPS +
free RU.521. Quantification of ROS in (o) J774.A1 and (p) MODE-k cells. Here, analyses were conducted with n = 3 samples per group. Statistical

significance is reported by a 2-tailed Student's t-test *p < 0.05, **p < 0.01, ***p < 0.001, and NS (not significant) p > 0.05.

with either ITMs or RU.521. The four groups of control, LPS, LPS +
ITMs and LPS + RU.521 were then incubated with DCFDA and
imaged live, which showed a significant decrease of ROS in cells
that were incubated with either ITMs or RU.521 (Fig. 2(p) and (q)).

2.3. Therapeutic efficacy of ITMs in the E. coli-induced
moderate colitis model in vivo

The effectiveness of ITMs was first evaluated in a moderate
colitis model where both male and female ASF-IL-10 KO mice
aged 11-16 weeks were colonized with E. coli 1D. Each mouse
received 5 x 10° E. coli 1D via oral gavage on day 0 of the
experiment. The disease progression is slow in this E. coli 1D
model and an “inflammatory trigger” (i.e., second hit) is
needed to induce colitis that is representative of the more
long-term progression noted for IBD patients. Here, mice were
monitored for 3 weeks after the initial inoculation of E. coli 1D
and then treated with ITMs daily for 2 weeks in a prophylactic
setting (Fig. 3(a)). At 5 weeks post-inoculation, mice were given
2% dextran sulfate sodium (DSS) in drinking water for 5 days
where DSS served as an inflammatory trigger inducing colitis in
mice. ITM treatment was continued during the 5 days of DSS
exposure. The effects of low percentage DSS dosage (1.5-2.5%)
were examined in the ASF-IL10 KO mice (Fig. S4) and were
found to induce very mild colitis (some colon shortening, no
significant weight loss) with significantly less severity than
when inoculated with E. coli 1D. The combination of E. coli
1D and 2% DSS (which is below the typical 4% of the DSS
model) produced a gradual and sustained increase in inflam-
mation followed by a mild flare that represented the develop-
ment of mild colitis in humans. After 5 days on DSS, mice were
euthanized on day 40 of the experiment, and tissues and fecal
samples were collected.

Representative macroscopic images of the colon (Fig. 3(b))
from untreated, E. coli 1D-infected mice show no fecal pellet
formation and a thickened (i.e., edematous) colon that is
characteristic of moderate colitis. ITM treatment protected
mice from colon shortening and thickening (Fig. 3(c)), enabled
defined fecal pellet formation (i.e., sign of normal colon func-
tion), and also facilitated bodyweight recovery equivalent to the
healthy mice (Fig. 3(d)). The standard deviation in the body-
weight measurement has resulted from the use of both male
and female mice that respond differently to colitis-induced
weight loss highlighting sex as a biological variable in colitis.
We have previously shown that unencapsulated RU.521 as a
free drug is not effective in attenuating intestinal inflammation
relative to when loaded in micelles®” and therefore free RU.521

This journal is © The Royal Society of Chemistry 2025

was not included as a treatment group in this study. Well-
established criteria for disease activity index (DAI)** were used
including stool consistency, weight loss, rectal bleeding, mice
posture and mobility, fecal pellet formation, and extent of
colon shortening and thickening. ITM treatment improved
the DAI of E. coli 1D infected mice (Fig. 3(e)) and reduced the
symptoms of splenomegaly, i.e., it decreased the spleen to
bodyweight ratio (Fig. 3(f)). IBDs are associated with a decrease
in the splenic function and enlargement of the spleen (spleno-
megaly). Splenomegaly occurs during systemic inflammation
and immune activation, and is a common consequence of
ulcerative colitis. A reduction in the spleen-to-body weight ratio
indicates reduced systemic inflammation. The ITM treatment
suppressed the systemic inflammatory response via inhibition
of the cGAS-STING pathway, thereby reducing spleen enlarge-
ment. Lipocalin-2 levels in feces were also measured as a
quantifiable indicator of murine typhlocolitis and as a biomar-
ker for modest intestinal inflammation,*® which indicated that
ITMs reduced intestinal inflammation in mice (Fig. 3(g)). How-
ever, no differences in MPO were observed between untreated
and ITM treated groups (Fig. 3(h)), which may be attributed to
similar neutrophil infiltration in these groups, suggesting that
neutrophil recruitment is not pathognomonic in the E. coli
model. Further, the measurement of serum IFN-¢ in the treat-
ment groups confirmed the downregulation of cGAS in the
RU.521 loaded ITM group (Fig. 3(i)). We also measured fecal
colony forming units (CFU) of E. coli to show that the treatment
had no impact on the CFU of E. coli and the effect of ITMs was
to attenuate the host inflammatory response (Fig. 3(j)). Fecal
CFU tested in healthy ASF IL-10 KO mice showed no contam-
ination with E. coli. The two groups that were infected with
E. coli showed similar counts of CFU (not statistically signifi-
cant). Thus, the benefits of the ITM treatment were mediated by
¢GAS inhibition and amelioration of intestinal inflammation
rather than eradication of pathogenic bacteria.

2.4. Biodistribution of ITMs and therapeutic efficacy in
Helicobacter bilis-induced severe colitis

Next the therapeutic ability of ITMs was evaluated in an H. bilis
induced severe, acute colitis model where male and female ASF-
IL-10 KO mice between the ages of 8 and 20 weeks were infected
with H. bilis. In an ASF-IL-10 KO host with a compromised
immune system, H. bilis induces severe colitis within a few days
resulting in rapid deterioration of overall health. We first
examined the biodistribution of ITMs in this model with the
use of IR780-loaded micelles. Mice were monitored until early
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clinical signs of colitis were noticeable (e.g., weight loss, enabled visualization of micelles in vivo and in tissues. Mice

diarrhea) that occurred on day 5-7 post-infection. Mice were were euthanized at 24 h and 48 h post-administration of IR780-
given a single oral dose of 10 ng IR780 loaded in micelles which loaded micelles, and tissues were collected. Here, through
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or infected and treated with ITMs, as well as from healthy mice. (c) Colon length of the different groups and (d) normalized bodyweight percentage. The
standard deviation in the bodyweight measurement has resulted from the use of both male and female mice that respond differently to colitis-induced
weight loss highlighting sex as a biological variable in colitis. (e) Disease activity index, (f) spleen to bodyweight ratio, (g) amount of lipocalin (pg)
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Fig. 4 In vivo therapeutic efficacy of ITMs in the H. bilis induced severe, acute colitis model. (a) Colocalization of CD44 and ITMs. From left to right, DAPI in blue,
IR780 loaded micelles in magenta, CD44 in green, overlay of CD44 and IR780 and overlay of all three channels. (b) Fluorescence photomicrographs of H. bilis
infected mouse colon: 24 h (top) and 48 h (bottom) after receiving a dose of IR780-loaded micelles. From left to right, DAPI in blue, IR780 loaded micelles in
magenta, EpCAM-labeled IECs in red, F4/80-labeled macrophages in green and overlay of all four channels. (c) Schematic showing oral gavage of ITMs and IP
injection of mAb. Created in https://BioRender.com. (d) Photos of the colon and spleen of mice from different treatment groups demonstrating the efficacy of
ITMs and combination therapies. (e) Daily weight percent normalized to the starting weight for ASF IL-10KO mice in different treatment groups. All mice except the
healthy group were colonized with H. bilis at the start of the experiment: healthy, untreated (colitis), ITMs, ITMs + 1gG isotype control, [TMs+ anti-IL-6. (f) Colon
length, (g) spleen weight to body weight ratio, (h) disease activity index (DAI), and (i) myeloperoxidase (MPO) activity in colon tissue normalized to total protein for
the different treatment groups. Cytokine analysis in colonic explant media which includes (j) IL-1, (k) IL-6, (1) IL-12p40, (m) IL-17A, (n) IFN-v, and (o) TNF-¢, and (p)
ELISA analysis of IFN-o. concentration in mouse sera indicating systemic STING inhibition. The error bar in all panels represents n = 5-6 mice per treatment group.
Statistical significance is reported by a 2-tailed Student's t-test *p < 0.05, **p < 0.01, ***p < 0.001, and NS (not significant) p > 0.05.

immunofluorescence staining with CD44, we have shown high (Fig. 4(a)). We have also shown time dependent uptake of ITMs
CD44 expression in the inflamed colon and that ITM uptake in  in vivo in our previous work with IVIS imaging.** Next, with
the inflamed colon is facilitated through CD44-HA binding longitudinal immunofluorescence (IF) images of colon tissues
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stained for EpCAM (inflamed epithelial cells), F4/80 (macro-
phages), and DAPI, we aimed to determine which cell types in
the inflamed colon did the micelles associate with, and if such
association was time-dependent. Our findings show that at 24 h
post-administration of the IR780-loaded micelles, micelles are
accumulated in the colon (Fig. 4(b), IR780 panel), and it is
evident that micelles are localized with both macrophages
(Fig. 4(a), F4/80 panel) and inflamed epithelial cells (Fig. 4(a),
EpCAM panel) in the colon and the drug is released at the site
of inflammation at this time point. At 48 h post-administration
the IF images show that the fluorescence intensity of micelles is
significantly reduced and is also more dispersed suggesting
that micelles start clearing from the colon by this time point.
Next the therapeutic efficacy of ITMs and their ability to
downregulate c¢cGAS-STING signaling were evaluated in the
H. bilis induced severe colitis model with both male and female
ASF-IL-10 KO mice. Mice were infected on day 0 and from day 1
mice were administered two oral doses of ITMs daily (Fig. 4(c)),
with each 250 pL oral dose of ITMs containing 100 pM
encapsulated RU.521. Multidose therapy both in mouse models
of acute colitis***> and in patients*’®*” with moderate to high
disease severity has shown to reduce macroscopic and micro-
scopic signs of disease, and therefore, we orally administered
dual therapeutic doses of ITMs. We compared the in vivo
efficacy of ITMs alone and in combination with anti-IL-6 mAbs.
It has been previously shown that downregulation (i.e., neutra-
lization) of mucosal IL-6 minimizes disease severity mediated
by pathogenic bacteria; furthermore, anti-IL-6 mAb treatment is
approved in colitis patients.*®*° We hypothesized that the use
of combination therapy with ITMs + anti-IL-6 would attenuate
colitic lesions and reduce the inflammatory response enabling
bodyweight recovery and protecting mice from severe colitis
(e.g., colon shortening). As a control, ITMs were combined with
a non-specific IgG to match the isotype of anti-IL-6. In each
case, 300 pug of mAbs was administered via intraperitoneal (IP)
injection on days 1, 3, and 5 after infection. Representative
images of the colon, caecum, and spleen from a representative
mouse in each treatment group (Fig. 4(d)) indicate the degree of
disease as assessed by shortened colon, thickened (i.e., edema-
tous) colon, atrophied and swollen caecum, splenomegaly, and
absence of the characteristic ‘“string of pearls” fecal pellet
formation (i.e., loss of distal colon function).>® Our findings
suggest that ITMs may have more benefits on the colon as
opposed to the caecum. Treatment with ITMs alone shows
better fecal pellet formation, albeit small, and reduced colonic
edema relative to the untreated group as well as those treated
with anti-IL-6. The percentage bodyweight of mice normalized
to their bodyweight at day 0 (Fig. 4(e)) shows that relative to the
other treatment groups, ITMs alone had a slower bodyweight
loss as evidenced by the slope of the weight loss. This is also
consistent with the colon images which show that ITM treated
mice had less edema and have some content suggesting more
normal fluid recovery. As colon shortening is a characteristic
feature of murine colitis, the colon length was measured from
the proximal end of the caecum to the distal end of the rectum
(Fig. 4(f)). The ITM treatment group had longer colons than the
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untreated and other treatment groups, indicating that ITM
treatment attenuated colon shortening resulting from H. bilis
infection. Our results show (Fig. 4(g)) reduction in the spleen to
bodyweight ratio for the mice treated with ITMs relative to the
other treatment groups. The disease activity index (DAI) was
also assessed from all of the mice in this study (n ~ 15/group)
and scored on a range of 1 to 5, with 1 being healthy and 5
being high disease activity with the same criteria as mentioned
in Fig. 3 discussion (Fig. 4(h)). ITM treatment resulted in a
significantly lower DAI relative to the other treatment groups.
Combination treatment of ITMs with anti-IL-6 mAbs had a
detrimental effect in mice as observed in the lack of bodyweight
recovery, colon shortening, high spleen to bodyweight ratio,
and no improvement in DAL This unexpected finding is further
discussed below with cytokine analysis. The myeloperoxidase
(MPO) activity was also evaluated in homogenized colon
samples (Fig. 4(i)); MPO catalyzes the production of ROS
contributing to inflammation and is correlated with neutrophil
infiltration in colitis.”* Treatment with ITMs alone and combi-
nation of ITMs + IgG isotype control both showed a decrease
in MPO. ITMs’ ability to reduce proinflammatory cytokines
was also evaluated as a quantitative measure of attenuation
of colonic inflammation (Fig. 4(j)-(0)).>> ITMs significantly
decreased several cytokines including IL-1f, IL-12p40, IL-17A,
IFN-y and TNF-u relative to other treatment groups. IL-6 has a
complex role in the ASF IL-10 KO model, which has a different
immune system than conventional mice because of the lack of
IL-10. Despite the proinflammatory characteristic of IL-6, a
high level of this cytokine is observed in the non-infected group
in comparison to the untreated colitis group, which could be
attributable to the basal low-grade inflammation characteristic
of ASF IL-10 KO mice (Fig. 4(k)). Moreover, IL-6 is a pleiotropic
cytokine where a certain level is necessary to maintain gut
homeostasis.”® IL-6 also helps in intestinal epithelial cell
restitution and regulates intestinal epithelial tight junctions,
which further explains why anti-IL-6 treatment can be detri-
mental in an H. bilis infection model.>*”" Finally, systemic
inhibition of cGAS expression was also confirmed by quantify-
ing IFN-u, a type 1 interferon downstream of the activation of
the ¢cGAS-STING pathway.”” Lower levels of serum IFN-o indi-
cate downregulation of cGAS in the ITM group relative to
untreated, infected mice (Fig. 4(p)).

2.5 Therapeutic efficacy of ITMs in combination with
anti-IL-12p40

Due to the severity of colitis in the H. bilis model, few treat-
ments allow complete response in this model. Recent studies
have shown that IL-12 and IL-23 cytokines aid and perpetuate
intestinal inflammation, where IL-12 promotes the differentia-
tion of naive T cells in Th1 effectors and IL-23 increases the
proinflammatory functions of Th17 cells.”® Immunotherapies
(i.e., monoclonal antibodies) directed against the shared p40
subunit of IL-12 and IL-23 have shown efficacy in pilot studies
and clinical trials (NCT03167437, NCT01369355, etc.).®>7>8
Further, IL-10 deficient mice also have an aberrant response
of CD4" T cells and secrete more proinflammatory cytokines

This journal is © The Royal Society of Chemistry 2025
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In vivo efficacy of ITMs in combination with anti-IL-12p40 in ASF IL-10 KO mice infected with H. bilis. (a) Representative colon and spleen images of

treatment groups that include healthy, untreated (H. bilis infected), ITM + high anti-IL-12p40 (3 x 300 pg mAbs), high anti-IL-12p40 (3 x 300 ug mAbs), ITM +
low anti-IL-12p40 (3 x 10 ug mAbs) and low IL-12p40 (3 x 10 pg mAbs). (b) Normalized daily bodyweight percentage for healthy, untreated, and mice treated
with the different treatment groups. The error bar in these panels represents n = 8 mice per treatment group. (c) Colon length, (d) spleen to body weight ratio,
(e) disease activity index, and (f) MPO normalized to total protein of mice in different treatment groups. Cytokine analysis in colonic explant media which

includes (g)
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IL-1B, (h) IFN-y, (i) IL-12p40, (j) IL-17A, (k) IL-6, and () TNF-o, and (m) ELISA analysis of IFN-o concentration in mouse sera for the treatment groups.
Statistical significance is reported by a 2-tailed Student’s t-test *p < 0.05, **p < 0.01, ***p < 0.001, and NS (not significant) p > 0.05.
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such as IL-12, IL-17 and IFN-y.” Thus, we hypothesized that the
inhibition provided by anti-IL-12p40 combined with ITM treat-
ment would attenuate colitic lesions and reduce the inflamma-
tory response improving the overall gut health of mice. Note
that combination therapies are now adopted in clinical practice
for patients with high disease severity and those that acquire
resistance to initial monotherapies.’>?°

Here both a high dose of anti-IL-12p40 at 300 pg (dose
equivalent to anti-IL-6 and IgG isotype control shown in Fig. 3)
and a low dose at 10 pg were evaluated and combination
treatment was compared to monotherapies with mAbs alone.
Mice were infected with H. bilis on day 0 of the experiment; for
groups that received combination treatment of anti-IL-12p40 +
ITMs, the mice were administered two oral doses of ITMs daily
beginning on day 1 after infection, followed by a high or low
dose of anti-IL-12p40 via LP. injection on days 1, 3 and 5
following the colonization with H. bilis. Mice were euthanized
at the end of the study period when one of the groups had
reached 80% of starting bodyweight. Based on our findings
using the high dose of anti- IL-12p40 (300 pg), the therapeutic
benefit of mAb alone and ITMs + anti-IL-12p40 was similar in
terms of improved colon morphology and presence of formed
fecal pellets but with some cecal atrophy (Fig. 5(a)). The high
dose of anti-IL-12p40 with and without ITMs also showed
effective bodyweight recovery, maintained colon length, and
showed lower DAI, lower level of MPO activity, and lower levels
of cytokines (Fig. 5(b)-(1)). We note that ITM treatment alone
also significantly reduced IL-12p40 and IL-17A levels (Fig. 4)
suggesting that inhibition of the cGAS-STING pathway con-
verges on IL-12/IL-23p40 activity and therefore the combination
treatment of ITMs + anti-IL-12p40 should have a more effective
therapeutic impact. The complementary effect of the cGAS-
STING pathway and IL-12/IL-23p40 activity can be explained
through NF-xB activation. STING signaling activates NF-kB,>
which in turn binds to the IL-12p40 promoter and activates
gene expression, thus upregulating I1-12/23 activity.”>®® This
hypothesis is further confirmed through the analysis of serum
IFN-o. (Fig. 5(m)) which shows that both high dose anti-IL-
12p40 mAbs alone and in combination with ITMs lead to the
downregulation of IFN-o.

In comparison to mice that were treated with the low dose of
anti-IL-12p40 (10 pg) alone, the combination treatment of ITMs
+ low dose mAbs shows a clear advantage in bodyweight
recovery, maintenance of colon length, and in the overall
macroscopic appearance of the colon. Mice treated with low
mAbs alone presented severe rectal bleeding, lethargy, and
hunched posture while the GI tract of mice that received
combination therapy appeared healthier and the mice were
overall more active as reflected in their DAI (Fig. 5(e)). This
suggests that combination treatment may enable the use of
significantly lower doses of mAbs minimizing the high costs
and unnecessary side effects associated with the use of mAbs.
Both mAbs alone and combination treatment groups had
significantly lower MPO activity and lower amounts of most
proinflammatory cytokines, indicating the effectiveness of this
treatment combination to prevent severe colitis. The IL-6
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responses observed (Fig. 5(k)) are not surprising as explained
earlier in Fig. 4. Similarly, the TNF-o. responses observed
(Fig. 5(1)) are likely because TNF-a increases immediately
following an inflammatory response, but in cases of chronic
inflammation such as in the H. bilis model, the levels of TNF-o
had already subsided such that differences among the treat-
ment groups were not distinguishable. We also assessed the
use of an intermediate dose of anti-IL-12p40 (3 x 50 ug) alone
and in combination with ITMs (Fig. S5) and examined the
longevity of mice for up to 14 days post-infection with H. bilis.
Our results indicate that whereas the mice in the infected only
group had lost >20% of bodyweight by day 8 and were
humanely euthanized, the mice in both the mAbs alone and
combination treatment groups had maintained bodyweight
through day 13 post-infection and had colon length and DAI
similar to that of the healthy mice.

The in vivo endpoints were further confirmed with ex vivo
analysis of colon tissues via histopathological evaluation (Fig. 6)
and immunofluorescence (IF) staining (Fig. 7). The histopatho-
logical scores were generated by blinded evaluation performed
by a board-certified anatomic veterinary pathologist on n = 3
colon tissues per group. A specific semi-quantitative histopatho-
logic scoring system, detailed in the materials and methods
section (Section 4), was developed and applied throughout. This
scoring system evaluated tissue damage (superficial to trans-
mural), the extent of inflammation (superficial to transmural),
severity of inflammation in the lamina propria, submucosa, and
muscularis/serosa, epithelial change (erosion, ulceration, crypt
loss, hyperplasia), and edema. Scores (1-5) for each parameter
were summed up for each individual mouse to obtain a total
histopathologic score (THS, 24 possible points/mouse). The
THSs were averaged by treatment group and detailed by the
criterion in Fig. S6a-f. Histological assessment showed that mice
in the healthy (PBS only) group had none to moderate histolo-
gical lesions with intact colonic epithelium (black arrows). No to
minimal inflammation was observed in the lamina propria,
submucosa, or tunica muscularis/serosa (Fig. 6(a)). In contrast,
the untreated mice infected with H. bilis (Fig. 6(b)) had severe
histological lesions that were characterized by eroded or ulcer-
ated surface epithelium extending over numerous crypts,
marked crypt loss (greater than 50%) and markedly hyperplastic
remnant crypts (black arrows). Inflammation was transmural
and characterized by moderate intraluminal fibrinoneutrophilic
exudate (yellow asterisk), severe fibrinoneutrophilic to lympho-
plasmacytic inflammation in the lamina propria (black asterisk),
moderate to severe lymphohistiocytic inflammation in the sub-
mucosa (black vertical bar), and perivascular to interstitial
lymphoplasmacytic inflammation in the muscularis and serosa.
All treated groups demonstrated a significant reduction in the
average THS when compared to the untreated group. Mice
treated with ITMs (Fig. 6(c)), ITMs + high anti-IL-12p40
(Fig. 6(d)), ITMs + low anti-IL-12p40 (Fig. 6(f)), and low anti-IL-
12p40 (Fig. 6(g)) had similar histopathological changes and
presented moderate lesions. Histopathologic changes were char-
acterized by erosion of the surface epithelium, no to minimal
ulceration, minimal colonic crypt loss (5-10%), and scattered
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crypt abscesses (yellow arrowheads). Inflammation was mostly
limited to the mucosa and submucosa as opposed to the
untreated group which exhibited inflammation in the muscu-
laris and serosa. Neutrophilic inflammation with lymphohistio-
cytic aggregates was observed in the lamina propria (black
asterisk). Interstitial to perivascular lymphoplasmacytic aggre-
gates with edema were observed in the submucosa (black vertical
bars). Scattered perivascular lymphoplasmacytic infiltrates were
observed in the outer intestinal layers. The high anti-IL-12p40
treated group (Fig. 6(e)) had a moderate mean THS. Histopatho-
logical changes in this group were characterized by erosion of
the surface epithelium without ulceration and limited crypt
changes consisting of mild hyperplasia (arrowhead). Inflamma-
tion was limited to the mucosa and submucosa. Moderate
neutrophilic inflammation was observed in the lamina propria
with mild to moderate interstitial to perivascular lymphoplas-
macytic aggregates in the submucosa (black vertical lines). These
findings indicate the significant benefit of ITMs + anti-IL-12p40
combination treatment at appropriate doses related to disease
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severity. Histopathological evaluation and semi-quantitative ana-
lysis of the colon tissues that were treated with 50 pg dose of
anti-IL-12p40, ITMs + anti-IL-6, and ITMs + IgG groups are
provided in Fig. S6.

Further, IF images of tissues were obtained where tissues
were stained with mAbs specific for macrophages (F4/80),
epithelial cells (epithelial cell adhesion molecule, EpCAM), a
tight junction protein (zonula occludens-1, ZO-1), and STING
protein to evaluate if the intestinal tissue is intact and STING is
being downregulated with the ITM treatment. Our findings
show that the colon of mice in the untreated, infected group
had high macrophage infiltration (Fig. 7(a)) characteristic of
chronic inflammation. The healthy and all treatment groups
had minimal macrophage recruitment. It is noteworthy that
while macrophage migration is vital for restitution of inflamed
tissue, prolonged state of inflammation in the absence of
regulatory T cells (Tyegs) in the ASF IL-10 KO mice results in
aberrant immune response. EpCAM, a type I transmembrane
glycoprotein, is responsible for cell signaling, cell adhesion,
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Fig. 6 Ex vivo analysis of colon tissues from H. bilis colonized and healthy mice. (a)-(g) Low magnification (top row) and high magnification (bottom
row) photomicrographs of hematoxylin and eosin (H&E) stained histopathological sections of the colon for different treatment groups (top row: healthy,
untreated (H. bilis infected), ITM, ITMs + high anti-1L-12p40 (300 pg), high anti-IL-12p40 alone, ITMs + low anti-1L-12p40 (10 pg), and low anti-1L-12p40
alone. The colonic surface epithelium (black arrows), lamina propria (black asterisk), submucosa (black vertical bar), hyperplastic colonic glands (black
arrowheads), crypt abscesses (yellow arrowheads), and intraluminal exudate (yellow asterisks) are highlighted in each image. The scale bar is 2 mm (low
magnification) and 100 pm (high magnification) for panels (a)-(qg). (h) Quantitative total H&E scores for treatment groups for n = 3 tissues per group.
Statistical significance is reported by a 2-tailed Student’s t-test *p < 0.05, **p < 0.01, ***p < 0.001, and NS (not significant) p > 0.05.
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and maintenance of the epithelial barrier function.®' Z0-1, a
peripheral membrane protein, is only present in intact epithe-
lium and is also involved in maintaining the intestinal mucosal
barrier function as part of the tight junction complex which
protects the body from the luminal contents of the gut.®>** Our
IF analysis shows that both EpCAM and ZO-1 (Fig. 7(b) and (c))

(a)
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had low IF signal in the colonic tissue of untreated, H. bilis
infected mice relative to the healthy tissues and those in the
treated groups. This suggests an increase in erosion and
ulceration of the epithelial barrier in the untreated mice which
is less prominent post-treatment with ITMs, anti-IL-12p40, and
ITMs + anti-IL-12p40 combination. IF images of STING
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Fig. 7 Ex vivo immunofluorescence analysis of colon tissues of ITM treated and combination treatment mice infected with H. bilis. Immunofluorescence
images of colon tissues showing (a) F4/80 (green) macrophage marker, (b) EpCAM (red) epithelial cell marker, (c) ZO-1 (green) tight junction protein
marker, and (d) STING (red). Groups from top to bottom in each panel: healthy, untreated, ITMs alone, ITMs + high dose anti-IL-12p40, and high dose
anti-1L-12p40 alone. Quantification of the average fluorescence signal for each marker represented in the images including (e) F4/80, (f) EpCAM, (g) ZO-
1, and (h) STING for n = 3 tissues per group. Statistical significance is reported by a 2-tailed Student’s t-test *p < 0.05, **p < 0.01, ***p < 0.001, and NS
(not significant) p > 0.05.
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expression in colon tissues show upregulation in the untreated
colitis group and successful downregulation of STING in the
ITMs alone and combination treatment groups (Fig. 7(d)). The
quantification of F4/80, EpCAM, ZO-1, and STING in IF images
for n = 3 mice per group is shown in Fig. 7(e)-(h).

3. Conclusions

In summary, this work demonstrates the therapeutic potential of
cGAS inhibitor-loaded ITMs to attenuate inflammatory responses
both in vitro (e.g., macrophages and epithelial cells) and iz vivo in
two distinct microbial models of severe and moderate colitis. ITMs
showed targeted uptake in the inflamed colon via HA-CD44
binding and also enabled ROS-responsive drug release, mediated
by the thioketal linker at the site of inflammation. The ITMs were
shown to suppress induction of key inflammatory cytokines
in vitro. Using immunocompromised ASF-IL-10 KO mice, the ITMs
were shown to attenuate the severity of colitis in mice that were
infected with H. bilis or E. coli. Our findings show that ITM
treatment alone effectively attenuated moderate colitis, and in
the severe colitis model, disease severity was ameliorated with a
combination of ITMs + anti-IL-12p40 recapitulating the efficacy of
advanced combination therapies in patients with severe, acute
disease. Our findings also show high levels of STING expression in
tissues and systemic IFN-o in sera in both severe and moderate
colitis models, suggesting the uncontrolled activation of the cGAS-
c¢GAMP-STING pathway in IBDs. Further, downregulation of cGAS
with ITMs and targeted mAbs directed against the shared p40
subunit of IL-12 and IL-23 presents a promising approach to
regulate local inflammation. These findings underscore the ther-
apeutic promise of ITM based combinatorial treatments in mod-
ulating inflammatory pathways, reducing recruitment of
inflammatory cells, and enhancing mucosal integrity in colitis.
We envision that novel ITMs that can be delivered orally and target
areas of inflammation will enable an unprecedented approach to
targeted drug delivery at the site of inflammation, minimizing
systemic side effects and improving gut health and quality of life
for IBD patients.

4. Materials and methods

4.1. Materials

Hyaluronic acid (HA) (100 kDa) was purchased from Lifecore
Biomedical (USA) and stearic acid (SA) was purchased from Alfa
Aesar (USA). Cysteamine, acetone, formamide, 1-ethyl-3-(3-dime-
thylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide
(NHS), sodium hydroxide (NaOH), RU.521, 2,2’-azobis(2-amidi-
nopropane) dihydrochloride (AAPH), sodium hypochlorite
(NaOCl), hydrogen peroxide (H,0,), dichloromethane (DCM) and
IR780 iodide were bought from Sigma-Aldrich (USA). N-N-Dimethyl
formamide was bought from Merck (Germany).

4.2. Methods

4.2.1. Synthesis of the thioketal linker and ITMs. The
synthesis of the thioketal linker followed a previously
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established method.”” In summary, cysteamine (100 mmol)
was dissolved in anhydrous acetone (269 mmol), saturated with
dry hydrogen chloride, and stirred continuously for 8 hours at
23 °C. The resulting compound was washed twice with chloro-
form and then dried. Following this, the product was recrys-
tallized in 6 N NaOH solution, repeating the process three
times. Finally, the purified product was extracted with dichlor-
omethane (DCM), yielding an 80% recovery. The NH,-TK-SA-
HA polymer was synthesized through a two-step procedure,
with each step carried out in a three-neck round-bottom flask
submerged in an oil bath, attached to a reflux condenser, and
flushed with nitrogen gas. In the first step, stearic acid (SA) was
conjugated to the thioketal linker via an EDC/NHS reaction,
utilizing the amine (-NH,) group on the linker and the carboxyl
(-COOH) group on SA. To begin, SA (198 mg) was dissolved
in 18 mL of DMF, followed by the addition of EDC (266 mg)
and NHS (160 mg), with stirring for 30 minutes to initiate
activation. Then, the TK linker (135 mg), dissolved in 2 mL of
formamide with 97 pL of triethylamine, was added, and the
reaction mixture was stirred overnight. The resulting com-
pound was dialyzed (MWCO 3500 kDa) against distilled water
for 24 hours and lyophilized. In the second step, hyaluronic
acid (100 mg) was dissolved in 10 mL of formamide at 60 °C.
Once dissolved, EDC (51 mg) and NHS (30 mg) were added, and
the solution was stirred under nitrogen for 30 minutes. Subse-
quently, 36.5 mg of SA-TK dissolved in 2 mL of warm DMF was
introduced, and the mixture was stirred for 16 hours under
nitrogen flow. The solution was then dialyzed against distilled
water and lyophilized to yield the NH,-TK-SA-HA polymer in a
dry form.

4.2.2. Synthesis of ITMs. RU.521 loaded ITMs were pre-
pared by the dialysis method. Briefly, 10 mg of NH,-TK-SA-HA
was dissolved in 13 mL of distilled water (DW) and 2 mg of
RU.521 in 1 mL of DMSO was added dropwise under sonication
(amplitude 50%). After 5 min of sonication, the solution was
subjected to dialysis (MWCO 100 kDa) against distilled water
for 24 h. After dialysis, the resulting solution was filtered with
Whatman filter paper and lyophilized. The same methodology
was used to prepare IR780 loaded micelles. The RU.521 amount
was determined by using UV-visible spectroscopy in dimethyl
sulfoxide (DMSO). In order to find the drug loading content, a
standard curve was generated for RU.521 in dimethyl sulfoxide
(DMSO) in a range of concentrations. The drug loading content
was calculated as per the following equation:

Drug loading content (%) =

The amount of the loaded RU.521 in ITMs
The amount of the ITMs

x 100.

4.2.3. Characterization. The chemical structure of NH,-
TK-SA-HA was confirmed by proton nuclear magnetic reso-
nance (*H NMR) spectroscopy (400 Hz, Bruker; Billerica, MA,
USA). 10 mg of polymer was solubilized in DMSO-d6:D,0 7:1.
Pyrene was used as a fluorescent probe to measure the critical
micellar concentration (CMC). The ITM’s average hydrody-
namic diameter and zeta potential were measured by the
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dynamic light scattering technique (DLS) using Zetasizer Nano
Z (Malvern Instruments, Malvern, UK). All samples were ana-
lyzed in triplicate (n = 3). The morphology of the ITM was
evaluated using a transmission electron microscope (TEM)
(200 kv JEOL 2100, JEOL Ltd, Japan) with 2% uranyl acetate
staining.

4.2.4. ROS responsiveness of ITMs. 1.5 mg mL ™" of ITMs
was resuspended in PBS and incubated with or without 100 mM
peroxy radical-generating reagent AAPH, 5 mM H,0,, and 1 mM
NaOCl and incubated for one hour at 37 °C. After the incuba-
tion, the average hydrodynamic diameter and polydispersity
index (PDI) were monitored by DLS.

4.2.5. Invitro release of RU.521. To evaluate the release of
RU.521 from the ITMs, the samples were placed in dialysis
bags, sealed, and kept in 30 mL of release medium (1x PBS)
and incubated at 37 °C with shaking at 200 rpm. An appropriate
amount of H,0O, was added to the release media to mimic the
intracellular ROS environment to attain a final H,O, concen-
tration of 10 mM and 5 mM. One ml of the release medium was
collected at different time intervals and substituted with an
equivalent volume of fresh medium also at 37 °C. To transfer
RU.521 out of the aqueous phase, 1 mL of dichloromethane
(DCM) was added to each sample and vigorously vortexed to
extract RU.521 into DCM. The DCM phase containing RU.521
was separated, and DCM was dried off overnight, and then the
concentration of RU.521 was determined through UV-visible
spectroscopy in DMSO.

4.2.6. Stability studies in simulated gastrointestinal fluids.
To check the stability of ITMs in gastrointestinal fluids and
enzymes, ITMs were incubated in simulated gastric fluid (SGF,
pH 1.0-1.4, Ricca Chemical Company, Arlington, TX) contain-
ing 3.2 g L™ pepsin, in simulated intestinal fluid (SIF, pH 7.4-
7.6, Ricca Chemical Company, Arlington, TX) supplemented
with pancreatin (10 g L™") and in PBS. Briefly, 1.5 mg mL™ of
lyophilized ITMs was resuspended in 1x PBS and placed in a
dialysis bag (molecular weight cut-off (MWCO): 40 kDa). To
evaluate the changes in ITMs upon moving from the stomach to
intestine, the ITMs were first incubated in SGF + pepsin for
2 hours and then transferred to SIF + pancreatin and incubated
for 6 hours. At specific time points, 1 mL of the medium
was collected and replaced with an equivalent volume of
fresh medium. Dichloromethane (DCM)-based extraction was
employed to isolate RU.521. After the end of the experiment,
dialysis bags were opened and dynamic light scattering (DLS)
was performed to determine the average hydrodynamic dia-
meter of the ITMs inside the dialysis bags.

4.2.7. Cellular viability and uptake of ITMs. In vitro cellular
viability of ITMs was evaluated in mouse macrophage cell line
J774.A1 and murine intestinal epithelial cell line MODE-K
using the same protocol. Briefly, 5 x 10" cells per mL were
seeded in a 96-well plate and incubated at 37 °C for 16 h.
Subsequently, free RU.521, Triton-X100 and ITMs at various
concentrations were added and incubated for 24 h. After 24 h of
incubation, the cell viability was quantified using Dojindo
Labratories’ CCK-8 assay (code: CK04, LOT: TM673), as per
the manufacturer’s protocol.
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To investigate the cellular uptake of IR780-loaded ITMs in
LPS-TREATED macrophages, 5 x 10* cells per mL (either
J774.A1 or MODE-K) were seeded in Lab-Tek® chamber slides
in media containing 100 ng mL ™" of lipopolysaccharide (LPS)
and incubated overnight (approximately 12 hours). In order to
test the effect of CD44 blocking on the uptake of IR780-loaded
micelles, after the overnight incubation, the medium was
supplemented with 10 mg mL~" HA for three hours to make
sure the CD44 receptor on the cells is inhibited. The medium in
the control chambers was replaced with fresh medium with
100 ng/ml LPS during this step. After the incubation with HA,
the cells were washed with PBS x3. IR780 loaded ITMs were
added and incubated for 6 h. After incubation, the medium was
removed and the cells were washed thrice with 1x DPBS, fixed
with 4% paraformaldehyde (PFA), and counter-stained with
4’ 6-diamidino-2-phenylindole (DAPI). The fluorescence was
then visualized using microscopy (EVOS M7000 microscope,
Thermo Fisher Scientific, MA, USA).

4.2.8. Cytokine analysis and luciferase reporter assay
in vitro. To assess cytokine levels in the cell supernatant, LPS-
treated cells (both cell types) at a density of 5 x 10° cells per mL
were incubated in media containing 100 M concentrations of
both free RU.521 and RU.521 loaded in ITMs and subsequently
incubated overnight. Following the incubation period, the cell
supernatant was collected, and the concentrations of secreted
cytokines were quantified utilizing a multi-bead-based assay
with the Bio-Plex Pro™ system from Bio-Rad (Hercules, CA). To
measure the activated NF-xB concentration, a semi-quantitative
ELISA assay was used from Abcam (ab176663). 2 x 10> cells
were incubated in an 8 well plate either in 500 pL culture
medium or in medium supplemented with 100 ng ml~" LPS to
activate the inflammatory response. After overnight incubation,
cells that were incubated in LPS containing medium received
either 100 uM free RU.521 or the same amount of RU.521
loaded in ITMs, or none (to be assessed as the positive control;
LPS only). After a 6-hour incubation period, the cells were lysed,
and ELISA steps were completed following the kit manufac-
turer’s instructions.

RAW 264.7 cGAS-knockout macrophages (RAW KO-cGAS)
were cultured as per the manufacturer’s instructions (Invivo-
Gen, San Diego, CA, USA). The reporter assay was performed as
per the manufacturer’s instructions. Briefly, to activate the
STING pathway, 10 uM cGAMP was added to the cells and
subsequently treated with 50 pM and 100 pM concentrations of
both free RU.521 and RU.521 loaded in micelles and subse-
quently incubated for 24 hours. After 24 h of incubation, the
QUANTI-Luc™ 4 reagent was added, and luminescence was
recorded using a multi-plate reader (SpectraMax iD3, Molecular
Devices, San Jose, CA, USA).

4.2.9. ROS detection in vitro. Cellular ROS was detected
in vitro by using DCFDA fluorescence. 2 x 10° cells were seeded
in an 8 well plate either in 500 pL culture medium or in
medium supplemented with 100 ng ml~' LPS to activate the
inflammatory response. After overnight incubation, cells that
were incubated in LPS containing medium received either
100 uM free RU.521 or the same amount of RU.521 loaded in
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ITMs, or none (to be assessed as the positive control; LPS only).
After a 6-hour incubation period, cells were washed with 37 °C
HBSS buffer to remove serum, and then a working solution of
DCFDA in serum free DMEM at a concentration of 10 mM was
added to the cells. The cells were incubated with the DCFDA
working solution in the dark at 37 °C for 30 minutes, and then
the medium was removed and cells were washed with 1x HBSS
and transferred back into fresh HBSS. Cells were then imme-
diately imaged live under a fluorescence microscope. Quantifi-
cation of fluorescence was done with Image]J software.

4.2.10. Animals. Animal experiments were performed as
per the institutional laws of Iowa State University on ASF IL-10
knockout mice. All animals were bred and maintained at Iowa
State University facilities and housed under pathogen-free
conditions in the animal facility at the Advanced Teaching
and Research Building (ATRB) of Iowa State University. Mice
were housed for up to a month and randomly assigned to
experimental groups.

4.2.11. Microbial-induced model of colitis. 8- to 20-week-
old ASF IL-10 KO mice were given 1 x 10’ Helicobacter bilis via
oral gavage. ITMs (equivalent of 0.025 umoles of RU.521) were
administered orally twice every day (morning and afternoon)
after the initial colonization with H. bilis. Change in body
weight was recorded every day. Once the untreated group
reached 80% of their initial weight, all mice were euthanized,
and their feces, caecum, entire colon and spleens were col-
lected. The colon length and spleen weights were measured.
The mAbs given to mice were all purchased from InvivomAb
and included anti-mouse IL-6 (Cat. No. BE0046), mouse IgG2a
isotype control (Cat. No. BE0085), and anti-mouse IL-12 p40
(Cat. No. BE0051). To simulate a moderate microbial-induced
colitis model, mice were colonized with 5 x 10® Escherichia coli
1D via oral gavage. E. coli 1D is an AIEC strain originally
isolated from a dog with IBD, which was obtained from Dr
Kenny Simpson, College of Veterinary Medicine, Cornell Uni-
versity. Following colonization, their daily weights were
recorded and dosing with ITMs started 3 weeks after the
inoculation date. Mice were given one dose of 0.025 umoles
of RU.521 loaded in ITMs daily for 20 days. Between days 34
and 38, their water was substituted with 2% DSS to trigger
moderate colitis; afterwards the mice received normal water for
two days and were euthanized on day 40. The disease activity
index was estimated on the last day of the experiment by
scoring weight loss (no weight loss: 1; 5-10% weight loss: 2;
11-15% weight loss: 3; 16-20% weight loss: 4; >20% weight
loss: 5), stool consistency (formed: 1; soft: 2; very soft: 3; watery
stool: 4), the degree of rectal bleeding (normal color stool: 1;
brown color stool: 2; reddish color stool: 3; bloody stool: 4), and
mobility of the mice (healthy and mobile: 1; ruffled fur: 2;
slightly lethargic: 3; lethargic: 4; not mobile: 5).

Fecal lipocalin was measured on fresh fecal samples using
the mouse lipocalin-2/NGAL ELISA kit from Biotechne (Cat. No.
DY1857-05), according to the manufacturer’s instructions.
Fecal colony forming units (CFU) were calculated on the fecal
matter of mice in the E. coli experiment. A homogenized
solution of fecal matter in PBS was made with 1:10 weight:
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volume ratio. The solution was thoroughly mixed and made
into a series of 7 serial dilutions, each diluted by a factor of 10.
Three 10 pL aliquots of each dilution were placed on a section
of a MacConkey agar plate and incubated at 37 °C for 24 h. After
24 h, the number of colonies in each section were counted and
used to calculate the CFU per gram of fecal matter.

4.2.12. In vivo biodistribution. To evaluate the ability of
ITMs to target the inflamed colon, seven days after the infection
with H. bilis, 10 pg of IR780 loaded in ITMs solubilized in 250 pl
of PBS (the equivalent of 0.5 mg kg™ ' of IR780) was adminis-
tered orally to each mouse. Mice were euthanized at two time
points, 24 h and 48 h, and organs including kidney, lung,
spleen, liver, stomach, caecum, colon, and intestine were
excised and saved in both OCT and 10% formalin buffer.
OCT tissues were sectioned at 8 pm thickness and then stained
separately with CD44 and also F4/80, EpCAM, and DAPI and
imaged under a revolving fluorescence microscope, with an
unstained tissue acting as a fluorescent baseline.

4.2.13. Cytokine analysis and MPO activity in tissues
ex vivo. Triplicate one-centimeter colon tissue pieces were
harvested from each experimental mouse during necropsy,
followed by a gentle wash in PBS and explant wash media.
The tissue samples were then incubated at 37 °C for 24 h in
colonic explant media. Afterwards, the supernatant was col-
lected and frozen at —20 °C until further analysis. The secreted
cytokine concentrations were estimated through a multi-bead-
based assay from Bio-Plex Pro™ (Bio-Rad, Hercules, CA). Myelo-
peroxidase (MPO) activity was measured using the Abcam mouse
MPO ELISA kit (ab285307). During necropsy, a 1 cm piece from
distal colon was placed in homogenizer tubes and processed
according to the manufacturer’s protocol. All biological assay
results were normalized to total protein with Thermo-
Fisher’s Pierce™ BCA protein assay kit (Cat. No. 23225). IFN-o
ELISA was performed on mouse serum using ThermoFisher’s
Mouse IFN-alpha/beta R2 ELISA kit (REF: EM39RB).

4.2.14. Histopathology of tissues. The entire colon from
the mouse was rolled into Swiss rolls, fixed in 10% buffered
formalin, embedded in paraffin, and stained with hematoxylin
and eosin (H&E). Microscopic changes and severity of histolo-
gical damage were scored in a blinded manner by a board
certified anatomic veterinary pathologist to avoid observer bias.
Tissue damage, lamina propria inflammatory cell infiltration,
inflammation severity, edema, and crypt changes were all
assessed. Tissue damage was reviewed as follows: 0, none; 1,
isolated focal epithelial damage, mostly limited to surface
epithelium; 2, mucosal erosions and ulcerations; 3, extensive
damage to the lamina propria, submucosa, and muscularis.
The extent of inflammation was scored as follows: 0, none to
superficial; 1, aggregates in the lamina propria only; 2, aggre-
gates in the lamina propria and submucosa; 3, transmural cell
aggregates. The severity of the inflammatory cell infiltration
was the sum of the scores of the mucosa, submucosa and
muscularis/serosa (up to 9 possible points). The inflammation
severity was graded as 0, normal; 1, mild; 2, modest; 3, severe.
Epithelial changes were scored as follows: 0, normal; 1, hyper-
plasia of crypt epithelium and goblet cell loss; 2, mild to

Nanoscale Horiz., 2025, 10, 3376-3395 | 3391


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nh00317b

Open Access Article. Published on 10 September 2025. Downloaded on 4/5/2026 2:29:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Horizons

moderate crypt loss (5 to <50%); 3, severe crypt loss (50-90%);
4, complete crypt loss with retention of surface epithelium; 5,
small- to medium-sized ulcers (<10 crypt widths); 6, large
ulcers (>10 crypt widths). Lastly, edema was scored as follows:
0, normal; 1, mild; 2, moderate; 3, severe. The scores for all
parameters were summed for each animal to get a total
histologic score (THS). A total score of 24 points was possible
for each tissue sample evaluated following summation of
histopathological parameter scores. The total histological
scores (THSs) were then averaged per group for comparison
of the means. The THSs were interpreted as follows: score 0, not
affected; score 1-5, mild severity; score 6-10, mild to moderate
severity; score 11-15, moderate severity; score 16-20, moderate
to severe severity; score 21-24, severe severity.

4.2.15. Immunofluorescence in tissues. Immunofluores-
cence analysis for the biodistribution of ITMs (Fig. 4(a) and
(b)) was done on OCT-frozen tissues and the remaining immu-
nofluorescence experiments (Fig. 7(a)-(d) and Fig. S7a) were
carried out using formalin-fixed, paraffin-embedded colonic
tissue, prepared as Swiss rolls. Paraffin-embedded colonic
sections were routinely processed and affixed to slides. Then
antigen retrieval was performed by incubating slides in 95-
100 °C citrate buffer for 10 minutes followed by blocking in 5%
BSA in PBS and an optional permeabilization step of 10 minute
incubation in 0.2% Triton-X. Anti-mouse F4/80 was purchased
from Invitrogen (REF: MF48020, Lot: 2426542) and diluted
1:50, anti-mouse CD326 (EpCAM) was purchased from Invitro-
gen (REF: 17-5791-82, Lot: 2869669) and diluted 1: 80, and anti-
mouse ZO-1 was purchased from Proteintech (Cat. No. CL488-
21773) and diluted 1:80. STING/TMEM173 primary antibody
was purchased from Fischer Scientific (Cat. No. NBP224683)
and diluted 1:100, and Alexa-fluor 680 goat anti-rabbit IgG
(Cat. No. A21076) was purchased from Invitrogen and used as
the secondary antibody at a dilution of 10 pg ml~'. 4-HNE
primary antibody was purchased from ThermoFisher (Cat. No.
MA5-27570) and diluted 1: 100, and goat anti-mouse Alexa fluor
488 was purchased from ThermoFisher (Cat. No. A-11001) and
was used as the secondary antibody diluted 1:500. CD44
monoclonal antibody was purchased from ThermoFisher (Cat.
No. 14-0441-82) and diluted 1:250, and FITC goat anti-rat IgG
was purchased from Biolegend (Cat. No. 405404) and used as
the secondary antibody diluted 1:500. ProLong™ Gold antifade
reagent with DAPI was purchased from Invitrogen (REF:
P36935). The Vector True View Autofluorescence Quenching
kit (REF: SP-8400) was used to reduce background autofluores-
cence. OCT-frozen tissues were sectioned, fixed with MeOH,
and washed 3 times with PBS to remove the remaining OCT.
Afterwards the slides were blocked with 5% BSA in PBS for
10 minutes, and then incubated with the corresponding mix-
ture of antibodies overnight at 4 °C. Slides were washed with
PBS the next day and fixed with a DAPI mounting medium.
Image] software was used to quantify the fluorescence by
determining the mean brightness in every image. Three biolo-
gical replicates were used for the quantification of each group.

4.2.16. Statistical analysis. All data are expressed as the
mean + standard deviation (S.D.). Statistical significance was
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determined using a two-tailed heteroscedastic Student’s t-test
and defined as *p < 0.05 **p < 0.01 and ***p < 0.001, and n.s.
indicates not significant.
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