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ABSTRACT OF THE DISSERTATION

Novel Distinct Roles for Intestinal/Macrophage COX-2 and Apolipoprotein Mimetic Peptides in

the Development and Treatment of Inflammatory Bowel Diseases

by

David Meriwether
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2018

Professor Srinivasa T. Reddy, Chair

Cyclooxygenase 2 (COX2) has been associated with the development of inflammatory bowel
disease (IBD), but the nature of this association has remained unclear. | demonstrate that mice that lack
COX2 lose tolerance to pathogen associated molecular patterns. Thus, challenge with dietary cholate—
an environmental trigger that | show impairs intestinal barrier function—induces severe intestinal
inflammation in COX2 knock-out mice. COX2 knock-out within the myeloid compartment is sufficient to
drive disease upon cholate challenge, while also altering upon disease the balance between pro-
inflammatory and inflammation resolving mediators towards a pro-inflammatory phenotype. ApoA-I
mimetic peptides including 4F have been investigated as potential anti-inflammatory therapies. | show
that 4F targets the small intestine, where it is transported into the intestinal lumen in a cholesterol-
dependent manner. In turn, 4F can increase trans-intestinal cholesterol efflux, a secondary cholesterol

efflux pathways whose modulation is of therapeutic import. 4F therapy abrogates disease in the



myeloid COX2 knock-out and cholate model of IBD, while rescuing the elevated levels of pro-
inflammatory mediators in macrophages, intestinal tissue, and plasma. 4F can directly clear lipid pro-
inflammatory mediators from tissue and plasma, strongly suggesting a causative role for changes in the
levels of these mediator in both the protective mechanism of 4F and the pathogenic mechanism of
COX2-mediated IBD. Further investigation into the protective mechanism of 4F identified a novel
trans-intestinal lipid transport clearance pathway for inflammatory mediators, which pathway may be
involved in 4F’s protective mechanism. These findings are vivid examples of the synergy that can result
from simultaneously investigating both pathogenic and protective mechanisms in genetic mouse models

of disease.
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Chapter 1: Introduction

The following thesis investigation divides into 3 parts, and in a sense 3 stages. First, in both the
Appendix and in Chapter 2, | investigate the intestinal targeting and clearance of the apoA-I mimetic
peptide 4F. | detail a mechanism by which 4F associates with lipoproteins in the circulation, transferring
oxidized free fatty acids from apoB-containing fractions of the plasma onto HDL. Interestingly, this
lipoprotein-associated 4F is itself cleared very quickly from the circulation, as it is taken up by the small
intestine and transported intact directly into the intestinal lumen. | observe that this trans-intestinal
transport of 4F is mediated by the trans-intestinal efflux of cholesterol (TICE). | further observe that
intestinal 4F can itself modulate TICE: showing that 4F can increase reverse cholesterol transport (RCT)
through the TICE pathway while also demonstrating that 4F itself can directly enhance TICE. As TICE has
only recently been shown to play an important role in cholesterol homeostasis in humans, it offers an
enticing pharmaceutical target for the lowering of plasma total cholesterol. While it is possible to
increase TICE through use of LXR agonists, these have severe side-effects including steatosis of the liver.
4F and other apoA-I mimetics have proven remarkably safe and free of toxicological side effects. | have
thus identified a promising new class of TICE modulators that can also lower plasma total cholesterol.

The second stage of this investigation concerns the pathogenic mechanism of the COX2 KO and
cholate model of IBD. Mice that lack total or myeloid-specific COX2 develop severe inflammation in
their ileo-ceco-colic junctions when challenged with a cholate-containing chow or cholate-containing
high fat (CCHF) diet. While we had previously reported the existence of this inflammatory phenotype
and proposed that COX2 KO and CCHF might constitute an important new model of IBD, we had not
further worked out the pathogenic mechanism behind the chronic intestinal inflammation of this model.
| had set out originally to investigate this mechanism, and | had proposed an overall hypothesis and 3

aims of investigation. | had hypothesized that in the absence of COX2, CCHF damaged intestinal
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epithelium and altered barrier function in a manner that resulted in the translocation of pathogen
associated molecular patterns. | further hypothesized that in the absence of COX2, dysregulation of
both tissue repair and inflammation resolution pathways would interact together to amplify the
developing inflammation through a sort of dysregulated positive feedback loop. | moreover aimed to
investigate: a) the manner in which CCHF initiates inflammation in the COX2 and CCHF model; b) the
role of COX2 in intestinal epithelial tissue repair; and c) the role of COX2 in the resolution of
inflammation. | address the first and third of these aims in the first part of Chapter 3, while | revisit this
overall conceptual framework and address the second aim in my concluding chapter 4.

The third stage of this thesis involves the convergence of these first two lines of investigation, a
convergence that takes place in the second half of Chapter 3 and continues through Chapter 4. The
Appendix and Chapter 2 constitute a partial account of the PKPD of the apoA-I mimetic 4F. Through the
course of this investigation, | will have learned that 4F localizes to the intestine, where it can modulate
lipid transport. | will moreover have noticed that 4F can alter the transport of lipid pro-inflammatory
mediators within the circulation. In the opening sections of Chapter 3, | report that CCHF alters barrier
permeability and increases translocation of PAMP, but that only in the absence of COX2 is there a loss of
tolerance to these inflammatory stimuli. The absence of myeloid COX2 increases the levels of pro-
inflammatory cytokine mediators in LPS-activated macrophages. More strikingly, in response to CCFH it
increases the levels of lipid pro-inflammatory mediators in plasma, while altering the balance of pro-
inflammatory and inflammation resolving mediators in intestinal tissue.

| thus sought to determine whether 4F could protect against intestinal inflammation in the COX2
MKO and CCHF model of IBD. Strikingly, 4F largely abrogated disease. Moreover, 4F rescued the COX2
MKO dependent elevation of lipid pro-inflammatory mediators in intestinal tissue and plasma, and it
appeared to do so directly by increasing the clearance of these mediators from intestinal tissue and

lipoproteins. It had been an open question whether the elevations of pro-inflammatory mediators were
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causes or mere correlates of disease. We now had at least partial evidence that a therapy that inhibits
disease also directly counter-acts these elevations—raising the probability that changes in the levels of
these pro-inflammatory mediators partially constitute both the pathogenic mechanism of disease and
the protective mechanism of 4F. Thus, the payoff from the convergence of these two lines of
investigation has been not only the identification of a promising new class of therapies for IBD, but also
a deeper understanding of the basic biology of this disease and the protective mechanisms of these
therapies—a vivid illustration of the interplay between disease biology and PKPD.

A brief note on how to approach and read this thesis. First, Chapters 2, 3, and the Appendix all
constitute investigations capable of standing on their own. Chapters 2 and the Appendix have already
been published, and Chapter 3 is in its last revisions prior to submission. Each of these chapters but
especially Chapters 2 and 3 contain in-depth introductions that cover the background and references
that | would otherwise have put forward here. Because of the existence of these additional
introductions (to 4F and TICE in Chapter 2, and to COX2 and IBD in Chapter 3), | will not revisit this
material in this brief introduction.

Second, while the work of the Appendix is conceptually prior to the investigation presented in
Chapter 2, the Appendix is an early and somewhat misleading effort whose lasting import is best
understood in light of the work of Chapter 2. When | began the work of the Appendix, we had originally
assumed that 4F—which had shown itself to protective in number of animal models of atherosclerosis—
acted in the plasma and at the site of atherosclerosis to improve disease. | thus was guided by the
question of whether 4F could directly interact with lipoproteins in the circulation, as a way of
understanding how these 4F-lipoprotein complexes might mediate disease protection in atherosclerotic
vessels. However, we came to understand that it was intestinal concentration rather than plasma

concentration that correlated with the efficacy of the drug. Chapter 2 was written on the cusp of, and



played a part in, that paradigm shift regarding the protective mechanism of the apoA-I mimetic class of
drugs.

| offer a precis of the Appendix in Chapter 4, where | tie together the work on the PKPD of 4F at
the same time that | elaborate on and further develop this opening theme regarding the synergistic
convergence of my first two stages of investigation. | would thus recommend that the reader turn to
the Appendix only in light of its discussion in the opening section of Chapter 4. The limitations of that
early publication will by that point perhaps reflect less harshly on me, and the reader might appreciate
noticing how early observations of misunderstood import can nonetheless find a place within a newer
and one hopes more accurate paradigm. The world is as the world is, one might say, no matter how one
wants it to be.

| thus recommend proceeding through this thesis in its current order, moving from this brief
introduction directly into Chapter 2, and only visiting the Appendix when prompted during Chapter 4. In
Chapter 2, | first ask the question whether circulating 4F targets the small intestine, and | develop an
account of the intestinal PKPD of this drug. In Chapter 3, | introduce the COX2 and CCHF model of IBD. |
partially detail its pathogenic mechanism, before investigating the potential role of 4F as translational
therapy for IBD. In Chapter 4, | return to the theme of this introduction—that of a synergy between
disease biology and PKPD—while developing it further and with better articulation. | offer new data
while | summarize my working models regarding the PKPD of 4F, the pathogenic mechanisms of the
COX2 and CHHF model of IBD, and the protective mechanisms of 4F against this disease. | detail ongoing
investigations, and | point towards what | think are some of the more exciting findings and avenues of

investigation associated with this thesis work.



Chapter 2: Trans-intestinal transport of the anti-inflammatory drug 4F and the modulation of TICE

Abstract
The site and mechanism of action of the apoA-I mimetic peptide 4F are incompletely understood. Trans-
intestinal cholesterol efflux (TICE) is a process involved in the clearance of excess cholesterol from the
body. While TICE is responsible for at least 30% of the clearance of neutral sterols from the circulation
into the intestinal lumen, few pharmacological agents have been identified that modulate this pathway.
We show first that circulating 4F selectively targets the small intestine (SI) and that it is predominantly
transported into the intestinal lumen. This transport of 4F into the Sl lumen is trans-intestinal in nature,
and it is modulated by TICE. We also show that circulating 4F increases reverse cholesterol transport
from macrophages as well as cholesterol efflux from lipoproteins via the TICE pathway. We identify the
cause of this modulation of TICE either as 4F being a cholesterol acceptor with respect to enterocytes,
from which 4F enhances cholesterol efflux; or as 4F being an intestinal chaperone with respect to TICE.
Our results assign a novel role for 4F as a modulator of the TICE pathway and suggest that the anti-
inflammatory functions of 4F may be a partial consequence of the co-dependent intestinal transport of

both 4F and cholesterol.

Supplementary key words: eatherosclerosis eapolipoprotein A-I mimetic peptides echolesterol

ereverse cholesterol transport etrans-intestinal cholesterol efflux (TICE)



Introduction

Increasing evidence, both direct and indirect, indicates that the small intestine (SI) may be an
important modulator of atherosclerosis. As a result, the Sl offers promising therapeutic targets for the
prevention and treatment of this disease.

The small intestine is linked to atherosclerosis in at least four respects. First, intestinal
inflammation in the form of inflammatory bowel disease (IBD) has been linked to an increased
prevalence of early stage vascular disease in patients without the classical cardiovascular risk factors. (1-
3) Second, our own recent research has established a link between aberrant levels of lipid signals in the
Sl and both dyslipidemia and atherosclerosis. Intestinally-derived unsaturated lysophosphatidic acids
(LPAs) and eicosanoids can both induce dyslipidemia as well as systemic inflammation in LDLR-/- mice.(4,
5) Dietary LPA can also induce atherogenesis,(6) and the levels of unsaturated LPAs in the Sl correlate
with the extent of atherosclerosis in LDLR-/- mice fed western diet (WD).(7)

Third, the small intestine is an important source of apoAl,(8) and at least in mice approximately
30% of the steady-state plasma HDL-cholesterol pool is derived from the small intestine.(9) Moreover,
while HDL can interrupt atherogenesis by preventing oxidative modification of LDL(10-13) and
promoting reverse cholesterol transport (RCT) from macrophages,(14-17) both protective functions of
HDL can be lost in a manner that also implicates the small intestine. During inflammation HDL proteins
and lipids can become oxidatively and enzymatically modified, and HDL can lose its capacity to inhibit
LDL oxidation by fatty acid hydroperoxides.(18, 19) Intestinal inflammation(3) and aberrant levels of
oxidized lipids in the SI(5) can affect this aspect of HDL function. Likewise, the cholesterol efflux capacity
of HDL is sensitive to oxidation. For example, the myeloperoxidase (MPO) product hypochlorous acid
oxidizes HDL and impairs ABCA1l-dependent cholesterol transport,(20) and MPO activity is elevated in

IBD.(21)



Fourth, the intestine itself is directly involved in cholesterol efflux and, together with the luminal
reabsorption of cholesterol, the modulation of overall whole body cholesterol load. It is commonly
understood that HDL and other lipoproteins return excess peripheral cholesterol to the liver
hepatocytes, where the lipoproteins are taken up and transported into the cells. The cholesterol is then
converted or secreted into bile and thereby excreted into the intestinal lumen for either re-uptake or
loss to the feces.(22, 23) However, a non-biliary pathway for cholesterol excretion—known as “trans-
intestinal cholesterol efflux” (TICE)—has also been recently identified.(24-28) Surgical models involving
bile diversion have established that TICE is responsible for approximately 33% of total fecal neutral
sterol loss in chow fed C57BL/6J mice(29) and for approximately 20% in chow fed FVB mice.(30)
Additional studies involving genetic mouse models with severely diminished biliary cholesterol secretion
have further confirmed the existence of TICE while also establishing that TICE is a dynamic process that
can be stimulated under conditions of biliary insufficiency. For example, Mdr2 P-glycoprotein-deficient
mice (Mdr2-/-), which are unable to secrete cholesterol into bile, nonetheless have no decrease in fecal
neutral sterol loss compared to controls.(30) Of particular relevance to this paper, mice which highly
over-express human Neiman-Pick C1-like 1 (NPC1L1) in their livers (NPC1L1'"*""8112 mice—hereafter
Tg112 mice) have < 10% of the biliary cholesterol secretion of C57BL/6J controls, but they have no
decrease in fecal neutral sterol levels. As these mice also exhibit no difference in intestinal cholesterol
absorption, TICE must account for the bulk of the sterol excretion into the feces in these mice.(31, 32)

Increasing cholesterol efflux through the intestine might lower LDL cholesterol directly,
potentially amplifying the athero-protective effects of statins and cholesterol uptake inhibitors.(33)
Targeting TICE also raises the possibility of enhancing reverse cholesterol transport itself.(28) Moreover,
selectively targeting TICE would avoid the side effect of gallstones that could come from modulating RCT

by increasing biliary cholesterol secretion.(34) Alternatively, targeting intestinal inflammation as well as



oxidized lipids in the small intestine hold promise as treatments for atherosclerosis, for the reasons
elucidated above.

The apoAl mimetic peptide 4F is an 18 amino acid amphipathic helix 4F that has the structure
Ac-D-W-F-K-A-F-Y-D-K-V-A-E-K-F-K-E-A-F-NH;.(35) 4F synthesized from L amino acids (L-4F) and from D
amino acids (D-4F) have both been used in biological studies. D-4F and L-4F were shown to have the
same in vitro and in vivo properties, indicating that stereo-specificity is not essential to the activity of the
peptide.(36, 37)

4F has been shown to be effective as a treatment for atherosclerosis in numerous animal
models.(38, 39) 4F has also been shown to improve HDL function,(40, 41) reduce systemic
inflammation,(42) reduce oxidative stress,(43) and increase the clearance of oxidized lipid species from
the circulation.(44) Given these effects, and given the nature and location of atherosclerosis itself, our
laboratory had long assumed that the circulation was the site of action for 4F.(45) However, when we
investigated the relationships between mode of administration, plasma levels, and efficacy of the drug,
we discovered that the plasma levels of 4F did not in fact determine its efficacy.(46) Both oral and
subcutaneous (SQ) D-4F at doses of 4.5 and 45 mg/kg significantly improved markers of HDL function
and systemic inflammation equally for a given dose, but these modes of administration achieved very
different plasma levels of peptide, with SQ levels being approximately 1000x higher. Rather, the equally
effective SQ and oral doses achieved equal concentrations of 4F only in the feces(46) and the small
intestine.(47) This finding suggested that the intestine may be the site of action for 4F. Of note, the
second study further established that both SQ and oral D-4F lowered the levels of oxidized signaling
lipids in the small intestine while simultaneously improving markers of HDL function and systemic
inflammation.(47)

Our prior work did not further investigate whether and in what manner circulating 4F targets

the SI. This current study thus began as a mechanistic pharmacokinetic investigation into the
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distribution and excretion of IV-administered and circulating 4F as regards the small intestine. We have
here determined that circulating 4F selectively targets the proximal small intestine and is largely
transported into the intestinal lumen in a trans-intestinal manner. We have further observed that
lumen-side 4F can be taken back up into intestinal tissue, suggesting the possibility of cycling or re-
circulating 4F through both lumen and tissue.

TICE also selectively targets the proximal SI,(28) and lipoproteins including VLDL and LDL(48) and
possibly HDL(49) are sources of the cholesterol effluxed through the TICE pathway. We have previously
shown that circulating 4F has a high affinity for HDL and other lipoproteins(44) as well as for
cholesterol.(50) Thus, we next hypothesized that the trans-intestinal transport of 4F might partially
depend upon the trans-intestinal efflux of cholesterol. Using the genetic Tg112 mouse model as well as
ex vivo studies involving Ussing chambers, we have here discovered that the transport of 4F into the
intestinal lumen is partially mediated by TICE.

Interestingly, when we investigated the converse—whether 4F and 4F secretory transport can
themselves modulate cholesterol efflux—we observed that circulating 4F can increase RCT from
macrophages as well as cholesterol efflux from lipoproteins in Tg112 mice. We further observed ex vivo
that 4F can increase the trans-intestinal efflux of cholesterol across duodenal explants. Together, these
data indicate that 4F can modulate cholesterol excretion via the TICE pathway. As such, we here report
on a novel means of increasing trans-intestinal cholesterol efflux while also adding detail regarding the

intestinal-specific mechanism of the anti-inflammatory and anti-atherogenic drug 4F.



Materials and Methods

ApoA-I Mimetic Peptide 4F. The amino acid sequence of 4F is Ac-DWFKAFYDKVAEKFKEAF-NH,. 4F was
synthesized from L-amino acids (L-4F) and D-amino acids (D-4F) by the solid phase peptide synthesis
method previously described.(51, 52) During the peptide chain elongation the e-amino groups of the
lysines were protected by t-Butyloxycarbonyl (t-BOC). The final step for the cleavage of the peptide
from the resin along with the cleavage of tBOC protecting groups was accomplished using trifluoroacetic
acid with suitable scavengers. Under these conditions the N-terminal acetyl group is stable whereas all
of the other t-butanol protecting groups are cleaved. For synthesizing 1*C-peptide, *C-acetic anhydride
was used instead of acetic anhydride as previously described.(53) Peptide purity was ascertained by
mass spectral analysis and analytical HPLC. L-4F, D-4F, and *C-L-4F, as well as 4F-IS (**N,*3C-4F), were

synthesized in the laboratory of G.M. Anantharamaiah at the University of Alabama.

Mice, diets, and treatments. Wild-type C57BL/6J mice were obtained from the breeding colony of the
Department of Laboratory and Animal Medicine at the David Geffen School of Medicine at UCLA after
having been originally purchased from Jackson Laboratories. NPC1L1ve812 mice (Tg112 mice) were
developed and supplied by the laboratory of Liging Yu.(31) All mice were maintained on a chow diet
(Ralston Purina) unless otherwise noted. Western-type diet (Harlan-Teklad TD.88137) consisted of 0.2%
cholesterol and 21% total fat. For the studies involving western diet (WD), mice were fed WD for six
weeks prior to the experiments. LXR agonist treatment consisted of T0901317 (Cayman 71810)
suspended in a vehicle containing 1.0% carboxymethlycellulose (CMC) and 0.1% tween 80. Mice were
gavaged with 25 mg/kg T0901317 once daily for a period of seven days.(32) For all experiments,

approximately equal numbers of male and female mice were used. All experiments were performed
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using protocols approved by the Animal Research Committee at UCLA and in conformity with the Public

Health Service Policy on Humane Care and Use of Laboratory Animals.

Isolation of lipoproteins from human plasma. Healthy human donor subjects were recruited after
written consent approved by the University of California at Los Angeles (UCLA) Institutional Review
Board. Fasting blood was collected in heparinized tubes (Becton Dickinson) and the plasma was
separated by centrifugation. Human LDL and HDL were isolated by density centrifugation and were
obtained from the Atherosclerosis Research Unit Core facility. LDL was isolated between densities of
1.019 - 1.063 g/ml and HDL between densities of 1.063 - 1.21 g/ml. After isolation the lipoproteins were

dialyzed to remove the added salts.(54)

Determination of radioactivity. Radioactivity was determined as DPM by scintillation counting in 10.0
ml BioSafe Il scintillation fluid (RPI Corporation) on a Packard Tri-Carb Model A900TR using QuantaSmart

software.

LC/MS/MS analysis. LC/MS/MS was performed using a 5500 QTRAP quadruple mass spectrometer
(SCIEX) equipped with electrospray ionization source. The HPLC system utilized an Agilent 1290 series LC
pump equipped with a thermostatted autosampler (Agilent Technologies). Chromatography was
performed using YMC-Pack ODS-AQ column (3 um particle, 50 x 2.0mm; YMC) with a security guard
cartridge at 45°C. Mobile phase A consisted of 0.1% formic acid in water, and mobile phase B consisted
of 0.1% formic acid in acetonitrile. The auotosampler was set at 4°C. The injection volume was 10 pl, and
the flow rate was controlled at 0.2 mL/min. The gradient program was as follows: 0-12min, linear
gradient from 5%-95% B; 12-14 minutes, 95% B; 14-14.5 min, linear gradient to 5% B; 14.5-20 minutes,

5% B. The data acquisitions and instrument control were accomplished using Analyst 1.6.2 software
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(SCIEX). Detection was accomplished by using the multiple reaction monitoring (MRM) mode with
positive ion detection; the parameter settings used were: ion spray voltage= 5500 V; curtain gas=10
(nitrogen); ion source gas 1=60; ion source gas 2=70; temperature=500°C. Collision energy, declustering
potential and collision cell exit potential were optimized for each compound to obtain optimum
sensitivity. The transitions monitored were for mass-to-charge ratios (m/z) 578.6/103.1 and 578.6/120
for both L-4F and D-4F; and 581.8/84.2 for 4F-IS (**N,*3C-4F). Quantification was performed relative to IS

using Analyst 1.6.2.

GC-MS analysis. Derivitized sterol samples in pyridine and BSTFA + TMCS reagent were run on an
Agilent 7890B/5977A with a ZB-MR1 column (Zebron 7HG-G016-11). 1pul of sample was injected in split
mode. Full oven program and mass spectrometry settings are available upon request.(55) MS detector
was run in SIM mode. For in vivo studies involving analysis of fecal neutral sterols, fecal neutral sterol
mass represents the sum of cholesterol, coprostanol, and coprostanone in each sample.(56) Internal
standard 5a-cholestane was detected by parental ion of 372 m/z. The trimethylsilyl forms of
coprostanol, cholesterol, and coprostanone were identified by RT relative to standards as well as by
parental ions 460.4, 458.4, and 458.4 m/z respectively. Quantification was by the ratio of AUC of
parental ions to AUC of IS, relative to the parental ion to IS ion ratios of the appropriate standard curves.
For the ex vivo study involving analysis of cholesterol alone, the internal standard stigmastanol was
detected by the trimethylsilyl form at m/z = 488.4, while cholesterol was detected by the cholesterol

TMS fragment at 329.4.

Sample preparation for MS analysis. For LC-MS/MS analysis of 4F in mucosal media, internal standard
was added to mucosal media, and the media were injected directly into the LC-MS/MS without further

sample preparation. 4F was extracted from tissue and from Sl rinse using the method of Bligh and
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Dyer(57) following addition of internal standard, and upon concentration the aqueous phase was
injected directly into the LC-MS/MS. For GC-MS analysis of neutral sterols in feces, cage feces was dried
overnight at 50°C . Approximately 100 mg of feces was isolated, crushed into a fine powder, and
weighed exactly. 50 pg of 5a-cholestane was added. Sterols were first saponified in 2 ml of ethanol,
together with 200 pl of 50% (w/v) KOH, and the mixture was homogenized and heated at 65°C for 2 hrs.
1 ml of ionized water was added, and then sterols were extracted twice into 2 ml of n-hexane.(58) 200
pl of hexane from the combined extractions was dried down, and samples were derivitized by adding 50
ul of anhydrous pyridine (Sigma, 270970) and 50 pl of BSTFA + TMCS, 99:1 (Sigma, 33155-U). For
determination of fecal neutral sterols in the feces of individual mice, approximately 10-20 mg of feces
was isolated from the distal colons of mice before being dried, weighed, and treated as above. For
determination of cholesterol in mucosal media from the Ussing chamber experiments, 2 ug of
stigmastanol was first added to 1 ml of media; the sterols were extracted using the method of Folch;(59)

and samples were further treated as above.

4F distribution studies. 4F (L-4F, D-4F, or ~0.2 uCi **C-L-4F) was administered at 25 mg/kg via tail vein.
At predetermined time points between 3 and 60 minutes, the animals were sacrificed and perfused, and
organs were dissected. Organs were homogenized, and *C-L-4F was determined by scintillation

counting, while both L-4F and D-4F were determined by LC-MS/MS.

In vivo 4F secretory transport studies. In order to assess whether circulating 4F was transported into
the intestinal lumen, C57BL/6J mice were IV-administered 25 mg/kg **C-L-4F (~2.0 puCi) via tail vein.
After 1 or 3 hours, the animals were bled, euthanized, and perfused. The entire SI from stomach to
cecum was dissected, before being sequentially rinsed three times using PBS, 0.6% taurocholate, and

1.0% triton-X 100. The rinses were collected and combined for analysis. Large intestine was dissected
13



and washed with PBS three times, while the contents of the gall bladder were collected via insulin
syringe. Tissues were dissected and homogenized prior to analysis. Radioactivity was determined in all
samples via scintillation counting. This experiment was then repeated with L-4F, with the Sl wash
consisting only of 3 x PBS, and analysis being performed via LC-MS/MS. High (100 mg/kg) and low-dose
(25 mg/kg) secretory transport studies in C57BL/6J were performed similarly. The effect of WD on the
secretory transport of 4F was studied in Tg112 mice by first feeding the animals with WD or chow for 6
weeks. 25 mg/kg *C-L-4F was injected via tail vein, and radioactivity in Sl rinse was determined as
above. Feces from these individual mice were collected directly from the distal colon of these mice, and

levels of neutral sterols in the feces were determined by GC-MS.(56)

Bile duct ligation study. C57BL/6J mice were anesthetized with isoflourane (5% induction, 1-2%
maintenance), and bile ducts were either ligated or sham-ligated. We validated our surgical technique
in a pilot study by monitoring Alcian blue that had been injected directly into the gall bladder: ligated
mice showed no passage of Alcian blue into the duodenum. Because of the constraints of our surgical
protocol as well as our interest in observing the transport of intact peptide, we then injected 25 mg/kg
L-4F (rather than *C-L-4F) via tail vein into both ligated and sham ligated mice, and after 1 hour we

determined L-4F in intestinal PBS rinse using LC-MS/MS.

Lung lavage. In order to study the transport of 4F into the alveolar space, **C-L-4F was IV-administered
to C57BL/6J mice at both t =0 hrs and t =3 hrs. Att =4 hrs, the mice were sacrificed. The lungs and
trachea of the mouse were exposed by cutting longitudinally along the sternum, being careful to avoid
damaging the lungs or trachea. A needle (20G, Fisher) was introduced into the proximal portion of the
trachea, parallel with the trachea. Once secured, a 3ml syringe (Fisher) filled with 1.3mL PBS was

attached to the needle and the lung was flushed three times, allowing for the total volume to fill the
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lung with each flush. The lavage fluid was collected and the procedure was repeated 3-4 times for a total

of 5 mL/mouse.(60) *C-label was determined in the wash by scintillation counting.

Ussing chamber studies: general. Ussing chamber experiments were carried out in an EasyMount
Ussing Chamber System (EM-CSYS-2-Physiologic Instruments). For all studies, duodenal explants (muscle
on) from C57BL/6J mice, 8-10 weeks of age, were mounted on sliders (P2304-Physiologic Instruments).
Once in the Ussing Chambers, intestinal explants were incubated at 37°C. The serosal and mucosal
chambers contained 4 ml Krebs-Ringer buffers that were gassed at 95% O3, 5% CO, (serosal bath) and
100% O, (mucosal bath). The Krebs-Ringer Buffers were at pH 7.4 after initial gassing with 95% O, 5%
CO,; and they had the following composition: 115 mM NaCl, 25 mM NaHCOs, 2.4 mMK;HPQ,4, 1.2 mM
CaCly, 1.2 mM MgCl,, 0.4 mM KH;PO4, with 10 mM glucose and 10 mM mannitol added in the serosal
and mucosal buffers, respectively.(61) The Ussing chamber runs lasted 90 minutes and 500ul samples
were taken from each chamber every 0, 30, 60, and 90 minutes. Unless otherwise noted, all mucosal
chambers also contained 1x micelles, in accord with the preparation of Igbal et al. 0.14 mM sodium
cholate, 0.15 mM sodium deoxycholate, 0.17 mM phosphatidylcholine, 1.2 mM oleic acid, and 0.19 mM
monopalmitoylglycerol (62) Where indicated, serosal chambers contained human LDL and HDL at 0.72
mg protein/ml and 0.174 mg protein/ml, respectively. Non-permeable 70kDa FITC-Dextran Beads
(Sigma Aldrich) were utilized to determine intestinal explant integrity by observing their absence in the

mucosal chamber when added into the serosal chamber from 90-100 minutes.(49)

Ussing chamber studies: 4F uptake and secretory transport. /n vivo-ex vivo 4F secretory transport

studies. 800 pg (~ 25-30 mg/kg) of D-4F or L-4F in 300 pl saline was injected via tail vain into C57BL/6)
mice. After 30 minutes, the mice were sacrificed and duodenal explants were mounted in Ussing

chambers as above. Serosal chambers either did or did not contain HDL + LDL, while mucosal chambers

15



contained 1x micelles. 4F in both tissue and mucosal media was determined by LC-MS/MS, while
cholesterol in mucosal media was determined by GC-MS. The levels of 4F in mounted tissues were
compared to the levels of 4F in matching pieces of duodenum that had been taken from the same mice

but that had not been mounted. Ex vivo 4F uptake studies. Duodenal explants from C57BL/6J mice

were mounted in Ussing chambers. 50 ug/ml of L-4F alone was added to the mucosal chambers. After
90 minutes, the explants were removed and washed 3 x in PBS. Uptake of 4F by the tissue was
determined by LC-MS/MS. 50 ug/ml of **C-L-4F was added to the serosal chambers of additional
explants. Again after 90 minutes, the tissue was washed 3 x and uptake of 4F by the tissue was

determined by scintillation counting.

Ussing chamber studies: TICE. /n vivo-ex vivo trans-intestinal cholesterol efflux study. To investigate the

effect of 4F on TICE within our Ussing chamber system, C57BL/6J mice were first injected with 800 pg D-
4F (~ 25-30 mg/kg) via tail vein. After 30 minutes, the animals were sacrificed and explants were
mounted in Ussing chambers as above. Each 4F-loaded explant had a sham-injected control explant that
was run simultaneously and under identical conditions. Serosal medias contained 3*H-cholesterol loaded
LDL and HDL, while mucosal medias contained 1x micelles. 3H-label was determined in both tissue and

mucosal media by scintillation counting. Ex vivo trans-intestinal cholesterol efflux study. Duodenal

explants from C57BL/6J mice were mounted in Ussing chambers as above. Serosal media contained 3H-
labelled LDL + HDL, prepared as below, while mucosal media contained 0.25x micelles with or without
50 pg/ml D-4F. *H-label was determined in both mucosal media and tissue after 90 minutes. For both
of these studies, D-4F rather than L-4F was used, in order to sidestep the possibility of loss of peptide

function due to proteolysis across the 90 minutes of the Ussing chamber incubations.
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J774 Cell Culture and 3H-Cholesterol Loading. 1774 mouse macrophages were grown in RPMI-1640
medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin. Cells were
incubated with 5 uCi/ml *H-cholesterol (Cholesterol [7-3H(N)], ARC) and 100 pg/ml acetylated LDL for 48
hours. Prior to injection, the resulting foam cells were washed, equilibrated, harvested, and re-
suspended in media without FBS. All cell suspensions were analyzed microscopically to determine the
number of live cells, and radioactivity was determined as above. On average, injections consisted of

2x10° cells and 1 uCi *H-cholesterol.

In vivo macrophage RCT studies in Tg112 and WT mice. The investigation of macrophage RCT in Tg112
and WT mice was performed in accord with the Rader group protocol,(63) except that we measured
cholesterol efflux into the Sl lumen rather than sterol excretion into the feces.(32) Att =0 hours, mice
were injected IP with approximately 500 pl of *H-cholesterol labeled foam cell suspension. After 8
hours, the mice were sacrificed and luminal rinse was collected. The rinse was then subjected to
chloroform/methanol extraction by adding 4.5 ml of chloroform:methanol (2:1, v/v) to 2 ml of the
lumen PBS rinse.(32) Following centrifugation, the lower chloroform phase containing *H-cholesterol
was collected, dried, and re-suspended in scintillation cocktail for determination of radioactivity. The
upper aqueous phase containing 3H-bile acids was added directly to scintillation cocktail for
determination of label. In order to study the effect of circulating 4F on cholesterol efflux in this model,
25 mg/kg *C-L-4F was IV-administered at t = 4 hours and again at t = 7 hours. Att =8 hrs, Sl rinse was
collected and 3H-cholesterol was determined, and **C label was determined directly in PBS rinse. *C-L-
4F and scintillation counting, rather than L-4F and LC-MS/MS, were used in this study to determine

peptide levels in order to avoid the possibility of tritium contamination of the instruments.
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In vivo cholesterol efflux studies in Tg112 and WT mice. Human HDL and LDL were labeled by adding
ethanol-suspended 3H-cholesterol directly to the lipoprotein mix and then removing any precipitate by
centrifugation. For each mouse, 2 uCi *H-cholesterol was combined with 0.1 mg HDL cholesterol and 0.1
mg LDL cholesterol. Labeled lipoprotein was then pre-mixed with **C-L-4F (25 mg/kg/mouse) or vehicle
before injection by tail vein into both Tg112 and litter-mate control mice. At t =3 hrs, an additional 25
mg/kg *C-L-4F or vehicle was injected into each mouse. After 4 hrs, the mice were sacrificed and
processed as above. As before, 1*C-L-4F and scintillation counting, rather than L-4F and LC-MS/MS, were
used in this study to determine peptide levels in order to avoid the possibility of tritium contamination

of the instruments.

Primary enterocyte cholesterol efflux study. Primary enterocytes were extracted and loaded with 3H-
cholesterol following the method of Igbal et al.(62) C57BL/6J mice were fasted overnight and then
sacrificed. Sl was removed by dissection. Contents from the intestinal lumen were removed, washed
with 117 mM Nacl, 5.4 mM KCl, 0.96 mM NaH;P0O4, 26.19 mM NaHCOs, and 5.5 mM glucose, and then
filled with 67.5 mM NaCl, 1.5 mM KCI, 0.96 mM NaH,PQO4, 26.19 mM NaHCOs, 27 mM sodium citrate,
and 5.5 mM glucose (buffer A). Intestines were bathed in oxygenated saline at 37°C for 10 min. After
discarding the buffer, the intestinal lumen was refilled with buffer A containing 1.5 mM EDTA and 0.5
mM dithiothreitol and incubated in 0.9% sodium chloride solution at 37°C for 10 minutes. Luminal
contents were collected and centrifuged at 1,500 rpm for 5 minutes. All buffers were adjusted to pH 7.4,
gassed with 95% 0,/5% CO; for 20 min, and maintained at 37°C prior to use. Enterocytes were then
suspended in 1.5 ml DMEM containing approximately 1 uCi/ml 3H-cholesterol and incubated at 37°C.
Cells were gassed with 95%0,/5%C0; every 15 minutes. After 1 hour, enterocytes were centrifuged and
washed three times with DMEM before being incubated with vehicle, micelles, or L-4F. After 2 hours,

the cells were pelleted and 3H-label was determined in the supernatants by scintillation counting.
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Statistical Analyses. Error is reported throughout as + standard error of the mean (+SEM). Statistical
analyses were performed by unpaired two-tailed Student’s t-tests, except where experimental groups
were paired with matched controls, in which cases analyses were performed by paired two-tailed t-

tests. Significance was set at p < 0.05.
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Results

4F that is introduced directly into the circulation preferentially associates with the proximal small

bowel.

In order to investigate the distribution of circulating 4F, we first administered 25 mg/kg **C-L-4F
to C57BL/6J mice (n = 3) via tail vein. We observed that peptide label selectively targeted the small
intestine 60 minutes post-injection (Figure 1A). In order to determine the kinetics of 4F uptake by the
intestine, we examined the accumulation of 4F label at multiple time points from 3 to 60 minutes. We
observed that both the duodenum and the jejunum but not the ileum or colon showed significant
uptake of label across 0 - 60 minutes (p = 0.003 and 0.001, respectively), with duodenal uptake peaking
at 15 - 30 minutes (Figure 1B). Next, in order to rule out the possibility that we had observed the
uptake of mere label rather than intact peptide, we IV-administered 25 mg/kg L-4F (Figure 1C) and D-4F
(Figure 1D), and we determined at 15 minutes post-injection the intestinal distribution of intact peptide
by LC-MS/MS. We here observed similar patterns of distribution for L-4F and D-4F at 15 minutes as for
14C-L-4F at both 15 and 60 minutes, indicating that the prior apparent uptake of 4F by the duodenum
and jejunum but not ileum was neither the result of proteolysis nor clearance by the jejunum.
Approximately 7.5% of total injected L-4F and D-4F were present intact in the duodenum and jejunum,
but the concentrations of L-4F and D-4F were significantly higher for both in the duodenum compared to
the jejunum (p = 0.001 and 0.005, respectively), indicating that both circulating L-4F and D-4F selectively
target the proximal small bowel. The concentration of D-4F in both the ileum and cecum was higher
than that of L-4F likely indicating that at least some proteolysis of L-4F in the distal SI had taken place.
However, both IV-administered L-4F and D-4F behaved comparably as regards distribution from the

circulation to the small intestine.
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Circulating 4F that associates with the small intestine is transported into the SI lumen by directly and

selectively crossing the intestinal epithelium.

In the experiments described above (Figure 1), we perfused the mice but did not clear the small
intestinal contents before determining the distribution pattern of 4F. We next sought to determine with
what radial compartment of the small intestine—lumen, mucosa, submucosa, muscle, or serosa—4F
associated. In pilot experiments, we IV-administered 25 mg/kg *C-L-4F into C57BL/6J mice; and after 1
hour, we sacrificed and perfused the animals (n = 3). We freed the lumen of chyme; we tied off and
filled the SI with a lower salt buffer followed by a high salt buffer containing EDTA and DTT; and we
thereby isolated enterocytes.(64) We observed that the label was largely present in the first buffer
rather than in enterocyte fraction or in the remaining tissue (data not shown), suggesting that 4F had
been transported into the Sl lumen. We then IV-administered 25 mg/kg *C-L-4F (1.8 uCi) into C57BL/6)
mice, and at the end of 1 or 3 hours (n = 3 mice/time point) mice were sacrificed and perfused. We
collected and determined radioactivity in a series of rinses of the SI: PBS alone, followed by a rinse of
simple taurocholate micelles (TC) in order to penetrate the mucin layer, (65, 66) followed by a rinse of
1% Triton X-100 (TX) in order to dissolve the cell membranes of the mucosa.(67) We further analyzed
the remaining intestinal tissues, as well as the liver and contents of the gall bladder (Figure 2A).
Approximately 66% of the label associating with the small intestine was present in the PBS rinse by 1 hr,
with no further label added by 3 hrs. After 3 hrs, label associated with the Sl rinses and Sl tissue had
decreased by 33% from approximately 260,000 DPM to 170,000 DPM, while label present in the cecum
and contents had increased 20-fold from 4000 to 80,000 DPM—indicating that label that had been
released into the lumen by 1 hour was traversing the Sl to the cecum. Label was also present in the

feces by 3 hrs. In addition, label was found in the liver and the contents of the gall bladder, with gall
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bladder label increasing approximately 2-fold from 1 to 3 hrs. In order to confirm that the results of
Figure 2A were for intact peptide and not merely peptide label, we repeated the 1 hour time point
experiment described in Figure 2A using L-4F, and we determined by LC-MS/MS that approximately 5%
of total injected peptide was present intact in the initial PBS rinse (Figure 2B).

The data of Figure 2A are consistent with 4F reaching the Sl lumen both trans-intestinally and
through the hepatobiliary pathway. Consistent with label loading the Sl tissue from the circulation
before being released directly into the lumen, label was present in both the TX rinse and in the
remaining Sl tissue homogenate, with this label decreasing over time. However, consistent with 4F
entering the lumen through the hepatobiliary pathway, label was also present in the contents of the gall
bladder. While label in the gall bladder increased during the same time window in which label in the SI
lumen was decreasing—suggesting a trans-intestinal pathway for 1 hr luminal 4F—there nonetheless
exist reports that some lipophilic peptides are excreted into the Sl lumen through the liver and bile.(68)
Thus, in order to investigate the path by which 4F enters the Sl lumen, we ligated the bile ducts of
C57BL/6J mice and compared the amount of intact L-4F in the luminal PBS rinse of ligated animals
compared to sham-ligated controls. We first validated our surgical procedure by injecting Alcian blue
into the gall bladders of both ligated and sham-ligated mice and showed that blue dye entered the
duodenum only in sham-ligated animals (Supplemental Figures 1A and 1B). Next, we IV-administered
25 mg/kg L-4F to both ligated and sham-ligated mice (n = 3 mice/group), sacrificed the animals after 1
hr, and determined the levels of intact L-4F in the Sl rinse by LC-MS/MS. We observed no difference in
4F transport between ligated and sham-ligated mice (p = 0.5) (Figure 3A), showing that under these
conditions L-4F enters the Sl lumen via a trans-intestinal rather than the hepatobiliary pathway.

In the bile duct ligation experiment, the amount of 4F recovered in the Sl rinse in both
experimental and control animals was many-fold lower than observed previously (compare Figures 2B

and 3A). During the bile duct ligation experiment, the animals were under constant isoflourane
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anesthesia, which has been shown to significantly reduce gastrointestinal motility in rats.(69) It is thus
possible that the anesthesia itself depressed baseline intestinal clearance of 4F in this experiment.
Moreover, the bile duct ligation model excludes from the Sl lumen biliary delivery of cholesterol and,
importantly, bile salts—which are important modulators of the trans-intestinal efflux of cholesterol.(70)
We thus sought to confirm that 4F can indeed transport from intestinal tissue into the Sl lumen by IV-
administering 4F in vivo before studying its clearance from duodenal explants ex vivo within a Ussing
chamber—an ex vivo physiological system for detecting and quantifying the transport of ions and drugs
across epithelial tissues.(61) We IV-administered 800 ug D-4F (~25-30 mg/kg) into C57BL/6J mice (n =
7). We had previously observed that the concentration of 4F associated with the duodenum achieved
its maximum around 30 minutes post-injection (see Figure 1B). Thus, after 30 minutes we sacrificed the
animals and mounted duodenal explants within Ussing chambers that contained bile salt-containing
micelles in their mucosal media and lipoproteins in their serosal media (see Methods for micelle and
lipoprotein compositions). We then sampled the mucosal media from 0 — 90 minutes and determined
the levels of intact D-4F released from the explants by LC-MS/MS. We observed a steady increase in D-
4F transported from duodenal epithelium into the mucosal-side media across 90 minutes—with most of
the transport occurring within the first 30 minutes, and with an average of 45 ng of D-4F released from
the 0.1 cm? of exposed epithelium by 90 minutes (Figure 3B). Extrapolating from the amount of 4F
released from 0.1 cm? explants to the approximately 7 cm? of the entire duodenum,(71) approximately 3
ug of transportable 4F was present in the duodenal tissue at 30 minutes post-injection. We also
observed that the concentration of D-4F in these explants significantly decreased by approximately 60%
after the 90 minute ex vivo run (p < 0.05), compared to paired control tissues that had not been
mounted in the Ussing chambers (Figure 3C). While we chose to use D-4F in this experiment in order to
sidestep the possibility of proteolysis of L-4F within the mucosal media over 90 minutes, we observed

comparable transport when we repeated the experiment using L-4F (data not shown).
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The experiments represented in Figures 3A-C establish not only that trans-intestinal secretory
transport of 4F is possible (Figures 3B-C), but also that at least under some conditions, all circulating 4F
that ends up present in the intestinal lumen arrives via a trans-intestinal rather than hepatobiliary
pathway (Figure 3A). We last sought to determine whether 4F selectively targets intestinal epithelium,
or whether 4F crosses any large epithelial barrier. We thus again IV-administered 25 mg/kg **C-L-4F to
C57BL/6J mice (n = 6). After 1 hr, we sacrificed the animals and lavaged the lungs with PBS in order to
assess trans-alveolar secretory transport via scintillation counting. We also determined radioactivity
present in the Sl rinse. In contrast to the Sl rinse, we observed no label present in the lung lavage

(Figure 3D) demonstrating comparative intestinal epithelium specificity.

Intestinal transport of circulating 4F is modulated by TICE.

We began our investigation into the mechanism of 4F intestinal secretory transport by first IV-
administering low (25 mg/kg) and high (100 mg/kg) doses of L-4F to C57BL/6J mice (n =4 and 6,
respectively) and then after 1 hour determining the levels of intact peptide in the SI PBS rinse by LC-
MS/MS. We observed no significant difference as regards transport of intact peptide into the lumen (p =
0.4) (Figure 4A). This result indicated that some aspect of the secretory transport pathway was
saturable at high doses.

We observed that the concentration of 4F was highest in the proximal small bowel (see Figures
1C-D). Trans-intestinal cholesterol efflux is also greatest in the proximal small bowel.(25, 28) We had
previously reported that 4F binds with high affinity to lipoproteins including VLDL and HDL(44) as well as
to cholesterol alone.(50) Lipoproteins including LDL and VLDL(48) and possibly HDL(49) deliver
cholesterol from the circulation to the basolateral side of small intestinal enterocytes, and TICE is itself

an active and saturable pathway.(25) We thus hypothesized that the trans-intestinal secretory transport
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of 4F could be modulated by TICE. Consistent with this hypothesis the 90 minute uptake of 4F from the
serosal side was significantly greater than from the mucosal side of duodenal explants in a Ussing
chamber (Figure 4B).

In order to further test this hypothesis, we required a model that would allow us to manipulate
TICE while observing the effect on the secretory transport of 4F. A diet high in fat and cholesterol has
been reported to increase TICE 50-100% in WT mice.(70) This effect of Western diet on TICE is
enhanced several fold in NPC1L1V¢'T8112 mjce (Tg112 mice), which secrete little to no biliary cholesterol
but whose levels of both cholesterol absorption and fecal neutral sterols are comparable to WT
regardless of diet.(32) We thus obtained two male mice hemizygous for the NPC1L1 transgene. We
bred these mice with WT C57BL/6J females: genotyping demonstrated the presence of the human
NPC1L1 transgene (677 bp) together with a VLDL-specific positive control (320 bp) in half of the
offspring, as predicted (Supplemental Figure 2). For further validation, we measured fecal neutral sterol
levels by GC-MS(56) in the Tg112 offspring and found no difference compared to the levels in WT mice,
consistent with prior reports (Figure 5A). (31, 32) We next fed both male and female Tg112 mice and
littermate controls (n = 4 mice/gender/group) a western-type diet (WD) or chow for six weeks, after
which we IV-administered 675 pg per mouse (~ 25 mg/kg) **C-L-4F to all mice. After 1 hour, the mice
were sacrificed, and label was determined in the Sl rinse by scintillation counting. Both male and female
mice had significantly more 4F transport into the SI lumen on WD compared to control (p = 0.007 and
0.005, respectively). Interestingly, while male and female mice showed no significant difference with
respect to 4F secretory transport when on chow (p = 0.2), male mice exhibited more such 4F transport
than female mice when both were fed WD (p = 0.008) (Figure 5B). As all mice in the current experiment
had been dosed at 675 pg *C-L-4F/mouse (rather than 25 mg/kg as before), this sex difference as
regards 4F transport was not due to the heavier male mice receiving more total peptide. Fortuitously,

this unexpected difference also allowed us to use fecal neutral sterol levels as a marker for TICE in these
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two groups, in order to confirm that enhanced 4F transport correlates with enhanced TICE in this model.
Were one comparing chow vs. WD fed animals alone, the relation between TICE and fecal neutral sterol
levels would be confounded by the difference in the cholesterol content of the diets themselves. Thus,
the fact that WD-fed animals had higher levels of fecal neutral sterols would not of itself tell us that
these animals exhibited greater TICE: the difference could be the mere result of the pass-through or
incomplete absorption of the cholesterol in the food. Both the male and female mice of our final
comparison were on WD, however, thereby removing this particular confounding variable. We thus
determined by GC-MS the fecal neutral sterol levels of the individual mice of Figure 5B. Of interest,
male mice on WD had significantly higher levels of neutral sterols in their feces compared to female
mice on WD (p = 0.01) (Figure 5C), independently supporting the conclusion that the levels of 4F
secretory transport in this experiment correlated with the levels of TICE.

Nonetheless, WD presumably has many effects on Tg112 mice beyond increasing TICE. Even if
we allow that the experiment of Figures 5B-C establishes a correlation between TICE and 4F secretory
transport, it does not thereby establish causation. Recently, TICE has been studied using murine
duodenal explants within a Ussing chamber system.(49) We thus turned again to the in vivo/ex vivo
model of Figure 3B, in order to study the effect of TICE on the secretory transport of 4F within a simpler
system. First, we established the existence of TICE ex vivo by observing the transport of 3H-cholesterol
across duodenal explants from C57BL/6J mice that had been mounted in our Ussing chambers (for an
example of baseline TICE within the Ussing chamber system, see the control group of Figure 7A). Next,
we IV-administered 800 pg D-4F ¢25-30 mg/kg) to C57BL/6J mice (n = 7), and after 30 minutes we
sacrificed the mice and mounted within Ussing chambers duodenal explants together with matched
controls from the same animals. For every matched pair, the serosal media of one explant contained
HDL+LDL while the media of the other explants was basic serosal media alone; and the mucosal medias

for all samples contained micelles (for micelle and lipoprotein compositions, see Methods). We sampled
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the mucosal media across 90 minutes and determined the concentrations of D-4F and cholesterol
present in the media at 30 and 60 minutes (data not shown) as well as at 90 minutes by LC-MS/MS and
GC-MS, respectively. We observed that the presence of serosal-side lipoprotein significantly enhanced
the transport of both D-4F (by 171 %) and cholesterol (by 270%) from the experimental explants into the
mucosal media compared to the matched controls (p = 0.044 and 0.047) (Figure 5D). This experiment
was conducted pair-wise, in order to compensate for the possibility of variable loading of 4F into the
duodenum. The data in Figure 5D is thus expressed as % change compared to the matched controls.
However, total 4F and cholesterol averaged across all groups also increased, from approximately 80 ng
(0.034 nmol) 4F and 110 ng (0.28 nmol) cholesterol to 120 ng (0.052 nmol) 4F and 260 ng (0.67 nmol)
cholesterol. Of further note, the secretory transport of 4F over time mirrored that of Figure 3B:
approximately linear through 30 minutes before tapering off to 90 minutes.

Our results from the above two separate models (in vivo and ex vivo) suggest that trans-
intestinal secretory transport of 4F can be modulated by TICE. In both models, the degree of TICE
correlates with the degree of 4F transport. And while it is possible that in either model taken by itself,
the initiating cause (WD on the one hand, serosal side lipoproteins on the other) may independently
increase both TICE and 4F transport, the existence of correlations between 4F transport and TICE in two

separate models strongly suggests a causal connection between both processes.

IV-administered 4F increases macrophage RCT and cholesterol efflux from lipoproteins in TG112 mice.

Trans-intestinal efflux of cholesterol appears to help drive 4F transport from intestinal
epithelium. 4F also binds with high affinity to lipoproteins(44) and to cholesterol.(50) These facts
suggest a model in which 4F associates with cholesterol as it is taken up and transported apically by

enterocytes. What of the converse: does 4F transport itself modulate cholesterol efflux? Oral D-4F can
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increase macrophage RCT. (72) While 2 week treatment of 45 mg/kg/day oral D-4F only achieves plasma
Cmax of approximately 500 ng/ml, the concentration of D-4F at that dose in intestinal tissue is markedly
higher, with approximately 100 ug present in the SI.(5) As shown in Figure 4D, in duodenal explants not
only is 4F taken up from the serosal media, it can be taken up from mucosal media as well. These facts
suggest that the mechanism by which oral 4F increases macrophage RCT is at least partially intestinal in
nature, perhaps through the upregulation of TICE. As IV-administered 4F achieves concentrations in the
intestine comparable to that achieved by high dose oral D-4F (compare Figures 1C-D with Table 1(5)), we
hypothesized not only that IV-administered 4F could increase macrophage RCT, but that it would do so
at least in part by modulating TICE.

Temel et al. investigated macrophage RCT using the Rader protocol,(63) and they showed no
difference in cholesterol excretion between Tg112 and WT mice. While intestinal cholesterol absorption
was unchanged in Tg112 mice compared to controls, biliary sterol secretion was largely inhibited (> 90%
reduction). Temel et al. concluded that only TICE could account for the fact that cholesterol excretion in
Tg112 mice was nonetheless comparable to that in WT mice, and they thus concluded that TICE could
modulate macrophage RCT. They supported this latter conclusion by repeating the macrophage RCT
experiment in bile-diverted versus surgical control mice and again found no difference in luminal
cholesterol excretion, further establishing that macrophage RCT can indeed follow the TICE
pathway.(32) Others have called this conclusion into question, however. Of note, Njistad et al. assessed
macrophage RCT using Abcb4-/- mice as well as in a bile duct ligation model, and they observed that in
the absence of biliary cholesterol secretion macrophage RCT was mostly ablated.(73)

Because of this controversy, we first repeated the macrophage RCT experiment of Temel et al. in
Tg112 vs. WT mice, with modification. In particular, we applied their protocol for studying 3H-
cholesterol efflux in the biliary diversion model, to the study of TICE in Tg112 mice. (63) Thus, we

loaded J774 macrophages with acetylated LDL and 3H-cholesterol and at time t = 0 hrs administered the
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macrophages by intraperitoneal injection to both Tg112 and WT mice. At t = 8 hrs, the mice were
sacrificed, the luminal contents of the entire Sl were collected with a PBS rinse, and a
chloroform/methanol extraction was performed. Radioactivity in the chloroform phase was
determined, as a measure of 3H-cholesterol; while radioactivity in the agueous phase was also
determined, as a measure of 3H-bile acids (Figure 6A). When Temel et al. studied macrophage RCT in
Tg112 mice, they measured 3H-cholesterol in the feces; and they observed no difference in cholesterol
efflux between Tg112 and WT mice. Consistent with this observation, we saw no difference in 3H-
cholesterol efflux into the lumens of Tg112 and WT mice.

We next asked whether IV-administration of L-4F could increase macrophage RCT in both Tg112
and WT mice. The timeline for this experiment was as follows: at t = 0 hrs, we administered by
intraperitoneal injection 3H-cholesterol loaded J774 macrophages to both Tg112 and littermate control
mice; at t = 4 hrs, we |V-administered 25 mg/kg *C-L-4F or saline vehicle (n = 5 mice/group = 20 total
mice); at t = 7 hrs, we IV-administered a second equal dose of *C-L-4F or saline vehicle; at t = 8 hrs, we
sacrificed the animals and analyzed the luminal rinse. Of note, we observed that IV-administered 4F
significantly increased 3H-cholesterol efflux into the lumen in both Tg112 and WT mice (Figure 6B). We
further detected comparable level of *C-L-4F in the lumens of both Tg112 and WT mice (Figure 6C).

The result of Figure 6B establishes that IV-administered 4F can increase macrophage RCT in
Tgl112 mice, but it does not reveal whether 4F increases cholesterol efflux as such. Indeed, we
observed—consistent with the observations of Xie et al. (72)—that 4F can dose-dependently increase
cholesterol efflux from J774 foam cells in vitro (Supplemental Figure 3). Thus, one possibility is that 4F
increased labeled cholesterol efflux from the J774 cells in vivo leading to higher levels of plasma labeled
cholesterol, while the increase of labeled cholesterol in the Sl was due solely to this effect without any

direct effect of 4F on TICE. In order to address this possibility, we repeated the experiment of Figure
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6B, except that we eliminated macrophages and directly administered HDL and LDL that had been
loaded with 3H-cholesterol (Figure 6D).

In choosing to introduce the labeled cholesterol together with HDL and LDL, we sought a
generous system that would give us our best chance of independently observing an effect of 4F on
cholesterol efflux into the Sl lumen. While there exists evidence in the literature that HDL can play the
role of lipoprotein carrier for TICE,(49) there exist competing studies that have indicated that apoB
containing lipoproteins are the carriers.(48) Because of this uncertainty, we combined both HDL and
LDL together when we introduced labeled cholesterol directly into the circulation in the experiment of
Fig 6D.

In this experiment, we once again observed that IV-administered 4F significantly increased
luminal *H-cholesterol efflux in both Tg112 and WT mice, suggesting that any effect 4F might have had
on the efflux of cholesterol from J774 macrophages was not the sole cause of the effect of 4F on
macrophage RCT. Rather, IV-administered 4F directly increases cholesterol efflux from the circulation
into the SI. Given the nature of cholesterol excretion in Tg112 mice, this result strongly suggests that IV-
administered 4F can increase TICE. Of note, however, the effect of 4F on cholesterol efflux was
significantly greater in WT mice compared to Tg112 mice. While we had not observed this difference in
the experiment represented in Figure 6B, this result suggests that in WT mice there remains a
hepatobiliary component to the effect of 4F on luminal cholesterol efflux. This possibility is consistent
with the results represented in Figure 2A, in which we observed the presence of *C label within the

contents of the gall bladder.

4F increases TICE through duodenal explants and can act as a cholesterol acceptor with respect to

cholesterol efflux from enterocytes.
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While the experiment of Figure 6D establishes that 4F modulates luminal cholesterol efflux in
both Tg112 and WT mice in a macrophage-independent manner and strongly suggests that 4F can
modulate TICE, it does not fully prove the latter. Cholesterol secretion into bile is severely diminished in
Tgl12 mice, but it is not entirely abrogated.(32) It thus remains possible that 4F increases luminal
cholesterol efflux in Tg112 mice solely by modulating this residual biliary cholesterol secretion. We thus
turned once again to the Ussing chamber in order to ask the question whether 4F can in fact increase
TICE. As in the experiment represented in Figure 5D, we first loaded 4F into intestinal tissue in vivo by
IV-administering 800 ug D-4F (~ 25-30 mg/kg) to C57BL/6J mice. After 30 minutes, we sacrificed the
animals and mounted duodenal explants into Ussing chambers, together with explants from animals
that had not been administered 4F. The serosal media contained HDL and LDL that had been loaded
with 3H-cholesterol, and we determined radioactivity in the mucosal media at 90 minutes (Figure 7A).
We observed that the presence of 4F within the explants significantly increased the trans-intestinal
efflux of labeled cholesterol while also significantly increasing the loading of 3H-choleseterol into the
duodenal explants.

The results reported in Figure 7A suggest two basic mechanisms. First, 4F could act within the
tissue, where it could draw more serosal-side cholesterol into the tissue itself, or where it could act as
an internal chaperone with respect to cholesterol efflux. Second, 4F within the tissue is transported into
the mucosal media (see Figure 3B), where it would be well positioned to act as a cholesterol acceptor
with respect to TICE. In order to partially test this second possibility, we stripped enterocytes from
C57BL/6J mice and loaded them with 3H-cholesterol. We observed that 4F dose-dependently increased
cholesterol efflux from these loaded cells (Figure 7B). While this result is consistent with 4F acting as a
cholesterol acceptor in the experiment of Figure 7A, the primary enterocytes of Figure 7B were non-
polarized. This experiment thus failed to determine whether 4F could increase cholesterol efflux from

apical-side rather than basolateral-side transporters. Because of this limitation, we made use of the
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polarized nature of duodenal explants within our Ussing chambers, to investigate the effect of mucosal-
side 4F on TICE proper. We mounted within Ussing chambers duodenal explants together with matched
controls from the same animals. As in Figure 7A, we added 3H-cholesterol loaded LDL+HDL to the
serosal media. For each pair of explants, the mucosal medias contained either micelles together with D-
4F or micelles together with vehicle alone. We observed that mucosal-side 4F significantly increased 3H-
cholesterol loading into the explants, while also significantly increasing the efflux of labeled cholesterol
into the mucosal media itself (Figure 7C). Of note, when we attempted the experiment of Fig 7C in the
absence of micelles, we observed neither a stable baseline TICE nor a consistent effect of 4F (data not
shown). This result is in contrast to that of Figure 7B, in which 4F promoted cholesterol efflux from
primary enterocytes even in the absence of micelles. These observations suggest that micelles are an
important necessary condition on TICE ex vivo, and in this they are consistent with the necessary role of

micelles for in vivo TICE that has been reported in the literature.(70)
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Discussion

We have here observed that circulating 4F selectively targets the Sl (Fig 1), where it is largely
transported intact into the Sl lumen (Fig 2) in a trans-intestinal process (Fig 3) that is at least partially
mediated by TICE (Fig 5). In turn, the trans-intestinal secretory transport of 4F can itself modulate TICE
(Figs 6-7), at least in part by acting as a cholesterol acceptor within the Sl lumen (Fig 7). 4F has been
shown to be effective as a treatment for atherosclerosis and other inflammatory conditions.(38, 39, 74)
Although 4F has been hypothesized to increase the clearance of pro-inflammatory and oxidized lipid
species from the circulation,(44) a mechanism common to 4F’s efficacy in various inflammatory disease
models is not yet known. Our findings may thus help illuminate a mechanism of action of 4F.
Independently, we have here identified a novel modulator of TICE—a finding of potential importance
regarding the basic biology and pharmacological manipulation of this cholesterol excretion pathway.

In support of our prior hypothesis that the intestine is the site of action of 4F, we have shown
here that circulating 4F selectively targets the proximal small bowel (Figure 1). Moreover we have
characterized the basic mechanism by which circulating 4F targets the SI.

First, while we had previously speculated that circulating 4F might reach the Sl solely through
the hepatobiliary pathway,(46) we have now established that 4F is trans-intestinally transported into the
Sl lumen (Figures 2-3). While these findings do not preclude 4F reaching the Sl lumen through the bile,
the kinetics of 4F within the bile appear out of phase with the kinetics of 4F transport into the Sl lumen
(Figure 2A). Moreover, under anesthesia at least, all 4F transport into the Sl lumen is trans-intestinal
(Figure 3A); and the amount of 4F transport from duodenal explants ex vivo is consistent with the trans-
intestinal pathway being predominant (Figure 3B).

Second, we have established that TICE can modulate the trans-intestinal transport of 4F (Figure

5). WD enhances TICE in Tg112 mice.(32) Correlative with this effect, WD increased the trans-intestinal
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transport of 4F (Figure 5B-C). We also observed that the secretory transport of 4F that had been pre-
loaded into duodenal explants can itself be enhanced by serosal-side lipoproteins and their attendant
TICE (Figure 5D). This result together with those of Figures 5B-C—ex vivo and in vivo models of
enhanced TICE exhibiting enhanced trans-intestinal 4F transport—strongly support the conclusion that
4F transport can be modulated by TICE. Because 4F appears to associate with lipoproteins in the
circulation,(44) and because TICE involves the uptake of circulating lipoproteins by the basolateral
membranes of enterocytes,(24-28) it is possible that some of the increase in 4F that we observed in
Tg112 mice on WD is the result of increased targeting of circulating 4F to enterocytes (Figure 5B-C).
However, we also observed that the transport of 4F that had been pre-loaded into duodenal explants
can itself be enhanced by serosal-side lipoproteins and their attendant TICE (Figure 5D). The results of
Figure 5D indicate that at least part of the mechanism by which TICE can enhance 4F transport is
intraepithelial in nature. The saturability of the 4F transport pathway (Figure 4A) further suggests that
the mechanism is transcellular. It may thus seem reasonable to hypothesize that 4F, having been carried
through the circulation associated with lipoproteins and having loaded into enterocytes basolaterally,
co-effluxes with intracellular cholesterol through transporters on the apical membranes of enterocytes.
This hypothesis is strengthened by the fact that 4F also binds cholesterol with high affinity.(50) As
against this model, however, it is worth noting that while we ourselves have shown that 4F associates
with lipoproteins in vivo, there exist some reports in the literature that 4F does not bind to the
lipoprotein fraction of the plasma in vivo.(75) More importantly, the stoichiometry involved weighs
against a simple co-efflux model. In the experiment associated with Figure 5D, approximately 0.02 nmol
peptide together with approximately 0.3 nmol cholesterol were transported into the mucosal-side
media, for a molar ratio of about 1 to 15. Given the size and conformation of 4F, it is unlikely that one
peptide molecule associates with 15 cholesterol molecules during any single co-efflux event. However,

it remains possible that peptide could co-efflux with cholesterol at a higher molar ratio, only for peptide
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then present at the apical boundary of enterocytes to further enhance the efflux of cholesterol itself,
perhaps through additional transporters (see Figures 7B-C).

Lipoproteins and cholesterol can be taken up by enterocytes through LDLR as well as possibly
SRB1 located on their basolateral membranes, and intracellular cholesterol is effluxed through the apical
membranes via abcg5/g8 as well as abcbla/b.(49) Abcb1l, also known as P-glycoprotein 1 or multidrug
resistance protein 1 (MDR1), is a member of the ATP-binding cassette transporters sub-family B. Abcb1
is an ATP-dependent drug efflux pump for xenobiotic compounds with broad substrate specificity, but it
can also act as a cholesterol floppase(76) and has been shown to contribute to TICE.(49) Abcb1 is thus a
good candidate for the apical transporter of 4F—perhaps explaining why there exists baseline 4F
transport from duodenal explants even in the absence of TICE, but why serosal-side lipoproteins
nonetheless significantly increase 4F transport (Figure 5D). We are continuing to investigate the precise
molecular mechanism by which 4F is taken up from the circulation and transported into the intestinal
lumen by the proximal SI.

The 4F secretory transport pathway hypothesized above could account for the manner in which
SQ-administered 4F lowers levels of oxidized lipids including HETEs and HODEs in intestinal tissue and
enterocytes. (5, 77) 4F binds these oxidized lipids with high affinity.(50) If circulating lipoproteins target
4F for basolateral uptake by enterocytes, and if 4F is subsequently cleared apically through e.g.
abcbla/b, 4F could carry with it any intracellular lipid species it binds with high affinity. This pathway
could also account for the manner in which 4F lowers levels of oxidized lipids in plasma(78) and
lipoproteins.(44) Finally, orally administered 4F achieves concentrations in intestinal tissue comparable
to SQ-administered 4F for a given dose. We have shown here that mucosal-side 4F can be taken up by
duodenal explants (Figure 4B). If 4F taken up from the Sl lumen is itself transported back into the lumen
as above, this same transport pathway could also account for the manner in which oral 4F lowers levels

of oxidized lipids in enterocytes.(5) We must continue to investigate, however, whether the reduction
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of oxidized lipids in the Sl is a direct consequence of 4F transport as hypothesized here: whether it is the
result of the direct clearance of the oxidized species, or whether it is rather the result of e.g. a clearance
of substrates like arachidonic acid(5) or an effect upon enzymes including PLA; and 12/15 LOX.

Through the employment of the TG112 mouse model (Fig 6) as well as our ex vivo Ussing
chamber system (Fig 7), we have established that 4F can modulate the TICE pathway. These findings are
of potential importance as regards the mechanism of 4F. While we had previously shown that 4F can
increase macrophage RCT in vivo,(79) the precise mechanism behind this effect was unknown. The
results of Figure 6B, together with those from Figs 6D and 7, indicate that 4F can affect macrophage RCT
at least in part by modulating TICE. This observation raises the possibility that the common
understanding of the anti-atherogenic mechanism of 4F may be incomplete. 4F can bind oxidized lipids
with much higher affinity than apoAl,(50) while its capacity to stimulate cholesterol efflux from
macrophages is lower than apoAl on a per molar basis (80, 81). Facts like these have led some to argue
that the cholesterol efflux capacity of 4F is of secondary importance at best compared to its anti-
oxidative capacity, as regards its effects upon atherosclerosis.(82) However, if 4F affects cholesterol
efflux and macrophage RCT in vivo at the level of TICE rather than at the level of cholesterol efflux from
macrophages themselves—as is suggested by results reported in Figures 6B and 6D—then arguments
against the importance of cholesterol efflux within the mechanism of 4F based on in vitro studies of
cholesterol efflux from macrophages may be misplaced. It is an open question in the literature whether
increasing TICE alone can protect against atherosclerosis. Likewise, while our results strongly suggest
that 4F can increase macrophage RCT (Fig 6B) as well as cholesterol efflux from the circulation itself (Fig
6D) in a TICE dependent manner, we do not here directly link these phenomena to the anti-atherogenic
effects of 4F. However, our present findings do at least suggest that the effects of 4F on cholesterol
excretion and TICE deserve a second look. We are continuing to investigate whether the modulation of

TICE by 4F plays an important role in the anti-atherogenic mechanism of this peptide.
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Our in vivo studies involving the effects of 4F on macrophage RCT and cholesterol efflux from
the circulation involved the use of the Tg112 mouse model. While investigating macrophage RCT, Temel
et al. showed that sterol secretion was undiminished compared to controls in both Tg112 as well as a
biliary diversion model. They concluded that macrophage RCT could proceed via the TICE pathway and
not just the hepatobiliary pathway.(32) However, in addition to the work of Nijstad et al., (73) Xie et al.
showed that macrophage RCT was reduced in Tg112 mice that had been crossed to NPC1L1 knock-out
mice.(83) Our results here support Temel et al. as regards cholesterol excretion in Tg112 mice during
macrophage RCT. Consistent with Temel, we observed no difference in the luminal efflux of labeled bile
acids and cholesterol in Tg112 mice versus controls with respect to macrophage RCT (Figure 6A). Given
that biliary sterol secretion is severely compromised in Tg112 mice,(31, 32) and given that cholesterol
absorption does not differ between Tg112 and WT mice,(32) our observation that both Tg112 and WT
mice exhibited comparable levels of luminal cholesterol excretion in the macrophage RCT experiment of
Figure 6A suggests that most of the cholesterol label that accumulated in the SI lumen in Tg112 mice
was a function of TICE.

Our investigation into the effects of 4F on cholesterol efflux took the form of an increasingly
narrow or circumscribed investigation into mechanism. We first established that 4F could increase
macrophage RCT in Tg112 mice (Fig 6B). Next, we ruled out the possibility that this first observation was
solely the result of 4F enhancing cholesterol efflux from macrophages by observing that 4F could
increase cholesterol efflux directly from the circulation of Tg112 mice (Fig 6D). Finally, we zoomed into
the intra-duodenal effects of 4F within our Ussing chamber system, and we observed that even here 4F
could enhance TICE (Figure 7A). We then explained this final effect in terms of the role of 4F as
cholesterol acceptor on the apical side of enterocytes (Figs 7B and C). These experiments leave open at

least two questions, however.
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First, while 4F increased cholesterol efflux into the Sl lumen both from foam cells (Fig 6B) as well
as from circulating lipoproteins (Fig 6D)—suggesting that the mechanism behind the results reported in
Fig 6B contains the mechanism behind the results reported in Fig 6D—it is nonetheless possible that
these overlapping mechanisms may differ in at least two respects. The labeled free cholesterol (FC)
from foam cells (Fig 6B) most likely enters the circulation associated with HDL, where it can be readily
converted to labeled cholesterol esters (CE) by the activity of LCAT.(84) Thus, some good portion of the
label from foam cells (Fig 6B) will be within HDL-associated cholesterol esters. By contrast, while the
labeled lipoproteins (Fig 6D) contain HDL, they also contain LDL. And while LCAT is also associated with
LDL, the degree of esterification of FC to CE is lower in LDL compared to HDL.(84) Thus, the labeled
cholesterol in the lipoproteins (Fig 6D) may differ from that of the labeled cholesterol in foam cells (Fig
6B) in two respects: initial distribution over LDL and not just HDL; and a higher ratio of FC/CE label
compared to the label in foam cells (Fig 6B). As HDL can transfer both FC(85) and CE(86) to LDL in
circulation, the distribution of label over lipoprotein classes may not be different over time between the
two routes (Figs 6B and 6D). However, while little is known about the differing roles of FC and CE in
TICE, it remains possible that 4F may act on the two routes of cholesterol efflux (Figs 6B and 6D) in
slightly different ways.

Second, while the results reported in Figure 7B and C strongly suggest that 4F can increase TICE
by acting as an apical-side cholesterol acceptor, they do not further elucidate the mechanism involved.
For one, these experiments do not identify which transporters 4F may be acting upon. Second, they fail
to tease apart the role that micelles appear to play in this phenomenon. As mentioned previously, when
we conducted the experiments reported in Figure 7C without micelles, we observed neither consistent
baseline TICE nor consistent effects of 4F (data not shown). These observations were in contrast with
the experiments shown in Figure 7B, in which 4F induced cholesterol efflux from primary enterocytes

even in the absence of micelles. These results suggest that micelles are an important necessary
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condition on TICE within an ex vivo system, and as such they are in keeping with prior studies on TICE
that identify micelles as something approaching a necessary condition on TICE both ex vivo(49) and in
vivo.(70) However, we are continuing to investigate the manner in which micelles and 4F act together
to promote TICE.

Of interest, few promising pharmacological modulators of TICE have been identified to date.
LXR agonists including the compound T0901317 have been shown to upregulate TICE,(29) but LXR
agonist treatment is accompanied by significant side effects including increased TG and LDL-C levels.(87)
Studies involving intestinal-specific activation of LXR have demonstrated enhanced macrophage RCT as
well as atheroprotection,(88, 89) but as yet the effects of intestinal-specific LXR activation have not been
traced back to TICE. Bile acids and phospholipids in the intestinal lumen have been shown to stimulate
the amount of cholesterol secreted via TICE.(90, 91) Dietary plant sterols including campesterol and
sitosterol may also stimulate TICE.(92)

We have here identified a novel pharmacological modulator of TICE. 4F could thus serve as an
important investigative tool for shedding light on the basic biology of this recently identified cholesterol
excretion pathway. However, enhancing TICE as well as macrophage RCT may also partially account for
the anti-atherogenic and anti-inflammatory effects of 4F. The details regarding the mechanism by which
4F enhances TICE, as well as the connections between TICE and atherosclerosis and other systemic

inflammatory disorders, are the subjects of ongoing investigations in our laboratory.
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Figure 2-1. L-4F that is introduced directly into the circulation preferentially associates with the proximal
small bowel. (A) Gross tissue distribution was first determined by injecting **C-4F (25 mg/kg, 0.2 uCi)
into C57BL/6J mice via the tail vein (n=3). After 60 minutes, the mice were sacrificed and perfused,
tissues were dissected and homogenized, and radioactivity was determined by scintillation counting.
Counts were significantly higher in the small intestine (SI) compared to the liver (*, p = 0.04). (B) **C-L-
4F (25 mg/kg, 2 uCi) was injected via tail vein directly into the circulation of each of 15 fasted C57BL/6)
mice. At various time points, the animals were sacrificed, perfused, and dissected; and radioactivity was
determined (3 mice/time point). A significant increase in radioactivity between 3 and 60 minutes was
observed for both the duodenum (*: p = 0.003) and the jejunum (**: p = 0.001). (C and D) L-4F or D-4F
(25 mg/kg) was injected via tail vein into C57BL/6J mice (n=4 per peptide). After 15 minutes, the
animals were sacrificed and perfused, and levels of intact peptide were determined in intestinal tissue
via LC-MS/MS. Both peptides exhibited distribution patterns comparable to each other and to that at 15
min and 60 min in (B). The concentrations of intact L-4F and D4F were both significantly higher in the
duodenum compared to the jejunum (*, p = 0.001 and p = 0.005, respectively). (Error is reported as

standard error of the mean [SEM]).

Figure 2-2: Small intestinal 4F is transported into the intestinal lumen. (A) **C-L-4F (25mg/kg, 1.8 uCi)
was introduced via tail vein into the circulation of fasted male C57BL/6J mice. After 1 or 3 hours (3
mice/time point), the animals were bled, sacrificed, perfused, and dissected. The entire small intestines
were then rinsed three times with PBS, followed by three times with 0.6% taurocholate (TC) and three
times with 1.0% Triton X-100 (TX). Radioactivity was determined in all of the rinses as well as in
associated tissues, cecum contents, feces, and gall bladder contents (Gall bladder). (B) Intact L-4F
present in SI PBS rinse was determined by LC-MS/MS after 1 hour following tail vein injection of L-4F (25

mg/kg) into C57BL/6J mice (n=4). (Error is reported as standard error of the mean [SEM]).
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Figure 2-3: [-4F enters the intestinal lumen by directly and selectively crossing the intestinal epithelium.
(A) L-4F (25mg/kg) was introduced via tail vein into C57BL/6J mice, whose bile ducts had either been
ligated or sham-ligated (n=4). Intact L-4F present in the plasma and SI PBS rinse after 1 hour was
quantified by LC-MS/MS. (B and C) C57BL/6J mice (n=7) were injected with 800 ug (~ 25-30 mg/kg) of D-
4F via tail vein. After 30 minutes, the mice were sacrificed and duodenal explants were mounted in
Ussing chambers. Serosal side media contained LDL and HDL, while mucosal side media included
micelles. Mucosal side media was sampled at 3, 30, 60, and 90 minutes; and the amount of D-4F
present was determined by LC-MS/MS. Peptide was observed released from the tissue into the mucosal
side media across 90 minutes (B). Levels of D-4F were also quantified in these duodenal explants
together with matched controls from the same mice. The controls were not mounted in the Ussing
chamber and provide the baseline or time zero concentration of D-4F in the tissue (C). Ussing chamber
mounted tissue after 90 minutes had significantly less D-4F than controls (*: p < 0.05). (D) In order to
determine whether L-4F selectively crosses intestinal epithelium, the level of L-4F present in lung
alveolar space was determined via lung lavage following 2 individual 25 mg/kg injections of *4C-L-4F at 1
and 3 hours prior to sacrifice (n = 6). No L-4F was present in the lung lavage, in contrast with SI PBS

rinse. DPM were converted to ug L-4F. (Error is reported as standard error of the mean [SEM]).

Figure 2-4: The process of L-4F secretory transport is saturable, while in turn luminal-side L-4F can itself
be taken up into the Sl tissue. (A) Low (25 mg/kg) and high dose (100 mg/kg) L-4F was introduced via
tail vein into C57BL/6J mice (n=4 and 6 respectively). After 1 hour, the level of L-4F in the SI lumen rinse
was determined by LC-MS/MS. No significant difference was found between the two doses (p = 0.4),
indicating that the secretory transport pathway is saturable. (B) L-4F or *C-L-4F + L-4F was added to

either the mucosal or serosal media of the Ussing chamber, and uptake by the tissue was determined by
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LC-MS/MS or scintillation counting respectively (n = 7/group). Duodenal explants took up significantly
more 4F from the serosal media than from the mucosal media (*: p < 0.005). (Error is reported as

standard error of the mean [SEM]).

Figure 2-5: The secretory transport of 4F is modulated by trans-intestinal cholesterol efflux. (A) Levels of
neutral sterols in the feces from Tg112 and litter-mate control mice fed a chow diet (n=8/group) were
compared by GCMS. (B) Western diet (WD) has been shown to upregulate TICE in Tg112 mice. Male
and female Tg112 mice were fed chow or a WD for six weeks (n=4 mice/gender/group), injected with
675 ug per mouse of *C-L-4F (~ 25 mg/kg) via the tail veins, and the radioactivity in the lumen washes
was determined after 1 hr. WD significantly upregulated 4F transport in both male (*, p = 0.007) and
female mice (**, p = 0.005). While male and female mice exhibited no significant difference on chow (p
=0.2), male mice had significantly higher transport of 4F into the Sl lumen than female mice when both
were fed a WD (***, p =0.008). (C) Total neutral sterols were determined by GCMS in the feces of the
individual mice in (B). WD significantly increased neutral sterols in the feces of both male (*, p = 0.001)
and female mice (**, p = 0.02). While male and female mice exhibited no significant difference on
chow, male mice had significantly more neutral sterols in their feces compared to female mice when
both were fed a WD (***, p =0.01). (D) C57BL/6J mice were injected with 800 pg (~ 25-30 mg/kg)/300
ul saline of D-4F via their tail veins (n = 7). After 30 minutes, the mice were sacrificed and duodenal
tissue explants were mounted in Ussing chambers. Each mouse contributed paired explants, whose
serosal side medias both did or did not contain LDL + HDL. Levels of both D-4F and cholesterol in
mucosal medias were determined by LCMS/MS and GCMS, respectively. The presence of serosal side
lipoproteins significantly enhanced the transport of both D-4F and cholesterol into the mucosal media

(*, **: p<0.05). (Erroris reported as standard error of the mean [SEM]).
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Figure 2-6: Circulating L-4F increases reverse cholesterol transport from macrophages as well as
cholesterol efflux from lipoproteins in Tg112 mice. (A) Macrophage RCT was determined in Tg112 mice
compared to littermate controls (WT). J774 cells were grown in culture and loaded with acetylated LDL
that had been labeled with 3H-cholesterol. Loaded macrophages were injected IP (approximately 2x10°
cells and 1 uCi per mouse) into both WT and Tg112 mice (n=4/group). After 8 hours, the mice were
sacrificed, and lumen rinse was collected. Following chloroform/methanol extraction of the rinse, label
was determined by scintillation counting in both the chloroform fraction (*H-cholesterol) and the
methanol/water fraction (*H-bile acids). (B) We determined the effect of IV-administered L-4F on
macrophage RCT. We proceeded as in (A), except that the mice were IV-administered either 25 mg/kg
14C-L-4F or vehicle at both t=4 hr and t=7 hr (n=5/group). As positive control, 3 WT animals had received
1 week pre-treatment with the LXR agonist T0901317; these were otherwise treated as vehicle controls.
L-4F significantly increased RCT into the intestinal lumen for both Tg112 (*, p = 0.01) and WT (**, p =
0.001) mice. LXR agonist treatment likewise increased RCT (***, p = 0.03). Data is expressed as percent
of the corresponding vehicle controls. (C) **C label was determined in the luminal PBS rinse of both the
Tg112 and WT mice from (B), and DPM were converted to ug *C-L-4F. (D) In order to investigate the
mechanism by which 4F modulates RCT, we repeated the basic experiments of (A) and (B) except that
we used HDL and LDL rather than macrophages as the cholesterol source. Human LDL and HDL was pre-
labeled with *H-cholesterol. The lipoproteins were then pre-mixed with either **C-L-4F or vehicle, and
100 pg HDL cholesterol + 100 pg LDL cholesterol + 25 mg/kg **C-L-4F (or vehicle) was injected via tail
vein into both Tg112 and WT mice (n = 7 mice/group). Att =3 hr, the mice were given a second
injection of either 25 mg/kg *C-L-4F or vehicle. Att =4 hr the mice were sacrificed, and radioactivity
was determined as before. #C-L-4F significantly increased cholesterol efflux into the Sl lumen in both
Tgl12 (*, p =0.004) and WT (**, p = 0.001) mice. The effect in Tg112 mice strongly suggests that L-4F

can upregulate cholesterol efflux via the TICE pathway. In this experiment, however, L-4F also
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significantly increased cholesterol efflux in WT mice compared to Tg112 mice (***, p = 0.04), suggesting
that L-4F also affects cholesterol efflux through the hepatobiliary pathway in this context. (Error is

reported as standard error of the mean [SEM]).

Figure 2-7: 4F increases TICE through duodenal explants and can act as a cholesterol acceptor with
respect to cholesterol efflux from enterocytes. (A) 800 ug D-4F (~ 25-30 mg/kg)/300 ul saline or vehicle
was injected into the tail veins of C57BL/6J mice (n = 5). After 30 minutes, the mice were sacrificed and
duodenal explants from the mice injected with 4F (4F-tissue) and vehicle (Control) were mounted in
Ussing chambers. After 30 min in vivo, the explants from 4F-injected mice had been pre-loaded with 4F
(see Fig. 3B). The mucosal media for both groups contained fresh micelles, while all serosal medias
contained a fresh-mixed combination of human HDL and LDL that had been pre-loaded with 1 uCi/well
of 3H-cholesterol. The mucosal medias were sampled through 90 minutes, and total 3H-cholesteral
effluxed into the mucosal medias during that time was determined by scintillation counting. At the end
of the experiment, 3H-cholesterol level in the tissues was also determined. Pre-loading the tissue with
4F significantly increased the amount of cholesterol label in both the mucosal media and the duodenal
explants (*, **; p < 0.05). (B) Primary enterocytes were stripped from the small intestine using EDTA
and loaded with *H-cholesterol for 30 minutes under constant aeration. The cells were washed and
media changed, and L-4F was added to the cell suspensions. Micelles alone were also added as a
positive control (n = 3/group). L-4F dose dependently increased 3H-cholesterol efflux from enterocytes
(Control vs. 10 ug/ml: *, p = 0.001; 10 pug/ml vs 50 pg/ml: **, p = 0.0002; ***, control vs. micelles: p =
0.01). (C) Duodenal explants from C57BL/6J mice were mounted in Ussing chambers. Each mouse
contributed two contiguous explants, whose serosal-side medias contained 3H-cholesterol loaded
lipoproteins (as above). For each pair, either 50 pg/ml D-4F or vehicle was added to mucosal-side media

that contained micelles. Mucosal-side 4F significantly increased cholesterol loading into the explants

56



(**, p =0.044) as well as cholesterol efflux into mucosal medias themselves (*, p = 0.047) compared to

the paired controls. (Error is reported as standard error of the mean [SEM]).
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Figure 2-1B
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Figure 2-1C
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Figure 2-5D
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Figure 2-6C
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Figure 2-6D
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Figure 2-7A
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Figure 7B
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Figure 7C
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Chapter 3: COX2 dependent dysregulation of inflammatory signaling is rescued by apoA-I mimetic
therapy in mouse models of IBD

Abstract

Inflammatory bowel disease (IBD) is a multi-factorial inflammatory disorder of the intestinal tract that
exhibits high morbidity with very limited therapeutic options. ApoA-lI mimetics including both 4F and
Tg6F are potent anti-atherogenic and anti-inflammatory peptides, but they have not been studied as
therapies for IBD. We have reported that the intestine is the site of action of the atheroprotective
effects of 4F, where it modulates the trans-intestinal efflux of cholesterol. We thus sought to determine
whether orally administered 4F could inhibit the development of IBD in two independent mouse
models. Our laboratory previously reported that mice with complete or myeloid-conditional
cyclooxygenase 2 (COX2) knock-out develop severe Crohn’s disease-like inflammation in their ileo-ceco-
colic junctions when fed a cholate-containing diet. 4F treatment dramatically inhibited intestinal
inflammation in myeloid conditional COX2 knock-out mice challenged with 0.2% cholate-containing diet:
significantly improving survival, gross pathology, H&E score, inflammatory cytokine profiles,
macrophage and neutrophil infiltration, and markers of systemic inflammation. In parallel, we examined
the effect of 4F on the development of colitis in IL107" mice fed the COX inhibitor piroxicam. As in the
COX2 and cholate model, 4F treatment significantly improved various markers of disease including colon
length, clinical colitis scores, and colon H&E scores. Because we observed that both cholate and
piroxicam increase intestinal barrier permeability and translocation of LPS into portal vein serum in
COX2 and IL10 KO mice respectively, while also observing that both antibiotic treatment and MyD88
inhibition abrogate intestinal inflammation in the COX2 and cholate IBD model, we further examined the
inflammatory profiles of LPS-activated but 4F-treated primary macrophages from both types of mice.

While both COX2 KO and IL10 KO + piroxicam enhance the pro-inflammatory effects of LPS activation,
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co-treatment with 4F significantly inhibits the pro-inflammatory phenotype of these LPS-activated
macrophages, as assessed by cytokine RNA expression as well as by the levels of pro-inflammatory lipid
signals. These results suggest that 4F may protect against IBD in these models in part by suppressing
toll-like receptor signaling. We also examined the effect of 4F treatment on the levels of inflammatory
lipid signaling mediators present in both plasma and intestinal tissue in both models, observing that 4F
treatment shifted the balance of pro-inflammatory and inflammation resolving lipid signals towards a
less inflammatory phenotype in both tissue and plasma. Additional work ex vivo established that 4F can
directly clear pro-inflammatory lipid signals from intestinal explants while also mediating the trans-
intestinal transport of these lipid signals from lipoproteins into the intestinal lumen; strongly suggesting
that 4F treatment directly clears pro-inflammatory lipid signals in vivo. As the apoA-I mimetic Tg6F also
inhibits the development of intestinal inflammation in the COX2 KO and cholate model, these findings

suggest that apoA-I mimetic peptides may provide an important new therapy for the treatment of IBD.
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Introduction

Inflammatory bowel disease (IBD), inclusive of Crohn’s disease (CD) and ulcerative colitis (UC), is a
chronic and relapsing inflammatory disorder of the gastrointestinal tract. IBD consists of a dysregulated
mucosal immune response to gut microbiota, brought about by host and/or environmental triggers in
genetically susceptible individuals.(1, 2) However, there exists no single pathogenic mechanism for IBD.
Approximately 200 genetic susceptibility loci have been identified for IBD.(3) The candidate genes
broadly implicate several distinct functional categories, including epithelial barrier function, innate
immunity, T cell signaling, and autophagy; but even within a category, the underlying pathways are
largely distinct.(3, 4) The range of environmental factors associated with the development of IBD is also
complex; antibiotic use, childbirth mode, breastfeeding, air pollution, NSAID use, hypoxia or high
altitude, diet, and urban environments have all been associated with increased risk of disease.(5) In the
absence of a single pathogenic mechanism, investigation into the etiology and pathogenesis of IBD
requires careful elucidation of the disparate causal contributions of the many susceptibility-linked genes
and disease-associated environmental factors.

IBD exhibits high morbidity, but there are currently few effective pharmacological interventions.
For example, between 70% and 90% of all CD patients eventually undergo surgery within their lifetime,
and approximately 40% will require repeated surgery.(6) Anti-TNF therapies including both infliximab
and adalimumab offer a treatment option for IBD that is refractory to conventional therapies including
corticosteroids and immunomodulators—leading to mucosal healing and reducing the need for
hospitalization and surgery.(7) However, treatment failures with anti-TNF therapies are common.
Primary nonresponse was reported in up to 40% of patients in clinical trials, while secondary loss of
response was observed in up to 46% of those patients exhibiting a primary response.(8) There exists a

pressing need for additional IBD therapies.
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Murine models have importantly helped both to illuminate the overall pathogenesis of IBD and
to determine the causal contribution to disease of many susceptibility-linked genes.(2) These models
have also played an important role in both drug discovery and predicting clinical response.(9) Mirroring
the genetic complexity of human disease, there exist over 50 genetic mouse models for IBD. As with
humans, disturbances of barrier integrity, or dysregulations of innate or adaptive immune responses,
can independently realize IBD-like intestinal inflammation in these models.(10-12) For example, MDR1
is a susceptibility gene for IBD,(13) and its contribution to disease has been studied extensively in the
mdrla-deficient mouse model of spontaneous colitis.(14) In turn, several potential drugs including anti-
IL17 therapy have been investigated in this model.(15)

COX2 is the inducible form of cyclooxygenase and is responsible for the rate limiting step in the
conversion of arachidonic acid to prostanoids (prostacyclins, prostaglandins, and thromboxanes).(16)
Multiple genetic susceptibility studies have linked COX2 to an altered risk of developing IBD,(3, 17-20)
but the exact nature of the link is not thereby clear—with studies associating COX2 polymorphisms both
with increased(17-19) and decreased risk.(20) We previously reported that both COX2 total knock-out
(COX2 TKO) and COX2 myeloid-specific knock-out (COX2 MKQO) mice or COX2-inhibited (COX2i) mice
develop severe CD-like inflammation in their ileo-ceco-colic junctions upon cholate (0.5% w/w) dietary
challenge.(21, 22) These results establish that COX2 is protective against CD-like pathology in these
models. However, while this earlier work characterized disease phenotype, it did not further investigate
the pathogenic mechanism of these models.

The present study makes use of our COX2 and cholate models to investigate the causal
contributions to IBD of both COX2 and the environmental trigger cholate, while simultaneously
employing these models to investigate the efficacy of apoA-I mimetic peptides as therapies against IBD.
There exists a synergy between these two arms of investigation. We here report that apoA-I mimetic

peptide therapy significantly inhibits the development of intestinal inflammation in these models. Our
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observations regarding the underlying pathogenic mechanism of these mouse models inform our
hypotheses regarding the inhibitory mechanisms of these therapies. In turn, we also make use of these
effective therapies as investigative tools to help support our claims regarding the mechanism of disease
in these models.

ApoA-I mimetic peptides including both 4F and 6F are short amino acid sequences that
recapitulate the secondary structure and partial function of apoA-I, the main structural protein of high
density lipoprotein (HDL).(23) ApoA-I contains 243 amino acids, while both 4F and 6F contain only 18;
but both peptides exhibit the same class A amphipathic helical structure as apoA-I, while also mimicking
its ability to bind and solubilize lipids. The 4F peptide was found to be protective in numerous animal
models of inflammatory disease, including atherosclerosis,(24-26) arthritis,(27) renal inflammation,(28)
hepatic fibrosis,(29) and pulmonary hypertension.(30) Transgenic 6F (Tg6F), extract from tomatoes
expressing the 6F peptide, likewise prevented the development of atherosclerosis(31) and systemic
inflammation(32) in mouse models. Of particular interest, apoA-I has been shown to inhibit DSS-
induced colitis in mice,(33) while 4F has inhibited the development of air-pollution induced
inflammation in the small intestine.(34)

We have previously reported that circulating 4F selectively targets the small intestine, where it
is transported into the intestinal lumen, is reabsorbed by the intestinal mucosa, and mediates the trans-
intestinal efflux of cholesterol.(35) We have also demonstrated that both oral and subcutaneous (SQ)
administered 4F reduces the levels of the pro-inflammatory fatty acid metabolites 15HETE, 12HETE,
13HODE, and 9HODE in enterocytes of LDLR-null mice on western diet, while also improving markers of
systemic inflammation.(36) Likewise, the intestine has also been identified as the site of action of the
systemic anti-inflammatory effects of Tg6F.(32) Given this background, we thus sought to determine
whether orally administered 4F and Tg6F could inhibit the development of CD-like inflammation in the

COX2 and cholate model.
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Overall, we report that while cholate initiates disease by increasing both barrier permeability
and the translocation of pathogen-associated molecular patterns (PAMP), disease further requires
COX2-dependent dysregulation of the inflammatory response to MyD88-specific TLR ligands.
Dysregulation within the macrophage compartment is sufficient to drive disease, and macrophages
lacking COX2 activity are more pro-inflammatory upon LPS activation. We developed a LC-MS/MS panel
of 40 pro-inflammatory and inflammation resolving signaling lipids and show that the balance of pro-
inflammatory and inflammation resolving lipid signals is altered in both ceca and plasma of mice with
the disease. Of interest, we observed that ceca from COX2 KO mice exhibit a smaller ratio of the
inflammation resolving resolvin D1 (RvD1) to the pro-inflammatory leukotriene B4 (LTB4): a finding
consistent with a recent report about the nature of more pro-inflammatory and unstable atherosclerotic
lesions.(37)

Both 4F and Tg6F therapy abrogates disease in the COX2 and cholate models. 4F peptide
treatment inhibits the pro-inflammatory phenotype of LPS-activated COX2-deficient macrophages, while
also rescuing the imbalance of pro-inflammatory lipid signals in ceca and plasma. We demonstrate ex
vivo that 4F can directly clear pro-inflammatory lipid signals from intestinal tissue, while also increasing
the trans-intestinal transport of these pro-inflammatory signals from HDL and LDL. Last, we show that
4F therapy inhibits disease in the piroxicam-accelerated (PAC) IL10 KO model of colitis, where 4F
treatment also lowers levels of pro-inflammatory lipid signals in plasma. As we observe that piroxicam,
like cholate, increases both intestinal barrier permeability and PAMP translocation, we demonstrate that
4F suppresses pro-inflammatory signaling from LPS-activated and piroxicam-treated IL10 KO primary
macrophages. These results together recommend apoA-I mimetics as potential therapies for IBD

including both CD and UC.
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Materials and Methods

Mice. COX2 MKO (COX2"/f; LysM®e/*), COX2 TKO mice (COX2"</*¢), and IL107" were all bred and

maintained as described.(22, 38, 39)

ApoA-I mimetic peptides. D-4F peptide was made synthesized as previously described.(35) For in vivo
studies, D-4F was supplied as 500 ug/ml in drinking water, and the mice were allowed to drink ad
libitum. For cell culture studies, D-4F was added at 15 ug/ml to the cell culture media. Tg6F and empty
vector (EV) extracts were prepared as described previously.(40, 41) For studies involving Tg6F, the

final diets contained 0.06% of Tg6F or EV extract by weight.

Basic IBD studies involving the COX2 CCHF and PAC IL10 mouse models. COX2 TKO or MKO mice were
challenged with CCHF diet (Envigo TD.90221) for 2 or 7-10 weeks, respectively. Inflammation in the ileo-
ceco-colic junctions was assessed by gross pathology, histological scoring of inflammation and epithelial
damage (see below), as well as by immunohistochemistry for Ly6G and F4/80, and gPCR for TNFa and
IL10. Both immunohistochemistry and gPCR were performed in accord with standard protocols.
C57BL/6J mice were fed the selective COX2 inhibitor celecoxib as described,(22) and inflammation was
evaluated as above. Piroxicam mixed into chow and fed to IL107" mice as described.(39) Colitis was

evaluated in these mice as described in the Results.

Barrier permeability, endotoxin, inflammation, and epithelial damage. Barrier permeability was
measured by determining urinary excretion of sucralose, mannitol, and lactulose over 24 hours in
metabolic cages following oral gavage. LC-MS/MS was used to determine the levels of these

carbohydrates relative to raffinose used as internal standard. LC-MS/MS methods and dosing are as
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described.(42) Endotoxin levels in portal vein serum were determined following collection of portal vein
plasma from anesthetized mice. Serum was allowed to form over 1 hour at RT. Serum samples were
heated to 50 deg for 10 min, and endotoxin levels were determined via LAL assay in accord with the
manufacturer’s protocol (Kinetic Turbidimetric LAL Assay, Lonza). Inflammation was determined by
histological score of HE stained sections of ileo-ceco-colic junction. Inflammation was scored 0-4 on
three separate fields per sample. Epithelial damage was also assessed histologically on the basis of a

score of 0-4 in three separate fields per sample.(43)

Antibiotic treatment. Vancomycin, ampicillin, neomycin, and metroniadazole were supplied in drinking

water as described.(44)

MyD88 inhibition. The MyD88 inhibitor T6167923 was supplied 3x/week at 250 ug/injection.(45)

Bone marrow derived macrophage studies. Bone marrow derived macrophages were generated as
previously described.(46) BMDM were activated with 25 ng/ml LPS and either co-treated with 15 ug/ml
D-4F or pre-treated for 2 days with 15 ug/ml D-4F. For analysis of lipids, lysates were collected and
assessed as described in Supplementary Methods. Separate wells of the 6-well dishes were set aside for
RNA. Pro-inflammatory cytokine gene expression was determined using BloRad’s SYBR green kit in

accord with standard protocols. (n=3/group/time point)

Carrageenan hind paw model. Mouse hind paws were injected with carrageenan and paw edema was

measured as described.(47) For the study of hind paw swelling in COX2 MKO and FLOX mice, n=7.
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Lipid inflammatory mediators in tissue and plasma of COX2 MKO and FLOX mice. Lipid inflammatory
mediators were determined in both tissue and plasma of COX2 MKO and FLOX mice that had been fed a

CCHF diet for 8.5 weeks (see Supplemental Methods).

ApoA-I mimetics and COX MKO + CCHF. COX2 MKO mice were challenged with CCHF for 7, 8.5, and 10
weeks (n=7/group/time point), and the effect of D-4F (500 ug/ml) on intestinal inflammation was
determined as noted above. In brief, gross pathology, histopathology (HE inflammatory score and
muscle thickness), IHC for Ly6G and F4/80, and gPCR for expression of Tnfa and //110 were determined.
Lipid inflammatory mediators in both plasma and intestinal tissue were determined, also as described.
Tg6F or EV extract (0.06% w/w) in combination with CCHF diet were fed to both FLOX and COX2 MKO for

8.5 weeks (n=8/group), and drug treatment was assessed by gross pathology and histopathology.

Total cholesterol and PON. Both plasma TC and PON1 activity were determined as previously reported

by our lab.(48)

Ussing chamber experiments. These experiments were performed in accord with our previously

published methods, except for the minor modifications detailed in the Results herein.(35)

Binding affinity studies. Binding affinities between 4F and both cholate and 15HETE were determined

by surface plasmon resonance in accord with methods previously detailed by our lab.(49)

Assessment of colitis in PAC IL10 model. During evaluation of the severity of colitis in the PACIL10

model, we followed previously published procedures and criteria.(39)
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ApoA-I mimetic 4F and PAC IL10. The protocol for this study is given in Figure 6.

Statistics. P-values were determined by double sided unpaired or, where specified, paired T-tests, with

significance set at p < 0.05. Variation is reported as SEM.
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Results

Dysregulated inflammatory response to PAMP drives intestinal inflammation in the COX2 and cholate

models of IBD.

Consistent with our prior reports, both COX2 TKO and COX2i but not wild-type (WT) mice
developed severe chronic inflammation in their ileo-ceco-colic junctions when challenged with a
cholate-containing high fat diet for 2 weeks.(21, 22) Disease was characterized by severe inflammatory
lesions in both the submucosa and muscularis propria together with sporadic foci of mucosal ulceration,
as well as by thickening of the intestinal wall (Figure 1A). While both a cholate-containing chow (CCC)
diet and a cholate-containing high fat (CCHF) diet induce histologically comparable disease, CCHF diet
accelerates the disease time course compared to CCC (2-3 weeks vs. 4-12 weeks, for full induction).(21)

In order to economize the lengths of our animal experiments, we conducted our studies with CCHF diet.

Within our models, loss of COX2 activity is necessary but not sufficient for the development of

IBD. Chow-fed COX2 TKO mice exhibit reduced viability together with, for example, renal alterations
characteristic of renal dysplasia,(50) but they do not spontaneously develop chronic inflammation in
their ileo-ceco-colic junctions (data not shown, 21). Rather, CD-like inflammation is initiated in these
mice by an environmental trigger (viz., 0.5% dietary cholate). In this respect, our models mirror the
etiology of CD itself, in which genetic susceptibility combines with environmental triggers to produce
disease. Because the production of cholate is increased by diets high in fat and cholesterol,(51) while
diets high in fat and cholesterol increase the risk of developing CD,(49) the manner in which cholate
here triggers disease is of potential significance regarding the pathogenesis of CD. We thus sought to

determine the mechanism by which dietary cholate initiates disease in our COX2 models.
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When we fed COX2 TKO and COX2i mice CCHF for 2 weeks, we observed sporadic ulceration of
the epithelia in the ileo-ceco-colic junctions of the experimental mice (see Figure 1A). Bile acids
including cholic acid pose a significant risk of cellular toxicity, in part as a result of their detergent
capacity to alter cell membrane integrity.(52, 53) In turn, epithelial damage can disrupt epithelial
barrier function, while damage-associated molecular patterns (DAMP) themselves(54) or disrupted
barrier function can be a cause of gut inflammation.(55) Several studies have moreover identified
increased intestinal permeability as a primary etiologic factor in CD.(56, 57) By contrast, COX2
expression is strongly induced in both intestinal and esophageal epithelial cells by non-conjugated bile
acids like cholic acid,(58-61) while COX2 and COX2-derived PGE2 play important roles in gastrointestinal
mucosal defense(62) including protecting against intestinal ulceration.(63, 64) We thus initially
hypothesized that in the absence of COX2 activity, dietary cholate damages intestinal epithelium and
increases barrier permeability in a manner consistent with the initiation of inflammation in our models.

Epithelial damage can cause intestinal inflammation, but intestinal inflammation can itself cause
epithelial damage including ulceration.(65) If epithelial damage or altered barrier function are a cause of
intestinal inflammation in our models, these alterations must precede the development of
inflammation. We thus conducted a time course experiment in which we monitored epithelial damage,
changes in barrier permeability, translocation of endotoxin into portal vein serum, and ileo-ceco-colic
inflammation over time (Figure 1B). C57BL/6 mice were fed either CCHF or CCHF containing the COX2
inhibitor celecoxib (CX) and sacrificed at 2, 7, 11, and 14 days. Whole intestinal barrier permeability was
measured by determining the urinary excretion of orally gavaged sucralose (by LC-MS/MS method),
across the 24 hours prior to sacrifice.(42, 66) At each time point, portal vein serum was collected from
the mice for endotoxin analysis and ceca were collected for subsequent histological determination of

epithelial damage and inflammation.
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We observed that CCHF significantly increased whole intestinal barrier permeability by
approximately 3-fold in CX-treated mice (p = 0.02), as assessed by urinary excretion of sucralose (see
Figure 1B, top left). The effects of CCHF on permeability peaked at 7 days with permeability at 14 days
not differing significantly from day 7 (p = 0.5). In this same experiment, we also determined urinary
excretion of lactulose and mannitol, whose ratio assesses increase in the permeability of the small
bowel. We observed only an approximate 2-fold increase in permeability (data not shown), suggesting
that at least some of the observed increase in sucralose permeability was due to alteration in the distal
bowel.(66) In order to rule out the possibility that the observed increase in barrier permeability was due
to possible off-target effects of celecoxib in this model,(67, 68) we also determined the effect of CCHF
on permeability in COX2 TKO mice across 14 days and obtained comparable results (Supplemental
Figure 1).

The increase in barrier permeability in CX-treated mice was mirrored by a significant increase (p
< 0.01 at 7d) in the translocation of endotoxin into portal vein serum, as determined by limulus
amebocyte lysate assay (see Figure 1B, top right).(69) The increases in both barrier permeability and
endotoxin translocation preceded the development of histologically assessed inflammation in the ileo-
ceco-colic junctions of CX-treated mice. Thus, the time course of these changes is consistent with the
hypothesis that CCHF initiates CD-like inflammation by functional alteration of the intestinal barrier,
leading to influx of pathogen-associated molecular patterns (PAMP). However, while we observed at 14
days sporadic epithelial ulceration in CX treated mice (see Figure 1B, bottom left), these changes did not
precede the development of inflammation. This result suggests that DAMP associated with epithelial
ulceration do not initiate the intestinal inflammation of these models. In this case, the epithelial
ulceration appears to be a consequence rather than a cause of the inflammation.

To our surprise, CCHF equally and significantly increased whole intestinal permeability in

C57BL/6J mice through 7 days (p < 0.05 compared to 0d; p = 0.75 compared to CX-treated mice). While
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permeability significantly decreased in control mice compared to CX-treated mice by day 14 (p < 0.05;
see Figure 1B, top left), the initial increase in permeability in control mice was also accompanied by
increased translocation of endotoxin into portal vein serum (see Figure 1B, top right). Nonetheless, only
CX-treated mice and not control mice develop ileo-ceco-colic inflammation and epithelial ulceration (see
Figure 1B, bottom left). The COX2-independent effect of CCHF on barrier permeability and translocation
of PAMP puts pressure on our hypothesis regarding the initiation of inflammation in our models.

We nonetheless continued to investigate this hypothesis, by stepping back to determine the
dependence of the intestinal inflammation of our models on gut microbiota. Gut microbiota have been
shown to play an essential role in the initiation of intestinal inflammation in many mouse models of
IBD.(11) We thus pre-treated both TKO and CX-treated mice for 1 week with ampicillin, neomycin,
metroniadazole, and vancomycin—an antibiotic cocktail that has been demonstrated to ablate intestinal
bacteria in mice.(44) While continuing to treat the mice with these antibiotics (AB), we then challenged
with CCHF or CCHF + CX for 2 weeks, respectively (Figure 1C). We observed that AB treatment
completely abrogated inflammation in the ileo-ceco-colic junctions of both TKO and CX-treated mice, as
assessed by gross pathology. Histological assessment gave comparable results (data not shown).
However, gut microbiota can convert cholate to deoxycholate, and deoxycholate has itself been shown
to cause greater intestinal epithelial damage than cholate.(70, 71) We thus sought to rule out the
possibility that AB treatment inhibited inflammation by blocking the conversion of cholate to
deoxycholate. We determined the effects of both dietary cholate and deoxycholate on barrier
permeability in AB-treated TKO mice—a treatment we carried forward in order to ensure that dietary
cholate did not convert to deoxycholate, thereby confounding our results. We observed no difference
between the effects of dietary cholate and deoxycholate on intestinal barrier permeability
(Supplemental Figure 2). These results are thus consistent with PAMP initiating the inflammation of our

models.
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LPS induces the production of pro-inflammatory signals by stimulating the LBP/CD14/MD-
2/TLR4 cell surface complex. In turn, this complex signals through the adaptor protein MyD88 to trigger
the nuclear translocation of NFkB and the transcription of pro-inflammatory target genes.(72) We had
observed LPS in portal vein serum following CCHF challenge (see Figure 1B). We thus inhibited MyD88
with the small molecule T6167923 in TKO mice,(45) while challenging these mice with CCHF for 2 weeks
(Figure 1D). As with AB treatment, MyD88 inhibition abrogated gross pathological evidence of ileo-
ceco-colic inflammation. Histological assessment mirrored this result (Supplemental Figure 3). The
results of Figures 1C and 1D together indicate that intestinal inflammation depends upon TLR and
MyD88-dependent PAMP signaling in our models, while the results of Figure 1B suggest a role for LPS.

However, it remains the case that CCHF increases barrier permeability and translocation of
PAMP equally in control and CX-treated mice (see Figure 1B). If it is nonetheless true that PAMP
translocation and TLR/MyD88 signaling initiates disease in our models, there must exist a differential
response to bacteria-dependent TLR ligands in the absence of COX2 activity—a response that is more
pro-inflammatory and/or less inflammation resolving than the control response. Consistent with our
prior report,(22) myeloid-conditional COX2 knock-out mice (COX2"7: LysM“*) develop ileo-ceco-colic
inflammation comparable to that of TKO and COX2i, upon 7 or 10 week CCHF challenge (Supplemental
Figure 4). The LysM promotor of these conditional knock-outs is expressed in close to 100% of mature
non-splenic macrophages and approximately 60% of neutrophils.(73) We thus conducted a small pilot
study using neutrophil-specific COX2 KO mice (COX2#; MRP8¢*)—mice whose Cre promotor is almost
unexpressed in mature macrophages.(73) Following 7 wk CCHF challenge, we did not observe any gross
pathological or histological evidence of ileo-ceco-colic inflammation (data not shown). These results led
us to investigate dysregulated responses to PAMP within the macrophage compartment. We thus
generated bone-marrow derived macrophages (BMDM) from MKO mice, or treated primary peritoneal

macrophages (PM) with the COX2 inhibitor SC236. We then activated the macrophages with LPS and
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determined the expression of NFkB pro-inflammatory target genes using gPCR. We validated the loss of
COX2 activity by monitoring the levels of COX2 metabolites including PGE2, PGD2, PGJ2, and 15dPGJ2
via LC-MS/MS (Supplemental Figure 5). We observed that the expressions of pro-inflammatory genes
including TNFa and IL1P were significantly higher in the absence of COX2 activity in both BMDM (Figure
1E) and PM (data now shown) at 12 hours post-LPS. Dysregulation of PAMP-dependent pro-
inflammatory signaling within the macrophage compartment could thus partially explain the differential

response to CCHF between control and TKO/COX2i/MKO mice.

MKO mice challenged with CCHF exhibit an imbalance of pro-inflammatory and inflammation-

resolving lipid signals in both tissue and plasma.

COX2 is upregulated during acute inflammation in response to pro-inflammatory stimuli
including TNFa, IL1B, and LPS,(74) and its role during the initiation of inflammation has been well
characterized. COX2 mediates the conversion of arachidonic acid to PGH2, while tissue specific
synthases convert PGH2 to the major prostaglandins (PGE2, PGD2, PGI2, and PGF2a) as well as to
thromboxane A2 (TXA2)--all of which can be produced in macrophages.(75) These prostanoids all can
act as pro-inflammatory autacoids and signal in paracrine fashion.(76) PGE2 for example helps promote
both vasodilation and the attraction and activation of neutrophils and macrophages.(77)

Less well appreciated, COX2 also mediates the cessation and resolution of acute
inflammation.(78) COX2 TKO inhibited the resolution of acute inflammation in a carrageenan-induced
hind paw model,(47) while COX2i impaired resolution in a carrageenan-induced model of pleurisy.(79)
In part, this may be due to an increased production of pro-inflammatory lipoxygenase (LOX) products, as
arachidonic acid (AA) that would otherwise pass through the COX2 pathway shunts instead through LOX

including 5-lipoxygenase (5LOX) and 12 or 15-lipoxygenase (12/15LOX in mice).(80) LOX-mediated AA
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products include leukotrienes B4, C4, and E4 (LTB4, LTC4, LTE4) as well as 5, 12, and 15 HETE—all of
which can exhibit pro-inflammatory effects (see Supplemental Table 1 for details). But distinct COX2
products have also been identified as directly anti-inflammatory—including PGD2 in contexts(81) but
especially its degradation product 15d-PGJ2, which can act as a negative regulator of NFkB.(82)

The resolution of inflammation involves the cessation of neutrophil influx and the macrophage-
mediated clearance of apoptotic cells and debris in a process known as efferocytosis. To some extent,
resolution merely involves the downregulation and loss of pro-inflammatory signals. But resolution also
involves active signal-mediated responses—including the active inhibition of neutrophil migration as
well as the nonphlogistic recruitment of macrophages and the stimulation of efferocytosis.(83) These
resolving signals are largely lipid mediators and include AA-derived lipoxins (LXA4, LXB4) as well as the
omega-3 docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) derived maresins (MaR1),
resolvins (RvD-series and E-series), and protectins (PD1 and PDx).(84, 85) COX2 itself has been
implicated in the production of resolving signals. Prostaglandins produced early in inflammation, for
example, can trigger a lipid-mediator class switch within the LOX pathway, from the production of pro-
inflammatory LTB4 to the pro-resolving LXA4(86)—an eicosanoid which promotes resolution by reducing
vascular permeability,(87) promoting the nonphlogistic infiltration of macrophages,(88) and stimulating
efferocytosis.(89) While LXA4 is often produced through combination of 15LOX and 5LOX activity,
macrophage COX2 itself can also directly mediate the intracellular production of LXA4 through COX-
dependent production of 15HETE.(80)

The murine carrageenan hind paw model has long been used to investigate both the underlying
mechanisms of and possible interventions against acute inflammation.(90-92) The introduction of
carrageenan into the foot pad of the mouse causes edema, whose degree serves as a non-invasive
marker across both the initiation and resolution of inflammation. The inflammatory response of

C57BL/6J mice in this model is biphasic, with an early peak at between 2-6 hours and a later peak at 72
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hour; while resolution to baseline occurs by around 144 hours.(93) Neutrophil infiltration peaks at
around 24 hours, while COX2 protein expression begins at 24 and peaks at 72 hours.(93) The effect of
COX2 TKO on both phases of the inflammatory response in this model has been investigated,(47) as has
the effect of COX2 MKO on the early phase of an air-pouch model of acute inflammation.(94) However,
there are no reports of the effect of COX2 MKO on the biphasic response of the carrageenan model. We
thus assessed paw edema in both C57BL/6J FLOX and COX2 MKO mice across both phases of the
inflammatory response (0-144 hours) triggered by carrageenan (Figure 2A). Consistent with the
published characterizations of this model, we observed in control FLOX mice a biphasic response, with
an early response at 2 hours and a late response at 72 hours, and with significant resolution from that
late response by 144 hours (p < 0.01). In contrast, while the early response in COX2 MKO mice was
significantly delayed (p < 0.01) but of equal magnitude, the late response remained significantly greater
than that in FLOX mice (p < 0.01 across all time points from 10 hrs). More importantly, the late response
in COX2 MKO mice failed to resolve across the full 144 hours of the experiment. Thus, the late
inflammatory response in COX2 MKO mice appeared to be both more pro-inflammatory and less
inflammation resolving than that in FLOX mice.

During acute inflammation, early edema is followed by neutrophil infiltration, which is in turn
followed by macrophage recruitment and efferocytosis. The peak of macrophage infiltration thus
coincides with the clearance of neutrophils.(83) We also observed that the ileo-ceco-colic junctions of
MKO mice on CCHF diet contained a significant co-presence of both macrophages and neutrophils,
suggestive of a failure of efferocytosis (see Figures 3D-E). The initial observations presented in Figures
2A and 3D-E led us to conjecture that COX2 MKO mice would exhibit an altered balance of pro-
inflammatory, anti-inflammatory, and inflammation resolving lipid mediators compared to chow and
FLOX + CCHF controls. In particular, we hypothesized that these signals would be both more pro-

inflammatory and less inflammation resolving than those of FLOX mice challenged with CCHF.
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In order to test this hypothesis, we developed an MRM LC-MS/MS method capable of measuring
a large panel of pro-inflammatory, anti-inflammatory, and inflammation resolving lipid signals (see
Supplemental Methods for details). In brief, the method includes most of the bioactive signaling
metabolites of AA, DHA, and EPA in the COX and LOX pathways, together with various pathway markers
and stable degradation products (Supplemental Table 1). The bioactive lipids here measured directly or
indirectly include the above COX-dependent prostanoids together with the anti-inflammatory A12-PGJ2
and 15d-PGJ2; the pro-inflammatory LOX products LTB4 and LTC4, 5 and 12 and 15HETE, 9 and 13
HODE, and 5-oxeETE; and the pro-resolving LOX products LXA4, LXB4, RvD1-5, MaR1, PDx, and RvE1l
(Table 1). Overall, the method contains 2 separate MRM transitions for each 39 distinct lipid
metabolites and 19 exact or class specific deuterated internals standards (Supplemental Table 2). The
liquid chromatographic method provides good resolution and separation of all peaks across 14 min
(Supplemental Figure 6). Lower limits of quantitation and detection (LLOQ, LLOD), upper limits of
quantitation (ULOQ), and linearities of response were determined for each analyte (Supplemental Table
3). Lipids are isolated from samples using solid phase extraction (SPE); and sample preparation methods
were validated for intestinal tissue, plasma, cell culture lysate, and cell culture media by determination
of precision and extraction efficiency (Supplemental Tables 4-5).

We fed COX2 MKO and FLOX mice with CCHF diet for 8.5 weeks. We isolated plasma and ileo-
ceco-colic junctions from these mice together with COX2 MKO plus chow controls. We extracted the
lipid contents by SPE and determined by LC-MS/MS the levels of the above referenced lipids in both
tissue (Table 2) and plasma (Table 3). As we had previously observed that COX2 MKO increased the pro-
inflammatory cytokine phenotype of primary macrophages, we were particularly interested in
determining how COX2 MKO would alter the in vivo lipid signaling phenotype in response to CCHF

challenge.
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In both intestinal tissue and plasma, COX2 MKO significantly increased the levels of multiple LOX
and COX-dependent pro-inflammatory signals compared to FLOX controls (Figures 2B-2C). In intestinal
tissue, COX2 MKO significantly increased the LOX signals 12HETE, 15HETE, and 13HODE, as well as COX-
dependent PGE3 together with the PGI2 degradation product 6ketoPGFla. In plasma, COX2 MKO
significantly increased the LOX signals 12HETE and SHETE, together with the COX signal PGF2a as well as
the degradation product 13,14-dihydro-15-PGF2a (p < 0.05). More interestingly, COX2 MKO
significantly increased the total level of LOX pro-inflammatory signals in both tissue and plasma, while
also significantly increasing pro-inflammatory COX signals in tissue (p<0.05) and borderline-significantly
increasing (p < 0.1) these signals in plasma.

As noted above, both PGE2 and PGD2 can have pro- or anti-inflammatory effects depending
upon temporal and cellular context. We here observed that COX2 MKO significantly increased both
PGE2 and its stable metabolite 15ketoPGE?2 in intestinal tissue, together with PGE2 in plasma.
Moreover, COX2 MKO significantly increased the total of PGE2, PGD2, and their metabolites in both
intestinal tissue and plasma (Figure 2D). These results were counter to our observation of the effect of
COX2 MKO on PGE2 and PGD2 in LPS-activated BMDM (see Supplemental Figure 5), suggesting that
other cell types were responsible for these in vivo results.

Interestingly, COX2 MKO significantly reduced pro-resolving LOX signals at the same time that it
increased pro-inflammatory LOX and COX signals in the ileo-ceco-junctions of CCHF-challenged mice
(Figure 2E). While the 5LOX product RvD1 was only borderline-significantly reduced (p = 0.1), both the
5LOX product LXA4 and the total of 5LOX resolving products (LX + RvD series) were both significantly
decreased (p < 0.05). Also of interest, the ratios of both LXA4 and 5LOX-associated resolving products to
pro-inflammatory leukotriene LTB4 and the degradation product 6trans12epiLTB4 were both
significantly suppressed by COX2 MKO. It was recently reported that this ratio of 5LOX-associated pro-

resolving mediators to LTB4 was lower in unstable compared to stable atherosclerotic plaques.(37) Our
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observations regarding signaling lipids in inflamed intestinal tissue are intriguingly in-line with the

observations regarding atherosclerotic plaque stability and inflammation.

The apoA-I mimetics 4F and Tg6F inhibit the development of intestinal inflammation in the COX2 and

cholate model of IBD.

The apoA-I mimetic peptide 4F is an effective anti-inflammatory agent that selectively targets
the intestine (see Introduction). We thus first challenged MKO mice with CCHF and treated with oral 4F
(500 ug/ml drinking water) for 7 and 10 weeks. 4F synthesized from L amino acids (L-4F) and from D
amino acids (D-4F) have both been used in biological studies. D-4F and L-4F were shown to have the
same in vitro and in vivo properties, indicating that stereo-specificity is not essential to the activity of the
peptide.(95, 96) However, we here used the D form of this peptide in order to limit proteolytic
degradation and increase oral bioavailability.(97)

Oral D-4F therapy protected against ileo-ceco-colic inflammation in MKO mice challenged with
CCHF for either 7 or 10 weeks (Figure 3). 4F treatment blocked the increase in ileo-ceco-colic junction
thickness otherwise triggered by CCHF diet (Figure 3A). 4F likewise significantly improved H&E
inflammatory score (p < 0.001), (Figure 3B), while also blocking the CCHF-mediated increase in muscle
thickness (Figure 3C). 4F treatment returned these measures to their no-disease baselines, indicating
that 4F treatment largely or completely blocked the development of disease in this model.

We previously reported that MKO mice begin to die from burst ceca after approximately 10-11
weeks of CCHF diet. Consistent with this prior report, approximately 50% of our untreated MKO mice
died by 10 weeks of CCHF challenge. In contrast, and consistent with the results of Figures 2A-C, no 4F-

treated mice died within this period (Supplemental Figure 7).
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Both F4/80+ macrophages and Ly6G+ neutrophils are extensively co-present in the
inflammatory lesions of MKO mice challenged with CCHF diet, as determined by IHC (Figures 3D-E). By
contrast, we did not observe a significant influx of either CD4+ or CD8+ T-cells over the controls (data
not shown). 4F treatment significantly inhibited the influx of both F4/80+ macrophages and Ly6G+
neutrophils into the ileo-ceco-colic junctions of these mic e (p < 0.001) (see Figures 3D-E). 4F-treated
mice also expressed significantly less TNFa in their ileo-ceco-colic junctions (p < 0.01), as determined by
gPCR (Figure 3F).

In order to determine whether the protective effect of 4F in this model extended to other apoA-
| mimetic peptides, we challenged MKO and floxed control mice (FLOX) with CCHF diet and treated with
0.06% Tg6F (w/w) for 8.5 weeks. Comparable to the effects of 4F, Tg6F therapy rescued gross pathology
and significantly improved H&E score (Figure 3G and Supplemental Figure 8). These last results suggest
that apoA-l mimetic peptides as a class may be protective against intestinal inflammation in the COX2
and cholate model of IBD. (may be add a little more about the translational potential of Tg6F in the near

future)

4F treatment suppresses the pro-inflammatory phenotype of LPS-activated macrophages while

improving the balance of inflammatory lipid signals in CCHF-challenged COX2 MKO mice.

We have argued that dysregulated TLR-dependent inflammatory signaling is a differential cause
of intestinal inflammation in CCHF-challenged COX2 KO compared to WT mice. This inflammation is
both bacteria and MyD88 dependent, while COX2 MKO increases the expression of pro-inflammatory
cytokines in LPS-activated macrophages (see Figure 1). COX2 MKO also alters the balance of pro-
inflammatory and inflammation resolving lipid signals in intestinal tissue and plasma of CCHF-fed mice,

suggesting dysregulated inflammatory lipid signaling may act as a complimentary driver of disease in
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these mice (see Figure 2). We thus framed our investigation into the protective mechanism of 4F
therapy in terms of these earlier observations. We asked, in other words, whether 4F treatment could
rescue these cytokine and lipid signaling phenotypes. In turn, we hoped that this investigation into the
protective mechanism of 4F would lend support to the causal hypotheses of our earlier studies.

CCHF diet increased the expression of the pro-inflammatory cytokine TNFa in the ileo-ceco-colic
junctions of MKO mice (see Figure 3F), while COX2 MKO increased its expression in LPS-activated BMDM
(see Figure 1E). Because 4F had inhibited TNFa expression in vivo (see Figure 2F), we sought to
determine whether 4F treatment could directly suppress pro-inflammatory cytokine expression in our
primary macrophage models.

It has previously been reported that 7 day pre-treatment with 4F inhibits TLR expression in
human monocyte-derived macrophages, while also suppressing the pro-inflammatory response to
LPS.(98, 99) It has also been shown that 4F binds LPS with high affinity.(100) We thus both pre-treated
and co-treated LPS-activated COX2 MKO BMDM with 4F (15 ug/ml) and assessed the expression of NFkB
pro-inflammatory target genes including TNFa and IL1B. BMDM require at least 6 day stimulation with
MCSF in order to differentiate from isolated bone marrow cells (Supplemental Figure 9). PM cultures
are comparably time-constrained. In order to ensure macrophage viability across the experimental time
course, we limited 4F pre-treatment to 2 days prior to LPS administration (25ng/ml).

We observed that co-treatment with 4F significantly inhibited the expression of IL13 and TNFa
in both COX2 MKO BMDM across multiple time points through 24 hours (Figure 4A), while pre-
treatment had no effect (data not shown). While 4F co-treatment partially or fully rescued the pro-
inflammatory effects of COX2 MKO on IL1B and TNFa expression, respectively, at 12 hours compared to
FLOX, 4F co-treatment also significantly inhibited the expression of these pro-inflammatory markers in
FLOX BMDM. This result indicates that the anti-inflammatory effects of 4F in this system are

independent of any dysregulation consequent to COX2 MKO.
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We also assessed the effects of 4F pre- and co-treatment on lipid inflammatory mediators in cell
lysate. We had previously observed that LPS stimulated the production of COX metabolites including
PGE2 and PGD2 in FLOX BMDM, while COX2 MKO severely inhibited this induction effect (see
Supplemental Figure 5). In contrast, neither LPS nor LPS plus COX2 MKO altered the levels of total LOX
metabolites (Supplemental Figure 10). We here observed that 4F co-treatment but not pre-treatment
significantly reduced the levels of LPS-induced COX metabolites including PGE2 and PGD2 (Figure 4B).
Because 4F can clear lipid inflammatory mediators directly from tissue (see Figure 5A), we considered
the hypothesis that 4F was clearing these COX metabolites from the BMDM. However, 4F co-treatment
did not alter the levels of total LOX metabolites (see Supplemental Figure 10). Comparing the
monohydroxylated COX and LOX AA-metabolites 11HETE and 15HETE, respectively, we observed that 4F
treatment significantly lowered the levels of 11- but not 15HETE (Figure 4C). 4F has high binding affinity
to monodydroxylated metabolites of arachidonic acid including 15HETE.(101) If 4F were somehow
lowering the level of 11HETE by binding and thereby clearing this lipid species (see Figure 5B), 4F should
affect 15HETE as well. This differential effect on the levels of 11- and 15HETE (together with the result
from the experiment of Figure 4A) thus suggests that 4F inhibits the pro-inflammatory effects of LPS in
this model by directly interfering with LPS-dependent signaling rather than by clearing any resultant pro-
inflammatory mediators downstream.

We next determined the consequence of oral 4F therapy on the levels of lipid inflammatory
mediators in the ileo-ceco-colic junctions of COX2 MKO mice challenged with CCHF. We challenged both
COX2 MKO and FLOX mice with CCHF for 8.5 weeks, while administering oral D-4F (500 ug/ml) in
drinking water to some of the COX2 MKO mice. At the end of the study, we collected intestinal tissue
and determined the levels of lipid inflammatory mediators (Supplemental Table 6). Of note, 4F
treatment significantly reduced the levels of the pro-inflammatory LOX products 12HETE and 13HODE,

while also significantly reducing the total level of all pro-inflammatory LOX metabolites (Figure 4D). 4F
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therapy thus partially rescued the pro-inflammatory effect of COX2 MKO on these LOX lipid mediators.
By contrast, while COX2 MKO increased the levels of several of the pro-inflammatory COX mediators
including those associated with PGE2 and PGD2, 4F therapy largely failed to reduce these lipid levels—
only decreasing 13,14-dihydro-15keto-PGD2. 4F also lowered the levels of PGJ2 and A12-PGJ2, without
affecting the level of the more anti-inflammatory 15d-PGJ2. However, by comparison, the
concentrations of the PGD2 metabolites were several hundred fold lower than those of the pro-
inflammatory mediators. Interestingly, while 4F did not significantly increase the level of any individual
pro-resolving LOX mediator, the total level of these signals did increase with marginal significance (p <
0.1).

We also investigated the effects of oral D-4F on plasma lipids in CCHF-fed COX2 MKO mice. We
first determined the effect of 4F both on total cholesterol (TC) and on PON1 activity as a measure of HDL
function (Figure 4E).(102) Interestingly, 4F significantly reduced TC by approximately 50%, returning it
towards the chow baseline. We previously reported that 4F can enhance the trans-intestinal efflux of
cholesterol,(35) and we have recently shown that Tg6F increases fecal neutral sterol excretion into feces
when fed to LDLR-/- fed a western diet.(41) While others have reported that oral D-4F does not reduce
total cholesterol of mice on western diet,(103) the prior group had administered 10-fold less D-4F in
drinking water; and we have subsequently demonstrated that the effects of 4F therapy are highly dose-
dependent.(104) Consistent with prior reports, 4F therapy also here significantly improved PON1
activity in plasma.(102)

We next determined the effect of 4F on broad classes of lipids in MKO + CCHF mice. We made
use of SCIEX’s Lipidyzer lipidomic platform to determine the concentrations of 1103 lipid species from 13
lipid classes covering lyso-phosphatidylcholines (LPC), lyso-phosphatidylethanolamines (LPE),
phosphatidylcholines (PC), phosphatidylethanolamines (PE), sphingomyelins (SM), cholesterol esters

(CE), ceramides (CER), dihydroceramides (DCER), hexosylceramides (HCER) and lactosylceramides
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(LCER), diacylglycerols (DAG), triacylglycerols (TAG), and free fatty acids (FFA). We observed significant
reductions in total TAG, DAG, CE, LPE, CER, and HCER—with the greatest fold changes associating with
TAG (4 fold, p <0.00001)) and DAG (2 fold, p < 0.005) (Supplemental Figure 11).

Finally, we determined the effect of 4F on the levels of lipid inflammatory mediators present in
plasma of COX2 MKO mice challenged with CCHF (Supplemental Table 7). More extensively than in
intestinal tissue itself (cf. Supplemental Table 6 and Figure 5A), 4F rescued the pro-inflammatory effect
of COX2 MKO on the levels of LOX inflammatory mediators. In particular, 4F significantly reduced the
level of every pro-inflammatory LOX mediator that had been significantly elevated by COX2 MKO. At the
same time, 4F reduced the level of most additional pro-inflammatory mediators in this class. (Figure
4F). In contrast to the effect of 4F in intestinal tissue, 4F also significantly suppressed most pro-
inflammatory COX2 mediators including PGE2 and PGD2 and associated metabolites, again rescuing the
level of every mediator that had been elevated by COX2 MKO (Figure 4G). Unlike the effect of 4F in
tissue, however, there were no trending effects on the total level of pro-resolving LOX mediators (see

Supplemental Table 7).

4F can directly clear lipid pro-inflammatory mediators from intestinal tissue and plasma.

COX2 MKO alters the inflammatory signaling phenotype of LPS-activated macrophages and
CCHF-challenged mice, resulting in higher levels of cytokine and lipid pro-inflammatory mediators and
lower levels of lipid resolving mediators (at least in intestinal tissue). In turn, 4F therapy blocks the
development of intestinal inflammation while also largely rescuing these pro-inflammatory shifts in the
levels of inflammatory mediators. These results in synergy support the hypothesis that dysregulated

inflammatory signaling is a causal contributor to disease in COX2 MKO mice challenged with CCHF diet.

106



It remains possible nonetheless that the lipid inflammatory mediators serve more as markers of
disease and less as cause. If disease itself produces the shift in lipid mediators rather than the converse,
4F could rescue the pro-inflammatory phenotype of these signals by inhibiting disease through some
other mechanism. By contrast, were 4F to directly clear or inhibit these pro-inflammatory mediators, it
would be more plausible that 4F inhibits disease because it clears or inhibits these mediators. It is this
latter possibility that more strongly supports the above hypothesis.

Interestingly, there exists a differential effect of 4F on lipid inflammatory mediators in intestinal
tissue. While 4F lowers the levels of the pro-inflammatory lipoxygenase mediators that are increased by
COX2 MKO (see Figure 4D), it does not significantly reduce any of the pro-inflammatory COX mediators
that are likewise elevated by COX2 MKO (Figure 5A). This selective reduction of lipid pro-inflammatory
mediators in intestinal tissue argues against the possibility of a general cause—that these elevated
mediators are all markers of disease, and that 4F lowers the levels of these mediators by inhibiting
disease. Rather, the fact that 4F affects some elevated mediators but not others raises the possibility
that 4F is directly rather than indirectly producing this reduction in pro-inflammatory mediators.

We previously employed Ussing chambers to study the effect of 4F on trans-intestinal
cholesterol efflux (TICE) ex vivo.(35) We once again turned to this means of investigating epithelial
transport in intestinal explants to ask the question whether 4F could directly clear pro-inflammatory LOX
mediators from intestinal tissue. We took small intestinal explants from COX2 MKO mice that had been
fed CCHF for 8.5 weeks and mounted them in Ussing chambers. While limiting our analysis to those
mediators whose actual concentrations in tissue or plasma were most reduced by 4F (15HETE, 12HETE,
5HETE, 13HODE, 9HODE; see Supplemental Tables 6 and 7), we observed that mucosal side (i.e. luminal
side) D-4F significantly increased the clearance into the mucosal media of all mediators except 15HETE
(?)(Figure 5B). This ex vivo experiment establishes proof of principle that luminal 4F can directly clear

lipid inflammatory mediators from intestinal tissue.

107



We also sought to determine whether luminal 4F could induce the trans-intestinal transport
of lipid inflammatory mediators associated with lipoproteins. We previously reported that the above
inflammatory mediators associate with lipoproteins including HDL.(49, 105) We have also demonstrated
that 4F enhances TICE, while showing ex vivo that luminal 4F can increase the trans-intestinal efflux of
lipoprotein-associated cholesterol.(35) We now asked whether luminal 4F could affect not only the
trans-intestinal transport of cholesterol, but of other lipoprotein-associated lipid species as well. We
thus combined deuterated forms of the 15HETE, 12HETE, and 13HODE with HDL and LDL, and we loaded
this mixture into the serosal sides of Ussing chambers. We added micelles or 4F plus micelles to the
mucosal media, and we determined whether any of the tagged inflammatory mediators were
transported across intestinal explants into the mucosal chamber. Interestingly, we not only observed in
this system the trans-intestinal efflux of cholesterol (data not shown), but we also observed the trans-
intestinal transport of these tagged inflammatory mediators (Figure 5C, left panel). This result is striking
in itself, as none of the literature on TICE reports about the possibility of trans-intestinal transport from
the circulation into the intestinal lumen of any other lipid species beyond cholesterol. It thus appears as
if there may exist trans-intestinal lipid transport (TILT) of a broader range of lipid classes. Just as
noteworthy, mucosal-side 4F significantly increased TILT of 15HETE-d and 12HETE-d (Figure 5C, right
panel). As before, this ex vivo experiment establishes proof of principle that luminal 4F can directly
enhance the trans-intestinal lipid transport, and thereby possible clearance, of lipoprotein-associated

inflammatory mediators.

4F treatment inhibits development of colitis in the piroxicam-accelerated IL107" model

We have demonstrated that the apoA-lI mimetics 4F and Tg6F protect against intestinal

inflammation in the COX2 and cholate model of IBD (see Figure 3). While we have argued in favor of a
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protective mechanism that involves the rescue of dysregulated levels of inflammatory mediators, we
nonetheless sought to demonstrate that the protective effects of these peptides were not model
specific.

We have already pointed out how dietary cholate is required for the initiation of inflammation
in the COX2 model (see Figure 1). We have also previously reported that 4F binds to cholesterol with
high affinity, with a Kp in the low nanomolar range (approximately 11 nM).(101) We thus first
considered the possibility that 4F might be protective merely by binding and thereby somehow
inactivating the dietary cholate. In order to investigate this possibility, we determined the binding
affinity between D-4F and cholate. As positive control, we first determined the binding affinity between
4F and 15HETE. Consistent with our prior report,(101) the binding affinity here was high, with Kp equal
to approximately 30 nM. By contrast, the binding affinity between 4F and cholate is approximately
10,000 fold weaker, with Kp in the high micromolar range (Supplemental Figure 12). Moreover, even if
4F could bind and thereby somehow inactivate cholate, the molar ratios between 4F and cholate do not
favor this possible protective mechanism. We administered 500 ug/ml of 4F to the mice. At a molecular
weight of approximately 2400 for 4F, and assuming a daily consumption of 2.5 ml water, this amounts to
approximately 0.5 micromoles 4F/day. By contrast, the mice were fed 0.5% (w/w) cholate in their diet.
At a molecular weight of approximately 408 for cholate, and assuming a daily consumption of 4 g of diet,
this amounts to approximately 50 micromoles cholate/day—a 100-fold excess.

We nonetheless assessed the efficacy of 4F therapy in a second mouse model of IBD, the
piroxicam accelerated (PAC) IL107" model of IBD.(39, 106) IL10 is an immunoregulatory cytokine with
anti-inflammatory properties that also plays a role in intestinal homeostasis by maintaining tolerance
against bacterial antigens and molecular patterns.(107) Mice deficient of IL10 develop spontaneous
colitis, but the incidence of colitis is low, limiting the use of IL107" mice alone as an experimental model

of IBD. Piroxicam (PX) is an NSAID that inhibits both COX1 and COX2, thereby reducing the level of PGE2
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in the colons of PX-treated mice.(106) PX also exhibits off-target cellular toxicity, directly damaging
enterocytes and inducing apoptosis in epithelial cells of IL107 mice.(108) IL107" mice that are fed 200
ppm (200 mg/kg) PX in chow for 9 days develop colitis that is characterized by pronounced hyperplasia
and focal transmural inflammation reminiscent of human CD.(39) In the PAC IL107" model, disease is
usually assessed at day 14 (5 days post-PX) by determining colon length, severity of colitis, and
histopathological score.(39)

We treated PAC IL107- mice with oral D-4F and determined efficacy at day 14 (for experimental
protocol, Figure 6A). As we had observed in the COX2 MKO and cholate model, 4F therapy significantly
inhibited disease. PX significantly decreased colon length by approximately 25%, while 4F therapy
largely rescued this effect, limiting this reduction to approximately 6% while significantly increasing
colon length from PX baseline by approximately 21% (Figure 6B, left panel). We assessed colitis severity
on a 12 point scale by assessing the thickening of the mucosa, vascularity, granularity, and feces
consistency.(39) As with colon length, 4F therapy significantly improved colitis disease score relative to
PX baseline (Figure 6B, right panel). Finally, we scored histological sections from a central 3 cm segment
of the colons of the mice by assessing the degree of lesions, hyperplasia, ulceration, and % area involved
(0-3 for each, 12 points maximum). 4F therapy again inhibited disease and significantly improved
histological score from PX baseline (Figure 6C).

We earlier detailed the pathogenic mechanism by which dietary cholate initiates disease in
COX2 KO mice (see Figure 1). Overall, we have suggested the picture of a multi-hit model in which
cholate alters barrier function and increases translocation of PAMP, while loss of COX2 results in loss of
tolerance by altering the levels and balance of inflammatory mediators. The PAC IL107- model itself
depends on a multi-hit mechanism, and disease in this model as in our COX2 model depends upon the
presence of gut microbiota to initiate disease.(39) Given the off-target epithelial toxicity of PX, as well

as the role of PGE2 in maintaining intestinal epithelial homeostasis, it has been conjectured that PX
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accelerates disease by impairing barrier function, in a manner comparable to what we observed for
cholate.(108) However, there have been no reports on the direct effect of PX on barrier permeability
itself in IL107 mice. We thus assessed the effect of PX on the urinary excretion of sucralose in 11107
across 9 days of PX challenge. Interestingly, we observed a biphasic response, with an early significant
increase in permeability (day 0-3), followed by a plateau (day 3-7), followed by a late significant increase
in permeability (day 7-9) (Figure 6D, left panel). It is probable that the early increase is the result of PX
itself, while the later increase results from disease that is increasingly developed around day 7-9. We
also observed an influx of endotoxin into portal vein serum at day 9 (Figure 6D, right panel).

The symmetries between the two models of IBD led us to investigate the protective mechanism
of 4F therapy in the PAC IL107- model by first examining the effect of 4F co-treatment on the LPS
induction of inflammatory mediators in IL107" peritoneal macrophages treated with PX. We had
previously observed that LPS increased the levels of COX-dependent AA metabolites including PGE2 and
PGD2 across 24 hours, while 4F co-treatment significantly inhibited these inductive effects (see Figure
4B). In this study, we monitored the levels of COX inflammatory mediators as markers of LPS induction.
We again observed that 4F co-treatment significantly reduced the levels of these LPS-induced
inflammatory mediators (Figure 6E).

We next determined the levels of lipid inflammatory mediators in colon tissue from PAC IL107
mice treated with 4F. As in the ileo-ceco-colic junctions of COX2 MKO mice challenged with CCHF, PX
caused a significant increases in multiple pro-inflammatory mediators in the colons of IL107"mice
(Supplemental Table 8). These ranged from LOX products 12HETE, 15HETE, S5HETE, LTB4, LTE4; as well
as COX products TXB2, PGE2, and PGD2. Also as before, 4F therapy rescued these increases with respect
to most pro-inflammatory LOX products (Figure 6F), without inhibiting the significant increases in COX
products (Figure 6G). While we here observed significant increases in pro-inflammatory COX products

including PGE2 and PGD2 as the result of PX, it is worth noting that we determined the levels of these
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lipid inflammatory mediators on day 14, 5 days post-PX. Interestingly, while 4F therapy did not
significantly alter the levels of pro-resolving LOX products, we did observe that the ratio of RvD1 to LTB4
and 6trans12epilTB4 was significantly reduced in the tissue of IL10+PX mice compared to IL10-/- mice
alone (p < 0.001), with 4F therapy improving this ratio with marginal significance (p<0.1) (Figure 6H).
We had previously observed a comparable shift in the balance of inflammation resolving and pro-
inflammatory mediators in the ileo-ceco-colic junctions of MKO mice challenged with CCHF, suggesting
that this sort of shift might be characteristic of IBD more generally.

Finally, we determined the effect of 4F on the levels of lipid inflammatory mediators in the
plasmas of IL107+PX mice (Table 4). 4F therapy significantly reduced the levels of the pro-inflammatory
LOX mediators LTC4, LTE4, 13HODE, 9HODE, 12HETE; as well as the pro-inflammatory COX mediators
PGF2a, and 13,14-dihydro-PGF2a. 4F therapy also significantly reduced the PGE2 metabolites
15ketePGE2, while all other PGE2 and PGD2 associated signals trended lower. 4F therapy also
significantly reduced the DHA pathway markers 177HDHA and 14HDHA. Except for the effects here upon
17HDHA and 14HDHA, these results are consistent with the effects of 4F on plasma that we had
observed in COX2 MKO mice fed CCHF (see Supplementary Table 7). This data is particularly striking in
that the levels of every detectable inflammatory mediator that was analyzed were either significantly
lower or trending lower compared to the no-4F control. In this respect, the effects of 4F on plasma
inflammatory mediators differ from the effects on intestine-associated mediators. The broad nature of
the effects on plasma suggests a broad clearance mechanism capable of affecting all plasma-associated
mediators together. We have suggested one such possible mechanism, in the form of TILT (see Figure
5C). By contrast, 4F exhibits differential effects on lipid inflammatory mediators in intestinal tissue,

preferentially lowering LOX rather than COX metabolites.

Discussion
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Dietary cholate alters intestinal barrier function in C57BL/6J mice by increasing intestinal barrier
permeability and inducing the translocation of PAMP, but WT mice are nonetheless able to maintain
tolerance when challenged with CCHF diet. By contrast, COX2 TKO and MKO mice develop severe
inflammation in their ileo-ceco-colic junctions. The intestinal inflammation is both gut microbiota and
MyD88-dependent, indicating that PAMP/TLR signaling is an essential component of the overall
pathogenic mechanism. COX2 thus appears to help maintain tolerance by somehow limiting or damping
the inflammatory consequences of these innate immune pathways. Consistent with this hypothesis, we
observed that loss of COX2 dysregulates the levels of cytokine pro-inflammatory mediators in LPS-
activated macrophages. COX2 MKO in CCHF-challenged mice also increases the levels of lipid pro-
inflammatory mediators in intestinal tissue and plasma, while reducing the levels of pro-resolving
mediators in tissue.

Of note, pro-inflammatory COX prostanoids were elevated in disease, a result on its face in
tension with the partial knock-out of COX2 in this model. However, while myeloid COX2 had been
ablated, COX2 remained in other cell types including endothelial cells. We had observed that COX2
MKO macrophages expressed elevated levels of IL1beta. In turn, IL1beta has been shown to induce both
COX2 and COX2-prostanoid production in endothelial cells. Our results are consistent with this biology.

ApoAl mimetic therapy inhibits disease in the COX2 MKO and CCHF model. Moreover, 4F
rescues the inflammatory mediator phenotypes of macrophages, intestinal tissue, and plasma that had
been altered by COX2 MKO. 4F therapy directly inhibits pro-inflammatory cytokine expression in LPS-
activated macrophages, most likely by interfering with LPS activation itself. 4F can also directly clear
lipid pro-inflammatory mediators associated with both intestinal tissue and lipoproteins. These
observations taken together strengthen the hypotheses that dysregulated levels of inflammatory

mediators are pathogenic for disease in the COX2 MKO model, while rescue of these signal levels is

113



protective. There exists, in other words, a synergy between the investigations into pathogenic and
protective mechanisms in this model.

In two separate mouse models of IBD, we have highlighted the possible role of changes in
barrier permeability in the early pathogenesis of disease. Increased intestinal permeability has been
proposed as a primary etiologic factor in IBD.(56) However, the inflammatory process itself can increase
intestinal permeability.(109) There thus remains debate whether changes in barrier permeability are
early events in pathogenesis or mere secondary phenomena.(110, 111) We demonstrate here how
CCHF increases barrier permeability and induces translocation of PAMPs prior to the development of
inflammation in the COX2 models. We also demonstrate how disease is dependent in this model on
both gut microbiota and MyD88 signaling (see Figure 1). These results together suggest a pathogenic
mechanism in which CCHF alters permeability and increases translocation of PAMPs that in turn signal
through TLR/MyD88 to initiate the disease process. Interestingly, piroxicam in the PAC IL10-/- model
produces an early (0d-2d) increase intestinal permeability, a change that also precedes the first
appearance of disease in this model (see Figure 6D).(39) In parallel, these investigations into barrier
permeability have also characterized a role for environmental triggers including NSAIDs and dietary
factors as early modifiers of intestinal barrier permeability.

We investigated the effects of LPS and COX2 MKO in primary macrophage cultures, but there
exist additional PAMPs that also signal through TLR/MyD88. These include lipoteichoic acid (LTA), a
component of the cell wall of gram+ bacteria, as well as peptidoglycan (PG).(72) Nothing in the present
study excludes additional PAMPs from playing a role in initiating disease in the COX2 models. However,
COX2 MKO did increase the expression of NFkB target genes in macrophages upon LPS activation (see
Figure 1E). The cyclopentenone prostaglandins (cyPGs) PGJ2 and 15d-PGJ2 have been identified as
negative regulators of NFkB.(112, 113) We had observed that the levels of PGJ2 and 15d-PGJ2 increased

from 4 Hr in FLOX BMDM activated with LPS, while COX2 MKO largely abolished these mediators (see
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Supplemental Figure 5). It is thus possible that a loss of negative feedback control of NFkB partially
explains the pro-inflammatory effects of COX2 MKO in macrophages. Because both LTA and PG also
partially signal through NFkB,(72) we would expect COX2 MKO to affect the inflammatory response to
these PAMPs comparably to manner in which it affects the response to LPS. As PAMP signal through
TLR/MyD88/NFkB in additional cell types besides macrophages, we might also expect loss of COX2 in
these other cell types to enhance NFkB target gene expression upon PAMP stimulation—perhaps
partially explaining why COX2 TKO has accelerated disease compared to COX2 MKO upon CCHF
challenge.

Upon CCHF challenge COX2 MKO increased the intestinal level of total pro-inflammatory LOX
mediators, while also increasing the levels 15HETE, 12HETE, and 13HODE (see Figure 2B). Interestingly,
the COX inhibitor PX also increased the level of total pro-inflammatory LOX mediators as well 15HETE,
12HETE, 5HETE, 50x0ETE, and LTs B4 and C4 in the colons of IL107" mice (see Figure 6F). The total level
of pro-inflammatory COX mediators also increased in the diseased intestine of both models, as did the
levels of PGE2 and total PGE2/D2 associated mediators; while PGE3 and 6ketoPGFlalpha on the one
hand, and 11HETE and TXB2 on the other, were elevated in the COX2 MKO and PAC IL107 models
respectively. This overall pro-inflammatory eicosanoid signature is surprisingly similar to that identified
in the colons of human UC patients, for which a recent study reported higher levels of 15HETE, 12HETE,
5 HETE, 11 HETE, PGE2, and TXB2.(114) This signature—with elevations of both total pro-inflammatory
LOX and COX mediators as well as 15HETE, 12HETE, and PGE2—may thus constitute a more general
signature for IBD.

We also observed that disease associated with an altered balance of pro-resolving mediators to
pro-inflammatory leukotrienes in both models, while further associating with lower levels of both LXA4
and total 5LOX-associated resolving mediators in the ileo-ceco-colic junctions of COX2 MKO mice on

CCHF diet (see Figures 2E and 6H). Lipoxins including LXA4 can trigger a number of resolving and anti-
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inflammatory functions blocking neutrophil migration, stimulating efferocytosis, and down regulating
both CCL8 by epithelial cells and superoxide production by neutrophils.(113) RvD1 has also been shown
to downregulate adhesion receptors, inhibit ROS and pro-inflammatory cytokine, block PMN migration,
while also stimulating efferocytosis.(115) By contrast, LTB4 is a potent pro-inflammatory mediator
involved in neutrophil recruitment.(116) Altered balance of 5LOX-associated resolving mediators to
LTB4 has been associated with plaque instability in atherosclerosis(37) and could possibility explain the
build-up of neutrophils in the COX2 MKO model (see Figure 3E). Loss of 5LOX-associated resolving
mediators has been associated with atherosclerotic progression(117) and could account for the
apparent failure of macrophages to clear neutrophils in the COX2 model (see Figures 3D and 3E). Loss of
COX2 activity in macrophages leads to a reduction in intracellular LXA4 production while increasing
5LOX-dependent LTB4 under some activation conditions,(80) offering a possible link between COX2
MKO and COX inhibition and the altered ratios of resolving mediators to LTB4.

The increases in pro-inflammatory mediators in intestinal tissue were mirrored by comparable
increases in plasma levels of these same mediators in the COX2 MKO model. Total pro-inflammatory
LOX mediators together with 12 and 5HETE, total pro-inflammatory COX mediators together with
PGF2alpha and TXB2, and PGE2 were all elevated in plasma compared to FLOX+CCHF. These plasma-
associated inflammatory mediators may thus be of interest as possible IBD biomarkers. It has not been
established whether plasma-associated inflammatory mediators can also feed back into intestinal tissue
and play a role driving disease.

We have here reported that apoA-I mimetic therapy strongly inhibits disease in two
independent mouse models with characteristics reminiscent of human CD. 4F was previously reported
to ameliorate the phenotypic and histopathological features of DSS-induced UC,(33) while the bihelical
apoA-I mimetic 5A has also been shown to inhibit disease progression in this model.(118) Given the cost

associated with administering the synthetic peptide 4F at its optimal effective dose range for
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inflammatory disorders including the IBD models here (> 40 mg/kg),(23, 104) transgenic tomato plants
expressing the apoA-I mimetic 6F were constructed by our laboratory.(119) Cost of production of Tg6F
is substantially lower than for 4F, indicating that Tg6F may be a more viable apoA-I mimetic translational
option against IBD.

Consistent with prior reports,(120, 121) we show here that for both COX2 MKO and IL107-
macrophages, 4F inhibits LPS-dependent induction and activation of NFkB target genes including TNFa,
IL1B, and COX2, as assessed by either RNA expression or lipid mediator levels (see Figures 4A-B and 6E).
Of greater interest, we also show that 4F therapy rescues the levels of pro-inflammatory LOX mediators
in the intestinal tissue in both the COX2 MKO and PAC IL10 models, without comparably reducing the
elevated levels of pro-inflammatory COX mediators (see Figure 4D together with Supplementary Table 6,
as well as Figures 6F-G). These differential effects, combined with our observation that 4F can directly
clear pro-inflammatory LOX mediators from intestinal tissue, suggests that the elevated levels of these
mediators in intestinal tissue may be causative for disease in these models. Of interest, elevated levels
of 12HETE have been associated with human IBD.(114). 12HETE has been shown to enhance vascular
permeability and neutrophil recruitment,(122) while 12HETE also serves as a pathway marker for the
production of hepoxilin A3, a pro-inflammatory lipid mediator also implicated in neutrophil recruitment
by the intestinal mucosa.(123, 124) 4F rescues the elevated levels of 12HETE in the COX2 MKO model,
suggesting that 12HETE may play an important role in the pathogenesis of disease in this model.

4F therapy dramatically reduced the levels of lipid inflammatory mediators in both models of
IBD (see Supplementary Table 7 as well as Table 4). Of great interest, we demonstrate ex vivo that lipid
inflammatory mediators can be transported across intestinal explants from lipoproteins into mucosal
media, indicating that trans-intestinal lipid transport (TILT) may involve lipid species over and above
cholesterol. We moreover demonstrate that mucosal-side 4F can enhance the trans-intestinal transport

of these same mediators (see Figure 5C). It is possible that TILT is responsible for the broad reduction of
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lipid inflammatory mediators observed in plasma effected by 4F. 4F also lowered total cholesterol in the
plasma of COX2 MKO mice fed CCHF (see Figure 4E). We have previously demonstrated that 4F can
enhance the trans-intestinal transport of cholesterol. It may be the case that 4F mediates the reduction
of plasma cholesterol and plasma lipid inflammatory mediators through the same trans-intestinal
mechanism.

The current study contains several limitations. First, while we demonstrate that intestinal
inflammation in the COX2 TKO model depends upon MyD88 signaling, we do not show that MyD88
signaling in the macrophage compartment is necessary for disease in COX2 MKO mice. Nonetheless, we
argue to the in vivo significance of our in vitro macrophage observations by way of our more general
result regarding MyD88. Second, while we demonstrate that COX2 MKO alters the levels of
inflammatory mediators in CCHF-fed mice, we do not show how loss of COX2 itself could produce these
alterations. It is possible that loss of COX2 is directly responsible for at least some of these changes—we
have cited several studies linking loss of COX2 activity with both increased pro-inflammatory LOX
mediators and reduced pro-resolving LOX mediators in vivo. It is nonetheless consistent with our
observations here that the changes in lipid mediator levels are not directly mediated by loss of COX2 in
the myeloid compartment. Third, while we partially have made use of 4F as an investigative tool to
argue for the causal significance of various changes in lipid mediator profile, more work is required to
fully establish a causative role for either elevated pro-inflammatory LOX signals. Related, while loss of
resolving signals can rationalize the build up of neutrophils in the ceca of COX2 MKO mice, we have not
here demonstrated that resolving signals including LXA4 and RvD1 are protective in these models.
Finally, we do not resolve the question whether the observed changes in plasma inflammatory
mediators are mere markers of disease, or whether elevated levels of plasma pro-inflammatory

mediators can feed back into disease and play a driving role.
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Nonetheless, this present study is one of the few to approach mouse models of IBD through a
broad lipidomic approach focused on inflammatory mediators. We moreover highlight the importance
of alterations in barrier permeability for IBD, while detailing some aspects of the possible protective role
of COX2 in this disease. Finally, we offer further evidence of the possible translational value of apoA-I
mimetics as therapy for IBD, while adding importantly to our understanding of the possible protective

mechanisms of these important anti-inflammatory agents.
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Supplemental Materials and Methods

MRM LC-MS/MS Pro-Inflammatory and Inflammation Resolving Lipid Signaling Panel

Overview

Several groups have recently developed ESI LC-MS/MS methods for collectively analyzing
various AA, DHA, and EPA-derived signaling lipids (AA and EPA-derived eicosanoids as well as DHA-
derived docosanoids), which cover a range of pro-inflammatory, anti-inflammatory, and inflammation
resolving bioactive lipids.(117, 125-129) Each of these groups uses multiple reaction monitoring (MRM)
in negative ion mode coupled together with liquid chromatography as the basis for identification and
guantification. Chromatography is performed on C18 column variants, with gradient elutions consisting
of water and either methanol or acetonitrile, all together with formic or acetic acid. Some number of
deuterated internal standards are used to compensate for variability in sample preparation, injection
volume, and ionization efficiency. Most all sample preparation methods involve some form of solid-
phase extraction (SPE).

We settled upon the analytes of our lipid panel by cross-reference to the above cited methods,
together with a more general search of the literature regarding eicosanoid, anti-inflammatory lipid, and
specialized pro-resolving lipid mediator (SPM) biology.(83, 113, 115, 130) At base, we sought to analyze
the bioactive lipids detailed in the body of this paper (see Table 1). However, several of these lipids are
unstable or with short half-lives in either tissue or plasma. For example, PGI2 is bioactive but unstable
and rapidly hydrolyzes to 6ketoPGFla. Likewise, PGE2 is converted to both 15ketoPGE2 and 13,14-
dihydro-15keto-PGE2 in plasma. In these cases, we substituted or supplemented our analysis of a
particular bioactive lipid with analysis of its degradation products (see Supplemental Table 1 for a

complete list). We also included various pathway markers in our analysis, for example: 14-HDHA and
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17-HDHA as markers for the DHA - MaR1, and RvD-14 and PD1/PDx pathways, respectively(131); and
11 HETE as a monohydroxylated marker of COX activity.(80)

The method covers 39 distinct bioactive lipids, degradation products, and pathway markers. We
divided the bioactive lipids into pro-inflammatory, anti-inflammatory, and pro-resolving functional
categories by literature search (see Supplemental Table 1), while further indexing these as being COX or
LOX products and as being derived from AA, DHA, or EPA (see Supplemental Table 1). We assigned each
analyte to one of 19 distinct structurally identical or class-specific deuterated internal standards (see
Supplemental Table 2). In the cases in which a particular analyte lacked a structurally identical internal
standard, we assigned an internal standard that both shared the same basic structure and co-eluted
within 0.5 min of the analyte in question. For example, we assigned PGE2-d4 both to PGE2 and to
PGF2a, which elutes within 0.3 min of PGE2-d4 and differs from PGE2 only by substitution of a ketone
for a hydroxyl group within the cyclopentane ring (see Supplemental Table 2).

We built the method with two distinct MRM transitions for each analyte and internal standard,
while MS/MS settings were optimized for declustering potential (DP), entrance potential (EP), collision
energy (CE), and cell exit potential (CXP) by manual tuning (see below, and Supplemental Table 2). In
the case of isobaric parent ions, distinct compounds were resolved by the use of either a unique MS2
fragment ion or by chromatographic separation. For example, the LOX products 15HETE and 12HETE
both have a parent mass to charge (m/z) of 319.1, but these two species can be resolved through the
use of the unique fragments of 219.1 for 15HETE and 184 for 12HETE. Chromatography on a
Phenomenex Kinetex C18 column using a water and acetonitrile gradient gave sharp peak resolution
(see Supplemental Figure 6). In order to ensure adequate dwell time for each MRM channel while also
ensuring adequate data coverage of each chromatographic peak, we made use of scheduled MRM to

activate only the requisite MRM channels within a 60 second window around each peak. For each
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analyte, we determined the LLOD, LLOQ, and ULOQ, while also determining the linearity of the
associated standard curve (see Supplemental Table 3).

We prepared tissue, plasma, and lysate samples first by combination with methanol and the
anti-oxidant BHT, and then by SPE using Oasis HLB cartridges. Post SPE, samples were reconstituted in
methanol for LCMS analysis. We validated our sample preparation methods for each matrix by
determining precision for each biologically available analyte across 5 identical extractions of a particular
sample (see Supplemental Table 4), while also determining the precision and extraction efficiency of
each internal standard within each matrix (see Supplemental Table 5). In accord with FDA guidelines,
we set a CV of 15% as our cutoff for precision, while also ascertaining that recovery was consistent,

precise, and reproducible.(132)

Chemicals

18-hydroxyeicosapentaenoic acid (18-HEPE); 6-keto-prostaglandin Fla (6kPGFiq); resolvin E1
(RVE1); resolvin E1 deuterated (RvE1-d4); thromboxane B3 (TXBs); thromboxane B2 (TXBz); thromboxane
B2 deuterated (TXB2-d4); prostaglandin E3 (PGEs); 20-hydroxy-leukotriene B4 (LTB4); prostaglandin F2a
(PGF2q); prostaglandin E2 (PGE2); prostaglandin E2 deuterated (PGE2-d4); resolvin D3 (RvD3); resolvin D3
deuterated (RvD3-d5); lipoxin B4 (LXB4), prostaglandin D2 (PGD:); prostaglandin D2 deuterated (PGD2-
d4); resolvin D2 (RVD2); resolvin D2 deuterated (RvD2-d5); leukotriene C4 (LTC4); leukotriene C4
deuterated (LTC4-d5); 15-keto-prostaglandin E2 (15keto-PGEz); leukotriene E4 (LTE4); lipoxin A4 (LxA4);
lipoxin A4 deuterated (LxA4-d5); 15-epi-lipoxin A4 (15epi-LXA4); resolvin D1 (RvD1); resolvin D1
deuterated (RvD1-d5); 13, 14-dihydro-15-keto prostaglandin F2a (13,14-dihydro-15keto-PGFaa); 13, 14-
dihydro-15-keto prostaglandin F2a deuterated (13,14-dihydro-15-keto-PGF24-d4); 13, 14-dihydro-15-
keto prostaglandin E2 (13,14-dihydro-15keto-PGE:z); 13, 14-dihydro-15-keto prostaglandin E2 deuterated

(13,14-dihydro-15-keto-PGE2-d4); resolvin D4 (RvD4); 13, 14-dihydro-15-keto prostaglandin D2 (13,14-
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dihydro-15keto-PGDz2); prostaglandin J2 (PGJz); A12-Prostaglandin J2 (A12-PGJz2); 7(S)-maresin (MaR1);
7(S)-maresin deuterated (MaR1-d5); 10(S),17(S)-protectin (PDx); 6-trans-12-epi leukotriene B4 (6trans-
12epi-LTB4); resolvin D5 (RvD5); leukotriene B4 (LTB4); leukotriene B4 deuterated (LTB4-d4); 15-deoxy-
A12,14-Prostaglandin J2 (15d-PGlJz); 15-deoxy-A12,1a-Prostaglandin J2 deuterated (15d-PGJ2-d4); 13-
hydroxyoctadecadienoic acid (13-HODE), 9-HODE, 13-HODE-d4; 15-hydroxyeicosatetraenoic acid (15-
HETE) and 12-HETE, 5-HETE, 15-HETE-d8, 12-HETE-d8, 5-HETE-d8, and 11-HETE;
17S-hydroxydocosahexaenoic acid (17S-HDHA) and 14S-HDHA; 5-oxoeicosatetraenoic acid (5-oxoETE);
and 5-oxoeicosatetraenoic acid deuterated (5-oxoETE-d7) were purchased from Cayman Chemicals (Ann

Arbor, MI, USA).

Liquid Chromatography

Chromatography was performed on an Agilent 1290 UHPLC system using a Phenomenex Kinetex
C18 column (2.6 uM particle size, 2.1 mm ID x 150 mm) and gradient elution. Solvent A was 75/25/0.1
(H20/acetonitrile/formic acid) and Solvent B was 100/0.1 (acetonitrile/formic acid), and the gradient
was as follows: 0-8.5 min, 0-85%B; 8.5-9.5 min, 85-100%B; 9.5-10.5 min, 100%B; 10.5-12 min, 100-0% B;
12-14 min, 0%B; with an additional 1 min equilibration at the starting conditions prior to each run. The
column oven was set to 40 deg C, while the flow rate was 350 ul/min. 5 ul of sample was injected for

each run.

MS/MS

Mass spectrographic analysis was performed on a SCIEX 5500 QTrap run in negative ion mode
and controlled by Analyst 1.6.2 software. Two separate MRM transitions were determined for each
compound, and DP, EP, CE, and CXP for each compound were all manually optimized by tuning on direct

infusions of approximately 50 ng compound/ml 50%B (see Supplemental Table 2 for final settings). The
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source settings were optimized by tuning on a mix of analytes while also flowing in 50%B at 350 ul/min,
with temperature set at x, GS1 at x, GS2 at x, CAD gas a medium and CUR gas at 25. Scheduled MRM
was employed, with the window for each MRM channel set at 60 seconds around the retention times
(RT) of each compound (see Supplemental Table 2 for RT). LLOD, LLOQ, ULOQ, and linearity of response

for each analyte were determined (see Supplemental Table 3).

Sample preparation

Lipids were extracted from 50 mg of intestinal tissue by first adding 500 ul MS-grade H20
together with 50 ul of 20 ng/ml internal standard mix as well as a final concentration of 20 uM BHT. The
tissue was homogenized, 1 ml of methanol was added, the tissue was vortexed, and the sample was
spun down at 15000 RPM for 10 min at 4 deg. The supernatant was removed and brought up to 10 ml
with pH 3-4 HCl-acidified H20. SPE was performed on an Oasis HLB 3 cc column in accord with the
manufacturer’s protocol. The sample was eluted with 2 ml methanol, dried down under argon, and
brought up again in 100 ul methanol for LCMS analysis. The final concentrations of internal standards in
the samples were 10 ng/ml.

Lipids were extracted from 100 ul of plasma by first adding 50 ul of 20 ng/ml internal standard
mix together with 150 ul of methanol. BHT was added to a final concentration of 20 uM. The sample
was vortexed and spun down at 15000 RPM for 10 min at 4 deg. The supernatant was combined with
1.8 ml of HCl-acidified H20 (pH = 3-4); SPE was performed on 3 cc Oasis HLB cartridges; and samples
were eluted with methanol, dried down under argon, and brought up in 100 ul of methanol for LCMS
analysis.

Cells grown in culture were first washed of media 2x with cold PBS. The cells were then scraped
and collected in 50 mM pH 7.4 phosphate buffer and kept at -80 for subsequent lipid analysis. For 300

ul of lysate, sufficient for macrophages grown in a well of a 6 well plate, 50 ul of 20 ng/ml internal
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standard together with 150 ul of methanol was added as well as 20 uM BHT (final concentration). The
samples were otherwise extracted as plasma.

1 ml of cell culture media was combined with 50 ul of internal standard mix together with 450 ul
of methanol and 20 uM BHT (final concentration). The samples were vortexed, spun down, and
supernatant was brought up to 5 ml with H20. The samples were acidified to pH 3-4 using formic acid
and otherwise extracted as above.

Each sample preparation method was independently validated by determining precision and

recovery, as described above (see Supplemental Tables 4 and 5 for partial data).

Data analysis

Data analysis was performed using MultiQuant software, with the concentration of each analyte
being determined relative to its internal standard and against standard curves. Final data was
normalized to either tissue weight, plasma volume, media volume, or for lysate protein concentration as
determined by Bradford from a small aliquot of each lysate. For comparison between groups (see
Figures 2, 4, and 6), significance was determined by Student’s unpaired T-test, with significance set at p

<0.05.
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Legends
Figure 3-1 Dysregulated inflammatory response to PAMP drives intestinal inflammation in the COX2
and cholate models of IBD. A: (Left panel) C57BL/6J mice treated with the COX2 inhibitor celecoxib (CX)
were challenged with CCHF for 2 weeks. These mice developed severe inflammatory disease in their
ileo-ceco-colic junctions, characterized by marked inflammatory lesions, sporadic foci of ulceration, and
thickening of the intestinal wall. COX2 TKO responded comparably to CCHF. (Right panel) CCHF
significantly increased the thickness of the ileo-ceco-colic junctions of both COX2 TKO and CX-treated
mice (*, p <0.001) B: C57BL/6J mice were fed CCHF diet and either treated (CX) or not treated (No-CX)
with CX for 2 weeks. At multiple time points, mice were assessed and sacrificed (n = 4 mice/group/time
point). (Upper left panel) Barrier permeability was assessed by 24 hr urinary sucralose excretion
following oral gavage. CCHF significantly increased permeability in both CX and No-CX mice by 7 days (¥,
each compared to time 0, p < 0.01), with no difference between the goups (p =.75). By 14 days,
permeability had improved in No-CX mice compared to CX (**, p < 0.05). (Upper right panel)
Inflammation significantly increased in CX-treated mice from 7 -11 and 11-14 days (*, p < 0.001). (Lower
left panel) Endotoxin in portal vein serum increased in both CX and No-CX mice by 7 days (*, compared
totime 0, p < 0.01). (Lower right panel). Epithelial damage (scored 0-4) did not significantly emerge in
CX-treated mice until day 14 (*, p < 0.001). C: WT and COX2 TKO were treated with vancomycin,
ampicillin, neomycin, and metroniadazole for 7 days. COX2 TKO and WT mice were then continued on
antibiotics (AB) across 14 days of CCHF challenge (left panel), while additional WT mice were kept on AB
and then fed either CCHF or CCHF+CX (right panel). AB treatment rescued the development of intestinal
inflammation in both COX2 TKO and CX groups (n=5/group) (*, p < 0.001). D: COX2 TKO (COX2 KO) and
WT mice were challenged with CCHF diet across 14 days, while some mice in each group (n=7) receiving

3x/wk i.p. injections of the MyD88 inhibitor T6167923 (0.25 mg/injection). MyD88 inhibition
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significantly inhibited the development of intestinal inflammation in COX2 TKO mice (*, p < 0.01). E:
Bone-marrow derived macrophages were generated from COX2 MKO and FLOX mice (n=3 group/time
point). The BMDM were activated with LPS (25 ng/ml media). After various time points, rna was
isolated from cell lysates and expression of pro-inflammatory cytokines was determined by gPCR. COX2
MKO significantly enhanced the expression of IL1beta and TNFalpha at 10 hours and IL1beta at 24 hrs

compared to FLOX (*, p < 0.01).

Figure 3-2 COX2 MKO mice challenged with CCHF exhibit dysregulated levels of pro-inflammatory and
inflammation resolving lipid signals in tissue and plasma. A: COX2 MKO (MKO) and FLOX (Control)
mice were injected with carrageenan and paw edema was determined as a measure of inflammation (n
=5). The initial phase of inflammation was delayed in COX2 MKO compared to FLOX (*, p < 0.01) and
remained greater than FLOX across all time points from 10 hours (***, p < 0.01). The response in FLOX
mice resolved at 144 compared to 72 hours (**, p < 0.01). B-C: Pro-inflammatory LOX and COX
mediators were determined in the ileo-ceco-colic junctions (B) and plasmas (C)of COX2 MKO and FLOX
mice fed CCHF for 8.5 weeks (n=8). All significant differences between the two groups within this broad
category of pro-inflammatory mediators are reported here, as a percentage increase from FLOX (*, p <
0.05; &, p<0.1). D: PGE2, PGD2, and associated metabolites were determined for both tissue and
plasma in the experiment above. All significant differences are reported here, as a % of FLOX (*, p <
0.05). E: COX2 MKO significantly lowers the level of the pro-resolving LOX mediators (SPM) LXA4 as well
as total SPM and significantly reduces the ratio of LXA4 as well as 5LOX pro-resolving mediators to LTB4

(*, p<0.05; & p<0.1).
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Figure 3-3 ApoA-l mimetics inhibit the development of intestinal inflammation in the COX2 MKO and
CCHF model of IBD. A-F: COX2 MKO mice were challenged with CCHF for 7 and 10 weeks, and the effect
of oral D-4F (500 ug/ml water) on the development of intestinal inflammation was determined (n =7
mice/group/time point). (A) 4F significantly reduced the thickness of the ileo-ceco-colic junctions of
these mice at 7 and 10 weeks, returning the thickness to its pre-disease baseline (see Fig 1A). (B) (Left
panel) Representative images of effect of CCHF and 4F on inflammation in ileo-ceco-colic junctions of
COX2 MKO mice. (Right panel) CCHF significantly increases intestinal inflammation as scored in
histological sections (*, p < 0.001), while 4F significantly inhibited this increase (**, p < 0.001). (C) 4F
significantly reduced muscle thickening in COX2 MKO + CCHF mice (*, p < 0.001). (D-E) 4F treatment
significantly reduced infiltration of macrophages (F4/80+) and neutrophils (Ly6G+) into the ileo-ceco-
junctions of COX2 MKO mice on CCHF diet (*, p < 0.001). (F) 4F significantly inhibited expression of TNFa
but significantly increased expression of IL10 in the ceca of COX2 MKO mice fed CCHF for 7 weeks (p <
0.01). G: COX2 MKO and FLOX mice were challenged with CCHF, and the effect of Tg6F on intestinal
inflammation was determined (n = 8/group). Tg6F significantly suppressed thickening of ileo-ceco-colic
junctions in both FLOX (*, p < 0.05) and COX2 MKO (**, p <0.001). Tg6F also improved a 12 point HE
inflammatory score that assigned up to 3 points to area affected, degree of infiltration, muscle

thickness, and ulceration (***, p < 0.01).

Figure 3-4 4F treatment improves the inflammatory mediator profile of macrophages, intestinal
tissue, and plasma. A: BMDM from both FLOX and COX2 MKO mice were activated with LPS and co-
treated with 15 ug/ml D-4F. 4F significantly suppressed both IL1B (/eft) and TNFa (right) expression
across multiple time points in both FLOX and COX2 MKO cultures. (n=3/group/time pt) B: 4F co-

treatment significantly reduced the levels of PGE2 and PGD2 in both COX2 MKO and FLOX BMDM

145



cultures across all time points from 10 hours on (p < 0.05). C: 4F co-treatment selectively inhibited the
COX metabolite 11HETE without altering the LOX metabolite 15HETE in LPS-activated COX2 MKO and
FLOX BMDM. D: The effect of 4F on the intestinal lipid inflammatory mediator profile of COX2 MKO
mice fed CCHF for 8.5 weeks was determined (see Supplemental Table 6). In intestinal tissue, 4F
rescued the pro-inflammatory effect of COX2 MKO on LOX metabolites with respect to 12HETE,
13HODE, and total LOX metabolites (*, compared to FLOX, p < 0.05; **, compared to MKO+CCHF, p <
0.05). E: The effect of 4F therapy on plasma TC (/eft) and PON1 activity (right) was determined for the
plasmas from the 7 and 10 week studies. 4F significantly reduced TC and significantly enhanced PON at
both time points (*, p < 0.01). F: The effect of 4F on the plasma lipid inflammatory mediator profile of
COX2 MKO mice fed CCHF for 8.5 weeks was determined (see Supplemental Table 7). 4F significantly
reduced a broad class of pro-inflammatory LOX mediators that were elevated by COX2 MKO (*,
compared to FLOX+CCHF, p < 0.05; **, compared to MKO+CCHF, p < 0.05). G: 4F therapy likewise
reduced in plasma most elevated pro-inflammatory COX mediators (*, compared to FLOX+CCHF, p <

0.05; **, compared to MKO+CCHF, p < 0.05).

Figure 3-5 4F can directly clear lipid pro-inflammatory mediators from intestinal tissue and plasma. A:
4F displays a differential effect upon pro-inflammatory mediators in intestinal tissue of COX2 MKO mice
fed CCHF. While 4F clears elevated pro-inflammatory LOX mediators (see figure 4D), 4F here does not
affect pro-inflammatory COX mediators that are increased with disease (*, compared to FLOX+CCHF, p <
0.05). B: Paired intestinal explants from COX2 MKO mice that had been fed CCHF for 8.5 weeks were
mounted in Ussing chambers and 4F added to the mucosal media. Clearance of pro-inflammatory LOX
mediators into the mucosal chamber was determined by LCMS. (n=6, *, p < 0.05; #, p < 0.1; paired T-

test). C: Explants from C57BL/6J mice were loaded into Ussing chambers (n=6) and HDL and LDL were
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pre-loaded with 1 ug each deuterated 15- and 12-HETE together with deuterated 13HODE per
2.5mgHDL+5mgLDL. The entire 7.5 mg of lipoprotein was added to the serosal media, and baseline
trans-intestinal transport of deuterated lipid was monitored via LCMSMS (/eft). We observed a baseline
transintestinal transport of these tagged lipids. In a repeat experiment, we sought to determine the
effect of 4F on this transport by adding 50 ug/ml D-4F to mucosal media in the presence of micelles. 4F

significantly enhanced the trans-intestinal transport of both 12- and 15-HETE-d (*, p < 0.01).

Figure 3-6 4F treatment inhibits the development of colitis in the piroxicam-accelerated IL107""model.
We sought to determine whether 4F could protect against intestinal inflammation in the PACIL10
model of colitis. A: The protocol of the study is presented here. B: PX significantly decreased colon
length (left) and increased colitis score (right), while 4F therapy largely rescued these effects (*, p <
0.001; **, p < 0.01).The effect of both PAC and 4F on the development of colitis was determined by
assessing colon length and colitis score. C: Disease significantly increased H&E score (left) , while 4F
therapy largely rescued this effect. (*, p < 0.001; **, p < 0.01). Representative images of IL10-/-, PAC
IL10 -/- and 4F treated PAC IL10-/- are given. Red arrow points to a focus of inflammation. D: The
effect of PX on barrier permeability in each of 6 mice (“ms1” for mouse 1, etc.) was determined by
measuring urinary sucralose excretion as before. PX increased barrier permeability in all mice in a
biphasic manner (left), with an early significant increase over time 0 (*, p < 0.01, paired T-test), and a
late increase over day 7 (**, p < 0.01, paired T-test). Increase in barrier permeability was accompanied
by a significant increase in the translocation of endotoxin into portal vein serum (*, p < 0.02). E: The
effect of 4F on pro-inflammatory COX mediators in BMDM from IL10-/- mice with and without piroxicam
was determined following LPS activation. COX mediators were measured by LC-MS/MS. 4F significantly

inhibited pro-inflammatory mediator levels in both groups for all times past 4 hours (p <0.001). F: The
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effect of 4F on inflammatory mediators in the colons of the mice from (A) was determined (see
Supplemental Table 8). As with 4F in the COX2 CCHF model, 4F rescued the PX-induced elevations of
pro-inflammatory LOX mediators in tissue. [*, p < 0.05 (IL10-PX v IL10). **, p < 0.05 (IL10-PX v IL10-PX-
4F)].G: Also as in the case of the COX2 CCHF model, 4F does not rescue elevated pro-inflammatory COX
products in tissue. (*, p <0.05, IL10-PX v IL10) H: Interestingly, inflamed colon in this model exhibited a
significant reduction in the ratio of pro-resolving RvD1 to LTB4 (*: p< 0.001 compared to IL10. #: p<0.1

compared to IL10+PX).

Table 3-1 Bioactive lipid inflammatory mediators analyzed by LC-MS/MS. The table lists all of the
bioactive inflammatory mediators determined in this study by LC-MS/MS. For a complete list of all
measured analytes, see Supplemental Table 1. (Bold = bioactive lipid that is measure directly in panel.
[lipid] = bioactive lipid that is measured indirectly in panel. /talics = lipid analyte used in part as a

pathway marker.

Table 3-2 Effect of COX2 MKO and CCHF on lipid inflammatory mediators in ileo-ceco-colic junctions
of mice. COX2 MKO and FLOX mice were fed with CCHF diet for 8.5 weeks (8 mice/group). We
extracted by SPE the lipid contents from these intestinal tissues together with tissues from an equal
number of COX2 MKO mice fed a chow diet, and we determined by LC-MS/MS the levels of the analytes
of our lipid inflammatory mediator panel. Results are here reported as ng/50 mg tissue. (Key: *: p <
0.05, significant compared to MKO+CHOW. **:p < 0.05, significant compared to FLOX+CCHF &:p<0.1

compared to FLOX+CCHF. $: p < 0.1 compared to MKO + CHOW. ND = not detected.)
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Table 3-3 Effect of COX2 MKO and CCHF on lipid inflammatory mediators in plasma of mice. COX2
MKO and FLOX mice were fed with CCHF diet for 8 weeks (8 mice/group). We extracted by SPE the lipid
contents from these plasmas together with plasmas from an equal number of COX2 MKO mice fed a
chow diet, and we determined by LC-MS/MS the levels of the analytes of our lipid inflammatory
mediator panel. Results are here reported as ng/100 ul plasma. (Key: *: p < 0.05, significant compared
to MKO+CHOW. **:p < 0.05, significant compared to FLOX+CCHF &: p < 0.1 compared to FLOX+CCHF.

ND = not detected.)
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Figure 3-2
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Figure 3-3
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Figure 3-5
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IL10”- mice (approx. 3-4 months of age) were treated with the COX inhibitor
piroxicam for 9 days to induce colitis. Colitis was assessed at day |4.

Mice receiving D-4F in drinking water (500 ug/ml) were pre-treated for 7
days and were treated across the entire 14 day induction of colitis.

d7 do d9 di4

7d D-4F 9d piroxicam + D-4F 5d D-4F
(4F group) I l

I |

Groups: IL10 only

IL10 + piroxicam

IL10 + piroxicam + 4F
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Whole intestinal permeability (AU)

2.00E+06 * * %

1806406
1606406 *
1406406 01

1.20E+06

0.08
1.00E+06

8.00E405 W L0/

0,06

I 1L10-f- 4 PX
6.00E+05

0.04

Endotoxin (EU)

0.02

0.00E+00
0 2 4 6 8 10 B

Time (days)

—&—Ms1 —@—Msil *—Ms 3 &-Ms 4 Ms 5 Ms b

Unpaired TTest
Paired TTest

180



Pro-inflammatory COX signal

N N w
o v o

(ng/1E+06 cells)
o &

IL107-
¢

IL107-+ P

107+ 4F

IL107-+ PX +4F

—e—PX

10 15

20 25

Time (hours)

»—PX + 4F —e—Control

181

—e— Control + 4F

30



1600 *

[
B
o
o

-
N
o
o

=
=]
(=]
o

600

400

Pro-Inflammatory LOX singal (%IL10)
(+2]
3

200

@IL10+PX @IL10+PX+4F QIL10

182



500

450

400

350

300

COX signal (% I1L10-/-)

@ IL10+PX
B3 IL10+PX+4F
alL1io

183



A12-PGJ2 AA, PGD2, PGJ2
15-deoxi-A12,14-PGJ2 AA, PGJ2
PGE2 AA

PGD2 AA

[PGI2] AA

PGF2alpha AA

[TXA2] AA

TXB2 AA,

11HETE AA

PGE3 EPA

TXB3 EPA

LTB4 AA, LTA4

LTC4 AA, LTA4
S5HETE AA

12HETE AA

15HETE AA

5-0x0ETE AA 5HETE (dehydrogenase)
13HODE LA
ProREsLoxproducts

LXA4

LXB4 AA

MaR1 DHA;

RvD1 DHA[15LOX,5LOX]
RvD2 DHA

RvD3 DHA

RvD4 DHA

RvD5 DHA

PDx (10S,17S-DiHDHA) DHA

RvE1 EPA

Precursor

Status

bioactive, PGD2/J2 marker
bioactive

bioactive
bioactive

[bioactive but unstable]
bioactive, unstable

[bioactive but unstable]
bioactive, TXA2 product
bioactive, COX pathway marker
bioactive

bioactive but less than TXA2/B2, TXA3 product

bioactive

bioactive, glutathione conjugate of LTA4

bioactive; pathway marker, 5LOX
bioactive

bioactive; pathway marker, LX
bioactive

bioactive

bioactive

AA; 15HETE[5LOX]; LTA4[15 bioactive

bioactive
bioactive
bioactive
bioactive
bioactive
bioactive
bioactive
bioactive
bioactive
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Function

Anti-INF: PPARgamma agonist; PGD2/J2/15dPGJ2 marker
Anti-INF: negative regulator of NFkB, PPARgamma agonist, Nrf2 activator

Pro-INF: vascular leakage; pro-RES: class-switching
Pro-INF: PMN chemotaxis through DP1 DP2; pro-RES: class-switching; anti-INF: Nrf2 activator

Pro-INF: vasodilation

Pro-INF: RA, ath

Pro-INF: mi iction, PMN (overall: wstriction and platelet
Pro-INF: PMN chemotaxis and adherence (maybe through TXA2)

Pro-INF: leukocyte regulation; COX activity marker

Pro-INF: induce COX2 and IL6 in macrophage

Pro-INF: induce COX2 and IL6 in macrophage

Pro-INF: vascular leakage; leukocyte chemotaxis and adhesion
Pro-INF: vascular permeability (macrophage product)

pro-INF: PMN chemotaxis and degranulation

pro-INF: neutrophil chemotaxis and adhesion

pro-INF: activator of LT biosynthesis; LX pathway marker
pro-INF: PMN chemotaxis and degranulation

pro-INF: PMN chemotaxis

pro-INF: PMN chemotaxis

pro-RES and anti-INF: promote M1 to M2; NFkB negative regulator; inhibit neutrophil chemotaxis and adhesion
pro-RES and anti-INF: promote M1 to M2; NFkB negative regulator; inhibit neutrophil chemotaxis and adhesion
pro-RES; tissue regeneration; M1 to M2; inhibit neutrophil migration; increase efferocytosis

pro-RES: limit neutrophil infiltration

pro-RES: enhanace survival in sepsis; protect against colitis

pro-RES: limit leukocyte migration, enhance macrophage efferocytosis

pro-RES: limit leukocyte migration, enhance macrophage efferocytosis

pro-RES: enhance bacterial containment and phagocytosis

pro-RES: inhibit neutrophil infiltration and platelet aggregation

pro-RES: reduce PMN infiltration; promote resolution in colitis model



Table 3-2

Pro-inflammatory LOX

6trans12epi
LTE4 LTC4 LTB4 LTB4 20-OH-LTB4  1SHETE 12HETE SHETE S50xoETE 13HODE 9HODE Total

MKO+CHOW AVG 3.25 0.15 0.18 1.44 ND 40.81 107.96 13.39 10.61 681.26 212.20 1071.25

SEM 2.36 0.08 0.07 0.21 4.93 15.18 3.96 2.69 82.21 35.07 90.95
FLOX+CCHF AVG 3.98 0.02 0.52 5.58° ND 52.95 240.10 21.30 15.04 511.51 154.31 965.84

SEM 1.76 0.02 0.28 1.82 9.42 53.70 6.52 4.83 87.30 23.69 105.95
MKO+CCHF AVG 2.34 0.11 0.50 8.00* ND 85.13%,**  401.23*** 19.30 9.81 768.60** 213.91  1640.09***

SEM 0.34 0.07 0.16 1.67 6.96 49.51 2.62 1.79 80.23 27.04 98.39

Pro-inflammatory COX
13,14-
dihydro-15- 6ketoPGF1
PGF2a PGF2a a TXB2 11HETE TXB3 PGE3 Total

MKO+CHOW AVG 13.95 3.05 885.35 28.27 302.95 0.53 2.42 1236.39

SEM 3.13 1.69 214.45 10.16 83.88 0.13 0.67 189.26
FLOX+CCHF AVG 23.47 3.58 874.68 41.63 208.46 0.20* 0.89* 1152.93

SEM 6.43 0.47 155.46 10.71 28.54 0.06 0.18 158.55
MKO+CCHF AVG 29.15* 4.80 1355.14* **  70.41* 346.85 0.32 1.55%*  1755.11%**

SEM 2.57 1.04 92.25 11.55 57.39 0.06 0.20 109.29
PGE2/PGD2

13,14- 13,14-
dihydro- dihydro-
15keto- 15keto-
PGE2 PGE2 15ketoPGE2 PGD2 PGD2 Total

MKO+CHOW AVG 130.10 18.66 4.82 0.00 22.97 173.31

SEM 22.82 9.01 0.44 0.00 8.16 38.73
FLOX+CCHF AVG 154.85 26.59 3.00* 0.43*% 67.82 259.71

SEM 27.19 7.08 0.51 0.11 20.35 49.33
MKO+CCHF AVG 219.60%,** 39.75 5.72%* 0.61* 109.33*  412.12* **

SEM 7.25 8.48 0.81 0.13 14.88 18.50

Anti-inflammatory COX
PGJ2 A12-PGJ2  15d-PGJ2 Total

MKO+CHOW AVG 0.31 0.35 0.20 0.85
SEM 0.06 0.05 0.04 0.12
FLOX+CCHF AVG 2.02* 1.58* 0.64 4.25%
SEM 0.56 0.40 0.20 114
MKO+CCHF AVG 2.55% 2.01* 0.90* 5.47*
SEM 0.32 0.25 0.12 0.62

Pro-resolving LOX

LXA4 LXB4 14HDHA MaR1- 17HDHA PDx RVD1 RVD2 RVD3 RVD4 RVD5 RVE1 Total
MKO+CHOW AVG 0.152 0.733 56.156 0.845 27.671 1.853 0.016 ND ND ND 0.233 ND 86.71
SEM 0.050 0.063 2.636 0.066 1.744 0.057 0.006 0.012 3.88
FLOX+CCHF AVG 0.31° 0.991 55.139 1.945 30.669 3.349 0.015 ND ND ND 0.346 ND 92.67
SEM 0.039 0.180 10.156 0.644 6.343 0.898 0.004 0.093 18.11
MKO+CCHF AVG 0.16%* 1.127 60.143 1.668 26.294 3.261 0.006* ND ND ND 0.476 ND 74.92
SEM 0.015 0.229 5.691 0.414 5.571 0.713 0.003 0.100 18.91
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Table 3-3

Pro-inflammatory LOX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

Pro-inflammatory COX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

PGE2/PGD2

MKO+CHOW

FLOX+CCHF

MKO+CCHF

Anti-inflammatory COX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

Pro-resolving LOX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

LTE4
ND

ND

ND

0.04
0.02

0.03
0.008

0.17*,**
0.04

PGE2
0.100
0.016

0.044
0.010

0.25%*

0.068

PGJ2
ND

ND

ND

LXA4
ND

ND

ND

LTC4
ND

ND

ND

13,14-

dihydro- 6ketoPG
PGF2a 15-PGF2a

0.02
0.01

0.04
0.01

0.12%**
0.02

13,14-
dihydro-
15keto-
PGE2
0.062
0.011

0.035
0.016

0.092
0.033

A12-PGJ2 15d-PGJ2

ND

ND

ND

LXB4
ND

ND

ND

LTB4
ND

ND

ND

Fla
0.13
0.02

0.08
0.01

1.78
0.82

2
0.000
0.000

0.000
0.000

0.006
0.004

ND

ND

ND

6trans12

epiLTB4
0.01
0.00

0.02
0.01

0.04
0.02

TXB2
2.56
0.44

0.91
0.32

6.96%*
1.74

13,14-
dihydro-

15ketoPG 15keto-

PGD2
0.000
0.000

0.000
0.000

0.032

0.023

Total
ND

ND

ND

14HDHA MaR1

3.62
0.53

2.68
1.43

3.88
1.49

ND

ND

ND

200H-
LTB4
ND

ND

ND

11HETE
1.23
0.14

0.95
0.12

4.54%
135

PGD2
0.043
0.006

0.031
0.006

0.121
0.034

17HDHA
0.21
0.04

0.28
0.08

0.40
0.29
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15HETE
0.26
0.03

0.30
0.08

1.07
0.34

TXB3
ND

0.11

0.03

0.51%
0.14

PDx
0.01
0.01

0.01
0.01

0.03
0.02

12HETE
19.94
212

6.19*
0.89

69.00%,** 0.88%**

17.55

PGE3
ND

ND

ND

RVD1
0.01
0.00

0.01
0.00

0.01
0.01

SHETE
0.36
0.06
0.53
0.09

0.12

Total
3.98
0.60

1.96*
0.46

12.13*
4.04

ND

ND

SoxoETE 13HODE

0.06
0.01

0.15
0.04

0.16*
0.05

RVD3

ND

ND

ND

16.41
2.28

24.03
4.38

74.55
21.71

RVD4
ND

ND

ND

6.67
1.54

10.15*
2.50

RVD5
ND

ND

ND

30.00
5.15

157.42%,%*

40.95

RVE1
ND

ND

ND

Total
3.86
0.57

2.98
1.50

4.32
1.74



Table 3-4

Pro-INF LOX
IL10+PX
AVG
20-OH-LTB4 ND
LTC4 0.03
LTE4 0.02
6trans12epi LTB4 2.71
LTB4 ND
13HODE 86.81
9HODE 82.48
15HETE 10.13
12HETE 34.95
SHETE 33.05
5-oxoETE 1.06
Total 154.83
PGE2/PGD2
IL10+PX
AVG
PGE2 0.36
PGD2 0.34
15ketoPGE2 0.04
13,14-dihydro-
15keto-PGE2 ND
13,14-dihydro-
15keto-PGD2 0.13
Total 0.84
Anti-INF COX
IL10+PX
AVG
PGJ2 0.03
A12-PGJ2 0.98
15-deoxy-A12,14-
PGJ2 ND
Total 9.914

%)
m
<

0.00
0.00
1.90

32.72
35.90
4.96
8.19
15.77
0.62
49.41

SEM
0.17
0.16

0.01

0.05
0.38

%)
m
<

0.00

4.579

IL10+PX+4F

AVG
ND
0.00
0.00
0.07
ND

15.37
12.76
1.22
8.72
5.82
0.11
43.93

IL10+PX+4F

AVG
0.07
0.07

0.02

ND

0.02
0.42

IL10+PX+4F

AVG

0.02
0.18

ND
1.833

%)
m

0.00
0.00
0.01

1.51
1.72
0.17
2.12
1.12
0.02
4.93

SEM
0.01
0.01

0.00

0.00
0.13

%]
m
<

0.00

0.293

TTEST
3.05E-06

2.42E-05
0.159

0.110
0.059
0.033

TTEST
0.144
0.143

0.029

0.095
0.134

TTEST

0.166
0.138

0.139
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Pro-INF COX
IL10+PX
AVG
6ketoPGFla 0.08
TXB3 ND
TXB2 1.41
PGE3 ND
PGF2a 0.17
13,14-dihydro-15
PGF2a 0.03
11HETE 7.63
Total 9.28
Pro-RES LOX
IL10+PX
AVG
RVE1 ND
RvD3 ND
LXB4 ND
RvD2 ND
LXA4 0.36
15epi-LXA4 0.26
RvD1 0.13
RvD4 ND
MaR1- 2.67
PDx 3.22
RvD5 211
17HDHA 14.49
14HDHA 11.17
Total 26.44

0.06

0.52

0.00
4.09
3.95

0.18
0.12

1.52
1.85
111
1.95
2.23
4.22

IL10+PX+4F

AVG
0.02
ND
0.67
ND
0.05

0.01
0.88
1.63

IL10+PX+4F

AVG
ND
ND
ND
ND

0.07

0.05

0.02

ND

0.05
0.07
0.10
6.52
4.42
10.97

SEM
0.00

0.00
0.16
0.33

0.01
0.01

0.02
0.02
0.02
1.46
0.72
4.48

TTEST
0.319

0.270

TTEST

0.176
0.140

0.110



Supplemental Legends
Supplemental Figure 3-1. CCHF increases barrier permeability in both COX TKO and WT mice. Both
COX2 TKO (COX2 KO) and litter-mate control mice (WT) were challenged with CCHF diet over 16 days.
Barrier permeability was determined in the same mice over time by measuring via LC-MS/MS the level
of sucralose excreted in urine over 24 hrs following oral gavage. Permeability significantly increased in
both groups over the first 4 days (*, p < 0.001). By day 16, permeability had improved in WT mice

compared to COX2 TKO (**, p < 0.01).

Supplemental Figure 3-2. Cholate and deoxycholate affect barrier permeability equally in both COX2
TKO and WT mice. COX2 TKO and WT were pre-treated with antibiotics and then a chow diet containing
either cholate or deoxycholate (0.5% w/w) while antibiotics were continued. Barrier permeability was
determined at multiple time points by measuring via LCMSMS the urinary excretion of lactulose and
mannitol. Both diets affected all mice equally through 10 days, with the barrier permeability of all
groups significantly elevated from time 0 (*, p< 0.001). Permeability was not significantly different
between any groups through day 10. At day 14, barrier permeability for WT mice fed either cholate or

deoxycholate improved compared to the respective COX2 TKO control (**, p < 0.05).

Supplemental Figure 3-3. MyD88 inhibition rescued intestinal inflammation in COX2 TKO mice as
assessed by histological score. COX2 TKO and WT mice were fed CCHF diet for 14 days and treated with
either vehicle or the MyD88 inhibitor T6167923 3x/wk i.p. (250 ug/injection). MyD88 inhibition
significantly suppressed the development of inflammation in the ileo-ceco-colic junctions of COX2 TKO

mice (*, p <0.001).
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Supplemental Figure 3-4. COX2 MKO mice develop severe inflammation in their ileo-ceco-colic
junctions when challenged with CCHF diet for 7-10 weeks. COX2 MKO (MKO) and floxed control mice
(FLOX) mice were fed CCHF for 10 weeks. CCHF induced severe inflammation in the ileo-ceco-colic
junctions of MKO mice, while neither FLOX+CCHF nor MKO+CHOW developed intestinal inflammation

(representative images).

Supplemental Figure 3-5. COX2 MKO suppresses the levels of COX metabolites including 15d-PGJ2 in
LPS-activated BMDM. BMDM were isolated from FLOX and COX2 MKO mice and activated with LPS (25
ng/ml). At various time points, lysate was collected, lipids were extracted, and the levels of COX
inflammatory mediators was determined by LC-MS/MS (see Figure 2 and Supplemental Methods for
details). Consistent with the loss of myeloid COX2, total COX inflammatory mediators (left panel) were
significantly suppressed at all time points (*, p < 0.01). NFkB negative regulator 15d-PGJ2 was also

significantly suppressed by COX2 MKO at all time points from 10 hours (*, p < 0.01) (right panel).

Supplemental Figure 3-6. Liquid chromatography provides good peak resolution and separation of all
lipid analytes measured in this study. The complete chromatogram of all analytes of the lipid
inflammatory mediator panel are given herein. The LC method is overlaid on the elution pattern, and
examples of classes of compounds eluted in the distinct phases of the method are detailed. Sterically
hindered and hydrophilic compounds are eluted first, with more hydrophobic compounds requiring

increasing strength of the elution solvent to be pushed off the column.
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Supplemental Figure 3-7. D-4F completely protected COX2 MKO mice on CCHF from disease-induced
mortality. Through 10 weeks, only 8 of 14 COX2 MKO mice on CCHF diet survived, while all 14 of 14

mice receiving oral D-4F were protected from disease-induced mortality during this time frame.

Supplemental Figure 3-8. Tg6F protects against intestinal inflammation in COX2 MKO mice on CCHF
diet. COX2 MKO mice were challenged with CCHF for 8.5 weeks, and the effect of Tg6F on intestinal
inflammation was determined. Tg6F protected against inflammation in the ileo-ceco-colic junctions, as

here represented by H&E images.

Supplemental Figure 3-9. Bone marrow cells differentiate to F4/80+ macrophages after 6 days
treatment with MCSF. Bone marrow was isolated from a COX2 MKO mouse and cultured for six days in
the presence of 25 ng/ml rMCSF. After six days, living cells were FACS analyzed for expression of F4/80.

In this instance, 86% of cells were F4/80+.

Supplemental Figure 3-10. Total inflammatory LOX mediator level is unaffected by LPS, COX2 KO, and
4F co-treatment. Both COX2 MKO and FLOX BMDM were activated with LPS and co-treated with 4F.
Total level of inflammatory pro-inflammatory LOX mediators was determined by LC-MS/MS. Total LOX

mediator level remain unchanged across all conditons.

Supplemental Figure 3-11. 4F therapy lowered broad classes of plasma lipids in COX2 MKO mice
challenged with CCHF. MKO mice were fed CCHF for 8.5 weeks and the effect of 4F on broad classes of
plasma lipids was determined on SCIEX's Lididyzer platform. 4F significantly reduced total TAG, DAG, CE,

HCER, CER, and LPE classes (for meaning of abbreviations, see main text).
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Supplemental Figure 3-12. 4F does not have high binding affinity to cholate. The binding affinity
between 4F and cholate was determined by surface plasmon resonance. The high-binding 15 HETE was
used as a positive control. In this study, 15HETE (KD = 30 nM) is approximately 30,000 fold more avid for

4F than cholate (KD = 160 uM).

Supplemental Table 3-1. Bioactive lipids, degradation products, and pathway markers determined by
LC-MS/MS. All bioactive lipids, degradation products, and pathways markers analyzed by the LC-MS/MS
method explained in the Supplemental Methods are listed herein. The particular analytes, their fatty
acid precursors, their statuses (bioactive, pathway marker, degradation product), and their functions

(pro or anti-inflammatory or inflammation resolving, or both pro- and anti-inflammatory) are detailed.

Supplemental Table 3-2. Complete lipid panel with complete MS settings, assigned internal
standards, and LC retention times. This table contains all of the optimized MS/MS settings for each
analyte, together with the internal standards assigned to each lipid of interest listed in Supplementary
Table 1. Isobaric compounds share a color. For compounds of the same color, specificity is generated
by either unique fragment ions or by sufficient chromatographic separation. An example of an

assignment of internal standards to two analytes is given.

Supplemental Table 3-3. Validation of LC-MS/MS method. Lower limit of detection (LLOD), lower limit

of quantitation (LLOQ), upper limit of quantitation (ULOQ), and linearity of response are detailed for

each of the analytes of interest in this method. A representative standard curve is provided.
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Supplemental Table 3-4. Precision of extractions from intestinal tissue and plasma. Precision was
determined for our sample preparation methods for intestinal tissue and plasma, with respect to all
biologically available analytes within each matrix, as described in the Supplemental Methods. Precision

is here reported as CV (%).

Supplemental Table 3-5. Precision and extraction efficiency of internal standards in intestinal tissue
and plasma. Precision with respect to the area under the curve for each internal standard in both
intestinal tissue and plasma was determined and reported as CV (%). Extraction efficiency for each
internal standard was determined as the ratio of the recovery of 10 ng/ml IS from each matrix to the

signal intensity of 10 ng/ml of each internal standard in methanol.

Supplemental Table 3-6. The effect of oral D-4F on lipid inflammatory mediators in intestinal tissue of
COX2 MKO mice fed CCHF. MKO and FLOX mice were challenged with CCHF for 8.5 weeks, and the
effect of 4F on the inflammatory lipid profile of MKO+CCHF mice was investigated. Intestinal lipids were
extracted from MKO + chow, MKO+CCHF, MKO+CCHF+4F, and FLOX+CCHF mice (n=7/group), and lipid

inflammatory mediator levels were determined as described.

Supplemental Table 3-7. The effect of oral D-4F on lipid inflammatory mediators in plasma of COX2
MKO mice fed CCHF. MKO and FLOX mice were challenged with CCHF for 8.5 weeks, and the effect of
4F on the plasma lipid inflammatory mediator profile of MKO+CCHF mice was investigated. Intestinal
lipids were extracted from MKO + chow, MKO+CCHF, MKO+CCHF+4F, and FLOX+CCHF mice (n=7/group),

and lipid inflammatory mediator levels were determined as described.
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Supplemental Table 3-8. The effect of oral D-4F on intestinal inflammatory mediators in PAC IL10
model of colitis. Following the experiment of Figure 6A, lipids were extracted from the colons of the
mice, and lipid inflammatory mediators were determined as before by LC-MS/MS. P-values are included

in the table for every analyte; where p < 0.05, significance is marked with an underline.
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Supplemental Figure 3-1
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Supplemental Figure 3-2
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Supplemental Figure 3-3
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Supplemental Figure 3-4
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Supplemental Figure 3-5
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Supplemental Figure 3-6
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Supplemental Figure 3-7
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Supplemental Figure 3-8
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Supplemental Figure 3-9
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Supplemental Figure 3-10
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Supplemental Figure 3-11
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Supplemental Figure 3-12
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Supplemental Table 3-1

Analyte Precursor Status Function

COX

PGJ2 AA, PGD2 nonezymatic metabolite of PGD2, unstable inhibit platelet aggregation; PGD2, 150PG.2 marker

A12-PGJ2 AA, PGD2, PGJ2 bioactive, PGD2/J2 marker Anti-INF: PPARgamma agonist; PGD2/J2/15dPGJ2 marker

15-deoxy-A12,14-PGJ2 AA, PGJ2 bioactive Anti-INF: negative regulator of NFkB, PPARgamma agonist (PPARgamma reduces INF response of endo cells; increase PON1), Nrf2 activator
13-ox0-DHA DHA bioactive Anti-INF: negative regulator of NFkB, PPARgamma agonist

13-0x0-DPA DPA bioactive Anti-INF: negative regulator of NFkB, PPARgamma agonist

PGE2 AA bioactive Pro-INF: vascular leakage; pro-RES: class-switching

15ketoPGE2 AA, PGE2 PGE2 marker, 15hydroxyPGDH product PGE2 marker

13,14-dihydro-15keto-PGE2 AA, PGE2 PGE2 marker, 15hydroxyPGDH product PGE2 marker

PGD2 AA bioactive Pro-INF: PMN chemotaxis through DP1 DP2; pro-RES: class-switching; anti-INF: Nrf2 activator
13,14-dihydro-15keto-PGD2 AA, PGD2 PGD2 marker, 15hydroxyPGDH product PGD2 marker

PGI2] AA [bioactive but unstable] Pro-INF: vasodilation

6ketoPGF1alpha AA, PGI2 hydrolysis product of PGI2, plasma PGI2 marker

PGF2alpha AA bioactive, unstable Pro-INF: RA, ath

13,14-dihydro-15-ketc in F2a  AA, Ipf product of PGF2alpha, plasma PGF2alpha marker

[TXA2) AA [bioactive but unstable] Pro-INF: mi PMN adherence iction and platelet

TXB2 AA, TXA2 bioactive, TXA2 product Pro-INF: PMN chemotaxis and adherence (maybe through TXA2)

11HETE AA pathway marker (COX) COX activity marker

15HETE AA Precursor; pathway marker (COX, 15LOX, LX) Anti-INF: LX precursor

PGE3 EPA bioactive Pro-INF: induce COX2 and IL6 in macrophage

TXB3 EPA bioactive but less than TXA2/B2, TXA3 product Pro-INF: induce COX2 and IL6 in macrophage

LOX

LTB4 AA, LTA4 bioactive Pro-INF: vascular leakage; leukocyte chemotaxis and adhesion

6trans12epi LTB4 AA, LTA4 non-enzymatic hydrolysis product of LTA4 LT marker

20-OH-LTB4 AA, LTB4 LTB4 metabolite (LTB4 20 hydroxylase) LTB4 marker

LTC4 AA, LTA4 bioactive, glutathione conjugate of LTA4 Pro-INF: vascular permeability (macrophage product)

LTE4 AA, LTA4 plasma marker of LTD4 LTD4 marker, plasma and urine

SHETE AA bioactive; pathway marker, 5LOX pro-INF: PMN chemotaxis and degranulation

12HETE AA bioactive pro-INF: neutrophil chemotaxis and adhesion

15HETE AA pathway marker, LX

5-0X0ETE AASHETE (dehydrogenase) bioactive pro-INF: PMN chemotaxis and degranulation

13HODE LA bioactive pro-INF: PMN chemotaxis

9HODE LA bioactive pro-INF: PMN chemotaxis

LXA4 AA; 15HETE[5LOX]; LTA4[15LOX] bioactive pro-RES and anti-INF: promote M1 to M2; NFkB negative regulator; inhibit neutrophil chemotaxis and adhesion
15epi-LXA4 AA; 15HETE[SLOX]; LTA4[15LOX] bioactive pro-RES and anti-INF: promote M1 to M2; NFkB negative regulator; inhibit neutrophil chemotaxis and adhesion
5,15-diHETE AA; SHETE[15LOX] bioactive; pathway marker, LX pathway marker, LX ; proINF: PMN degranulation and chemotaxis

LXB4 AA bioactive pro-RES and anti-INF: promote M1 to M2; NFkB negative regulator; inhibit neutrophil chemotaxis and adhesion
MaR--1 DHA; bioactive pro-RES: tissue regeneration; M1 to M2; inhibit neutrophil migration: increase efferocytosis
14S-HDHA (14S-HDoHE) DHA pathway marker, MaR1; oxidation product Mar1 marker

RvD1 DHA[15LOX,5LOX] bioactive pro-RES: limit neutrophil infiltration

RvD2 DHA bioactive pro-RES: enhanace survival in sepsis; protect against colitis

RvD3 DHA bioactive pro-RES: limit leukocyte migration, enhance macrophage efferocytosis

RvD4 DHA bioactive

RvD5 DHA bioactive pro-RES: enhance bacterial containment and phagocytosis

17S-HDHA (17S-HDoHE) DHA pathway marker, RvD PD RvD and PD marker

PDx (10S,17S-DIHDHA) DHA bioactive pro-RES: inhibit neutrophil infiltration and platelet aggregation

RVE1 EPA bioactive pro-RES: reduce PMN infiltration; promote resolution in colitis model

18HEPE EPA pathway marker, RvE RVE marker
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Supplemental Table 3-2
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39 ANALYTES
19 INTERNALSTANDARDS (1S)
--Either exact or class specific.
Examples given below.

Analyte s MW  RT

PGF2alpha PGE2-d4 [IINSSHIS 4.80
PGE2d4 356.5 5.08
PGE2* PGE2-d4 3525 511

PGF2alpha

PGE2-d4

PGE2



Supplemental Table 3-3
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467 340147 <0.078
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Supplemental Table 3-4

Tissue Plasma
Analyte 15 CV(%) CV (%) Extraction efficiency of IS (%)
6ketoPGFlalpha RvEl-d4 893 11HETE 2.92 8173
RvEl RvEl-d4 NA 12HETE 7.39 8173
TXB3 TXB2-d4 3.42 13,14-dihydro-15keto-PGD2 ND 41.15
20-0H-LTB4 RvEl-d4 14.94 13,14-dihydro-15keto-PGE2 10.07 41.15
TXB2 TXB2-d4 4.24 13,14-dihydro-15-PGF2a 552 87.57
PGE3 PGE2-d4 323 13HODE 5.60 61.22
PGF2alpha PGE2-d4 4.85 145-HDHA (145-HDoHE) 10.33 85.01
PGE2* PGE2-d4 2.37 15-deoxy-A12,14-PGI2 ND 2539
RvD3 RvD3-d5 NA 15epi-LXA4 ND 7161
LXB4 RvD3-d5 12.08 15HETE 7.38 85.01
PGD2* PGD2-d4 4.04 15ketoPGE2 ND 80.09
RvD2 RvD2-d5 NA 175-HDHA (175-HDoHE) 11.98 85.01
LTC4 LTC4-dS 13.47 20-0H-LTB4 ND 97.63
15ketoPGE2 PGE2-d4 43.89 SHETE 771 73.15
LTE4 LTC4-d5 17.50 5-0x0ETE 16.40 68.73
LXA4 LXA4-dS 18.07 6ketoPGFlalpha 9.00 97.63
15epi-LXA4 (No IS) NA 6transl2epi LTB4 12.02 77.51
RvD1 RvD1-d5 10.55 9HODE 11.02 61.22
13,14-dihydro- 15-PGF 2a 13,14-dihydro-15-keto PGF 2a-d4 6.14 LTB4 12.79 77.51
13,14-dihydro-15keto-PGE2  13,14-dihydro-15-keto PGE2-d4 0.29 LTC4 ND 79.79
RvD4 RvD1-d5 NA LTE4 ND 79.79
PGI2 13,14-dihydro-15-keto PGE2-d4 11.59 LXA4 ND 7161
13,14-dihydro- 15keto-PGD2  13,14-dihydro-15-keto PGE2-d4 6.89 LXB4 ND 78.08
£12-PGI2 13,14-dihydro-15-keto PGE2-d4 14,51 MaR1- ND 80.46
MaR1- MaR1-d5 5.56 PDx (105,175-DiHDHA) ND 80.46
PDx (105,175-Di HDHA) MaR1-d5 491 PGD2 12.59 42.81
Gtrans12epi LTB4 LTB4-d4 13.29 PGE2 8.90 80.09
RvDS LTB4-d4 3.14 PGE3 ND 80.09
LTB4 LTB4-d4 2.94 PGF2alpha 11.29 80.09
15-deoxy-A12,14-PGJ2 15d-PGI2-d4 15.96 PGJ2 ND 41.15
13HODE 13HODE-d4 1.32 RvD1 16.89 63.04
9HODE 13HODE-d4 3.01 RvD2 ND 70.42
175-HDHA (175-HDoHE) 15HETEdS 9.95 RvD3 ND 78.08
15HETE 15HETEdS 11.30 RvD4 ND 63.04
145-HDHA (145-HDoHE) 1SHETEdS 4.94 RvDS ND 77.51
11HETE 12HETE-d8 4,98 RvE1 ND 97.63
12HETE 12HETE-d8 1.26 TXB2 11.18 36.14
SHETE SHETE-d8 6.30 TXB3 ND 36.14
5-ox0ETE S-ox0-ETE-d7 14.47 A12-PGI2 ND 41.15
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Supplemental Table 3-5

Tissue Plasma
Internal Standard CV (%) Ext. efficiency (%) CV (%)  Ext. efficiency
RvE1l-d4 3.04 74.88 7.91 113.08
TXB2-d4 1.15 35.42 5.91 75.90
PGE2-d4 13.84 64.18 6.21 93.67
RvD3-d5 16.31 64.07 8.56 106.99
PGD2-d4 13.81 46.98 8.44 72.86
RvD2-d5 24.95 49.68 7.01 103.78
LTC4-d5 14.09 11.91 14.12 92.02
13,14-dihydro-15-keto PGF2a-d4 8.08 61.30 7.98 99.70
LXA4-d5 22.32 48.68 7.05 89.13
RvD1-d5 22.59 51.06 7.80 103.59
13,14-dihydro-15-keto PGE2-d4 9.88 51.91 5.93 70.37
MaR1-d5 12.39 56.98 10.21 98.06
LTB4-d4 16.73 54.22 6.44 97.96
15d-PGJ2-d4 17.02 22.31 9.14 10.07
13HODE-d4 4.22 34.16 0.78 87.14
15HETEdS 14.80 48.88 6.05 98.04
12HETE-d8 14.42 43.02 5.88 93.38
SHETE-d8 14.97 56.13 7.30 99.47
5-ox0-ETE-d7 0.47 36.95 2.96 48.04
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Supplemental Table 3-6

Pro-inflammatory LOX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO+CCHF

Pro-inflammatory COX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO+CCHF+4F

PGE2/PGD2

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO+CCHF+4F

Anti-inflammatory COX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO+CCHF+4F

Pro-resolving LOX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO+CCHF+4F

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

AVG
SEM

LTE4
3.25
2.36

3.98
1.76

234
0.34

2.30
0.66

PGF2a
13.95
3.13

23.47
6.43

29.15%
2,57

31.00
2.23

PGE2
130.10
22.82

154.85
27.19

219.60%,**
7.25

224.16
27.34

PGJ2
0.31
0.06

2.02*
0.56

2.55*
0.32

1.48%**
0.22

LXA4
0.152
0.050

0.31°
0.039

0.16**
0.015

0.21
0.04

LTC4
0.15
0.08

0.02
0.02

0.11
0.07

NA
0.00

13,14-

LTB4
0.18
0.07

0.52
0.28

0.50
0.16

134
0.48

dihydro-15- 6ketoPGF1

PGF2a
3.05
1.69

3.58
0.47

4.80
1.04

4.44
0.83

13,14-
dihydro-
15keto-
PGE2
18.66
9.01

26.59
7.08

39.75
8.48

29.36
3.95

A12-PGJ2
0.35
0.05

1.58*
0.40

2.01*
0.25

1.26%**
0.18

LXB4
0.733
0.063

0.991
0.180

1.353
0.049

1.05
0.13

a
885.35
214.45

874.68
155.46

1355.14%**

92.25

1138.67
90.40

15ketoPGE2

4.82
0.44

3.00*
0.51

5.72%*
0.81

6.44
143

15d-PGJ2
0.20
0.04

0.64
0.20

0.90*
0.12

0.98
0.08

14HDHA
56.156
2.636

55.139
10.156

60.143
5.691

74.00
7.39

6trans12epi
LTB4.
1.44
0.21

5.58%
1.82

8.00*
1.67

7.40
1.88

TXB2
28.27
10.16

41.63
10.71

70.41*
11.55

dihydro-
15keto-
PGD2
0.00
0.00

0.43*
0.11

0.61*
0.13

0.34%**
0.04

Total
0.85
0.12

4.25%
1.14

5.47*
0.62

3.73%**
0.46

MaR1
0.845
0.066

1.945
0.644

1.668
0.414

2.16
0.47

20-OH-LTB4

ND

ND

ND

ND

11HETE
302.95
83.88

208.46
28.54

346.85
57.39

298.66
33.06

PGD2
22.97
8.16

67.82
20.35

109.33*
14.88

104.95
8.67

17HDHA
27.671
1.744

30.669
6.343

26.294
5.571

37.61
2.94

A15SHETE

40.81
4.93

52.95
9.42

85.13% **

6.96

75.91
4.55

TXB3
0.53
013

0.20*
0.06

0.32
0.06

0.27
0.03

Total

173.31

38.73

259.71

49.33

412.12%,**

18.50

381.55

34.58

PDx
1.853
0.057

3.349
0.898

3.261
0.713

4.32
0.71
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12HETE

107.96
15.18

240.10

53.70

401.23%,**

49.51

283.95%**

13.24

PGE3
2.42
0.67

0.89*
0.18

1.55%*
0.20

1.28
0.27

RVD1
0.016
0.006

0.015

0.004

0.006%
0.003

0.01
0.00

SHETE
13.39
3.96

21.30
6.52

19.30
2.62

23.79
3.93

1755.11%**

127.89

1524.94
101.98

RVD2
ND

ND

ND

0.12
0.02

50x0ETE
10.61
2.69

15.04
4.83

9.81
1.79

9.77
1.20

RVD3
ND

ND

ND

ND

13HODE
681.26
82.21

511.51
87.30

768.60**
80.23

601.64***
57.06

RVD4
ND

ND

ND

ND

RVD5
0.233
0.012

0.346
0.093

0.476
0.100

0.62
0.09

Total
1071.25
120.21

965.84
232.82

1640.09***
106.49

1273.92%**
65.34

RVE1
ND

ND

ND

ND

92.67
18.11

74.92
18.91

127.52"
11.44



Supplemental Table 3-7

Pro-inflammatory LOX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO + CCHF + 4F

Pro-inflammatory COX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO + CCHF + 4F

PGE2/PGD2

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO + CCHF + 4F

Anti-inflammatory COX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO + CCHF + 4F

Pro-resolving LOX

MKO+CHOW

FLOX+CCHF

MKO+CCHF

MKO + CCHF + 4F

AVG
SEM

SEM

AVG
SEM

AVG
SEM

AVG

SEM

AVG
SEM

AVG
SEM

SEM

AVG

LTE4
ND

ND

ND

NA

PGF2a
0.04
0.02

0.03
0.008

0.17%**
0.04

Ox**

0.00

PGE2
0.100
0.016

0.044
0.010

0.25%*
0.068

0.062***

0.011

PGJ2
ND

ND

ND

ND

LXA4
ND

ND

ND

ND

Lrca LTB4
ND ND
ND ND
ND ND
NA NA

13,14-

dihydro-15- 6ketoPGF1
PGF2a a

0.02 0.13
0.01 0.02
0.04 0.08
0.01 0.01
0.12%,** 1.78
0.02 0.82
0.026%** 0.25"
0.01 0.07

13,14-

dihydro-
15keto-

PGE2 15ketoPGE2

0.062 0.000

0.011 0.000

0.035 0.000

0.016 0.000

0.092 0.006

0.033 0.004

0.035 0.001
0.010 0.001
A12-PGJ2  15d-PGJ2
ND ND
ND ND
ND ND
ND ND
LXB4 14HDHA
ND 3.62
0.53
ND 2.68
1.43
ND 3.88
1.49
ND 3.720
0.698

6trans12epi
LTB4
0.01
0.00

0.02
0.01

0.04
0.02

0.003***
0.003

TXB2
2.56
0.44

0.91
0.32

6.96%*
1.74

0.29***
0.16

13,14-
dihydro-
15keto-
PGD2
0.000
0.000

0.000
0.000

0.032
0.023

0.008

0.008

Total
ND

ND

ND

ND

MaR1
ND

ND

ND

ND

200H-LTB4
ND

ND

ND

NA

11HETE
1.23
0.14

0.95
0.12

4.54%
135

0.89***
0.19

PGD2
0.043
0.006

0.031
0.006

0.121
0.034

0.049"
0.010

17HDHA
0.21
0.04

0.28
0.08

0.40
0.29

0.219
0.059
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1SHETE
0.26
0.03

0.30
0.08

1.07
0.34

0.27%%%
0.048

TXB3
ND

ND

ND

NA

0.51%
0.14

0.15%**
0.024

PDx
0.01
0.01

0.01
0.01

0.03
0.02

0.012
0.005

12HETE
19.94
2.12

6.19*
0.89

69.00%,**
17.55

16.13%**
3.910

PGE3
ND

ND

ND

NA

RVD1
0.01
0.00

0.01
0.00

0.01
0.01

0.010
0.001

SHETE
0.36
0.06

0.53
0.09

0.88%,**
0.12

0.66%**
0.095

Total
3.98
0.60

1.96*
0.46

12.13%
4.04

1.46%**
0.33

RVD2
ND

ND

ND

ND

50x0ETE

0.06
0.01

0.15
0.04

0.16*
0.05

0.14
0.069

RVD3
ND

ND

ND

ND

13HODE
16.41
2.28

24.03
4.38

74.55
21.71

20.76***
2.705

RVD4
ND

ND

ND

ND

6.67
1.54

10.15*
2.50

5.07%**
0.791

RVD5
ND

ND

ND

ND

Total
34.00
5.34

30.00
5.15

157.42* %
40.95

47.52%**
7.628

RVE1
ND

ND

ND

ND

Total
3.86
0.57

2.98
1.50

4.32
1.74

3.960
0.716



Supplemental Table 3-8

Pro-inflammatory LOX

IL10+PX
IL10+PX+4F

IL10

Ttest

Pro-inflammatory COX

IL10+PX
IL10+PX+4F

IL10

Ttest

PGE2/PGD2

IL10+PX
IL10+PX+4F

IL10

Ttest

Anti-inflammatory COX

IL10+PX

IL10+PX+4F

IL10

Ttest

Pro-Resolving LOX

IL10+PX
IL10+PX+4F

IL10

Ttest

AVG
SEM
AVG
SEM
AVG
SEM

4FVPX
IL10VPX

AVG
SEM
AVG
SEM
AVG
SEM

4FvPX
IL10vPX

AVG
SEM
AVG
SEM
AVG
SEM

4FVPX
IL10VPX

AVG
SEM
AVG
SEM
AVG
SEM

4FVPX
IL10VPX

AVG
SEM
AVG
SEM
AVG
SEM

4FVPX
IL10VPX

12HETE 13HODE 15HETE
100.1864 649.9629
10.81897 60.02646
87.46349 470.3724
10.75304 35.97726
52.03024 451.1757
5.644736 51.55797

0.476175 0.051634
0.01143 0.093205

13,14-
dihydro-
11HETE  15-PGF2a la

188.084
9.982
179.530
11.669
141.287
9.433

0.593
0.013

1.274
0.258
1.307
0.283
1.404
0.265

0.933
0.775

13,14-  13,14-
dihydro- dihydro-
15keto-  15keto-
PGD2 PGE2

0.124
0.012
0.132
0.021
0.114
0.008

0.744

0.590

15-deoxy-
A12,14-

6.176
0.880
7.317
1.331
5.316
0.711

0.501
0.491

PGJ2 PGJ2
32.5989 0.732276 ND
23.04806 0.180635
0.068453 3.621917 ND
0.021388 1.052186
0.666775 0.495813 ND
0.054613 0.003503

0.218945 0.062074
0.515285 0.537754

14s-
HDHA

(14s- 15epi-
HDOHE)  LXA4

24.46778 ND
3.488511

24.61688 ND
4.1648

26.50432 ND
13.2845

0.978888
0.853439

36.1296
1.900285
34.56993
3.114647
23.60197
2.749026

0.691301
0.003896

6ketoPGF

961.114
74.832
972.988
99.733
824.154
60.779

0.927
0.246

15ketoPG

E2
2.221
0.171
4.725
1.320
3.112
0.921

0.103
0.238

20-OH-
LTB4
ND

ND

ND

PGE3
6.167
0.795
6.455
0.695
3.840
0.697

0.789
0.082

PGD2
115.579
10.263
105.156
10.149
82.644
8.321

0.485
0.058

A12-PGJ2 Total

17s-
HDHA
(17s-
HDoHE)
19.04
3.119583
16.8618
1.940472
12.40136
1.736456

0.552617
0.166228

1.22049
0.563581
55.35209
18.12515
0.271199
0.150986

0.044113
0.435946

LXA4
0.317241
0.105277
0.125344
0.016059
0.099407
0.014436

0.075755
0.161824

SHETE
7.343705
0.963924
5.605692
0.649486
3.540868
0.578416

0.169155
0.034857

PGF2a
42.529
3.420
36.347
4.977
35.302
4.336

0.339
0.170

PGE2
183.165
14.986
188.349
15.287
123.504
12.937

0.814
0.016

LXB4
5.296276
0.563212
5.605692
0.649486
3.540868
0.578416

0.763211
0.103854

5.79136
0.916129
2.377679
0.201952
2.475791
0.479318

0.003918
0.033493

6transl2e

TXB2
50.776
4.913
52.307
5.606
22.797
2.558

0.843
0.003

Total
307.265
24.220
305.680
19.502
214.689
20.623

0.960
0.030

MaR1-
0.504185
0.09352
0.48445
0.086457
0.279022
0.037226

0.879134

S5oxoETE pilLTB4 9HODE LTB4 LTC4 LTE4 Total
0.554818 257.6375 0.57657 0.397281 2.658975 1117.907
0.096909 35.31335 0.155281 0.054057 0.395416 94.49674
0.449521 267.5777 0.16748 0.258885 1.325573 786.6759
0.088237 50.61475 0.057011 0.033443 0.327687 60.56826
0.14739 200.3926 0.049968 0.307262 0.822888 734.5447
0.019933 29.0203 0.00865 0.080549 0.249781 87.7534
0.451297 0.880291 0.03046 0.054033 0.026708 0.033709
0.016628 0.342399 0.033666 0.361172 0.01001 0.029725
TXB3 Total

0.555 1250.500
0.097  88.492
0.450 1249.328
0.088 117.610
0.147 1028.931
0.020  72.555
0.451 0.994
0.017 0.125
PDx
(10s,17s-
DiHDHA) RvD1 RvD2 RvD3 RvD4 RvD5 RVE1l
1.235678 0.008822 ND ND ND 0.11999 ND
0.205752 0.001744 0.031211
1.25206 0.010143 ND ND ND 0.136798 ND
0.220187 0.001247 0.03051
0.757618 0.011276 ND ND ND 0.0669 ND
0.11111 0.001656 0.009743
0.957879 0.540945 0.707267
0.201287 0.382386 0.277426

0.115991

213

Total LOX
53.03741
7.614881
48.39245
6.546206
43.66077
15.44542

0.649369
0.552787



Chapter 4: A synergy between disease biology and PK/PD

Introduction

This thesis brings together two independent lines of investigation in synergistic fashion. | first
presented, in Chapter 2 together with the Appendix, a partial account of the PKPD of 4F. | showed that
4F associates with the HDL fraction of the plasma in C57BL/6J mice, but that both 4F and 4F-associated
HDL are cleared quickly from circulation (Appendix). Interestingly, this clearance is partially the result of
selective targeting to the small intestine, where 4F is taken up by the intestinal tissue and transported
into the intestinal lumen in a TICE-dependent manner (Chapter 2). 4F in turn can enhance RCT through
the TICE pathway, while also directly mediating TICE itself (Chapter 2).

In Chapter 3, l introduced the COX2 KO and CCHF models of IBD, and | began an investigation
into the pathogenesis of these models. CCHF initiates chronic intestinal inflammation by altering barrier
permeability and increasing the translocation of PAMP in C56BL/6J mice, but only in the absence of
COX2 is there a loss of tolerance to these inflammatory stimuli. COX2 MKO increases the levels of pro-
inflammatory cytokine mediators in LPS-activated macrophages. More strikingly, in response to CCHF it
increases the levels of lipid pro-inflammatory mediators in plasma, while altering the balance of pro-
inflammatory and inflammation resolving mediators in intestinal tissue.

These heretofore independent lines of investigation then converged, in the second half of
Chapter 3. We had learned that 4F localizes to the intestine, where it increases the clearance of
cholesterol (see Chapter 2). We had also determined that 4F can alter the distribution of at least some
pro-inflammatory LOX mediators in the circulation (see Appendix). We thus sought to determine
whether 4F could protect against intestinal inflammation in the COX2 MKO model. Strikingly, 4F largely

abrogated disease. Moreover, 4F rescued the COX2 MKO dependent elevation of lipid pro-inflammatory

214



mediators in intestinal tissue and plasma, and it appeared to do so directly by increasing the clearance
of these mediators from intestinal tissue and lipoproteins. It had been an open question whether the
elevations of pro-inflammatory mediators were causes or mere correlates of disease. We now had at
least partial evidence that a therapy that inhibits disease also directly counter-acts these elevations—
raising the probability that changes in the levels of these pro-inflammatory mediators partially
constitute both the pathogenic mechanism of disease and the protective mechanism of 4F. Thus, the
payoff from the convergence of these two lines of investigation has been not only the identification of a
promising new class of therapies for IBD, but also a deeper understanding of the basic biology of this
disease and the protective mechanisms of these therapies—a vivid illustration of the interplay between
disease biology and PKPD.

In this concluding chapter, | will revisit these three topics—the PKPD of 4F as presented in
Chapter 2 and the Appendix; the pathogenic mechanisms of the COX2 KO and CCHF models; and the
protective mechanisms of 4F in both the COX2 CCHF and PAC IL10 models of IBD. | aim to summarize
the prior results while adding additional unpublished data. | will moreover detail what | take to be

important open questions while laying out some future directions for my work.

§1: Intestinal Clearance of 4F and the Modulation of TICE

In the work of the Appendix, | made several observations about the pharmacokinetics of
circulating 4F. While 4F can associate with individual lipoproteins including both LDL and HDL (see
Appendix, Figures 1-2 and 9 [A.F1-2,9]), LDL mediates the transfer of 4F to HDL, thereby increasing this
latter association (see A.F3,8). The transfer of 4F to HDL by LDL is enhanced in the presence of
Inflammatory LOX mediators like 15HETE (see A.F4), which are themselves transferred to HDL by 4F (see

A.F5). Thus, 4F largely associates in vivo with the HDL fraction of the plasma of C57BL/6J mice (see
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A.F6). 4F is cleared from the plasma quickly, however, with an approximate 75% clearance by 30
minutes (see A.F6). Interestingly, 4F-associated HDL is also cleared quickly from the circulation, with t1/>
equal to approximately 24 min (see A.F7).

| began the work of Chapter 2 by further investigating the distribution and excretion of
circulating 4F. To my surprise, 4F did not distribute to the kidneys or the liver but rather to the small
intestine (see Chapter 2, Figure 1 [2.F1]), where 4F is transported into the intestinal lumen (see 2.F2). 4F
enters the lumen by directly and selectively crossing the intestinal epithelium (see 2.F3). The transport
process is saturable, and 4F once in the lumen can be taken up by the intestinal mucosa (see 2.F4).
Interestingly, the transport of 4F into the lumen can be modulated by TICE (see 2.F5). Overall, the rate
of uptake and clearance of 4F by the intestine is consistent with the rate of clearance of 4F from the
plasma (compare 2.F1B with A.F6), indicating that intestinal clearance is at least partially responsible for
the observations reported in the Appendix.

Since the completion of this work from the first half of Chapter 2, | have continued to investigate
the mechanism behind the intestinal clearance of 4F. | had observed that increasing TICE by western
diet (WD) in TG112 mice had also increased the trans-intestinal transport of 4F from the circulation (see
2.F5B-C). | had further observed that serosal-side lipoproteins increased the clearance of 4F from
intestinal explants mounted in Ussing chambers (see 2.F5C). LXR agonists have been shown to increase
TICE.(1) Moreover, | myself had observed that the LXR agonist T0901317 had increased RCT of 3H-
cholesterol from macrophages into the intestinal lumen of C57BL/6J mice (see 2.F6B). Thus, | sought to
reproduce the effect of WD in TG112 mice on the intestinal clearance of 4F through the use of this LXR
agonist. | pre-treated TG112 mice with T0901317 for 7 days, as well as TG112 mice with WD for 6 weeks
as positive control. |introduced *C-L-4F into the circulation of the mice by tail vein injection. To my
surprise, while WD increased the clearance of **C-L-4F into the SI lumen, LXR agonist treatment did not

(Figure 1). Nonetheless, both WD and T0901317 increased fecal neutral sterol loss (data not shown).
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| used this differential effect to further investigate the molecular mechanism of the intestinal
transport of 4F. LXR agonists increase the expression of the sterol transporters ABCG5/G8 on the apical
surface of enterocytes.(2) These transporters clear phytosterols from enterocytes into the intestinal
lumen,(3) but ABCG5/G8 also play an important role in TICE.(4) However, increasing TICE through
higher expression of ABCG5/G8 did not increase 4F clearance. Nonetheless, | had reason to suppose
that 4F clearance was a transporter-mediated process (see 2.F4A) that could also be modulated by TICE
(see above).

| thus considered other enterocyte transporters that could mediate TICE and that might also
transport 4F into the lumen. ABCB1, otherwise known as p-glycoprotein (P-gp) or multi-drug resistance
1 (MDR1), is a member of the ABC superfamily of proteins that also includes ABCA1 and ABCG5/GS8. Like
these other transporters, ABCB1 can efflux intracellular cholesterol. ABCB1 is highly expressed on the
apical surface of enterocytes,(3) and ABCB1 has been identified as a transporter in TICE.(5) However,
ABCB1 can also transport xenobiotics,(3) and as such it plays an important role in determining both the
absorption characteristics of drugs as well as drug resistance.(6, 7) Interestingly, the xenobiotic
transport capacity of ABCB1 has been shown to be both cholesterol(8) and cholesterol transport
dependent.(9) ABCB1 thus rationalizes as a candidate transporter for 4F. While 4F mimics the
secondary structure of apoA-, it lacks sequence homology. It may thus be a plausible substrate for
transport by ABCB1. Moreover, ABCB1 mediates TICE, while increasing the cholesterol and cholesterol
transport associated with ABCB1 increases its xenobiotic transfer capacity. As such, transport of 4F by
ABCB1 might explain why increasing TICE through WD or supplying lipoproteins to the serosal side of
intestinal explants, but not increasing TICE through LXR and ABCG5/GS, also increases 4F clearance.

Tariquidar (TQR) is a third-generation inhibitor of ABCB1(6) with maximal inhibition in vitro at
between 100nM and 1 uM.(10) | thus pre-loaded 4F into intestinal explants by IV-administering 4F to

mice 30 minutes prior to explantation (see 2.F3B). Explants were pre-treated with 100 nM TQR during
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removal of the muscle layer, and TQR was added to the mucosal media of Ussing chambers. As in the
experiment of 2.F5D, HDL and LDL were added to the serosal chamber, and the efflux of 4F into the
mucosal media was determined over time by LC-MS/MS. TQR significantly inhibited 4F transport into
the mucosal media at all time points sampled from 20 minutes on (Figure 2). Clearance of 4F from
intestinal explants was over 50% inhibited at 60 minutes, indicating that TQR at least partially mediates
the clearance of 4F from intestinal tissue.

In overall summary (Figure 3), 4F associates with lipoproteins especially HDL in the circulation,
from which 4F and 4F-associated HDL are cleared rapidly. 4F is taken up by the small intestine (Sl) and
transported into the intestinal lumen in a cholesterol and TICE dependent manner. Lipoproteins are a
cholesterol source for TICE (see Chapter 2), suggesting that lipoproteins are the vehicle of 4F transport
to the SI. After being taken up by enterocytes, 4F is cleared into the intestinal lumen at least partially by
ABCB1. Once in the lumen, 4F can be taken up by intestinal tissue by an as yet unknown mechanism.

There remain a number of open questions that require additional experiments; | will here
address a few. First, is HDL truly the lipoprotein carrier for 4F to the SI? Some reports have claimed that
HDL is not a cholesterol source for TICE,(11) while additional reports have claimed otherwise.(5) Does
4F association in any way potentiate or tag HDL to be taken up by enterocytes? If so, could this explain
why 4F-associated HDL appears to be cleared from the circulation of mice? In order to address these
questions, | will first return to the Ussing chamber. 3H-cholesterol-hHDL, *H-cholesterol-hHDL-'*C-4F,
and *C-4F will be added to the serosal sides of intestinal explants. Uptake and clearance of 3H, *C and
human apoA-I will be determined, in order to assess whether 4F increases the uptake of cholesterol and
HDL, and whether HDL increases the uptake of 4F. Comparable experiments will be performed with
other lipoproteins including LDL and VLDL.

Second, inhibition of ABCB1 inhibits 4F clearance, but does activation of ABCB1 increase 4F

clearance? And while ABCB1 appears to be involved in the clearance of at least some 4F from intestinal
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explants, are there other pathways involved? Is all clearance transporter dependent, and if so, what
additional transporters can clear 4F? MRP2 is also a xenobiotic transporter of the ABC family that is
expressed apically on enterocytes.(12) Is MRP2 also involved in 4F transport? Additional studies will be
performed in Ussing chambers involving ABCB1 activators, as well as inhibitors and activators of MRP2.
Finally, 4F in the lumen of the intestine can get taken up into intestinal tissue (see 2.F4B). This
observation suggests that 4F can recirculate between enterocytes and lumen. However, | did not fully
establish recirculation as opposed to mere uptake. Moreover, | have not identified the pathway by
which 4F might be taken up by enterocytes and transported into the circulation, where at least some
oral 4F distributes.(13) There exists a peptide uptake transporter on the apical side of enterocytes
(PepT1), but its substrates appear limited to di- and tri-peptides.(14) It is possible that 4F is internalized
by an endocytic pathway, like the protein hormone insulin (MW = 5808).(15) Recirculation at least can
be investigated in Ussing chambers, by loading 4F into mucosal media; allowing 4F to load the intestinal
explants for 30 minutes; clearing the mucosal media of 4F; and then determining whether 4F is
nonetheless transported out into mucosal media again (with or without serosal side lipoproteins) after

additional time.

In Chapter 2, | further investigated whether 4F could modulate trans-intestinal cholesterol efflux
itself. | first established in vivo that 4F could increase RCT from macrophages via the TICE pathway (see
Chapter 2, Figures 6A-C [2.F6A-C]), and | also showed that 4F could increase trans-intestinal cholesterol
efflux from lipoproteins themselves (see 2.F6D). | next confirmed ex vivo that both tissue and mucosal
4F could increase TICE across intestinal explants (see 2.7A,C), while also demonstrating that 4F increased
cholesterol efflux directly from enterocytes (see 2.7B). Independently, | had also observed that 4F could
increase cholesterol efflux from macrophages (Figure 4). Consistent with the observations in the

Appendix and Chapter 2, there exist at least three possible mechanisms by which 4F can enhance TICE
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(Figure 5). First, 4F might increase the intestinal targeting and uptake of 4F-associated HDL (). Second,
since the transport of 4F through ABCB1 requires the co-transport of cholesterol, 4F efflux itself may
directly increase the efflux of cholesterol (ll). Finally, 4F might act as a cholesterol acceptor at the ABC
transporters ABCG5/G8 (lll). In the Discussion of Chapter 2, | have offered the rationale behind
hypothesizing (11) or (ll1).

In Chapter 3, | observed that oral 4F therapy reduced total cholesterol (TC) in the plasma of
COX2 MKO mice fed CCHF (see 3.F4E). While this result is consistent with oral 4F increasing TICE and
thereby reducing TC, | had not demonstrated in the work of Chapter 2 that oral 4F could modulate the
TICE pathway. | thus pre-treated both WT and TG112 mice with oral D-4F (500 ug/ml) for 1 week. | then
labeled HDL and LDL with 3H-cholesterol and introduced this lipoprotein mixture into the tail veins of the
mice, as in the experiment of 2.F6D. After 1 hour, | collected SI lumen wash and performed a
chloroform/methanol extraction. | determined the levels of 3H-bile acids and 3H-cholesterol in the
wash of untreated mice (Figure 6A), observing that the levels were comparable in both WT and TG112
mice. | then determined the levels of 3H-cholesterol in the lumens of both untreated and 4F-treated
mice, observing that oral D-4F significantly increased the amount of labeled cholesterol that had been
transported into the Sl lumen in both TG112 and WT mice (Figure 6B). As TG112 mice largely lack biliary
FC excretion, but the levels of labeled FC were comparable in both TG112 and WT mice, this result
indicates that oral D-4F increased cholesterol efflux into the SI lumen via the TICE pathway at least in
TG112 mice.

The results of Figure 6 together with 3.FAE suggest that oral 4F therapy can reduce TC in mice
fed a high fat diet by increasing cholesterol efflux into the Sl lumen, and that this increase in cholesterol
efflux is at least partially mediated by TICE. This hypothesis is strengthened by our observation that oral
Tg6F therapy both reduced TC and increased total neutral sterol loss into the feces in LDLR”" mice fed a

western diet.(16) However, several aspects of this hypothesis remain unproven. First, in the case of the
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experiment of Figure 6B, cholesterol efflux into the lumen does not of itself entail net cholesterol
excretion: e.g., luminal cholesterol can be reabsorbed. Thus, the effect of oral 4F on total neutral sterol
loss to the feces should be observed. Second, even if one allows that increasing luminal cholesterol
efflux thereby increases total net cholesterol excretion, | have not established that increasing net
cholesterol excretion thereby reduces total circulating cholesterol: for example, cholesterol can be
synthesized. Finally, even if one allows that increased cholesterol excretion thereby lowers total plasma
cholesterol, | have not established that the amount of cholesterol lost to net efflux is sufficient to
account for the amount of total plasma cholesterol reduced by oral 4F. It remains possible that 4F
lowers TC not only directly, by increasing 4F-mediated clearance, but also indirectly, by somehow
inhibiting e.g. cholesterol biosynthesis. Nonetheless, the finding that sufficiently-dosed oral 4F
(together with oral Tg6F) can reduce plasma TC while increasing luminal cholesterol efflux or cholesterol
excretion is of considerable potential significance regarding the treatment of dyslipidemia and

atherosclerosis.

§2: Pathogenic mechanism of the COX2 and CCHF model of IBD: initiation and resolution of

inflammation

When | began my work on the pathogenic mechanism of the COX2 and CCHF models of IBD, |
had originally hypothesized that: in the absence of COX2, cholate challenge damages intestinal
epithelium and alters barrier function in a manner that leads to increased translocation of PAMP and to
increased inflammation. | further hypothesized that: dysregulation of tissue repair and inflammation
resolution pathways amplifies tissue damage and the inflammatory response in a mutually reinforcing
manner. | set out to partially test this hypothesis through three aims. First, | sought to determine the

manner in which dietary cholate initiated inflammation in this model. Second, | sought to determine the
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role of COX2 in the repair response of intestinal epithelium. And third, | sought to determine the effect
of COX2 MKO on the balance of lipid pro-inflammatory and pro-resolving mediators in the intestinal
tissue and plasma of these models.

| have addressed the first and third aims in the work put forward in Chapter 3. As regards my
first aim, | did in fact observe that CCHF increases both barrier permeability and the translocation of
PAMP (see Chapter 3, Figure 1 [3.F1]). Moreover, | observed that these changes in barrier function
precede the development of intestinal inflammation—a temporal order consistent with these changes
serving as an initiating cause of the subsequent inflammation. However, contrary to my original
hypothesis, the effect of CCHF on barrier function is not COX2-dependent: CCHF increases barrier
permeability equally in WT and COX2 TKO mice. Moreover, in my original hypothesis | assumed that
changes in barrier function would be downstream of gross epithelial damage like ulceration. While | did
observe that gross epithelial damage accompanied intestinal inflammation, both the changes to barrier
function and the initiation of intestinal inflammation itself preceded this epithelial damage: indicating
first that CCHF alters barrier function independent of gross epithelial damage, and second that this type
of epithelial damage is most likely a partial consequence rather than an initiating cause of the intestinal
inflammation.

While CCHF altered barrier function equally in WT and COX2 TKO mice, | nonetheless concluded
that these alterations to barrier function initiated disease in the COX2 models. | detailed my reasoning
in Chapter 3. In brief, intestinal inflammation in the COX2 and CCHF models is both gut microbiota and
MyD88 dependent, indicating that PAMP/TLR/MyD88 signaling constitutes an essential part of disease
pathogenesis (see 3.F1). Moreover, | observed that COX2 MKO dysregulates LPS-dependent expression
of pro-inflammatory cytokines (see 3.F1), while 4F therapy—which protects against disease in the COX2
MKO and CCHF model—rescues this effect (see 3.F4). Taken together, the data from these sections

support the hypothesis that, for the COX2 MKO and CCHF model, CCHF and COX2 MKO combine to

222



initiate disease as follows. First, CCHF alters barrier permeability and increases the translocation of
PAMP including LPS. Second, COX2 MKO dysregulates the inflammatory response to PAMP/TLR/MyD88
signaling (perhaps through loss of feedback inhibition of NFkB), as in the case of LPS-activated CO2 MKO
BMDM. Third, this dysregulation initiates an inflammatory response that over its course constitutes loss
of tolerance to PAMP, perhaps as the pro-inflammatory signals themselves (e.g., IL1) amplify across
successive cells in the absence of negative feedback control (Figure 7).

I intend to pursue the following future directions regarding this work. First, while | established
the MyD88 as such is necessary for the development of intestinal inflammation in the COX2 TKO and
CCHF model, the above hypothesis turns in part on the role of myeloid-specific MyD88 in the COX2 MKO
model. Thus, | would like to generate myeloid COX2 and myeloid MyD88 double conditional knock-out
mice, by crossing the COX2"f mice with MyD88"/" [B6.129P2(SIL)-Myd88:™P¢"/J] to generate
cox2™1:MyD88" mice. LysM¢/* will be backcrossed onto this background in order to generate
experimental COX2%f;MyD88"f; LysM“¢/* mice. | will challenge these mice with CCHF and ask whether
myeloid-specific MyD88 is itself necessary for the development of intestinal inflammation in the COX2
MKO model. Because COX2 MKO dysregulates TLR/MyD88 pro-inflammatory signaling in macrophages,
the necessity of myeloid MyD88 in this model would amount to the necessity of dysregulated myeloid
TLR/MyD88 pro-inflammatory signaling in this model. Thus, this result would lend strong support to my
claim that COX2-dependent dysregulation of PAMP/TLR/MyD88 pro-inflammatory signaling in
macrophages constitutes the differential cause between the opposite responses of COX2 MKO and FLOX
to CCHF—my claim, in other words, that this dysregulated pro-inflammatory signaling is an initiating
cause of disease in the COX2 MKO model.

Second, | intend to better characterize the full range of dysregulated pro-inflammatory signaling
in COX2 MKO primary macrophages. | investigated the effect of LPS alone and observed that

expressions of both IL1beta and TNFalpha were elevated. However, neither LPS nor COX2 MKO altered

223



the levels of lipid pro-inflammatory LOX mediators in cell lysate across 24 hr, while COX2 MKO
unsurprisingly reduced the levels of pro-inflammatory COX mediators. However, LPS activation followed
by the DAMP ATP, which signals through the purinergic receptor P2X7, elevates the levels pro-
inflammatory LOX mediators. COX2i has been shown to elevate the levels of pro-inflammatory LOX
mediators further under this double stimulation of macrophages.(17) Does COX2 MKO have the same
effect? And what of the effect of COX2 MKO on the lipid and cytokine pro-inflammatory mediator
profiles of TLR2, 5, 7, and 9 stimulated macrophages—all of which also signal through MyD88? What of
IL1B and TNFa as stimuli—does COX2 MKO also dysregulate the pro-inflammatory response in
macrophages to these stimuli? And finally, how does COX2 MKO affect the pro-inflammatory mediator
profile in response to additional DAMP like apoptotic cell debris?

Finally, I intend to investigate the mechanism by which COX2 MKO dysregulates pro-
inflammatory signaling in the above manners. (a) For example, In the case of the NFkB target genes IL1
and TNFa, | proposed in Chapter 3 that the loss of negative regulators of NFkB like 15d-PGJ2 might be
responsible for elevated expression of these cytokines. Does exogenous 15d-PGJ2 rescue these effects,
and does inhibiting prostaglandin D2 synthase (15d-PGJ2 being a non-enzymatic product of PGD2) in WT
macrophages reproduce them? (b) 13EFOX, a COX2 metabolite of DHA produced in activated
macrophages, is also a negative regulator of NFkB.(18) As in the case of 15d-PGJ2: are 13EFOX levels
down in COX2 MKO BMDM, and does addition of exogenous 13EFOX rescue the pro-inflammatory
effects of COX2 MKO on IL1 and TNF? (c) In the case of possible elevations of pro-inflammatory LOX
mediators, has AA that would otherwise have gone through COX2 been shunted through LOX pathways
instead (the pathway enzyme levels otherwise being the same), or are we observing a difference in LOX

and e.g phospholipase enzymes instead?
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| also addressed Aim 3 in Chapter 3 above. In brief, | observed that COX2 MKO elevates the
levels of pro-inflammatory LOX and COX mediators in tissue and plasma (see Chapter 3, Figure 2 and
associated Tables), while observing the 4F therapy reduced the levels of pro-inflammatory LOX
mediators in tissue while also reducing both pro-inflammatory LOX and COX mediators in plasma (see
Chapter 3, Figure 4 and associated Tables). In parallel, | observed that COX2 MKO reduced the total
levels of pro-resolving LOX mediators in tissue, thereby altering the balance of pro-resolving mediators
to LTB4 (see Chapter 3, Figure 2).

These changes may constitute a signature for at least those types of IBD that appear to involve
loss of tolerance to pro-inflammatory stimuli like PAMP: the lipid panel results for the PAC 1L10 model
broadly mirrored the results for the COX2 MKO model (see Chapter 3, Figure 6 and associated Tables).
Moreover, the differential clearance of particular LOX mediators from tissue supports the hypothesis
that the elevated levels of this subset of mediators (like 12HETE in the COX2 MKO model and LTB4 in the
PAC IL10 model) are causal for disease in their respective models. Nonetheless, several important
guestions remain open and will thereby constitute the basis of some of my future work.

(1) First, what is the mechanism by which COX2 MKO elevates pro-inflammatory mediators
while reducing pro-resolving mediators? For example, does loss of COX2 activity in macrophages and
some neutrophils shift the lipid mediator phenotypes of those compartments towards pro-inflammatory
LOX mediators? Or, as may be the case for the elevated COX mediators, does loss of COX2 activity by
some other mechanism induce chronic inflammation, the result of which is higher aggregate levels of
e.g. COX mediators? And related, does loss of COX2 activity directly influence the production of pro-
resolving mediators? (2) The first question is thus closely related to the second important question: to
what extent are these alterations in the levels of inflammatory mediators (higher pro-inflammatory
mediator levels and lower pro-resolving mediator levels) causal for disease, and to what extent are they

mere disease markers? At the level of the tissue and plasma, this second question becomes: to what
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extent are the tissue changes causal; and even if tissue changes are causal, does this hold equally for
changes in plasma levels? (3) And a third question, also related to the second: to what extent is a lack of
resolution—dysregulation within resolution pathways themselves—playing a causal role in the disease
of the COX2 MKO model, or is disease here largely driven instead by higher levels of lipid and cytokine
pro-inflammatory mediators?

As regards the first question, | will approach it in the manner | detailed for Aim 1, above. In
particular, | will make use of COX2 MKO and FLOX primary macrophages, and | will ask relative to a
range of macrophage stimuli, whether COX2 MKO either raises the levels of lipid pro-inflammatory
mediators or lowers the levels of lipid pro-resolving mediators. Of interest, | have conducted a pilot
study in collaboration with the Bensinger lab, looking at the effect of activating WT BMDM through TLR2
(PAM3), 3 (PIC), and 4 (LPS) on lipid inflammatory mediator levels at 48 hours. | observed that all three
agonists significantly increased the level of the pro-resolving mediator pathway marker 17HDHA at 48
hours in lysate (Figure 8), consistent with a recent report.(19) Moreover, the TLR3 agonist PIC increased
14HDHA in media and lysate (data not shown). While TLR3 activation, being limited to viral double-
stranded RNA, most likely does not map into the COX2 CCHF IBD model, these experiments do provide
evidence of macrophage-specific production of pro-resolving mediator pathway markers, thereby
opening the possibility that COX2 MKO might influence this macrophage-specific effect.

As regards the third question, | intend to pursue two separate lines of inquiry. First, the
carrageenan hind paw model of acute inflammation has a much faster experimental course than the
COX2 MKO model, while also allowing one to monitor resolution non-invasively, by monitoring paw
edema. | had moreover already observed that COX2 MKO delays resolution in this model (see Chapter
3, Figure 2A). | thus intend to try to answer question 3 within the hind paw model first, and then see if
these results map into the COX2 MKO model. (i) Thus, in this model it would be feasible to determine a

lipid mediator time course while contrasting the acute inflammatory response in FLOX paws—which do
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resolve—with that of COX2 MKO paws. Does the resolving response associate with elevations of pro-
resolving mediators, which are absent in the non-resolving paws? Or, rather, are the non-resolving
paws differentially marked by their levels of pro-inflammatory mediators? (ii) Next, if there exist
differences in resolving signals between the two groups, are there differences in resolution processes
themselves? (a) First, is the resolution time course in the FLOX paws marked by a rise in neutrophils,
followed by macrophages that clear the neutrophils; and is the sustained inflammation of the COX2
MKO paws marked by a co-presence of macrophages and neutrophils? (b) Second, are the COX2 MKO
macrophages isolated from the swollen paw pads somehow functionally different from FLOX
macrophages—e.g., less capable of efferocytosing apoptotic cells? (iii) And finally, do additions of
exogenous pro-resolving mediators rescue the resolution response of the COX2 MKO paws (100
ng/resolving mediator i.p.)(20)?

With these results in hand, | then intend to work back into the COX2 MKO and CCHF model of
IBD. If the protracted paw swelling of the COX2 MKO model is indeed marked by a loss of resolution
function, rather than merely by an excess of pro-inflammatory function, it would be more likely that
chronic inflammation of the COX2 MKO and CCHF model was comparably driven. Moreover, | have
already observed that there is alteration in the balance of pro-resolving mediators to LTB4 in the
intestinal tissue of this model. | have also observed that inflamed intestinal tissue is marked by the co-
presence of both macrophages and neutrophils. (i) Thus, what is the capacity of the COX2 MKO
macrophages in this model for resolution functions like efferocytosis? | would begin with COX2 MKO
BMDM and assess cell-autonomous effects of COX2 KO, by determining whether COX2 MKO reduces the
capacity of BMDM to efferocytose apoptotic Jurkat cells. (ii) Second, | would assess context-dependent
effects upon efferocytosis, by isolating macrophages from inflamed intestine and likewise determining
their efferocytosis capacity—as we had previously done with respect to the capacity of COX2 MKO

intestinal macrophages to uptake LDL.(21) (iii) Finally, | would determine whether adding back RvD1
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and LXA4 (the two pro-resolving mediators that taken together were significantly reduced in the
inflamed intestinal tissue of COX2 MKO mice) could either prevent or rescue the chronic intestinal
inflammation in the COX2 MKO and CCHF model—by injecting i.p. 100 ng/each mediator, 3x/wk;

starting either at week 0 or week 5 of a 10 week study.(20)

§3: Pathogenic mechanism of the COX2 and CCHF model of IBD: intestinal epithelial tissue repair

Unlike Aims 1 and 3, | did not address Aim 2 in Chapter 3. Nonetheless, | have done work to
address the question whether COX2 mediates the intestinal epithelial response to tissue damage. |
would like to detail that work here, while laying out the future directions that | will be pursuing as
regards this topic.

| had originally hypothesized that CCHF would directly damage intestinal epithelium in a COX2-
dependent manner. CCHF did increase intestinal barrier permeability and damage barrier function,
which changes may of themselves constitute a type of minor epithelial damage. Nonetheless, CCHF did
not directly cause gross epithelial damage in COX2 TKO mice. However, ulceration and other forms of
gross epithelial damage did associate with the intestinal inflammation of the COX2 TKO and CCHF model
(see Chapter 3, Figure 1). While intestinal inflammation itself rather than CCHF is the most likely cause
of this ulceration (see §2 above, as well as Chapter 3, Figure 1), both COX2 TKO and COX2 MKO mice
begin to die of ruptured ceca at between 2-3 weeks and 7-10 weeks of CCHF challenge (Figure 9). This
exaggerated phenotype suggests that both COX2 TKO and MKO might inhibit the tissue repair response
in inflamed intestine, thereby increasing the pathogenicity of the inflammatory response.

| had also previously observed that the barrier permeability of WT mice significantly decreased
compared to COX2 TKO mice by 14 days of CCHF diet (see Chapter 3, Figure 1B). While some of this

difference might be due to the development of intestinal inflammation the COX2 TKO mice,
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permeability in WT mice alone significantly improved at day 14 compared to day 7. | thus considered
the possibility that intestinal stem cells in the crypts of COX2 TKO mice were less responsive to CCHF
challenge than those of WT mice. | injected i.p. 200 ug EdU/mouse into both COX2 TKO and WT mice on
day 13 and determined EdU uptake in the crypts and villi of the ilea of these mice after sacrifice on day
14.(22) As the ilea of the COX2 TKO mice lacked the inflammation present in their ileo-ceco-colic
junction, monitoring proliferative response in this compartment avoided any confounding due to
intestinal inflammation itself. Compared to control COX2 TKO and WT mice on chow, WT crypts
increased their incorporation of EdU in response to CCHF. By contrast, incorporation of EdU into the
crypts and villi of COX2 TKO did not increase from the chow baseline (Figure 10). As only the intestinal
stem cells (ISCs) at the base of the crypt undergo proliferation and thus incorporate EdU (with EdU
signal working its way down villi only as CBCC progeny differentiate), this differential response to CCHF
indicates that WT ISCs but not COX2 TKO ISCs increased their rate of proliferation in response to CCHF.
PGE2 has been shown to play a protective role in response to intestinal injury, exerting both
pro-proliferative and anti-apoptotic effects on epithelial cells.(23) Consistent with these findings, |
observed that PGE2 increases day 5 to day 7 crypt expansion in the intestinal organoid culture system
(Figure 11).(24) Nonetheless, the role of COX2 in the intestinal epithelial response to injury remains
somewhat unclear. COX2 is upregulated in colonic epithelium in response to DSS injury in a TLR4 and
MyD88 dependent manner.(25) In turn, COX2 leads to the production of PGE2, which in this model
enhances proliferation and inhibits apoptosis within the epithelium by signaling through EP4.(26) COX2
is upregulated in response to radiation damage, suggesting that COX2 plays a protective role against this
injury as well.(27) Moreover, it has recently been reported that oxytocin is protective against DSS,
radiation, and 5-FU injury in a COX2/PGE2 dependent manner.(28) However, other reports have argued

that it is COX1 rather than COX2 is protective against radiation injury.(29, 30)
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I made use of the intestinal organoid culture system to investigate the role of COX2 in the
passage zero response of intestinal crypts to translocation and epithelial disruption. Within this system,
crypts are first stripped from intestinal epithelium before being grown in 3D Matrigel cultures in the
presence of R-spondin, Noggin, and EGF.(24) Translocated crypts can develop into either spheroids or
enteroids, which differ both morphologically (Figure 12) and in their degree of differentiation. Enteroids
contain ISCs, progenitors, and the full array of differentiated intestinal epithelial cells, whereas
spheroids consist of more ISCs and progenitor cells and fewer differentiated cells.(31) | had myself
observed a differential uptake of EdU by intestinal epithelial in COX2 TKO and WT mice in response to
CCHF challenge (see Figure 10). | thus hypothesized that translocated crypts from COX2 TKO mice would
exhibit impaired expansion compared to WT crypts in the organoid system. | originally intended to
assess crypt size at day 5 as a measure of differential response.

Interestingly, while D5 WT organoids were significantly larger than COX2 KO organoids (data not
shown), the most striking difference between cultures presented itself at the level of early spheroids.
Approximately 20% of WT crypts passed through an early (day 1-2) transient spheroid phase prior to the
emergence of almost 100% enteroids at day 5-7. By contrast, both COX2 inhibition and COX2 KO
significantly suppressed this early transient spheroid response (Figure 13). | next sought to determine
whether paracrine factors from WT structures could rescue the inhibition of early spheroids that |
observed in COX2 KO cultures. | thus co-cultured both WT and COX2 KO crypts in contiguous but
separate Matrigel capsules, and | determined the dose-dependent effect of WT crypts upon the early
spheroid response of COX2 KO structures. | observed that WT crypts did indeed increase the number of
early COX2 KO spheroids in a dose-dependent fashion (Figure 14), indicating that epithelial COX2-
dependent paracrine factors were responsible for the early spheroid response. As a result, | next tested
the effect of PGE2 on crypt cultures, and | observed that PGE2 increased both the penetrance and size of

early (18 hour) spheroids in WT cultures. While PGE2 also increased the penetrance and size of early
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spheroids in the COX2 KO cultures, the effect was not as pronounced (Figure 15). Last, in order to test
my conjecture that the early spheroid response was associated with tissue disruption, | passaged day 7
WT enteroids after disrupting the enteroid structures with a wide (21 gauge) or fine gauge (27 gauge)
needle. Not only did fine gauge disruption produce considerably more spheroids than wide gauge
disruption (approx. 60% vs 20%), PGE2 dose-dependently increased the number of spheroid structures
in the fine-gauge cultures (Figure 16). Taken together, this data supports the hypothesis that early
transient spheroids are an epithelial COX2 and PGE2 dependent response of intestinal crypts to tissue
disruption, as manifested in a 3D culture system.

There exist three separate questions that follow from these opening observations. First, what is
the mechanism by which epithelial COX2 and PGE2 induce early spheroids? Second, what is the nature
of the early spheroids? And third, to what extent do these in vitro responses recapitulate and thus
illuminate in vivo responses to tissue damage? | have only partially addressed these questions, but | will
present my remaining observations before detailing my future directions as regards COX2 and epithelial
tissue repair.

| first sought to determine what receptor or receptors PGE2 signaled through in order to
produce the early spheroid response. | combined PGE2 with individual antagonists to the PGE2
receptors EP1-4, and | observed whether any of these antagonists would block the PGE2-dependent
induction of early spheres. While none of the EP1-3 antagonists blocked the inductive effect of PGE2
(data not shown), the EP4 antagonist completely inhibited the early spheroid response (Figure 17). |
thus concluded that PGE2 signals through EP4 in this context. | have yet to determine the subsequent
steps in this signaling process.

| next sought to determine the nature of the early spheroids. First, | considered their basic
morphology. In contrast to enteroids, spheroids are swollen, thin-membranous, and fluid-filled

structures, and their cores are empty of cells and debris. | thus entertained the hypothesis that this
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swelling was the result of osmosis across an osmotic or ion gradient into what would have been
intestinal lumen but now constitutes the spheroid core. The cAMP-activated cystic fibrosis
transmembrane conductance regulator (CFTR) and calcium-activated chloride channels (CaCCs) are
chloride channels that are expressed apically on enterocytes, and their activation can lead to the
outflow of water and on occassion secretory diarrhea.(32) PGE2 can stimulate adenylate cyclase, thus
raising intracellular cAMP levels. Moreover, PGE2 increased the size and apparent swelling of spheroids
(see Figure 15). | thus considered the hypothesis that PGE2 increased the size of spheroids through
cAMP-dependent activation of CFTR. | tested the effects both of a CFTR activator (2-Pyridin-4-yl-
benzo[h]chromen-4-one) and of PGE2 in combination with a CFTR inhibitor (CFTR(inh)-172) on WT crypt
cultures. While the CFTR inhibitor did not affect the capacity of PGE2 to induce early spheroids, the
CFTR activator did produce spheroid-like structures (Figure 18). These results suggest that at least some
of the spheroid phenotype might be the result of swelling due to the production of an osmotic gradient.
If true, a corresponding in vivo response might be useful for crypts in the case of injury, potentially
defending the epithelium and lamina propria against bacterial infection. For example, loss of CFTR
osmoregulatory function can increase the chance of Pseudomonas aeruginosa infection in airway
epithelia.(33) Iintend next to determine whether PGE2/EP4 induce early spheres through activation of
CaCC.

Independent of their morphology, it is a received view that the cells of spheroid structures are
less differentiated and more stem-like than those of enteroid structures.(31) | thus sought to determine
the effects of COX2 KO and PGE2 on various stem cell, reserve stem cell, and differentiation markers at 0
and 18 hrs. Across several experiments, | have observed the following patterns. First, expression of
differentiation cell markers (Muc2, goblet cells; Lyz, Paneth cells; Vil, enterocytes) drops between 4 and
10 fold across the first 18 hrs of culture for both WT and COX2 KO, and the addition of PGE2 does not

affect this drop (Figure 19A). Second, though expression of the reserve stem cell markers Bmil and Tert
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increases in both WT and COX2 KO cultures, this increase is several-fold higher in COX2 KO. Addition of
PGE2 largely inhibits this increase in COX2 KO cultures without affecting expression of these markers in

WT (Figure 19B). Third, addition of PGE2 increases expression of the ISC marker Lgr5 several fold in WT
compared to no-treatment control. Lgr5 expression begins higher in COX2 KO compared to WT crypts,

but PGE2 in fact lowers expression of Lgr5 in COX2 KO compared to control (Figure 19C).

More interestingly, Wnt3A expression increases a hundred-fold across 18 hours in WT type,
while PGE2 increases expression of Wnt3A several fold more. In COX2 KO by contrast, Wnt3A
expression is increased neither at 18 hrs nor by addition of PGE2 (Figure 19D). However, PGE2 can
signal through COX2 KO structures, as indicated by the effect of PGE2 on expression of Hopx and Bmil,
and by its capacity to produce early spheroids (see Figure 15). This suggests that the effect of PGE2 on
Wnt3A expression is COX2 mediated, as PGE2 induces Ptgs2 expression in WT but not COX2 KO. | thus
added a stable analog of PGI2 (beraprost) to COX2 KO crypts and observed that beraprost unlike PGE2
increased expression of Wnt3A almost 100-fold. Wnt3A is required for maintenance of intestinal stem
cells by way of signaling through the canonical Wnt pathway and beta-catenin.(34) This expression
pattern correlates with the degree of early spheroids in WT cultures, suggesting that these early
spheroids are oriented towards ISC maintenance. The fact that expression of Wnt3A in PGE2-treated
WT and COX2 KO structures differs so greatly, even while PGE2 induces the production of spheroids in
both cultures, indicates that morphologically similar spheroids may nonetheless be importantly different
at the level of stem cell potential. Finally, the fact that the morphological effect of PGE2 comes apart
from its effect on Wnt3A expression indicates that increased spheroid swelling and spheroid “stemness”
constitute two distinct effects of PGE2.

Last, and unexpectedly, expression of the enteroendocrine marker chromogranin A (ChgA)
increased by 300-fold at 18 hours in WT, and PGE2 increased the expression of this marker

approximately 20-fold more. In COX2 KO, ChgA expression increased comparably through 18 HRs, but

233



PGE2 alone did not further increase its expression. However, as in the case of Wnt3A, beraprost
increased ChgA expression comparable to the effect of PGE2 in WT (Figure 19E). ChgA and Lgr5 are co-
expressed in secretory progenitor cells that have shown the capacity to dedifferentiate back into
actively dividing ISCs.(35) Additional studies have also identified enteroendocrine precursor cells
marked in part by ChgA and Bmil expression as capable of serving as a reserve population that can
replenish the stem cell pool upon damage.(36) It is perhaps possible that PGE2 is increasing the
population of this reserve pool in WT spheroids. However, while PGE2 increases the expression of Bmil
in WT, this change is nowhere comparable to that of the change in ChgA expression.

PGE2 induced WT spheroids while also increasing expression of Lgr5 and Wnt3A, and at the
same time markers for differentiated cells including goblet, Paneth, and enterocyte cells decreased.
These observations are consistent with a picture of PGE2-induced WT spheroids as being more “stem-
like” and less differentiated than time 0 crypts. Interestingly, | also observed that PGE2 increased the
complexity of the late (day 5 to day 7) enteroids that replace the transient early spheroid structures (see
Figure 11). Increased complexity or budding of an enteroid is the product of an increased number of
actively dividing stem cell niches associated with that enteroid structure.(31) Release of quiescent or
reserve stem cell populations to become actively dividing stem cell has been linked to release of PTEN
inhibition of the PI3K/AKT/mTORC1 signaling pathway.(37) Moreover, PGE2 has been shown to activate
PI3K/AKT by signaling through EP4.(38) | thus treated WT cultures with either PGE2 or PTEN inhibitor
(VO-OHpic trihydrate) and determined their effect on complex budding of enteroids. | observed that
both PGE2 and PTEN inhibition significantly and comparably increased the number of complex enteroids
(Figure 20).

While rather incomplete, these in vitro studies suggest a model in which crypt translocation
induces the expression of COX2 in crypts through some an unknown factor (see Figure 19). COX2

dependent PGE2 from crypt cells as well as from cells in the stem cell niche triggers the formation of
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protective osmotic gradients while promoting the “stemness” of affected crypts, increasing expression
of both Lgr5 and Wnt3A. At the same time, the affected crypts lose differentiated cells while increasing
the size of their reserve stem cell pool. Subsequent inactivation of PTEN, possibly through further
PGE2/EP4 signaling, releases the “stem-like” cells of these pool from a more quiescent to an actively
dividing state. These actively dividing stem cells repopulate crypts and drive subsequent production of
fully differentiated epithelium (Figure 21). | will be testing this hypothesis in my upcoming work.

In order to link these in vitro observations back to the mouse, | am also asking whether COX2
and in particular myeloid COX2 play a role in the intestinal epithelial repair response to tissue injury in
vivo. | have provided some data to suggest that both total COX2 and epithelial COX2 might mediate
such a response. There is also evidence to suggest that macrophage COX2 plays a role in epithelial
repair. In response to DSS injury, activated macrophages are recruited to the colonic crypt,(39) where
they play an important role in bringing about the hyperproliferation of colonic stem cells.(39, 40) It has
also been shown that macrophage COX2 appears to mediate this response, as COX2 MKO mice exhibit
less colonic epithelial proliferation than WT controls in response to DSS injury.(41) | thus intend to
investigate the role of COX2 TKO and MKO in the intestinal epithelial repair response in mouse models
of intestinal injury.

While COX2 appears to mediate a proliferative response to CCHF, and while CCHF directly
damages intestinal epithelium in the sense of decreasing barrier function, it is unclear that CCHF
challenge alone--in the absence of intestinal inflammation—constitutes the basis of a true intestinal
injury model. Received models of intestinal injury include 5-FU, abdominal irradiation, and DSS.(28) |
am currently working with an abdominal irradiation injury model.(42) In a pilot study involving x-ray
irradiation injury, | have determined that 16 Gy dose is sufficient to injure the intestinal epithelium of
WT mice by day 5, while allowing these mice to recover by day 9 (data not shown). | thus intend to

irradiate COX2 TKO, MKO, and WT mice with 16 Gy and assess stem cell proliferation and crypt health by

235



EdU uptake and histology at both D5 and D9 post-radiation. | hypothesize that in the absence of COX2,
intestinal stem cells in the ileum will undergo less proliferation, while there will exist more crypt
abscesses, blunted villi, and other histological evidence of exaggerated epithelial injury. If COX2 MKO
mice exhibit a compromised injury repair response, | will proceed to investigate the role of variously

activated primary macrophages on the response of translocated crypts in the in vitro organoid system.

§4: Protective mechanisms of 4F and trans-intestinal lipid transport

| identified two distinct novel therapeutic applications for the apoA-lI mimetic peptides including
4F. First, | have here reported that 4F can modulate TICE (see Chapter 2), and | have shown that oral 4F
therapy can both increase TICE (see Figure 6) and reduce total cholesterol in COX2 MKO mice fed CCHF
diet (see Chapter 3, Figure 4E) . Moreover, my observations regarding the effect of 4F on TICE have
been extended to apoA-I mimetics more generally. We have recently reported that Tg6F lowered TC
and increased neutral sterol excretion in LDLR” mice fed a western diet.(16)

Elevated TC and dyslipidemia are risk factors for the development of CVD.(43) While the
importance of TICE as a secondary excretion pathway for free cholesterol (FC) has been established in
mice, it was only recently established that TICE plays an equally significant role in maintaining
cholesterol homeostasis in humans.(4) Modulation of TICE is thus a promising therapeutic target for the
treatment of CVD. LXR agonists were found to stimulate TICE up to six-fold in murine studies using
different experimental methodologies.(1, 44) However, activation of LXRs concurrently promotes
hepatic de novo lipogenesis, steatosis, and hypertriglyceridemia via direct activation of the sterol
regulatory element-binding protein-1c (SREBP-1c) gene and fatty acid synthesis pathways.(45)
Intestinal-specific LXR agonists have been developed that evade the unfavorable effects of general

agonists on hepatic lipogenesis. Nonetheless, the development of LXR-targeted drugs has largely been
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discontinued due to observations of marked increases in plasma apoB containing lipoproteins and/or a
marked liver-steatotic response.(46) By contrast, 4F itself has a favorable toxicological profile and has
advanced as far as phase 2 clinical trials.(47) Other apoA-lI mimetic peptides appear to be likewise free
of unfavorable side effects. 4F and other apoA-I mimetics may thus constitute an important new class of
TICE-dependent modulators of TC. Of equal import, understanding the exact mechanism by which 4F
increases TICE may reveal important new therapeutic targets within the space of TICE itself (see Figure
5).

Second, | have also shown that 4F is protective against IBD in both the COX2 CCHF and PAC IL10
mouse models. As | noted in my introduction to Chapter 3, IBD has high morbidity, but there currently
exist few effective therapies for this disease. The identification of a new class of potential IBD therapy is
thus of considerable significance as regards the treatment of this disease. Moving forward, our
laboratory group will be continuing to investigate the potential of Tg6F as a treatment for IBD. Our aim
is clinical trials. However, considerable work remains necessary in order to fully characterize the
effectiveness of this class of therapy in animal models. First, are apoA-I mimetics only prophylactic
against disease, or are they effective against disease that has already developed? In both of my mouse
models, | began mimetic peptide therapy prior to the onset of disease. What is the effect of these
therapies against existing disease? | thus plan to start mimetic peptide therapy part-way through the
disease time course of both models, in order to determine if the drugs can either halt or reverse the
progression of existing disease. Second, what is the full range of effectiveness of these drugs as IBD
therapies? | showed that 4F is protective in two independent mouse models of IBD. However, | also
showed that both models overlap in important ways. In particular, disease in both models appears to
initiate when an environmental trigger increases barrier permeability and leads to the translocation of
PAMP. Genetic alteration of COX2 and IL10 in turn effects loss of tolerance to these inflammatory

triggers. In both models, | also showed that 4F appears to inhibit LPS-dependent activation of
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macrophages, likely by interfering with LPS-dependent signaling itself. Is the therapeutic range of
mimetic peptide therapy limited to mouse models of IBD that depend upon a dysregulated response to
PAMP as a driving cause? It will be important to continue to test apoA-l mimetics in mouse models of
IBD that differ in their underlying pathogenic mechanisms, at the same time that we continue to detail
the exact protective mechanisms of this class of drugs.

Of importance, my combined investigation into the pathogenic mechanism of the COX2 CCHF
model and into the protective mechanism of 4F has potentially identified a previously uncharacterized
physiological pathway or pathways involved in the clearance of lipid inflammatory mediators from the
circulation. The literature on trans-intestinal cholesterol efflux does not consider the possibility that
lipid species other than cholesterol may also be subject to trans-intestinal transport. There are hints in
the literature nonetheless that such transport might exist. ApoA-I can be produced in the small
intestine,(48) and it has shown that apoA-I is released from the apical membrane of enterocytes into the
Sl lumen, where it continues to associate with the brush border membrane.(49) ApoA-I can accept both
cholesterol and phospholipids from the ABC transporter ABCA1.(50) ABCG5/G8 is highly expressed on
the apical surface of enterocytes, raising the possibility that not just cholesterol but also phospholipids
as well are accepted by luminal apoA-Il. In parallel, there also exists some evidence that lipid
inflammatory mediators can themselves be transported from inside enterocytes into the intestinal
lumen. The apical ABC transporter MDR2 has been shown to transport the pro-inflammatory eicosanoid
hepoxilin A3 into the lumen, in order to produce a chemotactic gradient for the recruitment and
transmigration of neutrophils.(51) However, no group has investigated whether trans-intestinal
transport itself might also include these additional lipid species like phospholipids and eicosanoids.

In the experiment reported in Chapter 3, Figure 5C, | observed that tagged lipid inflammatory
mediators were transported from serosal lipoproteins into the mucosal media ex vivo. To my

knowledge, this is the first report suggesting the possibility of trans-intestinal lipid transport (TILT) for
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lipid species other than cholesterol. | also observed that luminal 4F enhanced the trans-intestinal
transport of these eicosanoids. Lipid pro-inflammatory mediators were elevated in the plasmas of
diseased mice in both COX2 CCHF and PAC IL10 models (see 3.F2 and 3.F6). 4F protects against disease
in both models while also rescuing the levels of these pro-inflammatory mediators (see 3.F4 and 3.F6).
Together, these observations suggest that trans-intestinal transport of inflammatory mediators might
play a protective physiological role against inflammation. At the least, they suggest the possibility that
4F clears pro-inflammatory mediators from plasma by targeting an already existing physiological
clearance pathway.

Overall, my speculative model is as follows. LDL and circulating 4F transfer inflammatory
mediators to HDL, and 4F-associated HDL is tagged for uptake by the enterocytes. In the absence of
circulating 4F, pro-inflammatory mediators nonetheless continue to associate with lipoproteins, and as
lipoproteins are taken up by enterocytes to deliver FC for TICE, so too are these inflammatory mediators
internalized. 4F has high binding affinity for eicosanoids,(52) and it is possible that 4F associates with
these mediators intracellularly. 4F is then transported out of the enterocytes into the lumen partially
through abcb1, taking any associated inflammatory mediators with it. Alternatively, 4F acts as a lipid
acceptor at apical ABC transporters, where it can accept not only cholesterol but also other lipid species
as well. Once cleared into the lumen, 4F-constituted lipid micelles are then somehow potentiated for
excretion or microbial metabolism. In parallel, lumen apoA-I might also be accepting both cholesterol
and additional lipid species at ABC transporters, thereby constituting luminal lipoproteins that are again
somehow blocked from reuptake and potentiated for excretion or breakdown (Figure 22).

Going forward, my aim is to employ the Ussing chamber system to first characterize the nature
of the underlying TILT pathway. | will seek to determine the range of lipid species that can be
transported in this manner—conducting experiments with heavy label versions of phospholipids,

cholesterol esters, and additional inflammatory mediators. | will next work to characterize the nature of
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the transport process. Is it passive or active, and transporter dependent or merely involving passive
diffusion? If transporter dependent, | will then employ a range of transporter inhibitors and activators
in order to try to identify the both the basolateral uptake and apical efflux transporters involved.
Finally, are the TILT of other lipid species dependent upon TICE, somehow piggybacking not only on the
basolateral uptake of lipoproteins but also the apical efflux of cholesterol itself?

Next, continuing with Ussing chambers, | hope to work out the manner in which 4F interacts
with this underlying process, to increase the TILT of affected lipid species. Does 4F work as an
intracellular chaperone, or as a apical-side acceptor? Can 4F increase the transport of other lipid species
independently of cholesterol, or is the transport of these other species a secondary effect of 4F affecting
TICE? Do luminal 4F and these lipid species constitute micelles or lipoprotein-like structures?

| will then work to try to establish the existence of TILT in vivo. | will conduct variants of the RCT
experiments that | deployed in chapter 2, except that instead of using labelled cholesterol, | will track
the transport of labeled and methylated lipid inflammatory mediators. Do these tagged stable
mediators show up in intestinal tissue, and are they cleared into the intestinal lumen? And if so, does
either luminal or circulating 4F increase this clearance? Lastly, what is the luminal fate of these
mediators? Can they be detected in feces; are they metabolized by gut microbiota; or are they taken
back up by enterocytes?

| also hope to do some work trying to establish the pathogenic and protective significance of
elevated or rescued levels of plasma inflammatory mediators. | noted in my introduction to Chapter 2
that IBD is a risk factor for the development of CVD. We have moreover observed that IBD associates
with elevated levels of plasma pro-inflammatory mediators. Do COX2 MKO mice on CCHF diet develop
atherosclerosis, and do they do so in partial consequence of these elevated levels of plasma pro-
inflammatory mediators? We have previously reported that COX2 MKO mice crossed into an ApoE”

background do not develop atherosclerosis when fed a western diet.(53) However, the mice in this
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model did not develop intestinal inflammation. As a result, any atherosclerosis that develops in COX2
MKO mice on CCHF diet will be more likely attributable to the development of intestinal inflammation
itself. If COX2 MKO + CCHF mice do develop atherosclerosis, we will also have an excellent model for
trying to figure out how changes in the intestine result in disease at distant loci. One obvious candidate
hypothesis would be that changes in plasma inflammatory phenotype consequent to intestinal
inflammation mediate the link between intestinal inflammation and the development of atherosclerosis.
Last, | have interest in trying to work out the role of intestinal apoA-l, in order to determine first
whether 4F in its capacity to influence TILT is merely mimicking and amplifying a physiological role
already performed by apoA-I; and second, whether intestinally-produced HDL varies in quality
depending on the inflammatory status of the intestine. | would like to create mice whose intestinally
produced apoA-l is somehow tagged fluorescently—perhaps by inserting a floxed fluorescent tag into
the apoA-I gene, which is somehow turned on by e.g. flipping as a the result of Cre-recombinase activity.
We could then cross the silent tagged apoA-I mouse with a Villin-cre mouse, to create intestinal-specific
active tagged apoA-l. With this active tagged apoA-I, we would be able to fluorescently sort out
intestinally produced HDL, in order to determine its phenotype across a range of alterations in the
intestine, including intestinal inflammation. | could also track apoA-l inside the intestinal lumen, in
order to try to determine whether intestinal apoA-I is e.g. constituting luminal lipoproteins, is accepting

e.g. tagged lipid species from the circulation, and so on.

While the work of this thesis has ranged across what may seem to be a number of disparate
subjects, it has nonetheless been united at its core by my overall aim of working back and forth between
the pathogenic mechanisms of disease and protective mechanisms of therapy in order to better
understand both. This approach came to some fruition in my work on the COX2 KO and CCHF model of

IBD, for which | identified apoA-lI mimetics as a promising class of potential therapies. At least as
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important, however, my work identified types of changes in inflammatory mediator profile that were
elevated by disease but which were rescued by 4F therapy. These observations raised important
questions about the mechanistic importance of various tissue and plasma specific alterations in
mediator profile—questions | hope to address, as detailed above. These observations also led in turn to
my observations about TILT, whose underlying physiological nature and whose value as a therapeutic

target | hope to determine in my work to come.
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Materials and Methods

LXR agonist, WD, and trans-intestinal transport of 4F. The experiment of Figure 1 followed in accord
with Methods in Chapter 2.(54) In brief, TG112 mice were pre-treated with the LXR agonist T0901317
for 7 days (25 mg/kg/day) or WD for 6 weeks. Then 25 mg/kg 14C-L-4F was injected via tail vein, and
radioactivity in Sl rinse was reported. Feces from the mice was collected directly from the distal colons

of these mice, and neutral sterols in the feces were determined by GCMS.

Inhibition of ABCB1 and 4F secretory transport. The Ussing chamber experiment of Figure 2 followed in
accord with the Methods in Chapter 2. In brief, D-4F was injected via tail vein into C57BL/6J mice. After
30 minutes, paired intestinal explants were mounted in Ussing chambers with and without 100 nM
tariquidar in mucosal media (n = 6). Mucosal media was sampled at multiple time points, and

concentration of D-4F was determined by LC-MS/MS.

Cholesterol efflux from macropahges. 1774 macrophages were loaded with 3H-cholesterol in accord
with the Methods of Chapter 2. D-4F (10 and 50 ug/ml) was added to media, and after 1 hour

cholesterol efflux was determined as a percent of starting cholesterol load by scintillation counting (n =

4/group).

Oral D-4F and RCT from lipoproteins. This experiment followed the methods as reported in Chapter 2,

with modification. TG112 and WT mice were pre-treated with oral D-4F (500 ug/ml water) for 1 week

and allowed to drink through the course of the experiment.
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TLR activation of bone-marrow derived macrophages. Bone marrow derived macrophages were
generated as previously described.(55) Macrophages were treated with activators of TLR2 (Pam3), 3
(Polyl:C), and 4 (LPS) as described previously.(19, 55) After 48 hours, lysates were collected and

inflammatory mediator levels were determined by LC-MS/MS, as described in Chapter 3.

COX2 KO and CCHF survival study. COX2 TKO and MKO mice were fed CCHF for 16 days or 7-10 weeks,
respectively. Survival was determined. For dead mice, cause of death was determined by pathological

examination.

EdU incorporation. COX2 TKO and WT mice (n=5) were fed CCHF diet for 2 weeks. Additional mice
were fed only chow. EdU (200 ug/ms) was injected i.p. into each mouse 24 hours prior to sacrifice.
Histological sections were taken from the ilea of these mice, and EdU was labelled with a fluorescent tag
as described.(22) Fluorescent intensity was determined for each mouse in three separate

noncontiguous 5x fields and averaged.

Intestinal epithelial organoid cultures. Proximal small intestinal crypts were isolated and expanded in
3D Matrigel cultures as previously described.(24) In brief, crypts were stripped from intestinal
epithelium by EDTA and manual disruption and then purified by fractionation and filtration. Crypts were
added to Matrigel (approximately 100-200 crypts/culture) and grown in complete media supplemented
with R-spondin, Noggin, and EGF. Crypts were isolated from either C57BL/6J of COX2 TKO (COX2'</'*c)
mice. For passage, day 7 enteroid structures in Matrigel were manually disrupted using a syringe with
either a small gauge (27 gauge) or large gauge (21 gauge) needle. Disrupted enteroids were then re-

cultured in Matrigel as for passage 0 crypts.
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Treatment of organoid cultures. For those experiments involving treatment, cultures were treated with
either vehicle control or the following compounds. For PG stimulation: 10 nM PGE2; 1 uM stable PGI2
analog beraprost.(56) For COX2 inhibition: 1 uM of the COX2 inhibitor NS398. For PGE2 receptor
antagonism: EP1 antagonist (GW 848687X); EP2 antagonist (PF-04418948); EP3 antagonist (L-798106);
EP4 antagonist (GW 627368X); dosing ranges as described.(57) For CFTR inhibition and activatin: CFTR
inhibition (CFTR(inh)-172) ; CFTR activation (2-Pyridin-4-yl-benzo[h]chromen-4-one). For PTEN

inhibition: 300 nM VO-OHpic trihydrate.(58)

Crypt culture gene expression. Crypts from both COX2 TKO and WT mice were seeded at 200
crypts/well and treated with either 10 nM PGE2 or 1 uM beraprost across 18 hrs. RNA was isolated from
treated cultures together with untreated controls at 18 hrs, as well as from time 0 crypts. Gene
expression was determined for the murine genes listed in Figure 19 and in §3 using Biorad SYBR green in

accord with standard protocols.
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Figure Legends

Figure 4-1 LXR agonist treatment fails to increase the trans-intestinal transport of L-4F. TG112 mice
were pre-treated with LXR agonist for 7 days or western diet (WD) for 6 weeks. Mice were injected via
tail vein with *C-L-4F, and after 1 hr radioactiivty was determined in SI lumen wash. While western diet
significantly increased the trans-intestinal transport of L-4F in both male and female mice (*, p < 0.01),

LXR agonist pre-treatment did not.

Figure 4-2 Inhibition of ABCB1 suppresses the secretory transport of 4F from intestinal explants. D-4F
was injected via tail vein into C57BL/6J mice. After 30 minutes, paired intestinal explants were mounted
in Ussing chambers with and without the apical transporter ABCB1 inhibitor tariquidar (TQR). Mucosal
media was sampled at multiple time points and concentration of D-4F was determined by LC-MS/MS.
TQR significantly inhibited 4F transport into the mucosal media at all time points from 20 minutes on (*,

p < 0.001).

Figure 4-3 Model of uptake and transport of 4F by enterocytes. This model represents the working
hypothesis for the uptake and transport of 4F by enterocytes (for detailed description, see §1). In brief,
4F associates with lipoproteins in circulation and is taken up by enterocytes through basolateral
transporters. 4F is then transported into the intestinal lumen in conjunction with free cholesterol (FC)

through the ABC transporter ABCB1. Once in the lumen, 4F can be taken up again into enterocytes.

Figure 4-4 4F increases cholesterol efflux from macrophages. 1774 macrophages were loaded with 3H-

cholesterol. D-4F was added to media, and after 1 hour cholesterol efflux was determined as a percent
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of starting cholesterol load by scintillation counting. D-4F dose-dependently increased cholesterol efflux

(*, p<0.001; **, compared to control, p < 0.001; ***, compared to 10 ug/ml 4F, p < 0.001).

Figure 4-5 Model of the modulation of trans-intestinal cholesterol efflux by 4F. This model represents
my working hypotheses for mechanism by which 4F increases TICE (for detailed description, see §1). In
brief, 4F associates with HDL in circulation, and 4F-associated HDL is taken up into enterocyte through
basolateral transporters (I). Additional lipoproteins also deliver free cholesterol (FC) to enterocytes. 4F
can be co-transported with cholesterol through ABCB1, thereby increasing cholesterol efflux (ll).

Alternatively, 4F that has already entered the lumen can accept FC at the sterol transporters ABCG5/G8

().

Figure 4-6 Oral D-4F increases RCT from circulating lipoproteins via the TICE pathway. WT and TG112
were pre-treated with oral D-4F (500 ug/ml drinking water) for 1 week and allowed to drink through the
experiment. HDL and LDL were loaded with *H-cholesterol and introduced via tail vein into the mice.
After 1 hour, Sl lumen rinse was collected. A: Bile acids were separated from cholesterol and
radioactivity was determined in each fraction. Cholesterol levels did not differ between TG112 and WT
mice, indicating that TICE was active in TG112 mice. B: The effect of D-4F on cholesterol transport into
the intestinal lumen was determined by scintillation counting of the cholesterol fractions from each
rinse. D-4F significantly increased cholesterol efflux in both WT and TG112 mice (*, p < 0.01). The result

in TG112 mice indicates that oral D-4F can increase RCT through the TICE pathway.

Figure 4-7 Model of the initiation of intestinal inflammation in COX2 MKO mice by CCHF challenge.
This model represents my hypothesis regarding the manner in which CCHF and COX2 MKO combine to

initiate chronic intestinal inflammation (for detailed description, see §2). In brief, CCHF increases barrier
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permeability and increases the translocation of PAMP into the lamina propria. PAMP signaling through
TLR/MyD88 trigger induction of NFkB pro-inflammatory target genes including /IL16 and TNFa as well as
COX2. COX2 and its products act as negative regulators of NFkB. In the absence of COX2, levels of
cytokine pro-inflammatory mediators are elevated. In turn, these cytokines can trigger additional
TLR/MyD88/NFkB signaling in COX2 MKO macrophages, leading to further dysregulated amplification of

the pro-inflammatory signal.

Figure 4-8 TLR activation increases production of pro-resolving mediator pathway marker 17HDHA in
macrophages. Bone marrow derived macrophages were treated with PAM3 (TLR2 agonist), PolyIC (PIC,
TLR3 agonist), or LPS. After 48 hours, lysates were collected and levels of pro-resolving mediators were
determined by LC-MS/MS. Compared to no-treatment (NT), all three TLR activators significantly induced

production of 177HDHA, a DHA-derived pro-resolving mediator pathway marker (*, p < 0.05).

Figure 4-9 CCHF challenge impairs survival of COX2 KO mice. COX2 KO mice were challenged with
CCHF diet and survival was determined. A: COX2 TKO mice were fed CCHF. By 16 days, 50% of COX2 KO
but no WT mice had died of burst ceca. B: COX2 MKO mice were fed CCHF for either 7 or 10 weeks.
While COX2 MKO survived longer than COX2 TKO mice on CCHF diet, after 10 weeks 4 of 7 mice had

died of burst ceca.

Figure 4-10 COX2 TKO inhibits intestinal stem cell proliferation in response to CCHF challenge. COX2
TKO and WT mice were fed CCHF diet for 2 weeks (n =5). EdU was injected i.p. into the mice 24 hours
prior to sacrifice (200 ug/mouse). Histological sections of ilea were prepared, and EdU uptake into

intestinal epithelium was determined by fluorescent microscopy. While both COX2 TKO and WT mice
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exhibited comparable uptake on chow, COX2 TKO significantly inhibited uptake in response to CCHF

challenge (*, p < 0.01).

Figure 4-11 PGE2 increases both the size and complexity of day 5 enteroids. Crypts were isolated from
C57BL/6J mice and grown in 3D Matrigel cultures. The cultures were treated with either vehicle or 10
nM PGE2 for 5 days. Enteroid structures were assessed for both size and budding complexity

(representative images).

Figure 4-12 Examples of structures observed in organoid cultures. Upon isolation, crypts appear as
small cigar shaped structures (crypts). Exogenous PGE2 (10 nM) pushes crypts through an early
spheroid stage (early spheroids at 18 hours). After 5 days, PGE2-treated crypts develop a complex
structure marked by multiple buds, with each bud forming from crypts that have newly formed within

the overall enteroid structure (complex spheroids).

Figure 4-13 Loss of COX2 activity inhibits the formation of early spheroids. Crypts were isolated from
either C57BL/6J or COX2 TKO (COX2"“'*) mice. Some crypt cultures from BL6 mice were treated with
the COX2 inhibitor NS398. The number of early spheroids was determined after 36 hours (n=5). In both

cases absence of COX2 activity significantly inhibited the formation of early spheroids (*, p < 0.001).

Figure 4-14 Co-culture with WT crypts rescues the COX2 KO dependent inhibition of early spheroids.
Crypts from COX2 TKO mice were co-cultured with increasing number of crypts from C57BL/6J mice (n =
4). Compared to the production of early spheroids in WT cultures (see Figure 13), co-culture with WT
crypts dose-dependently rescued the inhibitory effect of COX2 KO on the production of early spheroids

(*, compared to 0 WT co-culture, p < 0.001; **, compared to 100 WT co-culture, p < 0.001).
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Figure 4-15 COX2 and PGE2 increase the number of early spheroids in both COX2 TKO and WT crypt
cultures. Organoid cultures from WT and COX2 KO mice were treated with PGE2 (10 nM), and the
number of early spheroids at 18 hrs was determined. COX2 in creased the number of early spheroids (*,
WT v COX2 KO; p <0.01). While addition of exogenous PGE2 increased the number of early spheroids in
both WT and KO cultures (**, compared to no-treatment control; p < 0.01), the effect was more

pronounced in WT than KO (***, p < 0.01).

Figure 4-16 Early spheroids are produced in response to tissue disruption, while PGE2 enhances this
response. Mature enteroids from WT cultures were mechanically disrupted with wide or narrow gauge
needle. Narrow gauge produced greater tissue disruption and considerably more penetrance of early
spheroids (representative images). Exogenous PGE2 enhanced the production of early spheroids, with

ECmax= 1.5 nM.

Figure 4-17 PGE2 signals through EP4 to produce early spheroids. Organoid cultures from WT mice
were treated with PGE2 (2.5 nM) in combination with antagonists to the the PGE2 receptors EP1-4
across a range of doses. While none of the EP1-3 antagonists affected the induction of early spheroids

by PG2, the EP4 antagonist completely abrogated this response (representative image).

Figure 4-18 While CFTR activation produces sphere-like structures, CFTR inhibition did not block the
induction of early spheroids by PGE2. Organoid cultures from WT mice were treated either with a CFTR
activator (2-Pyridin-4-yl-benzo[h]chromen-4-one) or with PGE2 in combination with a CFTR inhibitor

(CFTR(inh)-172) in combination with PGE2 (2.5 nM). CFTR activation dose-dependently increased
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structure swelling (representative image), while CFTR inhibition even at high dose did not block the

induction of 24 hr spheroids by PGE2.

Figure 4-19 Early spheroids lose expression of differentiation markers, while COX2 and PGE2 enhance
expression of stem cell associated markers Lgr5 and especially Wnt3A. WT and COX2 KO crypt cultures
were treated with either PGE2 or a stable analog of PGI2. Expressions of various stem cell, reserve stem
cell, and differentiation markers were determined by qPCR for both time O crypts and 18 hr cultures. A:
Expression of differentiation cell markers (Muc2, goblet cells; Lyz, Paneth cells; Vil, enterocytes) drops
between 4 and 10 fold across 18 hours of culture in a COX2 independent manner. B: The increase of
expression of reserve stem cell markers Bmil and Tert is several-fold greater in KO than in WT, while
PGE2 rescues this difference. C: PGE2 increases the stem-cell marker Lgr5 several fold more in WT than
KO compared to baseline. D: PGE2 increases Wnt3A expression several hundred fold in WT compared
to time zero, while also increasing expression of Ptgs2. By contrast, Wnt3A expression remains low in
KO and unaffected by PGE2, while PGI2 increases expression comparable to WT at 18 hrs. E: Expression
of ChgA, an enteroendocrine and potential reserve stem cell marker, is dramatically elevated in WT
cultures, with PGE2 further enhancing this change. KO alone exhibit no increase in ChgA over time, with

only PGI2 but not PGE2 increasing expression by 18 hrs. (n = 4)

Figure 4-20 Both PTEN inhibition and PGE2 increase the number of complex enteroid. Crypts were
isolated from WT mice and cultured with either PGE2 (10 nM) or PTEN inhibitor for 5 days. The number
of complex enteroids was determined, as those enteroids with 2+ budding structures. Both PGE2 and
PTEN inhibition significantly increased the number of complex enteroids compared to vehicle control (p

<0.001). (n=5)
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Figure 4-21 Model of role of COX2 and PGE2 in expansion of crypts through early spheroids into
complex enteroids. This model represents my hypothesis regarding the manener in which both COX2
and PGE2 mediate the development of intestinal crypts into early spheroids and then complex enteroids
in culture (for detailed description, see §3). In brief, crypt translocation induces some damage signal(s)
X, which induces COX2 and PGE2. PGE2 in turn signals through EP4, producing both crypt swelling. The
crypts lose differentiation marks as PGE2/EP4 increases expression of Lgr5 and Wnt3A. Subsequent
release of PTEN blockadge of PI3K/AKT, possibly through PGE2/EP4, activates stem cells and generates

new crypts in later enteroids.
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Figure 4-2
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Figure 4-3
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Figure 4-4
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Figure 4-5
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Figure 4-6
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Figure 4-7
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Figure 4-8
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Figure 4-14
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Figure 4-19
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Appendix: Enhancement by LDL of Transfer of L-4F and Oxidized Lipids to HDL in C57BL/6J Mice and

Human Plasma

Abstract

The apoA-I mimetic peptide L-4F has shown potential for the treatment of a variety of diseases.
Here we demonstrate that LDL promotes association between L-4F and HDL. A 2-3 fold greater
association of L-4F with human HDL was observed in the presence of human LDL as compared with HDL
by itself. This association further increased when LDL was supplemented with the oxidized lipid 15HETE.
Additionally, L-4F significantly (p = 0.02) promoted the transfer of 15HETE from LDL to HDL. The transfer
of L-4F from LDL to HDL was demonstrated both in-vitro and in C57BL/6J mice. L-4F, injected into
C57BL/6J mice, associated rapidly with HDL and was then cleared quickly from the circulation. Similarly,
human HDL, preloaded with L-4F and injected into C57BL/6J mice was cleared quickly with Ty, = 23.6
min. This was accompanied by a decline in human apoA-I with little or no effect on the mouse apoA-I.
Based on these results, we propose that i) LDL promotes the association of L-4F with HDL and ii) in the
presence of L-4F oxidized lipids in LDL are rapidly transferred to HDL allowing these oxidized lipids to be

acted upon by HDL-associated enzymes and/or cleared from the circulation.

Supplementary key words: atherosclerosis ® apolipoprotein A-l ® apolipoprotein A-l mimetic

peptides o lipoproteins @ HDL @ LDL
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Introduction

One class of apolipoprotein A-I mimetic peptides are 18 amino acids in length. The progenitor
was originally designed as a tool for investigating the functional properties of apoA-I (1, 2). The 243
amino acids of apoA-I form a class A amphipathic helix—an a-helix with opposing polar and non-polar
faces, with the positively charged amino acids of the polar face being found at the polar/non-polar
interface and with the negatively charged amino acids of this same face being found in its center (3, 4).
ApoA-I mimetics do not share sequence homology with apoA-I, but each possesses the same class A
amphipathic helical structure (5). The mimetics differ with respect to the number of phenylalanines
present on the non-polar face of the amphipathic helix, ranging from the two phenylalanines of the
original 18A (since named 2F) up to seven phenylalanines (so-called 7F) (6). Because of their common
class A helical structure, all six mimetics in this group reproduce the basic lipid associating properties of

apoA-I (1, 6).

ApoA-l has been shown to possess both anti-atherogenic (7-9) and anti-inflammatory properties
(10-12). The apoA-lI mimetics, however, differ with respect to their biological activity. 2F, for example,
was not able to inhibit atherosclerosis when administered to atherosclerosis-sensitive mice (6). By
contrast, 5F significantly reduced diet-induced atherosclerosis in C57BL/6J mice fed an atherogenic diet
(13). The peptides were thus screened for their ability to inhibit LDL-induced monocyte chemotaxis in a
co-culture of human aortic wall cells (6). The performance of the peptides within this model turned out
to be an important predictor of their ability to inhibit atherosclerosis in mouse models (14). While 4F,
5F, and 6F all inhibited monocyte chemotaxis, 4F was singled out for follow up testing on the basis of its

greater solubility (5).
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4F has the structure Ac-D-W-F-K-A-F-Y-D-K-V-A-E-K-F-K-E-A-F-NH,. There are four
phenylalanines on the hydrophobic face of the amphipathic helix. The peptide is capped at the N and C
terminals with acetyl and NH; groups, respectively. These caps stabilize the a-helix of 4F and thereby
increase its lipid binding capacity (15). 4F synthesized from L amino acids (L-4F) and from D amino acids
(D-4F) have both been used in biological studies. D-4F and L-4F were shown to have the same in vitro
and in vivo properties, indicating that stereo-specificity is not essential to the activity of the peptide (16,

17).

In mouse models of atherosclerosis, 4F significantly reduced atherosclerotic lesions while improving the
anti-inflammatory properties of HDL (18). 4F has also been reported to show promise in the treatment
of other inflammatory disorders in preclinical studies (14, 19-21) including diabetes (22, 23), arthritis
(22), hyperlipidemia-induced renal inflammation(23), influenza A pneumonia (24), vascular dementia
(25), Alzheimer’s disease (26) and ovarian cancer (27). As discussed in detail (28), two recent studies in
humans gave conflicting results regarding the ability of the peptide to alter HDL inflammatory
properties. Based on new mouse studies, the most likely explanation for the discrepancy is that the

negative study employed doses that were significantly lower than the positive study (28).

At least two mechanisms of action have been proposed to explain the effects of 4F, particularly
on atherosclerosis (16). First, it has been shown that 4F can cause the remodeling of HDL and the
formation of pre-B HDL enriched in both apoA-I and paraoxonase activity (29, 30). This transformation
lowers lipoprotein hydroperoxide levels; HDL becomes anti-inflammatory; and HDL-mediated
cholesterol efflux and reverse cholesterol transport from macrophages are stimulated (29). Reverse

cholesterol transport through pre-p HDL is considered athero-protective (31). It has thus been
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hypothesized that it is through the remodeling of HDL and the stimulation of reverse cholesterol
transport that 4F was able to reduce lesions in mouse models of atherosclerosis (29). In objection to
this mechanism, it has been pointed out that the physiological concentration of 4F necessary for HDL

remodeling is higher than the minimum that has been shown necessary for atheroprotection (16).

In a second hypothesis, 4F was proposed to be involved in the sequestration and removal of
oxidized lipids. It has been shown that 4F binds oxidized phospholipids and oxidized fatty acids with a
high affinity, which is several orders of magnitude greater than apoA-I (32). Since oxidized lipids play
central roles in both atherosclerosis (33) and other inflammatory disorders (34-36) including cancer (37,
38) the sequestration and removal of oxidized lipids by 4F has been put forward as the basis of a general

mechanism of action regarding its various positive effects (20).

Consistent with this second hypothesis, administration of 4F to diabetic apoE null mice has been
shown to significantly reduce atherosclerotic lesions while also decreasing hepatic concentrations of
15HETE, 12HETE, and 13HODE (39). It has also been shown that L-4F injected into apoE null mice
resulted in a significant reduction in plasma levels of oxidized fatty acids including 15HETE and 13HODE,
while at the same time lowering the HDL inflammatory index (HIl) (40). However, the mechanism by

which 4F causes the clearance of oxidized lipids remains unknown.

Both proposed mechanisms may involve the interaction between 4F and HDL. Thus, one
purpose of our investigation was to use “C-labeled L-4F to investigate the in vivo interaction between 4F
and HDL. This aspect of our study received added importance due to a recent report questioning this

relationship (41). We report here that L-4F associates immediately and preferentially with HDL upon its
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introduction into the circulation of C57BL/6J mice, and that this complex of HDL and L-4F is cleared

quickly.

In the course of this and other lipoprotein association studies, we observed for the first time
that LDL plays an important role in the relationship between L-4F and HDL. Not only does LDL appear to
direct L-4F to HDL, it also amplifies the association between HDL and L-4F by several-fold. In the
process, L-4F transfers oxidized lipids from LDL onto HDL. Thus, our results suggest a possible model by
which oxidized lipids are cleared from the system by L-4F. L-4F transfers oxidized lipids into HDL, at least
in part from LDL, and this complex of HDL and L-4F and oxidized lipids is then cleared from the

circulation.
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Materials and Methods

ApoA-I Mimetic Peptide L-4F. The amino acid sequence of 4F is Ac-DWFKAFYDKVAEKFKEAF-NH,. L-4F
was synthesized from L-amino acids by the solid phase peptide synthesis method previously described
(42, 43) with the modification that rink amide resin instead of Wang resin was used. During the peptide
chain elongation the e-amino groups of the lysines were protected by t-Butyloxycarbonyl (t-BOC). The
final step for the cleavage of the peptide from the resin along with the cleavage of tBOC protecting
groups was accomplished using trifluoroacetic acid with suitable scavengers. Under these conditions
the N-terminal acetyl group is stable whereas all of the other t-butanol protecting groups are cleaved.
For synthesizing *C-peptide, *C-acetic anhydride was used instead of acetic anhydride as previously
described (44). Peptide purity was ascertained by mass spectral analysis and analytical HPLC. Both L-4F
and C-L-4F were synthesized in the laboratory of G.M. Anantharamaiah of the University of Alabama at

Birmingham.

Human plasma. Healthy human donor subjects were recruited after written consent approved by the
University of California at Los Angeles (UCLA) Institutional Review Board. Fasting blood was collected in

heparinized tubes (Becton Dickinson) and the plasma was separated by centrifugation.

Mice and mouse plasma. Both wild-type C57BL/6J mice and apoE null mice on a C57BL/6J background
were obtained from the breeding colony of the Department of Laboratory and Animal Medicine at the
David Geffen School of Medicine at UCLA after having been originally purchased from Jackson
Laboratories. The mice were maintained on a chow diet (Ralston Purina). To obtain blood for assays, the
mice were subjected after overnight fast to either local or terminal bleeds in which either 75 or 250 pl of

blood was removed from the retro-orbital sinus. The mice were under mild isoflourane anesthesia, and
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the blood was collected into heparinized capillary tubes and chilled plasma separator tubes (Becton-
Dickson). Plasma was preserved in 10% sucrose. All experiments were performed using protocols
approved by the Animal Research Committee at UCLA and in conformity with the Public Health Service

Policy on Humane Care and Use of Laboratory Animals.

Isolation of lipoproteins. Human LDL and HDL were isolated by density centrifugation and were
obtained from the Atherosclerosis Research Unit Core facility. LDL was isolated between densities of
1.019 - 1.063 g/ml and HDL between densities of 1.063 - 1.21 g/ml. After isolation the lipoproteins

were dialyzed to remove the added salts (45).

FPLC separation and purification of plasma and lipoprotein mixtures. Plasma and isolated lipoprotein
mixtures were fractionated by gel permeation fast protein liquid chromatography (FPLC). The system
consisted of dual Superose 6 columns in series (Amersham Biosciences) driven by a Beckman Coulter
SystemGold 126NM Solvent Module though a 168NM Detector; controlled by Beckman’s 32 Karat 7.0
software; and collected by a Foxy 200 (Teledyne Isco). The column was eluted with a solution of 0.9%

(w/v) NaCl, 0.03% (w/v) NaNs, pH 8.2 at a rate of 0.500 ml/min and fractions were collected. \

Determination of cholesterol, radioactivity, and protein. Cholesterol was determined using a
commercially available kit (Thermo Scientific, 2011). Radioactivity was determined as DPM by
scintillation counting either 0.250 or 0.500 ml of each fraction in 10.0 ml BioSafe Il scintillation fluid (RP!I
Corporation) on a Packard Tri-Carb Model A900TR using QuantaSmart software. Protein concentration
of isolated lipoproteins was determined by the Lowry method with Peterson’s modification using a

commercially available kit (Sigma-Aldrich, TP0300).

Incubation of **C-L-4F with human and mouse plasma. Human plasma, C57BL/6J plasma, and apoE -/-

plasma samples were incubated separately with *C-L-4F (200 pl plasma; 50 pg **C-L-4F with specific
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activity of 0.25 to 1.0 pCi) for 1 hour at 37°C after light vortexing. Subsequently, the mixes were

separated using FPLC, and cholesterol and radioactivity were determined for the fractions.

Lipid supplementation of LDL: SHETE, 15HETE. Human LDL was supplemented separately with 5S-
hydroxy-6E, 8Z, 11Z, 14Z-eicosatetraenoic acid (SHETE) and with 15S-hydroxy-5Z, 8Z, 11Z, 13E-
eicosatetraenoic acid (15HETE). Both lipids were from Cayman Chemical (34230, 34720) and were
supplied as 0.1 pg/ul solutions in ethanol. Lipid (0.5 pug/1.0 mg protein of LDL) was injected directly into
the LDL, which had been brought up to 100 ul in PBS. The lipid was injected all at once from above the
surface of the LDL and the resultant solution was pipetted up and down followed by gentle vortexing.
The mixes were washed using a 100 kDa cut-off filter (Millipore, UFC810024) to remove any

unassociated lipids.

Incubation of *C-L-4F with isolated human lipoproteins. Isolated human lipoproteins (1.0 mg protein
each of HDL, LDL, LDL-5HETE, and LDL-15HETE) were separately mixed with *C-L-4F (50 ug and 0.5 puCi)
and brought up to 300 ul in PBS. Each mix was lightly vortexed and incubated at 37° C for one hour
before being fractionated using FPLC. Radioactivity and cholesterol were determined for the fractions.
In additional experiments, 1*C-L-4F (50 pg and 0.5 pCi) was combined with both HDL and LDL or LDL-
15HETE (1.0 mg protein each). After light vortexing, the mixes were incubated for either 5 minutes or 1

hour at 37°C before being fractionated using FPLC and assayed as described above.

Loading of human LDL and HDL with '*C-L-4F. Human LDL (2.0 mg protein) was mixed with 100 pg and
1.5 pCi ¥*C-L-4F and incubated at 37°C for one hour. In order to remove un-associated *C-L-4F, the mix
was fractionated using FPLC after spin filtering. Cholesterol and radioactivity were determined in order
to ensure that *C-L-4F had associated with LDL. The LDL fractions were pooled and subsequently
concentrated using a 100kDa cut-off filter (Millipore, UFC810024). Radioactivity per cholesterol was

determined before and after concentration to ensure the integrity and adequate recovery of LDL-'4C-L-
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4F. Alternatively, human HDL (1.0 mg protein/sample) was loaded with *C-L-4F (ranging from 5.0 to

200 ug) by mixing and a brief incubation at 37°C.

Incubation of hLDL-1*C-L-4F and mouse and human plasma. Human LDL was loaded with *C-L-4F as
described above. Human plasma (200 pl) or C57BL/6J plasma (120 pl) were mixed with concentrated
hLDL-C-L-4F (125 pl of a 250 pl concentrate, see above). The mixes were incubated at 37°C for 1 hour

before being fractionated using FPLC. Cholesterol and radioactivity were determined for the fractions.

Lipid supplementation of LDL with 15HETE-ds. LDL was supplemented with 30.0 pg 15S-hydroxy-5Z,8Z,
117Z,13E-eicosatetraenoic-5,6,8,9,11,12,14,15-d8 acid (15HETE-ds) (Cayman, 334720). The solvent was
evaporated under argon in a 10 ml glass test tube, and the lipid was brought up directly in human LDL
(4.0 mg protein, 290 ul) by five minutes of gentle swirling and vortexing. The LDL was then purified by
washing three times using a 100kDa cut-off filter. Cholesterol and protein were then determined for the

concentrate.

Transfer of 15HETE-dsfrom LDL to HDL. The experiment was carried out as follows: first, LDL was
supplemented with 15HETE-dg as above (referred to as “L only”). Then, a portion was incubated with
purified human HDL in the absence (L+H) or the presence of L-4F (L+H+4F). For this, 0.5 mg LDL protein,
0.5 mg LDL protein and 0.5 mg HDL protein, and, the latter together with 25 ug L-4F, were brought up to
a total volume of 150 pul in PBS. The three preparations were then incubated at 37° C for 1 hour. 125
of each sample was then separated using FPLC as described. The isolated lipoprotein fractions from the
various experimental groups were pooled, the lipids were extracted, and the extracts were analyzed by

LC/MS/MS.

Lipid extraction and sample preparation for LC-ESI-MS/MS analysis. Lipoproteins were separated using

FPLC; fractions for each individual lipoprotein were pooled in accord with the distributions of
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cholesterol; and the volumes of the pooled samples were recorded. 12HETE-dg (Cayman, 334570) was
added to each pooled sample as an internal standard (100 pL of 100 ng 12HETE- ds/ml methanol). The
pH of the samples was adjusted to ~ pH 3.0 using formic acid. Oasis HLB 3 cc (60mg) solid-phase
extraction cartridges (Waters, 186001880) on a vacuum manifold were equilibrated with 2 ml methanol
followed by 2 ml water. The samples were slowly loaded on the cartridges under vacuum. After the
samples had completely flowed through at approximately 0.5 ml/min, the cartridges were washed with
2ml 5% methanol in water. Lipids were then eluted from the cartridges with 2 ml methanol. The eluates
were evaporated to dryness under argon at 37° C. Each dried lipid extract was then re-suspended in 100
ul of methanol using gentle vortexing. The samples were transferred to autosampler vials (Fisher

scientific, 03-396-74) for LC/MS/MS analysis.

LC/MS/MS analysis. LC/MS/MS was performed using a 4000 QTRAP quadruple mass spectrometer
(Applied Biosystems) equipped with electrospray ionization source. The HPLC system utilized an Agilent
1200 series LC pump equipped with a thermostatted autosampler (Agilent Technologies).
Chromatography was performed using a Luna C-18(2) column (3 um particle, 150 x 3.0mm;
Phenomenex) with a security guard cartridge (C-18; Phenomenex) at 40°C. Mobile phase A consisted of
0.1% formic acid in water, and mobile phase B consisted of 0.1% formic acid in acetonitrile. The
auotosampler was set at 4°C. The injection volume was 10 pl, and the flow rate was controlled at
0.4mL/min. The gradient program was as follows: 0-2min, 50% B; 2-3min, linear gradient from 50% to
60% B; 3-15min, linear gradient from 60-65% B; 15-17min, 65% B; 17-19min, linear gradient from 65-
100% B; 19-21min 100% B; 21-23min, linear gradient from 100% to 50% B; 23-27min, 50% B. The data
acquisitions and instrument control were accomplished using Analyst 1.4.2 software (Applied
Biosystems). Detection was accomplished by using the multiple reaction monitoring (MRM) mode with

negative ion detection; the parameter settings used were: ion spray voltage=-4500 V; curtain gas=20
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(nitrogen); ion source gas 1=50; ion source gas 2 =30; ion source gas 2 temperature=550°C. Collision
energy, declustering potential and collision cell exit potential were optimized for each compound to
obtain optimum sensitivity. The transitions monitored were mass-to-charge ratio (m/z): m/z

327.1->226.1 for 15HETE-ds; and 327.1->184.0 for 12HETE-ds.

Binding Studies. Binding studies were performed by SPR on a BlAcore 3000 system (BiaCore AB) as
previously described(32). In short, L-4F was immobilized on a BIAcore CM5 sensor chip activated per the
manufacturer’s protocol. Human LDL and HDL that had been isolated by ultracentrifugation was further
purified using FPLC. FPLC was also used to isolate HDL from the plasma of a male C57BI/6J) mouse. The
FPLC fractions were pooled and the protein concentrations of the lipoproteins were first determined.
Molarity was subsequently calculated by assuming an average MW for HDL of 360 kD and for LDL of
2500 kD, while also supposing that protein makes up 40% of the mass of HDL and 22.5% of the mass of
LDL(46). Further solutions of these analytes were then prepared in buffer containing 10 mM HEPES, pH
7.4, 150 mM NaCl, 3 mM EDTA, 0.005% (v/v) surfactant P20. Binding was measured by observing the
change in the SPR angle as 30 uL of analyte in various concentrations flowed over the sample for 3 min
at 10 uL/min. Equilibrium affinity constant (Kp) values were calculated from assays performed with five
different analyte concentrations that gave binding responses of 50 to 300 resonance units (RUs). The
calculations were done with BlAcore’s BlAevaluation software, version 4.1, assuming a molar ratio of 1:1

analyte:peptide binding.

Injection of mice and collection of plasma. C57BL/6J) mice were fasted overnight. Samples of *C-L-4F
alone, hHDL/hHDL-**C-L-4F, or hLDL-*C-L-4F were introduced directly into the circulation of these mice
via their tail veins using a 29 gauge insulin needle and syringe (Becton Dickinson, 329424). In the case of
14C-L-4F alone (600 pg and 0.5 uCi brought up to 150 pl in 1x PBS), the peptide was introduced into each
of 5 female 12 week old mice. In the case of hHDL/hHDL-**C-L-4F, each of 6 female 12 week old mice
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was injected with hHDL (1.0 mg protein) that had been loaded with 0 to 200 pg **C-L-4F and brought up
to 150 pl in 1x PBS, in the manner described above. In the case of hLDL-**C-L-4F, three male 10 week old
mice were injected with hLDL-'*C-L-4F concentrate (0.10 puCi, 1.2 mg protein LDL, 70 pl total volume).
Blood was drawn at various times after injection (**C-L-4F, from 3 min to 30 min; hHDL/hHDL-*C-L-4F,
from 0 min to 120 min; and hLDL-'*C-L-4F, from 3 min to 60 min). During each bleed, approximately 100
ul of blood was drawn from the retro-orbital sinus under mild isoflourane anesthesia, as above. The
plasma samples were separated and preserved, as above. The plasma samples were then either assayed

directly or fractionated before further assays were performed.

Western blotting and quantification. Samples were first separated by gel electrophoresis under
reduced and denaturing conditions on 10% NuPAGE Novex bis-tris gels (Invitrogen) using MOPS SDS
running buffer (Invitogen). Gels were transferred to PVDF membrane (Millipore, IPVH00010) and some
probed 1:100 with rabbit, human-and-mouse-specific anti-apoA-I antibody (Abcam, ab33470) and
1:5000 with HRP-conjugated anti-rabbit IgG (Amersham, NA934). Others were probed 1:10,000 with
rabbit, anti human-specific anti-apo-Al (Abcam ab52945), or 1:20,000 with rabbit antimouse specific anti
apoAl (Abcam ab20355). For loading control the blots were probed 1:1500 with mouse, mouse-and-
human-specific anti-albumin (Santa Cruz, sc58588) followed 1:5000 with HRP-conjugated anti-rabbit I1gG
or 1:5000 with anti-mouse IgG (Amersham, NXA931) . Blots were detected fluorescently on a Typhoon
9400 fluorescent scanner (GE Healthcare) using ECL Plus western blotting detection reagent (Amersham,
RPN2106). In order to quantify the amount of apoA-I present in each sample, the scan of each blot was

subjected to analysis using ImageQuant 5.0 software (Molecular Dynamics).

Statistical Analyses. Statistical analyses were performed by unpaired two-tail t-test.
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Results

When *C-L-4F was incubated with fasted human plasma it associated almost completely with
the HDL fraction as determined by FPLC fractionation (Fig. 1a). On occasion, when a low level of VLDL
was present in some of the donors’ plasma, *C-L-4F was detected in this fraction as well (data not
shown). However, repeatedly, the LDL fraction of the human plasma (fractions 18 — 26) contained little

to no radioactivity under these conditions.

Similar results were obtained for the association of *C-L-4F with C57BL/6J mouse plasma
lipoproteins. Here too, the L-4F radioactivity was associated almost completely with the HDL fraction of
fasting C57BL/6J mice (Fig. 1b). In contrast, when *C-L-4F was incubated with the plasma of fasting
apoE-null mice, very little L-4F is associated with the HDL fraction. Rather, L-4F was detected in earlier

fractions together with the distribution of cholesterol.

When incubated with ultracentrifuge-purified human HDL, **C-L-4F was associated with the HDL
fraction off the FPLC. However, unlike in full human plasma, when ultracentrifuge-purified LDL alone
was incubated with *C-L-4F, in the absence of other lipoproteins the radioactivity was associated with
the LDL (Fig. 2b). This association of L-4F with isolated LDL can be enhanced when the LDL is preloaded
with the oxidized lipids 15HETE. This enhanced association is dose-dependent and a calculated 2.07 -
fold significant increase in radioactivity associated with LDL was observed when 5.0 pg 15HETE was
preloaded into the purified human LDL (p < 0.001, n=3) (Fig. 2b). Similar results were observed for

S5HETE-loaded LDL (data not shown).

298



In an attempt to study partially reconstituted human plasma, the purified HDL and LDL were
incubated with *C-L-4F both separately and together (Fig 3a). As observed before, each of the isolated
lipoproteins associated with *C-L-4F, with the HDL efficiency for the association exceeding by 8-fold that
of the purified LDL alone on a per cholesterol basis. However, a highly synergistic effect in the binding
of *C-L-4F to the HDL was observed when LDL was present. While there was a 60% decrease in the
binding of *C-L-4F to the LDL (a loss of 7350 counts), a most-pronounced 2.5-fold increase in its binding
to HDL is shown (a gain of 36307 counts). The association of 1*C-L-4F with the HDL component of the
mix was virtually complete in 5 min (data not shown) as compared with 60 min. A comparable low level
of *C-L-4F with the LDL was also observed for the two time periods. This result was not plasma donor-
specific and was reproducible with three different donor pairs of HDL and LDL preparations. The ability
of L-4F to be transferred from human LDL to mouse HDL in full C57BL/6J plasma is demonstrated in
Figure 3b. When *C-L-4F-pre-loaded human LDL isolated by FPLC (from Fig. 2b) was mixed with
C57BL/6J mouse plasma, a distinct transfer of the L-4F to the HDL fraction was observed. This transfer
was incomplete under the in vitro experimental conditions and when compared to the transfer of *C-L-
4F from the same pre-loaded LDL to the mouse HDL upon introduction to the mouse circulation (see

below). Similar transfer to the HDL fraction in isolated human plasma was observed (data not shown).

15HETE increased the binding of **C-L-4F to isolated LDL as demonstrated in Figure 2b. One
might expect, therefore, that a pre-loading of LDL with 15HETE would result in a decrease in association
between L-4F and HDL when all three are co-incubated, as the 4F would adhere to the LDL. Instead, a
50% increase in the association of **C-L-4F with HDL was observed for a mixture of HDL with 15HETE-
preloaded LDL as compared with LDL by itself. Under the incubation conditions there was no observed
net transfer of free or esterified cholesterol between the two purified lipoproteins (Fig. 4b). However,

we have obtained evidence that the presence of L-4F can initiate the transfer of oxidized lipids present
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in LDL to the HDL fraction. Figure 5 depicts the effect of L-4F on the transfer of deuterated 15HETE-d
from pre-loaded LDL to HDL as determined by LC/MS/MS analysis. Only a residual transfer of this
oxidized lipid to the HDL was observed in the absence of L-4F. However a 35-fold increase was observed

when L-4F was added to the mix (Fig. 5).

The association of *C-L-4F with lipoproteins was also studied in the circulation by introducing
the radioactive peptide or a lipoprotein pre-loaded with it by tail vein injection into C57BL/6J mice.
Fractionation of plasma obtained immediately post tail vein injection with *C-L-4F showed association
with a fraction containing cholesterol and the protein apoA-I. This fraction is eluted off the FPLC column
with retention expected for HDL (Fig 6a). The amount of L-4F radioactivity associated with this fraction
rapidly declined in time with each subsequent bleed from the same mouse (Fig. 6b). After 30 min, it
accounted for only 30% of the amount observed three minutes after injection. The radioactive material
associated with the HDL fraction was identified as intact L-4F by LC/MS/MS. There was a time-
dependent increase of the later eluting fractions containing radioactive substance at fractions 41 to 44.
However, no intact *C-L-4F was present in these fractions as determined by LC/MS/MS. The identity of
this material(s) is presently unknown, but it appears to be an aggregation of degraded/processed
substance(s). The results of this independent experiment confirm and extend our previously published

data (19).

Clearance data that was combined from five separate mice exhibited the same pattern of
clearance over time (Fig. 6¢). By seven minutes, there was already a significant 15% reduction (p <.01)
in 14C-L-4F associated with the HDL-containing fractions of the plasma. Further significant reductions of
28% (p < .01) and 50% (p < .001) were observed by 10 and 15 minutes, respectively. Finally, by 30 min,

there was a decline in 80% of the *C-L-4F radioactivity (p < .001).

300



Clearance of radioactivity and human apoA-I from *C-L-4F-preloaded human HDL was measured
by injecting four fasting C57BL/6J female mice with this substance and comparing to two mice injected
with the same human HDL lacking L-4F (Fig. 7). In this study, samples of human HDL (1.0 mg protein)
were pre-loaded with increasing amounts of **C-L-4F, ranging from 0 pg up to 200 pg. Blood was drawn
and plasma isolated immediately post-injection (time 0), and at 30, 60, and 120 minutes. Time-
dependent clearance of radioactivity from the circulation was observed for each of the mice. The
average Ty, clearance value for all concentrations of *C-L-4F is calculated to be 23.6 min (stdv =5.0
min) (Fig 7a). In addition, using monospecific antibodies, time-dependent decline in the amounts of
human and mouse apoA-l were determined in these plasma samples by Western blot analyses. *C-L-4F
concentration-dependent rate of decline was observed for the human apoA-I at all amounts of **C-L-4F
(Fig. 7b) whereas lack of such decline was observed for the mouse apoA-I for 120 min in up to 100 pg
14C-L-4F (Fig. 7c). A 12% decline in mouse apoA-l was observed for 200 g *C-L-4F after 2 hr as
compared to about 85% decline in human apoA-I in the same plasma. No decline in either human or
mouse apoA-l was detected in the plasma of mice injected with human HDL lacking L-4F. At 120 min a
decrease of about 20% total HDL cholesterol is observed (Fig. 7d). This decrease in HDL cholesterol is

dependent on the presence of L-4F and cannot be observed in its absence.

The transfer of 1*C-L-4F from pre-loaded human LDL (from Fig. 2b) to plasma lipoproteins and its
clearance from the circulation was studied by injecting fasting female C57BL/6J mice (Fig. 8). Unlike in
the in-vitro experiment (Fig. 3b), here by 3 minutes post-injection, the majority of radioactivity present
in the plasma was associated with the HDL-containing fractions of the plasma and only 14% of the
counts were detected on the LDL fraction. These counts were altogether cleared from the LDL fraction

by 10 minutes. Time dependent clearance of radioactivity was observed in the HDL fraction as well. At
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60 min, only 15% of the radioactivity remained in the HDL compared to the 3 min time collection (Fig
8a). Since no substantial parallel decrease in the LDL cholesterol was observe (Fig 8b), it indicates that L-
4F was transferred from LDL to HDL in the circulation, both quickly and completely to the limits of

detection.

The affinity of the individual isolated lipoproteins to L-4F was evaluated by a determination of
their dissociation constants (Kp) to immobilized L-4F onto a sensor chip in a BlAcore 3000 system. The
binding was determined by a surface plasmon resonance (SPR) using multiple concentrations of the
lipoproteins. These results are depicted in Figure 9 and show that L-4F binds to HDL with significantly
greater affinity than to LDL. The affinities between L-4F and human and mouse HDL were not
significantly different, with Kp = 3.36 x 10®and 1.03 x 10® M, respectively. By contrast, the affinity
between L-4F and human LDL was significantly less than the affinity between L-4F and either human or

mouse HDL, with Kp = 1.17 x 10 M (**, *: p= 0.001, n=5).
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Discussion

Our in-vitro studies indicate that L-4F associates with the HDL fraction of human and C57BL/6)
plasma (Figs 1a and 1b). Similarly, L-4F associated with isolated human HDL (Fig 2a) as was reported by
others. (13, 29, 47) What is interesting to note is the variable association between LDL and L-4F under
different conditions. When HDL was present, as in full human plasma, L-4F associated little to none with
the LDL fraction of the plasma, even when LDL exceeded HDL by approximately two-fold on a
cholesterol basis (see Figure 1a). However, if no other lipoprotein is present, L-4F will associate with
purified human LDL (see Figure 2b). Likewise, if HDL is markedly decreased, as is the case in apoE-/-
mouse plasma, the association profile of L-4F with the FPLC fractions of the plasma mirrors the profile of

cholesterol across those same fractions (see Figure 1b).

L-4F displays greater relative affinity for purified HDL than for purified LDL when the binding is
compared on a per cholesterol basis of the lipoproteins. A 12-fold greater relative affinity of L-4F is
shown for isolated human HDL than for isolated human LDL (Figs 3a and 3b). Even when LDL is
supplemented with oxidized lipids, which are reported to bind 4F with high affinity (32), L-4F still
exhibits an almost 9-fold greater relative affinity for an un-supplemented HDL than for 15HETE-
supplemented LDL. This difference in relative affinity to the two isolated lipoproteins cannot, by itself,
fully account for the lack of association between LDL and L-4F observed in plasma. Based on the
differing affinities, it would be anticipated that a partition of radioactivity would be observed between
LDL and HDL when *C-L-4F was applied to full plasma. However, in most experiments, as the one
depicted in Figure 1a, the L-4F radioactivity was associated with HDL with no detectable radioactivity in
the LDL fraction. A more quantitative determination of the affinities of the various lipoproteins to L-4F

is the determination of the individual Kps. (Fig. 9). In agreement with the data presented in Figure 3, L-
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4F binds with about two orders of magnitude higher affinity (lower Kp) to both mouse and human HDL
as compared with the affinity to human LDL. This, by itself, can explain the high association of *C-L-4F

to HDL when introduced to human plasma or injected to mouse.

To further elucidate the binding of L-4F with HDL and LDL we studied the interaction of L-4F with
lipoproteins in partially reconstituted human plasma that consisted of only HDL and LDL. As noted
above, L-4F will bind with isolated HDL or LDL. Interestingly, when L-4F was co-incubated with both HDL
and LDL, the association between L-4F and LDL decreased by at least 60% whereas, the association
between L-4F and HDL increased 2-3 fold (Fig 3a). This cannot be the consequence of a competition for
the L-4F between HDL over LDL since in the absence of LDL the binding of the L-4F to the HDL is several
fold lower compared to the same binding in the presence of LDL under the same experimental

conditions. Therefore there was a true synergistic binding of L-4F to HDL in the presence of LDL.

The increase in the binding of L-4F to HDL in the presence of LDL can be partially explained by a
transfer of L-4F from LDL to HDL. This possibility was investigated by the use of purified isolated LDL
pre-loaded with *C-L-4F (Figure 2b) or in incubation with mouse plasma (Fig 3b). As shown in Fig 3b
50.7% of the L-4F was found in the HDL fraction of the mouse plasma, clearly indicating a possible
transfer of L-4F between these lipoproteins. This process of transfer of L-4F from preloaded LDL to HDL

was by far more efficient in vivo (see below).

LDL and HDL can exchange lipids. In the circulation, this transfer is often effected by mediating
proteins such as lipid transfer protein (LTP) (48), lipid transfer inhibitor protein (LTIP) (48), and
cholesterol ester transfer protein (CETP) (49). CETP is often bound to HDL (50, 51). However, there is

evidence that lipid transfer can occur even in the absence of transfer proteins (48). Moreover, it has
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been shown that L-4F binds some oxidized lipids with very high affinity (32). Itis, therefore, reasonable
to assume that the transfer of some lipids, which are complexed to L-4F, from LDL into HDL, is involved
in the enhanced uptake of L-4F by HDL. In this proposed mechanism, L-4F associates with both
lipoproteins, in part, by binding with the oxidized lipids. The L-4F-lipid complex would then be
transferred from LDL to HDL efficiently, explaining the loss of L-4F from LDL and the gain by HDL. In
addition, it is possible that when HDL takes up these lipids it increases the uptake of free L-4F from the
mix explaining the synergistic increase in the binding of L-4F to HDL in the presence of LDL. The FPLC
profile of HDL does not reflect the heterogenous nature of HDL. In Figure 6a there is a small tail of
peptide that does not completely coincide with apoA-I and cholesterol. Thus, the studies in Figure 6a do
not by themselves prove that the peptide is physically associated with HDL. However, these data
together with the data in Figure 7 which demonstrate that L-4F enhances the clearance of human apoA-I
from the circulation make it highly likely that most of the peptide is physically associated with HDL.
Nonetheless, future studies will be required to completely prove this point. Future studies will also be
needed to determine whether a particular component of HDL is responsible for L-4F association with
HDL or whether the radius of the curvature of the lipoprotein and the available surface provide a

favorable environment for the peptide.

If such a mechanism, in which an oxidized lipid-L-4F adduct is transferred as a complex from LDL
to HDL exists, it implies that addition of L-4F, or oxidized lipid, to LDL should enhance the transfer of
oxidized lipid or L-4F, respectively, to HDL. These two complementing experiments are demonstrated in
Figures 4 and 5. In the first experiment, HDL exhibited an approximately 2-fold increase in its
association with L-4F when incubated in the presence of LDL as compared to the uptake of L-4F by HDL
alone. However, when an LDL, pre-loaded with 15HETE, was used instead, a 3-fold increase in the

association of L-4F with HDL was observed (Fig 4a). If the added 15HETE had remained on LDL particles,
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we might have expected an increase in the amount of L-4F associated with the LDL fraction compared to
unsupplemented LDL, as demonstrated before (Fig 2b). However, in the presence of HDL no such
increase was observed and, instead, an increase in radioactivity was demonstrated strictly for HDL. This

result strongly suggests that the oxidized lipid is transferred to HDL, most likely as a complex with L-4F.

The oxidized lipid transfer hypothesis is further supported by the experiments represented in
Figure 5. In these studies the LDL was preloaded with deuterated 15HETE, and the transfer to HDL was
determined by LC/MS/MS. In the absence of L-4F only residual amounts of 15HETE-dg appeared in the
HDL fraction (Fig 5). In contrast, L-4F triggered a significant transfer of 15HETE-ds from LDL to the HDL
fraction during the co-incubation. This in-vitro study strongly suggest that the transfer of L-4F from LDL
to HDL is essential for the transport of the oxidized lipids, which would not occur spontaneously in its
absence. These observations also explain the synergistic increase in the binding of L-4F to HDL in the
presence of LDL. LDL serves as a potential source of oxidized lipids, for which HDL serves as the sink in

the presence of L-4F.

Our in vivo studies establish that L-4F associates primarily with HDL in the circulation of fasting
mice. As noted above, these in vivo association data, using *C-labeled L-4F, counter the central result
from which Wool et. al., employing biotinylated 4F, concluded that 4F does not associate with HDL in
vivo (41). By contrast, 1*C-L-4F in a comparable experiment eluted with almost complete overlap with
the cholesterol and apoA-| peaks (see Figure 6a). This exact overlap of peaks strongly suggest that *C-L-
4F associates with the HDL fraction of the plasma and thus with HDL in vivo. The same studies also
indicate that the complexes of L-4F and HDL are cleared quickly from the circulation. Direct injection of
L-4F resulted in a time-dependent decline in the amount of L-4F associating with the HDL fraction of the

plasma (see Figure 6b). The radioactive signal associated with the HDL fraction was validated as **C-L-4F
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by LC/MS/MS (data not shown). The time-decrease in L-4F in the HDL fraction was associated with an
appearance of lower size radioactively eluting material (Fig 6b, Fractions 41-45) which did not consist of
14C-L-4F as determined by LC/MS/MS. Although detailed analysis to elucidate the structure(s) of the
radioactive materials in these fractions was not done it is assumed that they represent degradation
products of the *C-L-4F. In this experiment the calculated Ty, for the decline is 16 min, indicating a
quick removal of the *C-L-4F from the circulation (Fig 6¢). Comparable results were obtained when a
complex consisting of human HDL that had been pre-loaded with L-4F was injected directly into the
circulation of C57BL/6J mice. Here again, the *C-L-4F was cleared quickly from the circulation (Fig 7a).
The average Ty/; for the decline in Fig 7a was calculated to be 23.6 min, which is somewhat longer than
the clearance time of the *C-L-4F from the mHDL complex. Watson et al. (52) reported that the T/, for
L-4F in humans was ~1.5 hours after intravenous administration and was ~2.5 — 3.0 hours after
subcutaneous administration. We do not know if the difference between the values reported here (T1/2
< 30 min) is due to the difference between mice and humans or is because we relied on measurements
of radioactivity for our determination of T1/;, and Watson et al. (52) relied on mass measurements using
LC-MS/MS. The time dependent decline of *C-L-4F from the plasma of these mice was associated with
a time dependent decline in human apoA-I, strongly indicating a relationship between the presence of L-
4F and the clearance of the human HDL. The importance of L-4F in this clearance is indicated by the
lack of decline in human apoA-I from native human HDL devoid of L-4F (Fig 7b). We cannot rule out a
deacylation of 1*C-L-4F in the HDL as a mechanism that may explain the difference in the rate of
clearance of *C-L-4F radioactivity and human apoA-I. The differential effect of the injected **C-L-4F-
hHDL complex on the clearance of human apoA-l as compared to mouse apoA-l, strongly indicate a
selective clearance of the L-4F bound HDL. The 12% decline in the mouse apoA-| at the highest **C-L-4F
level of 200 pg after 120 min may represent an overflow of the high amount of L-4F from the hHDL to

the mHDL. Whatever the explanation, this represents only a small fraction of cleared mHDL compared
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to the 85% decrease in hHDL in the same fraction. The injected one mg of human HDL by protein would
about double the plasma HDL-cholesterol in the mouse. If 40% of the human apoA-I were cleared by 120
minutes one should expect a decline of about 20% HDL cholesterol (assuming no significant
replenishment from other body cholesterol pools in this time period). Indeed, such decline in
cholesterol is observed whereas no decline in plasma cholesterol was seen in the absence of added *C-

L-4F (Fig 7d).

The essential identity in affinities (Kps) of the mouse and the human HDL to L-4F (Fig 9) does not
mean that in the period of time the L-4F-loaded hHDL is in the circulation, the L-4F should equilibrate
equally between the two. In fact, the data indicate that the loaded hHDL is cleared from the circulation
before significant transfer of L-4F to the mHDL can take place (Fig 7). This is one more example in which
the affinity (which is a thermodynamic parameter) may not predict a short-term equilibration (which is a
kinetic parameter). In short, the hHDL-L-4F complex is cleared from the circulation much faster than any
possible transfer of the L-4F from the hHDL to the mHDL can take place. This phenomenon allowed us

to determine that only L-4F-tagged HDL is targeted for clearance as compared to native HDL.

The efficiency of the transfer of *C-L-4F from human LDL to mouse HDL was observed to be
much higher in the mouse circulation compared to an in-vitro transfer in isolated mouse plasma
(compare Figs 3b and 8). By 3 min post injection, over 85% of all detectable counts had transferred to
the HDL fraction, and by 10 min no radioactivity could be detected in the LDL fraction. *C-L-4F
associated with HDL was cleared quickly from the circulation with a decline of 85% being observed
between 3 and 60 min. Here again, we cannot exclude deacylation and rapid loss of the radiolabel in

vivo compared to in vitro as the explanation for the seemingly different results of Fig 3b and Fig 8.
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Recently Navab et al. reported that dose rather than the plasma level of 4F is predictive of its
efficacy (28). Oral administration of D4F (> 4.5 mg/kg) to apoE null mice significantly improved
biomarkers of atherosclerosis, even though plasma levels of peptide did not exceed 20 ng/ml. By
contrast, SQ injection of 4F failed to improve biomarkers even when plasma levels over 700 ng/ml were
achieved (SQ dose of 0.45 mg/kg). SQ injections were effective at doses similar to the doses effective
orally i.e > 4.5 mg/kg. Although less likely, the results by Navab et al. suggest that the effects of 4F on
plasma lipoproteins may not be a major mechanism of 4F peptides. A currently accepted mechanism of
action of 4F peptides is their ability to bind and remove oxidized lipids (40) from the circulation and
tissue (39). Our studies support this mechanism for the circulation. Future studies will determine
whether the effects of 4F on the intestine, which was proposed to be their major site of action by Navab
et al., also involves the removal of oxidized lipids via lipoproteins similar to those in the circulation. It

should be noted that intestine is the second major site of lipoprotein synthesis (~30%) (53-55).

We report here that L-4F associates with HDL in both human plasma and in the circulation of
C57BL/6J mice. Both observations are consistent with prior reports (13, 29, 47), and with a previous
report from our laboratory (19). However, Wool et al. have recently argued against the conclusion that
4F associates with HDL in vivo (41). In studies by Wool et al. direct injection of biotinylated 4F (b4F) into
the circulation of C57BL/6J mice resulted in two peaks of b4F associated with plasma fractions, neither
of which directly overlapped the peak of HDL, as determined by apoA-I and cholesterol. Based on this
observation and their assumption that the effect of the biotin moiety on the physical properties of 4F is
negligible, they concluded that 4F itself does not associate with HDL in vivo. Our in vivo association
data, using *C labeled L-4F, counter the central conclusion of Wool et al. that 4F does not associate with

HDL in vivo. Biotinylated 4F introduced into the circulation of C57BL/6J mice was found by FPLC to elute
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several fractions behind the peaks of cholesterol and apoA-I that associate with HDL. By contrast, *C-L-
4F in a comparable experiment eluted with almost complete overlap with the cholesterol and apoA-|
peaks (Figure 6a). This exact overlap of peaks strongly suggests that 1*C-L-4F associates with the HDL
fraction of the plasma and, thus, with HDL in vivo. The discrepancy in our observations could be due to
the chemical modification of the L-4F by biotinylation. Biotinylation of L-4F alters its mass by
approximately 10% (addition of 241 daltons). While the addition of biotin to the N-terminal of L-4F may
not affect the ability of immobilized b4F to bind both native and oxidized PAPC in vitro (32), comparison
to our studies is difficult since we demonstrate binding of L-4F to intact lipoproteins in the circulation. It
is possible that the addition of the comparatively large moiety affects the interaction, within the
circulation, between L-4F and lipoproteins. It is entirely possible that other chemical modifications of L-
4F for the purpose of detection (e.g. 1?°I-tyrosine modification) may alter the amphipathicity of the 4F
alpha helix as well and result in similar change in binding properties to lipoproteins. Hence, the choice

in the use of *C-L-4F in our present study.

In summary, the results of the studies reported here suggest that i) LDL promotes the
association of L-4F with HDL and ii) in the presence of L-4F oxidized lipids in LDL are rapidly transferred
to HDL allowing these oxidized lipids to be acted upon by the enzymes in HDL and/or cleared from the

circulation.

310



1. Anantharamaiah Gm Fau - Jones, J. L., C. G. Jones JI Fau - Brouillette, C. F. Brouillette Cg Fau -
Schmidt, B. H. Schmidt Cf Fau - Chung, T. A. Chung Bh Fau - Hughes, A. S. Hughes Ta Fau - Bhown, J. P.
Bhown As Fau - Segrest, and S. JP. 1985. - Studies of synthetic peptide analogs of the amphipathic helix.
Structure of complexes with dimyristoyl phosphatidylcholine. J Biol Chem 260: 10248-10255.

2. GM, A. 1986. - Synthetic peptide analogs of apolipoproteins. Methods Enzymol 128: 627-647.

3. Segrest Jp Fau - Jackson, R. L., J. D. Jackson Rl Fau - Morrisett, A. M. Morrisett Jd Fau - Gotto, Jr.,
and J. Gotto AM. 1974. - A molecular theory of lipid-protein interactions in the plasma lipoproteins. FEBS
Lett 38: 247-258.

4, Segrest Jp Fau - Jones, M. K., H. Jones Mk Fau - De Loof, C. G. De Loof H Fau - Brouillette, Y. V.
Brouillette Cg Fau - Venkatachalapathi, G. M. Venkatachalapathi Yv Fau - Anantharamaiah, and A. GM.
1992. - The amphipathic helix in the exchangeable apolipoproteins: a review of secondary structure and
function. J Lipid Res 33: 141-166.

5. Anantharamaiah Gm Fau - Mishra, V. K., D. W. Mishra Vk Fau - Garber, G. Garber Dw Fau - Datta,
S. P. Datta G Fau - Handattu, M. N. Handattu Sp Fau - Palgunachari, M. Palgunachari Mn Fau - Chaddha,
M. Chaddha M Fau - Navab, S. T. Navab M Fau - Reddy, J. P. Reddy St Fau - Segrest, A. M. Segrest Jp Fau -
Fogelman, and F. AM. 2007. - Structural requirements for antioxidative and anti-inflammatory
properties of apolipoprotein A-I mimetic peptides. J Lipid Res 48: 1915-1923.

6. Datta G Fau - Chaddha, M., S. Chaddha M Fau - Hama, M. Hama S Fau - Navab, A. M. Navab M
Fau - Fogelman, D. W. Fogelman Am Fau - Garber, V. K. Garber Dw Fau - Mishra, R. M. Mishra Vk Fau -
Epand, R. F. Epand Rm Fau - Epand, S. Epand Rf Fau - Lund-Katz, M. C. Lund-Katz S Fau - Phillips, J. P.
Phillips Mc Fau - Segrest, G. M. Segrest Jp Fau - Anantharamaiah, and A. GM. 2001. - Effects of increasing
hydrophobicity on the physical-chemical and biological properties of a class A amphipathic helical

peptide. J Lipid Res 42: 1096-1104.

311



7. Plump As Fau - Scott, C. J., J. L. Scott Cj Fau - Breslow, and B. JL. 1994. - Human apolipoprotein A-
| gene expression increases high density lipoprotein and suppresses atherosclerosis in the
apolipoprotein E-deficient mouse. Proc Natl Acad Sci U S A 91: 9607-9611.

8. Chiesa G Fau - Sirtori, C. R., and S. CR. 2002. - Use of recombinant apolipoproteins in vascular
diseases: the case of apoA-I. Curr Opin Investig Drugs 3: 420-426.

9. Nissen Se Fau - Tsunoda, T., E. M. Tsunoda T Fau - Tuzcu, P. Tuzcu Em Fau - Schoenhagen, C. J.
Schoenhagen P Fau - Cooper, M. Cooper Cj Fau - Yasin, G. M. Yasin M Fau - Eaton, M. A. Eaton Gm Fau -
Lauer, W. S. Lauer Ma Fau - Sheldon, C. L. Sheldon Ws Fau - Grines, S. Grines Cl Fau - Halpern, T. Halpern
S Fau - Crowe, J. C. Crowe T Fau - Blankenship, R. Blankenship Jc Fau - Kerensky, and K. R. 2003. - Effect
of recombinant ApoA-I Milano on coronary atherosclerosis in patients with acute coronary syndromes: a
randomized controlled trial. Jama 290: 2292-2300.

10. Barter Pj Fau - Nicholls, S., K.-A. Nicholls S Fau - Rye, G. M. Rye Ka Fau - Anantharamaiah, M.
Anantharamaiah Gm Fau - Navab, A. M. Navab M Fau - Fogelman, and F. AM. 2004. - Antiinflammatory
properties of HDL. Circ Res 95: 764-772.

11. Navab M Fau - Hama, S. Y., C. J. Hama Sy Fau - Cooke, G. M. Cooke Cj Fau - Anantharamaiah, M.
Anantharamaiah Gm Fau - Chaddha, L. Chaddha M Fau - Jin, G. Jin L Fau - Subbanagounder, K. F.
Subbanagounder G Fau - Faull, S. T. Faull Kf Fau - Reddy, N. E. Reddy St Fau - Miller, A. M. Miller Ne Fau -
Fogelman, and F. AM. 2000. - Normal high density lipoprotein inhibits three steps in the formation of
mildly oxidized low density lipoprotein: step 1. J Lipid Res 41: 1481-1494.

12. Navab M Fau - Hama, S. Y., G. M. Hama Sy Fau - Anantharamaiah, K. Anantharamaiah Gm Fau -
Hassan, G. P. Hassan K Fau - Hough, A. D. Hough Gp Fau - Watson, S. T. Watson Ad Fau - Reddy, A. Reddy
St Fau - Sevanian, G. C. Sevanian A Fau - Fonarow, A. M. Fonarow Gc Fau - Fogelman, and F. AM. 2000. -
Normal high density lipoprotein inhibits three steps in the formation of mildly oxidized low density

lipoprotein: steps 2 and 3. J Lipid Res 41: 1495-1508.
312



13. Garber Dw Fau - Datta, G., M. Datta G Fau - Chaddha, M. N. Chaddha M Fau - Palgunachari, S. Y.
Palgunachari Mn Fau - Hama, M. Hama Sy Fau - Navab, A. M. Navab M Fau - Fogelman, J. P. Fogelman
Am Fau - Segrest, G. M. Segrest Jp Fau - Anantharamaiah, and A. GM. 2001. - A new synthetic class A
amphipathic peptide analogue protects mice from diet-induced atherosclerosis. J Lipid Res 42: 545-552.
14. Navab M Fau - Anantharamaiah, G. M., S. T. Anantharamaiah Gm Fau - Reddy, S. Reddy St Fau -
Hama, G. Hama S Fau - Hough, V. R. Hough G Fau - Grijalva, N. Grijalva Vr Fau - Yu, B. J. Yu N Fau - Ansell,
G. Ansell Bj Fau - Datta, D. W. Datta G Fau - Garber, A. M. Garber Dw Fau - Fogelman, and F. AM. 2005. -
Apolipoprotein A-l mimetic peptides. Arterioscler Thromb Vasc Biol 25: 1325-1331.

15. Venkatachalapathi Yv Fau - Phillips, M. C., R. M. Phillips Mc Fau - Epand, R. F. Epand Rm Fau -
Epand, E. M. Epand Rf Fau - Tytler, J. P. Tytler Em Fau - Segrest, G. M. Segrest Jp Fau - Anantharamaiah,
and A. GM. 1993. - Effect of end group blockage on the properties of a class A amphipathic helical
peptide. Proteins 15: 349-359.

16. Getz Gs Fau - Wool, G. D., C. A. Wool Gd Fau - Reardon, and R. CA. 2009. - Apoprotein A-l
mimetic peptides and their potential anti-atherogenic mechanisms of action. Curr Opin Lipidol 20: 171-
175.

17. Van Lenten, B. J., A. C. Wagner, M. Navab, G. M. Anantharamaiah, S. Hama, S. T. Reddy, and A.
M. Fogelman. 2007. Lipoprotein inflammatory properties and serum amyloid A levels but not cholesterol
levels predict lesion area in cholesterol-fed rabbits. J Lipid Res 48: 2344-2353.

18. Navab, M., G. M. Anantharamaiah, S. Hama, D. W. Garber, M. Chaddha, G. Hough, R. Lallone,
and A. M. Fogelman. 2002. Oral administration of an Apo A-l mimetic Peptide synthesized from D-amino
acids dramatically reduces atherosclerosis in mice independent of plasma cholesterol. Circulation 105:

290-292.

313



19. Navab M Fau - Shechter, I., G. M. Shechter | Fau - Anantharamaiah, S. T. Anantharamaiah Gm
Fau - Reddy, B. J. Reddy St Fau - Van Lenten, A. M. Van Lenten Bj Fau - Fogelman, and F. AM. 2010. -
Structure and function of HDL mimetics. Arterioscler Thromb Vasc Biol 30: 164-168.

20. Van Lenten, B. J., A. C. Wagner, G. M. Anantharamaiah, M. Navab, S. T. Reddy, G. M. Buga, and
A. M. Fogelman. 2009. Apolipoprotein A-I mimetic peptides. Curr Atheroscler Rep 11: 52-57.

21. Navab, M., G. M. Anantharamaiah, and A. M. Fogelman. 2008. The effect of apolipoprotein
mimetic peptides in inflammatory disorders other than atherosclerosis. Trends Cardiovasc Med 18: 61-
66.

22. Charles-Schoeman, C., M. L. Banquerigo, S. Hama, M. Navab, G. S. Park, B. J. Van Lenten, A. C.
Wagner, A. M. Fogelman, and E. Brahn. 2008. Treatment with an apolipoprotein A-1 mimetic peptide in
combination with pravastatin inhibits collagen-induced arthritis. Clin Immunol 127: 234-244.

23. Buga, G. M., J. S. Frank, G. A. Mottino, A. Hakhamian, A. Narasimha, A. D. Watson, B. Yekta, M.
Navab, S. T. Reddy, G. M. Anantharamaiah, and A. M. Fogelman. 2008. D-4F reduces EO6
immunoreactivity, SREBP-1c mRNA levels, and renal inflammation in LDL receptor-null mice fed a
Western diet. J Lipid Res 49: 192-205.

24. Van Lenten, B. J., A. C. Wagner, G. M. Anantharamaiah, D. W. Garber, M. C. Fishbein, L.
Adhikary, D. P. Nayak, S. Hama, M. Navab, and A. M. Fogelman. 2002. Influenza infection promotes
macrophage traffic into arteries of mice that is prevented by D-4F, an apolipoprotein A-l mimetic
peptide. Circulation 106: 1127-1132.

25. Buga, G. M., J. S. Frank, G. A. Mottino, M. Hendizadeh, A. Hakhamian, J. H. Tillisch, S. T. Reddy,
M. Navab, G. M. Anantharamaiah, L. J. Ignarro, and A. M. Fogelman. 2006. D-4F decreases brain
arteriole inflammation and improves cognitive performance in LDL receptor-null mice on a Western diet.

J Lipid Res 47: 2148-2160.

314



26. Handattu, S. P., D. W. Garber, C. E. Monroe, T. van Groen, |. Kadish, G. Nayyar, D. Cao, M. N.
Palgunachari, L. Li, and G. M. Anantharamaiah. 2009. Oral apolipoprotein A-l mimetic peptide improves
cognitive function and reduces amyloid burden in a mouse model of Alzheimer's disease. Neurobiol Dis
34: 525-534.

27. Su, F., K. R. Kozak, S. Imaizumi, F. Gao, M. W. Amneus, V. Grijalva, C. Ng, A. Wagner, G. Hough,
G. Farias-Eisner, G. M. Anantharamaiah, B. J. Van Lenten, M. Navab, A. M. Fogelman, S. T. Reddy, and R.
Farias-Eisner. 2010. Apolipoprotein A-l (apoA-l) and apoA-I mimetic peptides inhibit tumor development
in a mouse model of ovarian cancer. Proc Nat/ Acad Sci U S A 107: 19997-20002.

28. Navab, M., S. T. Reddy, G. M. Anantharamaiah, S. Imaizumi, G. Hough, S. Hama, and A. M.
Fogelman. 2011. The intestine maybe a major site of action for the ApoA-I mimetic peptide 4F whether
the peptide is administered subcutaneously or orally. J Lipid Res.

29. Navab M Fau - Anantharamaiah, G. M., S. T. Anantharamaiah Gm Fau - Reddy, S. Reddy St Fau -
Hama, G. Hama S Fau - Hough, V. R. Hough G Fau - Grijalva, A. C. Grijalva Vr Fau - Wagner, J. S. Wagner
Ac Fau - Frank, G. Frank Js Fau - Datta, D. Datta G Fau - Garber, A. M. Garber D Fau - Fogelman, and F.
AM. 2004. - Oral D-4F causes formation of pre-beta high-density lipoprotein and improves high-density
lipoprotein-mediated cholesterol efflux and reverse cholesterol transport from macrophages in
apolipoprotein E-null mice. Circulation 109: 3215-3220.

30. Troutt, J. S., W. E. Alborn, M. K. Mosior, J. Dai, A. T. Murphy, T. P. Beyer, Y. Zhang, G. Cao, and R.
J. Konrad. 2008. An apolipoprotein A-l mimetic dose-dependently increases the formation of prebetal
HDL in human plasma. J Lipid Res 49: 581-587.

31. Fielding Cj Fau - Fielding, P. E., and F. PE. 2001. - Cellular cholesterol efflux. Biochim Biophys Acta
31:175-1809.

32. Van Lenten Bj Fau - Wagner, A. C., C.-L. Wagner Ac Fau - Jung, P. Jung Cl Fau - Ruchala, A. J.

Ruchala P Fau - Waring, R. I. Waring Aj Fau - Lehrer, A. D. Lehrer Ri Fau - Watson, S. Watson Ad Fau -

315



Hama, M. Hama S Fau - Navab, G. M. Navab M Fau - Anantharamaiah, A. M. Anantharamaiah Gm Fau -
Fogelman, and F. AM. 2008. - Anti-inflammatory apoA-I-mimetic peptides bind oxidized lipids with much
higher affinity than human apoA-I. J Lipid Res 49: 2302-2311.

33. Berliner Ja Fau - Watson, A. D., and W. AD. 2005. - A role for oxidized phospholipids in
atherosclerosis. N Engl J Med 353: 9-11.

34, Natarajan, R., and J. L. Nadler. 2004. Lipid inflammatory mediators in diabetic vascular disease.
Arterioscler Thromb Vasc Biol 24: 1542-1548.

35. Epand Rf Fau - Mishra, V. K., M. N. Mishra Vk Fau - Palgunachari, G. M. Palgunachari Mn Fau -
Anantharamaiah, R. M. Anantharamaiah Gm Fau - Epand, and E. RM. 2009. - Anti-inflammatory peptides
grab on to the whiskers of atherogenic oxidized lipids. Biochim Biophys Acta 9: 25.

36. Leitinger, N. 2008. The role of phospholipid oxidation products in inflammatory and
autoimmune diseases: evidence from animal models and in humans. Subcell Biochem 49: 325-350.

37. Ferguson, L. R. 2010. Chronic inflammation and mutagenesis. Mutat Res 690: 3-11.

38. Moreno, J. J. 2009. New aspects of the role of hydroxyeicosatetraenoic acids in cell growth and
cancer development. Biochem Pharmacol 77: 1-10.

39. Morgantini C Fau - Imaizumi, S., V. Imaizumi S Fau - Grijalva, M. Grijalva V Fau - Navab, A. M.
Navab M Fau - Fogelman, S. T. Fogelman Am Fau - Reddy, and R. ST. 2010. - Apolipoprotein A-I mimetic
peptides prevent atherosclerosis development and reduce plaque inflammation in a murine model of
diabetes. Diabetes 59: 3223-3228.

40. Imaizumi S Fau - Grijalva, V., M. Grijalva V Fau - Navab, B. J. Navab M Fau - Van Lenten, A. C. Van
Lenten Bj Fau - Wagner, G. M. Wagner Ac Fau - Anantharamiah, A. M. Anantharamiah Gm Fau -
Fogelman, S. T. Fogelman Am Fau - Reddy, and R. ST. 2010. - L-4F differentially alters plasma levels of

oxidized fatty acids resulting in more anti-inflammatory HDL in mice. Drug Metab Lett 4: 139-148.

316



41. Wool Gd Fau - Vaisar, T., C. A. Vaisar T Fau - Reardon, G. S. Reardon Ca Fau - Getz, and G. GS.
2009. - An apoA-I mimetic peptide containing a proline residue has greater in vivo HDL binding and anti-
inflammatory ability than the 4F peptide. J Lipid Res 50: 1889-1900.

42. Jones Mk Fau - Anantharamaiah, G. M., J. P. Anantharamaiah Gm Fau - Segrest, and S. JP. 1992. -
Computer programs to identify and classify amphipathic alpha helical domains. J Lipid Res 33: 287-296.
43, Palgunachari, M. N., V. K. Mishra, S. Lund-Katz, M. C. Phillips, S. O. Adeyeye, S. Alluri, G. M.
Anantharamaiah, and J. P. Segrest. 1996. Only the two end helixes of eight tandem amphipathic helical
domains of human apo A-I have significant lipid affinity. Implications for HDL assembly. Arterioscler
Thromb Vasc Biol 16: 328-338.

44, Handattu Sp Fau - Garber, D. W., D. C. Garber Dw Fau - Horn, D. W. Horn Dc Fau - Hughes, B.
Hughes Dw Fau - Berno, A. D. Berno B Fau - Bain, V. K. Bain Ad Fau - Mishra, M. N. Mishra Vk Fau -
Palgunachari, G. Palgunachari Mn Fau - Datta, G. M. Datta G Fau - Anantharamaiah, R. M.
Anantharamaiah Gm Fau - Epand, and E. RM. 2007. - ApoA-l mimetic peptides with differing ability to
inhibit atherosclerosis also exhibit differences in their interactions with membrane bilayers. J Biol Chem
282:1980-1988.

45, Havel Rj Fau - Eder, H. A., J. H. Eder Ha Fau - Bragdon, and B. Jh. 1955. - The distribution and
chemical composition of ultracentrifugally separated lipoproteins in human serum. J Clin Invest 34
1345-1353.

46. Eisenberg, S. 1991. Plasma Lipoproteins: Structure, Composition, Classification, and Metabolism.
In Primary hyperlipoproteinemias. G. Steiner and E. Shafrir, editors. McGraw-Hill, Health Professions
Division. pp. 23-41.

47. Garber Dw Fau - Venkatachalapathi, Y. V., K. B. Venkatachalapathi Yv Fau - Gupta, J. Gupta Kb
Fau - Ibdah, M. C. Ibdah J Fau - Phillips, J. B. Phillips Mc Fau - Hazelrig, J. P. Hazelrig Jb Fau - Segrest, G.

M. Segrest Jp Fau - Anantharamaiah, and A. GM. 1992. - Turnover of synthetic class A amphipathic
317



peptide analogues of exchangeable apolipoproteins in rats. Correlation with physical properties.
Arterioscler Thromb 12: 886-894.

48. Morton Re Fau - Greene, D. J., and G. DJ. 1994. - Regulation of lipid transfer between
lipoproteins by an endogenous plasma protein: selective inhibition among lipoprotein classes. J Lipid Res
35: 836-847.

49, Christison Jk Fau - Rye, K. A., R. Rye Ka Fau - Stocker, and S. R. 1995. - Exchange of oxidized
cholesteryl linoleate between LDL and HDL mediated by cholesteryl ester transfer protein. J Lipid Res 36:
2017-2026.

50. Asztalos Bf Fau - Horvath, K. V., K. Horvath Kv Fau - Kajinami, C. Kajinami K Fau - Nartsupha, C. E.
Nartsupha C Fau - Cox, M. Cox Ce Fau - Batista, E. J. Batista M Fau - Schaefer, A. Schaefer Ej Fau - Inazu,
H. Inazu A Fau - Mabuchi, and M. H. 2004. - Apolipoprotein composition of HDL in cholesteryl ester
transfer protein deficiency. J Lipid Res 45: 448-455.

51. Tall, A. 1995. - Plasma lipid transfer proteins. Annu Rev Biochem 64: 235-257.

52. Watson, C. E., N. Weissbach, L. Kjems, S. Ayalasomayajula, Y. Zhang, I. Chang, M. Navab, S.
Hama, G. Hough, S. T. Reddy, D. Soffer, D. J. Rader, A. M. Fogelman, and A. Schecter. 2011. Treatment of
patients with cardiovascular disease with L-4F, an apo-Al mimetic, did not improve select biomarkers of
HDL function. J Lipid Res 52: 361-373.

53. Windmueller, H. G., and A. L. Wu. 1981. Biosynthesis of plasma apolipoproteins by rat small
intestine without dietary or biliary fat. J Biol Chem 256: 3012-3016.

54, Brunham, L. R, J. K. Kruit, J. Igbal, C. Fievet, J. M. Timmins, T. D. Pape, B. A. Coburn, N. Bissada,
B. Staels, A. K. Groen, M. M. Hussain, J. S. Parks, F. Kuipers, and M. R. Hayden. 2006. Intestinal ABCA1
directly contributes to HDL biogenesis in vivo. J Clin Invest 116: 1052-1062.

55. Bisgaier, C. L., and R. M. Glickman. 1983. Intestinal synthesis, secretion, and transport of

lipoproteins. Annu Rev Physiol 45: 625-636.

318



Figure Legends

Figure A-1. L-4F association with lipoproteins in human plasma and in C57BL/6J and apoE -/- mouse
plasma. *C-L-4F (50.0 pg with 0.25 uCi) was incubated with 200 ul human plasma for 1 hour at 37° C.
The mix was separated using FPLC, and radioactivity (-®-) and cholesterol (-o0-) were determined for the
fractions (Figure 1a). **C-L-4F (50 pg with 1.0 uCi) was also incubated with 200 pl of either wild-type
C57BL/6J or apoE -/- plasma for 1 hour at 37° C. The mixes were fractionated using FPLC, and
radioactivity (-M-: apoE-/-;-A-: BL6) and cholesterol (-O-: apoE-/-; -A-: BL6) were determined for the
fractions (Figure 1b). The figure depicts almost complete association with HDL in human and C57BL/6J
plasma and preferential association with apoB-containing lipoproteins in plasma of the apoE -/- mouse

(the figure is a representative of four different experiments).

Figure A-2. L-4F associates with isolated human HDL and LDL. 15HETE supplementation of LDL
increases the association between L-4F and LDL. Human HDL and LDL were isolated from plasma by
ultracentrifugation. 1.0 mg of HDL protein (Figure 2a) was incubated for 1 hour with *C-L-4F (50 pg; 0.5
uCi), and radioactivity (-l-)and cholesterol (-o-) were determined for the isolated fractions.

15HETE enhances the association between L-4F and human LDL. In a parallel experiment, samples of
1.0 mg protein of human LDL were supplemented with 0 to 5.0 pg 15HETE. The lipoprotein preparations
were then incubated with *C-L-4F (50 pg; 0.25 uCi), isolated on FPLC and the FPLC fractions were
assayed for both radioactivity (-4-: LDL only ; -A-: LDL + 0.5 pg 15HETE; -M-: LDL + 1.0 pg 15HETE; -e-:
LDL + 5.0 pug 15HETE) and cholesterol (-0-: LDL only). A dose-dependent increase in association between

L-4F and LDL was observed, with calculated total counts in the various LDL fractions of 3975, 4653, 5661
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and 8258 DPM accordingly. A significant 2.07 fold increase was observed between the association of

14C-L-4F with 5.0 pg 15HETE supplemented and with 15HETE unsupplemented LDL (p < 0.001, n=3).

Figure A-3. hLDL enhances the association between L-4F and hHDL; and L-4F, preloaded into hLDL,
transfers to mHDL in C57BL/6J plasma. Isolated human LDL and HDL were co-incubated with *C-L-4F,
and the association pattern of L-4F in the co-incubation was compared to that in individual LDL and HDL
controls by FPLC fractionations. 2.0 mg LDL protein was combined with 2.0 mg HDL protein and with
14C-L-4F (100 pg; 1.0 uCi). Half was incubated for at 37° for 1 hour before fractionation on the FPLC,
while the other half was fractionated after 5 minutes. In parallel, 1.0 mg LDL protein or 1.0 mg HDL
protein was separately incubated with *C-L-4F for 1 hour before FPLC fractionation. Radioactivity (-4-:
LDL only; -M-: HDL only; -e-: LDL+HDL 60 min) and cholesterol (-o-: LDL+HDL 60 min) were determined
for the isolated fractions (Fig. 3a). Radioactivity and cholesterol for the 5 min sample were very similar
to those of the 60 min sample (data not shown). In a separate experiment, human LDL was first pre-
loaded with *C-L-4F by incubating 2.0 mg LDL protein with 100 pg (1.0 uCi) *C-L-4F before processing
by FPLC to remove unbound peptide. The LDL fractions were pooled and concentrated, and the LDL-'*C-
L-4F concentrate was incubated for 1 hour with isolated C57BL/6J plasma. The reaction mixture was
fractionated by FPLC, and radioactivity (-®-) and cholesterol (-o-) were determined for the individual
fractions (Fig. 3b). This result was not plasma donor-specific and was reproducible with three different

donor pairs of HDL and LDL preparations as well as using isolated plasma from a different mouse.

Figure A-4. Loading of LDL with 15HETE enhances the association between L-4F and HDL compared to
unsupplemented LDL. 1.0 mg LDL protein supplemented with 0.5 pg 15HETE (See Materials and

Methods Section) was added to 1.0 mg HDL protein and incubated with **C-L-4F (50 pg with 0.5 uCi) for
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1 hour at 37°. The mixture was then analyzed by FPLC and radioactivity was determined for the isolated
fractions. HDL by itself or a combination of LDL and HDL controls were treated in the same manner (-€-
: HDL; -M-: HDL+LDL; -A-: HDL+ (LDL+15HETE)). An increase of 1.9-fold and 2.9-fold in the uptake of L-4F
by HDL was observed in the presence of LDL and the presence of 15HETE supplemented LDL,
respectively (a representative of two separate experiments is depicted in Fig. 4a). In a separate
experiment, HDL, LDL, or a mixture of both were incubated as above, isolated on FPLC; and total
cholesterol was determined for the isolated fractions (-O-: LDL; -0-: HDL; -0-: HDL+LDL). No significant

net transfer of total cholesterol between the lipoproteins was observed (Fig. 4b) (Both Figs. 3a and 3b

are representatives of three different experiments).

Figure A-5. L-4F enhances the transfer of 15HETE from LDL onto HDL. Human LDL was supplemented
with 7.5 ug deuterated 15HETE (15HETE-ds) per mg of LDL protein. 0.5 mg of HDL protein and 0.5 mg of
the 15HETE-ds supplemented LDL protein were then incubated at 37°C for 1.0hr with or without L-4F.
The mixes were fractionated on the FPLC. The isolated lipoprotein fractions were pooled, and lipids
were extracted from those pooled fractions. Supplemented LDL alone was treated similarly. The
extracts were analyzed using LC/MS/MS. The figure shows the amount of 15HETE-ds present in the
isolated lipoproteins as a percentage of the amount originally present in the LDL. A 35-fold increase in

the transferred 15HETE-ds is observed in the presence of L-4F (p = 0.02). n=3.

Figure A-6. L-4F injected into the circulation of C57BL/6J mice associates rapidly and primarily with
the HDL fraction of the plasma and then is cleared quickly from the circulation. '*C-L-4F (600 pug ; 0.5
uCi) was injected directly into the circulation of each of five female C57BL/6J mice. Blood was collected

at various time points, and the plasma was fractionated using FPLC. Radioactivity (-®-), cholesterol (-0-),
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and apoA-| (-A-) were determined for the individual FPLC fractions of the 3 min bleed of a
representative mouse (Fig. 6a). Radioactivity (-4-: 3 min; -l-: 7 min; -A-: 15 min; -e-: 30 min) was
determined for the FPLC fractions from all time point bleeds of that same representative mouse (Fig.
6b). Radioactivity (-®-) in the FPLC fractions of five mice at all time points was determined. The average
amount of radioactivity in the HDL fraction for each time point for the different mice is expressed as a
percent of the 3 min value for each mouse. (Fig. 6¢). A time-dependent decline in radioactivity is

observed. Significant reductions are observed between 3 minutes and all other time points (*: p < 0.01;
**:p<0.001). Further significant reductions were observed between 7 and 15 min (p < 0.01) and 7 and

30 min (p < 0.001); and between 10 and 30 min (p < 0.01)(n=5).

Figure A-7. Radioactivity and apoA-I from *C-L-4F loaded human HDL, injected via tail vein into
C57BI/6J mice, are cleared quickly from the circulation. Increasing amounts of **C-L-4F (0 ug to 200 pg)
were loaded into samples of human HDL (1.0 mg protein). Each of the samples was then tail vein -
injected into separate male C57BI/6J mice. Blood was collected from each mouse immediately after
injection (0 min) and then at 30, 60, and 120 min post injection. Radioactivity in plasma aliquots was
determined for each collected sample (-x-: 0 pg *C-L-4F; -0-: 5.0 pg *C-L-4F; -A-: 50 pg *C-L-4F; -o-: 100
ug C-L-4F; -0-: 200 pg *C-L-4F). A time-dependent decline of radioactivity in the plasma is shown for
each of the injected L-4F concentrations with average T1/; = 23.6 min (STDV = 5.0 min) (Fig. 7a). Plasma
samples were also analyzed by Western blots for human-specific apoA-I using mouse albumin as a
loading control. The amount of human apoA-I present in each sample is expressed as a percent of the
amount at time=0 for that mouse or, in the case of 0 pg *C-L-4F, for those two mice (-x-: 0 pg *C-L-4F; -
M-: 5.0 ug *C-L-4F; -A-: 50 pg “C-L-4F; -@-: 100 g **C-L-4F; -@-: 200 pg *C-L-4F). Time-dependent
decrease in human apoA-I is shown for the HDL samples loaded with L-4F. The most significant decrease

in human apoA-l is shown for the 120 min, the longest bleed time, for all 1*C-L-4F loaded samples.
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Western blots show human apoA-I across all four bleed times for both the mouse injected with human
HDL loaded with 100 pg *C-L-4F and for a control injection with no *C-L-4F (Fig. 7b). The same plasma
bleeds were probed for mouse-specific apoA-I. The amount of mouse apoA-I present in each sample is
expressed as a percent of the amount at time=0 (-x-: 0 pg **C-L-4F; -M-: 5.0 g **C-L-4F; -A-: 50 pg “*C-L-
4F; -@-: 100 pg **C-L-4F; -@-: 200 pg **C-L-4F) (Fig. 7c). Unlike human apoA-I, mouse A-l showed little to
no decline across time in *C-L-4Famounts of up to 100 pg and only 12% decline is observed at 200 pg
14C-L-4F. Western blots show mouse apoA-I across all four bleed times for both the mouse injected
with human HDL loaded with 100 pg *C-L-4F and for a control mouse injected with human HDL without
supplementation with *C-L-4F. Lastly, total HDL cholesterol in these same plasma samples was
determined (-x-: 0 pg *C-L-4F; -0-: 5.0 pg *C-L-4F; -A-: 50 pg *C-L-4F; -0-: 100 pg **C-L-4F; -0-: 200 pg
14C-L-4F) (Figure 7d). HDL cholesterol showed a time-dependent decline consistent with the decline in

human apoA-I (The figure is a representative of two separate experiments).

Figure A-8. *C-L-4F transfers rapidly from pre-loaded human LDL to mouse HDL in the circulation of
C57BL/6J mice and is then quickly cleared. Human LDL was loaded with **C-L-4F, and the complex was
purified by FPLC fractionation (see Fig 2b) and concentrated. Approximately 1.25 mg protein of the 4C-
L-4F -LDL (0.10 pCi) concentrate was then injected directly into the circulation of each of three male
C57BL/6J mice. Blood was drawn at 3, 10, and 60 min post injection. Plasma samples were fractionated
by FPLC, and radioactivity and cholesterol were determined for all three mice. Radioactivity in the
various FPLC fractions is shown for the three bleed times of a representative mouse (-4-: 3 min; -H-: 10
min; -A-: 60 min). Over 85% of detectable counts were already transferred to the HDL fraction of the
plasma by 3 minutes. No counts were detected within the LDL fraction by 10 minutes. At 60 minutes

the radioactivity associated with the HDL fraction had decreased by over 85% compared to the 3 min
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bleed time (Fig. 8a) The cholesterol values associated with this same mouse (-0-: 3 min; -0-: 10 min; -A-:
60 min) indicate a minimal decline in LDL cholesterol across 60 minutes (Fig. 8b) (The figure is a

representative of three separate experiments).

Figure A-9. L-4F binds to HDL with significantly greater affinity than to LDL. A binding study was
performed by surface plasmon resonance (SPR) on a BlAcore 3000 system. L-4F was immobilized on a
sensor chip. Analyte solutions of isolated human and mouse lipoproteins were then passed over the
chip, and binding was measured by observing the change in SPR angle. Equilibrium affinity constant (Kp)
values were calculated from assays performed with five different analyte concentrations. The affinities
between L-4F and human and mouse HDL were not significantly different, with Kp = 3.36 x 10®and 1.03
x 10 M, respectively. By contrast, the affinity between L-4F and human LDL was significantly less than

the affinity between L-4F and either human or mouse HDL, with Kp = 1.17 x 10 M (**, *: p= 0.001, n=5).
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Figure A-1
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Figure A-2
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Figure A-4
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Figure A-5
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Figure A-6
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Figure A-7
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Figure 7 (continued)

7c

No 4F 100 pg 4F

) - e +> @3 - . e e

=120 Min 0 30 60 120 0 30 60 120

S

0o

£

£ 100 = E'
8

v

S

93 80 |

-

S

a 60 F

©

)]

g 1 1 1 1 1 J
3 40

b= 0 20 40 60 80 100 120

Time after injection (min)
7d

120 ¢

Q
=

o
> 100 L 9l<
oo
£

£

S st ——
("]
(¥

[5)
X 60 |
©

@

2 40
Q
2
O 20 F

—

a

T

0
0 20 40 60 80 100 120

Time After Injection (min)

335



Figure A-8
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Figure A-9
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