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Abstract—Lipopolysaccharides (LPS) play a key role in the pathogenesis of septic shock, a major cause of mortality in the critically
ill patient. The only therapeutic option aimed at limiting downstream systemic inflammatory processes by targeting lipopolysaccha-
ride is Toraymyxin™, an extracorporeal hemoperfusion device using solid phase-immobilized polymyxin B (PMB). While PMB is
known to effectively sequester LPS, its severe systemic toxicity proscribes its parenteral use, and hemoperfusion may not be feasible
in patients in shock. In our continuing efforts to develop small-molecule mimics which display the LPS-sequestering properties, but
not the toxicity of PMB, a series of mono- and bis-substituted dialkylpolyamines were synthesized and evaluated. We show that
EVK-203, an alkylpolyamine compound, specifically binds to and neutralizes the activity of LPS, and affords complete protection
in a murine model of endotoxic shock. EVK-203 is without any apparent toxicity when administered to mice at multiples of ther-
apeutic doses for several days. The specific endotoxin-sequestering property along with a very favorable therapeutic index renders
this compound an ideal candidate for preclinical development.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Endotoxins, or lipopolysaccharides (LPS), the predomi-
nant structural component of the outer membrane of
Gram-negative bacteria,! play a pivotal role in septic
shock, a syndrome of systemic toxicity which occurs fre-
quently as a sequel to serious systemic Gram-negative
infections.”* The activation by LPS of the innate im-
mune response, mediated via toll-like receptor-4,* leads
to an uncontrolled production of numerous inflamma-
tory mediators, including tumor necrosis factor-o

Abbreviations: LPS, lipopolysaccharide; IL-1p, interleukin-1p; IL-6,
interleukin 6; PMB, polymyxin B; CBA, cytometric bead array; BC,
BODIPY-TR-cadaverine (5-(((4-(4,4-difluoro-5-(2-thienyl)-4-bora-3a,
4a-diaza-s-indacene-3-yl)phenoxy)acetyl)amino)pentylamine hydrochlo-
ride); EDs, effective displacement to 50% of bound probe; p38MAPK,
p38 mitogen activated protein kinase; PMN, polymorphonuclear cells; sc,
subcutaneous; ip, intraperitoneal.
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(TNF-0), interleukin-1B (IL-1B), and interleukin-6 (IL-6),’
precipitating a systemic inflammatory response. This
culminates in the frequently fatal syndrome of multiple
system organ failure.® Despite continuing advances in
antimicrobial chemotherapy, the incidence of sepsis
has risen almost threefold from 1979 through 2000,’
emphasizing an urgent, unmet need to develop therapeu-
tic options specifically targeting the pathophysiology of
sepsis.

The toxicity of LPS resides in its structurally highly con-
served glycolipid component called Lipid A,® which is
composed of a hydrophilic, bis-phosphorylated diglu-
cosamine backbone and a hydrophobic domain of 6
(Escherichia coli) or 7 (Salmonella) acyl chains in amide
and ester linkages (Fig. 1). Polymyxin B (PMB) is a
membrane-active peptide antibiotic known to sequester
LPS and abrogate its toxicity. The pronounced oto-
and nephrotoxicity of PMB precludes its systemic use
and has led to the development of an extracorporeal
hemoperfusion cartridge based on PMB covalently
immobilized on a polystyrene based fiber (Tora-
ymyxin™, Toray Industries Inc., Tokyo),”!° which was


mailto:sdavid@ku.edu

T. B. Nguyen et al. | Bioorg. Med. Chem. 15 (2007) 5694-5709 5695

Figure 1. Molecular-modeling derived geometry of the complex
between LPS and EVK-203. The atomic coordinates of LPS were
derived from its crystal structure (PDB code: 1FCP).®* The lipid A
moiety of LPS is depicted in ball-and-stick, the KDO sugars in
spacefill, and the inner core glycolipid region as sticks. The mono-
homologated spermine backbone is predicted to form salt-bridges
(dotted lines) with both phosphate groups on lipid A, as well as
participate in additional ionic H-bonds with the inner core KDO
sugars as determined by docking studies.

approved for clinical use in Japan in late 2000. The
favorable clinical outcome associated with the use of
Toraymyxin in small pilot study!' is suggestive of the
therapeutic potential of sequestering circulating LPS,
and warrants further validation in large randomized
and controlled clinical trials.

A major goal in our laboratory has been to develop
small-molecule analogues of PMB that would sequester
LPS with a potency comparable to that of PMB and,
importantly, be nontoxic and safe, so that it can be used
parenterally for the prophylaxis or therapy of Gram-
negative sepsis. Based on an NMR-derived model of
PMB-lipid A complex,'?> we had identified the pharma-
cophore necessary for optimal recognition and neutral-
ization of lipid A (reviewed in Ref. 13). The
pharmacophore is based on two simple heuristics: (a)
an optimal distance of ~14 A is necessary between pro-
tonatable functions in bis-cationic molecules for simul-
taneous ionic interactions with the glycosidic
phosphates on lipid A, the bis-cationic scaffold being
the principal determinant of binding affinity;'*!> (b)
binding is necessary, but not sufficient for LPS-neutral-
izing activity, and an additional, appropriately posi-

tioned hydrophobic group is obligatory for the
interaction of the polyamine backbone with lipid A to
manifest in neutralization of endotoxicity.'®!”

Lipopolyamines of the conjugated spermine class, orig-
inally developed as DNA transfection reagents, were
the first small molecules embodying the LPS-recogni-
tion pharmacophore shown to have significant LPS-
sequestering activity;!® these compounds are of
particular interest because they are active in vivo and
afford protection in animal models of Gram-negative
sepsis, are synthetically easily accessible, and, impor-
tantly, would likely be nontoxic, on account of their
degradation to physiological constituents.'® Indeed,
several members of this class of compounds have been
approved for human use as alternatives to viral
vectors. %20

In our continuing efforts to refine our understanding of
the structure—activity relationships in such molecules,
we have synthesized and evaluated the LPS-binding
and -neutralizing properties of several series of lipo-
polyamines, examining, with each increment, the length
and placement of the hydrophobic (acyl or alkyl) func-
tionality, the length and nature of the backbone, and
the role of H-bond-donor and -acceptor functionalities
on the scaffold. Studies on monoacylated homologated
spermine derivatives established that an optimal chain
length of 16 carbons for the acyl unit corresponded
to optimal activity.?! Similar results were obtained in
acylated lysine-spermine conjugates wherein the addi-
tional aminopropyl unit in homospermine was replaced
by lysine.??> A careful examination of a 540-membered
combinatorial library of bis-amide analogues with the
internal secondary amines and polymethylene units of
spermine replaced by amides and amino acid side
chains?? led to the conclusion that the simple spermine
scaffold offered analogues with the highest activity,
reflecting the importance of H-bond donor
—NH- groups on the scaffold which are predicted by
molecular modeling studies®* to form salt bridges with
the 3-deoxy-p-manno-octulosonic acid (KDO) sugars??
in the inner-core region of LPS (Fig. 1). Surprisingly,
we observed that compounds with N-dialkyl branched
scaffolds were associated with significant, unexpected
acute toxicity in a murine model of septic shock.?®
We further learned that the placement of the long-
chain hydrophobic group was crucial, since analogues
with centrally placed groups showed significantly
poorer activity, which we attribute to unfavorable ste-
ric interactions with the polyacyl domain of lipid A.?’
Guided by experimental data from our earlier studies,
as well as ongoing in silico modeling, our attention
has converged on linear, unbranched spermine-type
scaffolds with terminally placed hydrophobic function-
alities. In the present study, we have examined a series
of mono- and bis-alkyl polyamine compounds, and we
report that a N'-alkyl-monohomologated spermine
derivative (EVK-203) binds LPS and neutralizes its
toxicity, affording complete protection in a murine
model of LPS-induced lethality. Furthermore, EVK-
203 is without any toxicity, even at high doses, in a
vertebrate animal model.
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2. Results
2.1. Syntheses

Syntheses of the various lipopolyamine derivatives, as
desired for the present studies, were accomplished fol-
lowing the reaction schemes described below. Toward
synthesizing the N-alkenyl substituted polyamine 5
(EVK-203), the 2,3-disubstituted acrolein derivative 2
was obtained via self-condensation of hexadecanal (1)
as shown in Scheme 1. The Z-stereochemistry of the
product was assigned based on the "H NMR chemical
shift of the olefinic proton (8 6.45), which is in good
agreement with the literature reported values for simi-
larly substituted Z-acrolein derivatives.”® Subsequent
reductive amination involving the aldehyde 2 and the
tetra- N-Boc-protected polyamine 3! resulted in the cor-
responding N-alkenyl adduct 4. Finally, removal of the
Boc-protection under standard conditions provided the
desired alkenyl polyamine 5.

The tetra-Boc-N-alkenyl polyamine intermediate 4 also
provided an easy access to the corresponding double
bond reduced analogue 7 (Scheme 2). Thus, catalytic
hydrogenation of 4 led to the uneventful formation of
the saturated alkyl polyamine 6, which on subsequent
Boc-deprotection yielded the branched N-alkyl poly-
amine 7 in good overall yield.

Starting from the tetra-Boc-protected polyamine 3 and
following a concise sequence of reactions, the N-alkyl-
ated lipopolyamines 9, 11, and 13 (Scheme 3) were syn-
thesized in an efficient manner. Thus, reductive
alkylation of the amine 3 with commercially available
16-hentriacontanone yielded the corresponding adduct
8 (Scheme 3). Removal of the Boc-protection culmi-
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nated in the C-1 branched alkyl polyamine 9 in good
yield. Similarly, a one-pot reductive amination involving
hexadecanal and the amine 3 resulted in the N-hexadecyl
adduct 10, Boc-deprotection of which yielded the corre-
sponding alkyl lipopolyamine derivative 11. On the
other hand, N-alkylation of the secondary amine 10 with
hexadecyl iodide to form the corresponding N,N-dialky-
lated product 12, and subsequent Boc-deprotection, cul-
minated in the dialkyl lipopolyamine 13. The activity
profile of 11 along with pharmacokinetic and toxicolo-
gical studies are being reported elsewhere.

Following a reaction strategy as described for the N- alke-
nyl polyamine 5, synthesis of the bis-homologated N', N°-

lipopolyamine 16 was achieved starting from the earller
reported tetra-Boc-protected hexamine derive-ative 147!
(Scheme 4). Accordingly, treatment of the amine 14 with
an excess of hexadecanal, followed by reduction of the
resulting terminal imines, yielded the expected N' N°-

alkenyl substituted adduct 15 in moderate yield. Standard
deprotection of Boc-groups provided the desired bis-alke-
nyl lipopolyamine 16. Similarly, reductive alkylation of
the free diamine 14 with an excess of 16-hentriaconta-
none, forming the corresponding adduct 17 (Scheme 5),
followed by removal of the Boc-protection completed
the synthesis of the branched bis-alkyl polyamine deriva-
tive 18.

2.2. Primary in vitro screen of mono- and bis-substituted
alkylpolyamines, and selection of EVK-203 as a lead
compound

The de-repression and subsequent translocation of
NF-«B to the nucleus is a pivotal transcriptional activa-
tion event that occurs in response to noxious stimuli.
NF-kB induction is upstream of a plethora of signaling
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Scheme 1. Reagents and conditions: (a) A1Cl3, py, reflux; (b) MgSO,, THF-MeOH, rt, followed by, NaBH,, MeOH; (c) CF;CO,H (excess), rt.
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Scheme 2. Reagents and conditions: (a) 10% Pd(OH),~C, H,, MeOH, rt; (b) CF3CO,H (excess), rt.
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Scheme 5. Reagents and conditions: (a) (H3;C;5),C=0 (excess), AcOH (cat.), C¢Hs, reflux, then, NaBH,, MeOH, rt; (b) CF3CO,H, rt.

cascades which include the production of cytokines and
other proinflammatory molecules. The use of HEK-
Blue™ (Invivogen, San Diego, CA) cells (human embryo-
nic kidney 293 cells stably transfected with a secreted
alkaline phosphatase reporter gene under the control
of NF-«B/AP-1 promoters along with the LPS receptor
[TIr-4] and co-receptors [CD-14 and MD-2]) provides a
robust and easily quantifiable readout and is now our
primary in vitro screen. As shown in Figure 2, a clear
segregation in ICso values in the NF-kB inhibition assay
was apparent, with the mono-substituted compounds 5
(EVK-203), 7, 9, and 13 being about an order of magni-
tude more potent than the bis-substituted 16 and 18
compounds. Of the mono-substituted compounds,
EVK-203 (5) was found to be least hemolytic and cyto-
toxic as determined by erythrocyte lysis and XTT

assays,?! respectively (Fig. 3), and was therefore chosen
for further evaluation as described below.

2.3. Binding affinity and in vitro neutralization activity

We first examined quantitatively the binding affinities of
EVK-203 and PMB to LPS using an automated fluores-
cence displacement assay using BODIPY®-TR-cadaver-
ine (BC).?” BC binds LPS resulting in quenching of its
fluorescence. The addition of test compounds results in
displacement of LPS-bound BC fluorescence, manifest-
ing in emission intensity enhancements at Ao, = 620 nm,
from which EDsq values were computed using standard
four-parameter logistic curve-fitting. This assay was per-
formed in high-salt buffers to minimize nonspecific ion-
pairing interactions.?®-3® The EDs, values for PMB and
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Figure 2. Comparison of the inhibition profiles of LPS (100 ng/ml)-induced NF-«B induction in HEK-293 cells stably transfected with Tlr4, MD-2,
CD14, and an NF-kB-secreted alkaline phosphatase reporter gene construct. The structures of the alkylpolyamines and the corresponding ICs,

values are shown.

EVK-203 were comparable, being 1.22 + 0.16 uM and
3.14 £ 0.12 uM, respectively (Fig. 4a).

Murine, but not human, monocytes produce measur-
able quantities of nitric oxide (NO), an important sur-
rogate marker of immune activation by bacterial
products.®! In vitro NO inhibition assays have proven
to be a reliable, rapid, and cost-effective primary bio-
logical screen for identifying anti-LPS compounds,'3
and is a key primary screen in the hierarchical screen-
ing strategy used in our laboratory. As shown in Fig-
ure 4b, EVK-203 as well as PMB inhibited NO
production in a dose-dependent manner in murine
J774A.1 cells stimulated with 10 ng/ml LPS, the ICs
values for PMB and EVK-203 being 1.79 + 3 uM and
2.22 + 3.5 uM, respectively.

2.4. Ex vivo neutralization activity in human blood

It was important to verify that the endotoxin-sequester-
ing activity of EVK-203 would be manifested in the mili-
eu of whole human blood, characterized not only by its
high ionic strength (~300 mOsmole) which attenuates
electrostatic interactions,!® but also by near-millimolar
concentrations of albumin. Albumin has been shown
to bind both LPS3? as well as to a variety of lipopolyam-
ines (manuscript in preparation). Also present in human
serum are a number of high-affinity LPS-binding pro-
teins such as soluble CD-14** and LPS-binding pro-
tein.’* Furthermore, given the amphipathic nature of
both LPS and EVK-203, it is conceivable that substan-
tial partitioning of both target and ligand into the lipo-
protein constituents could occur as has been observed
with E5564 (Eritoran™), a lipid A receptor antagonist

currently undergoing clinical trials.3> For these reasons,
and prior to initiating in vivo evaluation, we compared
the effects of EVK-203 and PMB in two ex vivo assays
using whole human blood.

In the first, we sought to examine the specificity and po-
tency of EVK-203 relative to PMB in inhibiting the
phosphorylation of p38 mitogen activated protein ki-
nase (p38MAPK), a key component of a phosphoryla-
tion cascade that is upstream of NF-xB. The p38
MAP kinases (o, B, v, 0) are activated by dual phosphor-
ylation on Thr and Tyr within the Thr-Gly-Tyr motif lo-
cated in kinase subdomain VIII. Activation of p38
MAPK leads to the activation of multiple transcription
factors (NF-xB, ATF-2, Elk-1, and CHOP) that result
in the expression of many different genes, including
those encoding proinflammatory cytokines.>**” Expo-
sure of whole blood obtained from healthy human vol-
unteers to 100 ng/ml LPS results in a marked elevation
in T180/Y182 dual-phosphorylated p38MAPK as
probed by flow cytometry using a phycoerythrin-conju-
gated anti-phospho-p38 MAPK (T180/Y182) antibody
(Fig. 5). The activation seems to occur chiefly in poly-
morphonuclear (PMN) cells since the positive popula-
tion maps directly to the subset of cells adjudged as
PMN based on forward and side-scatter characteristics.
The addition of either PMB or EVK-203 concomitant
with LPS exposure results in a dose-dependent attenua-
tion of p38MAPK phosphorylation with the potencies
of both compounds being very similar (PMB: 10 nM,
EVK-203: 23 nM). Notably, p38MAPK phosphoryla-
tion induced by TNF-a is affected by neither compound,
emphasizing again the specificity of action against LPS

(Fig. 5).
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Figure 3. (a) Hemolytic activity of the alkylpolyamines. A suspension
of 1:1000 diluted, washed, human erythrocytes was used. Hemolysis
was determined by automated video microscopy. (b) Cytotoxic/
cytostatic activity measured by XTT assay.

Having demonstrated that EVK-203 inhibited, in a spe-
cific manner, an early, upstream cell-signaling event
which is consistent with the premise of the compound
being an LPS sequestrant, we next evaluated the efficacy
of the compound in inhibiting proinflammatory cyto-
kine release using a multiplexed cytokine detection sys-
tem.?!>> As shown in Figure 6, EVK-203 inhibits
TNF-a, IL-6, and IL-8 production, with the 1Csq of
3—4 uM (an LPS stimulus of 100 ng/ml was used), which
is considerably lower than that of PMB (11-16 uM). As
controls, we used phorbol myristate acetate (PMA;
100 ng/ml) plus ionomycin (1 uM), or PMA plus phyto-
hemagglutinin (2 pg/ml) as non-LPS stimuli. Neither
compound inhibited TNF-a, IL-6, or IL-8 appreciably
up to concentrations of 40 pM, verifying that the inhibi-
tion observed was specific for LPS (data not shown).

2.5. Efficacy in murine models of septic shock
A well-established murine model of lethal septic

shock'821-3 was employed to compare the potencies of
EVK-203 with PMB. Cohorts of 10 CF-1 mice per
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Figure 4. (a) Binding affinity of EVK-203 and PMB (reference) to LPS
determined by BODIPY®-cadaverine displacement assay. (b) Inhibi-
tory activity of EVK-203 and PMB on nitric oxide production
(measured spectrophotometrically as nitrite using Griess assay) in
murine J774 macrophage cells stimulated with 100 ng/ml LPS. Shown
on the left are negative and positive (LPS alone and medium alone)
controls.

group, sensitized to the lethal effects of LPS with
D-galactosamine, were challenged with a supralethal
dose of LPS (2x LDjgg dose = 200 ng/animal) adminis-
tered intraperitoneally (ip). This was preceded by a sub-
cutaneous (sc) injection of graded doses of test
compounds given 1 h prior to LPS challenge. The differ-
ence in dose-dependent survival rates between animals
receiving PMB and EVK-203 was statistically significant
(» <0.005; Fisher one-tailed exact probability) with
EVK-203 being more potent in preventing LPS-induced
lethality (Fig. 7a).

Pharmacokinetic experiments aimed at quantifying half-
life of test-compounds have, on occasion, led to apparent
incongruencies with pharmacodynamics data due to unu-
sual partitioning and/or protein-binding behavior as has
been observed with Eritoran™, for instance.’® We there-
fore elected to first characterize the pharmacodynamics
of EVK-203. Mice were administered EVK-203 at a dose
of 8 mg/kg sc at various time points before and after a
supralethal LPS challenge. As depicted in Figure 7b,
EVK-203 is maximally effective when it is administered
concurrent to LPS administration. The data further sug-
gest that sufficiently high plasma concentrations persist
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Figure 5. (a) Inhibition of phosphorylation of p38 MAP kinase in neutrophils in whole human blood (ex vivo), stimulated with either LPS or hTNF-
o (100 ng/ml) for 15 min in the presence of graded concentrations of EVK-203 or PMB. Quantification of p38 MAPK was performed using flow
cytometry. Panels (b) and (d) show forward scatter/side scatter profile and the gating for p38 MAPK-negative and -positive gates obtained on
unstimulated cells (negative control), respectively. Panels (c) and (e) are corresponding results obtained from LPS stimulated cells (positive control).
Back-gating on the p38 MAPK-positive cells (panel e: heavily-shaded peak) maps to the polymorphonuclear population (panel c).

even up to 6 h so as to provide partial protection against
LPS-induced lethality (Fig. 7b). It is to be noted that
EVK-203 is bereft of any protective effect if administered
following LPS challenge, suggesting that once the innate
immune system has responded to the presence of circula-
tory LPS, anti-endotoxin agents are unlikely to be of any

benefit. This is crucial since this defines the subset of pa-
tients in whom a compound such as EVK-203 is likely to
be of benefit.

We next sought to examine if the protection afforded by
EVK-203 was attributable to attenuated LPS-induced
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Figure 6. (a)-(c) Dose-dependent inhibition of LPS-induced proinflammatory cytokine production in ex vivo whole human blood. Whole human
blood was stimulated with LPS and graded concentrations of either EVK-203 or PMB. Cytokine levels were quantified using a multiplexed flow-

cytometric bead array system (CBA).

cytokine production. Consistent with the premise of
LPS sequestration by the alkylpolyamine compounds,
we observed a dose dependent inhibition in peak levels
of TNF-a, IL-6, and MCP-1 in vivo (Fig. 8). Further-
more, we confirmed that EVK-203 had no effect in pre-
venting lethality induced by 100 ng/animal of
recombinant murine TNF-a (data not shown).

2.6. Toxicity

EVK-203 is a cationic amphipath and, as such, would be
expected to be surface active, with the possible conse-
quence of nonspecific cytotoxicity. This was of concern
when we started evaluating lipopolyamines.'®2122 As
with those earlier compounds we found that our appre-
hension was unwarranted: the hemolytic activity of
EVK-203 was virtually abrogated in the presence of
physiological concentrations of albumin; in whole hu-
man blood, hemolytic activity was minimal even at mil-
limolar concentrations (data not shown). Daily sc
administration of EVK-203 to mice at a dose of
40 mg/kg per day for five days (note that full protection
against LPS-induced lethality was conferred with a sin-
gle dose of 2 mg/kg) resulted in no clinically observable
signs of apparent toxicity. Importantly, at the end of the
experiment (day 6) there were no demonstrable signs of
nephro- or hepatotoxicity as assessed by clinical chemis-
try (data not shown).

3. Discussion

Sepsis, or ‘blood poisoning’ in lay terminology, is a com-
mon and serious clinical problem. While fewer than 100
cases were reported prior to 1920, it is now the thir-
teenth leading cause of overall mortality,*! and the num-
ber one cause of deaths in the intensive care unit*?

accounting for some 200,000 fatalities in the US annu-
ally*® While the incidence continues to rise in the US’
and worldwide** due to increased invasive procedures,
immunosuppression, and cytotoxic chemotherapy, mor-
tality has essentially remained unchanged at about
45%% despite tremendous strides in antimicrobial che-
motherapy, due to the lack of specific therapy aimed
at the pathophysiology of sepsis.

The primary trigger in the Gram-negative septic shock
syndrome is endotoxin, a constituent of the outer mem-
brane of all Gram-negative bacteria. Total synthesis of
the structurally highly conserved lipid A has been shown
to be the active moiety of LPS,* and is thus a logical
therapeutic target for neutralization. The anionic
amphiphilic nature of lipid A enables it to interact with
a variety of cationic hydrophobic ligands*’#° Poly-
myxin B (PMB), a cationic amphiphilic cyclic decapep-
tide antibiotic isolated from Bacillus polymyxa,*® has
long been recognized to bind lipid A,>! and neutralize
its toxicity in animal models of endotoxemia’> >
Although PMB is a commonly used topical antibiotic,
it is potently nephro- and oto-toxic, which, while pre-
cluding its utility as an LPS-neutralizer in patients with
sepsis, has stimulated the search for nontoxic PMB ana-
logs,>>3¢ PMB derivatives,’ > as well as other structur-
ally diverse cationic amphiphilic peptides®®®0-63 as
candidate LPS-binding agents.

Our long-term goal has been to utilize the structural
information in the LPS-PMB complex to rationally de-
sign non-peptide, small-molecule LPS-sequestrants. We
have elected to focus on targeting the lipid A moiety
of LPS rather than on downstream inflammatory pro-
cesses which have all met with failure.®*%> We initially
evaluated peptides, both naturally occurring!>¢%-¢7 and
de novo synthesized,'>®® testing specific hypotheses
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Figure 7. (a) Comparison of in vivo potency of PMB and EVK-203 in
a D-galactosamine-primed murine model of lethal endotoxic shock.
Dose-dependent increase in survival in mice challenged with a
supralethal (200 ng/animal; 2x LD() dose of LPS. The difference in
dose-dependent survival rates between animals receiving PMB and
EVK-203 was statistically significant (p <0.005; Fisher one-tailed
exact probability). (b) Time-course (pharmacodynamics) of protection
conferred by 8 mg/kg of EVK-203 administered at various times prior
to, and following, supralethal LPS challenge in a p-galactosamine-
primed murine model of lethal endotoxic shock. LPS (200 ng/animal;
2x LDyg) was administered at time = 0 h.

pertaining to structural correlates of lipid A binding,
and later extended those design principles to small mol-
ecules.!*!> This approach first led to the definition of a
crucial pharmacophore that determined LPS-recogni-
tion and -neutralization properties in small mole-
cules,'*!> and, subsequently, to the discovery of a
novel lipopolyamine lead,®”’° which was shown to be
an effective LPS-neutralizer.'® In an ongoing effort to
understand in detail the structure—activity relationships
in such molecules, we have systematically evaluated con-
generic series of compounds, examining first the contri-
bution of the lipid tail, and then the backbone itself.
Several iterative design-and-test cycles of SAR studies
ultimately helped converge and focus our efforts on eval-
uating compounds with C;¢-N-alkyl polyamine motifs.

The experimental studies described in this paper estab-
lish that EVK-203 binds LPS and attenuates its toxicity
with a potency comparable to that of PMB. The inhibi-

tion of early cellular activation events, namely,
p38MAPK phosphorylation and NF-kB translocation,
in conjunction with the inhibition of the more distal re-
sponse events of cytokine and NO production, as well as
the lack of activity against non-LPS stimuli have clearly
shown that the mechanism of action is via sequestration
of LPS. EVK-203 was found to exhibit significant anti-
endotoxin activities not only in whole human blood
ex vivo, but also in a murine model of endotoxic shock.

Particularly instructive are the results of the time-course
experiment in mice (Fig. 7b) which show that if LPS-
sequestering compounds such as EVK-203 are ever to
find utility in the clinic, they will have to be used as pro-
phylactic agents, rather than to treat established sepsis
for once the inflammatory cascades are set in motion,
LPS sequestrants would be of no value. This may indeed
be feasible and, indeed desirable, since not only have
many of the therapeutic strategies that target down-
stream processes such as blockade of TNF-a or IL-18
have failed,’*% but also because the predisposing fac-
tors for septic shock are very well recognized.”!’? It
may be possible to institute LPS-sequestrant therapy
as an adjunct to conventional antimicrobial chemother-
apy. It is relevant to note in this context that analogues
similar to EVK-203 have been shown to not only possess
intrinsic antimicrobial activity, but also potentiate the
activity of otherwise impermeable hydrophobic antibiot-
ics such as rifampin.”® Obligatory requirements in the
development of compounds such as EVK-203 for the
prophylaxis of Gram-negative sepsis would be a high
therapeutic index, and an acceptable pharmacokinetic
profile. It is encouraging to have observed the absence
of any apparent toxicity in murine models administered
multiples of therapeutic doses over several days. Further
toxicity testing with escalating dose regimens is currently
ongoing. Although we are yet to establish circulating
half-lives of EVK-203 in a range of animal models, the
pharmacodynamic profile that we have ascertained in
the murine model would suggest a half-life of about
4 h. We now have an LC-MS method in place for assay-
ing plasma levels of EVK-203, and pharmacokinetic
experiments are planned in rodent and non-rodent spe-
cies. In summary, we have described in this paper a de-
tailed characterization of EVK-203, a novel
alkylpolyamine, exhibiting true LPS-sequestering and -
neutralizing properties in a panel of in vitro assays as
well is in a murine model of endotoxic shock. The po-
tency of EVK-203 rivals that of PMB and, in some
key assays, including a murine model of endotoxic
shock, is superior to PMB. The favorable pharmacody-
namic and toxicity profile of EVK-203 renders this com-
pound an attractive candidate for further preclinical
development.

4. Experimental

All of the solvents and reagents used were obtained
commercially and used as such unless noted otherwise.
Moisture or air sensitive reactions were conducted under
argon atmosphere in oven-dried (120 °C) glass appara-
tus. Anhydrous THF was obtained by distillation over
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Figure 8. Time-course of cytokine profiles in plasma of mice receiving graded doses of EVK-203 and challenged with a lethal dose of LPS. Cohorts of
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sodium benzophenone ketyl, prior to use. Solvents were
removed under reduced pressure using standard rotary
evaporators. Flash column chromatography was carried
out using Silica gel 60 (230-400 mesh), while thin layer
chromatography (tlc) was carried out on Silica Gel
HLF precoated glass plates. All yields reported refer
to isolated material judged to be homogeneous by tlc
and NMR spectroscopy. Unless noted otherwise,
NMR spectra were recorded with the chemlcal shifts
(d) reported in ppm relative to Me,Si (for 'H) and
CDCl; (for '*C) as internal standards, respectively. Fol-
lowing a literature procedure,’* hexadecanal (1) was pre-
pared by oxidation of commercially available
1-hexadecanol, while the tetra-Boc-polyamines 3 and
14 were synthesized following our earlier reported
procedure.?!

4.1. Compound 2

A mixture of hexadecanal (1)*' (1.25g, 5mmol) and
anhydrous AICl; (2.6 g, 20 mmol) in pyridine (80 ml)
was refluxed for 30 min. After cooling to room temper-
ature, the reaction mixture was diluted with diethyl ether
(250 ml), the precipitated solid was removed by filtra-
tion, and the filtrate concentrated under reduced pres-
sure. The residue was purified by flash column
chromatography (hexane/EtOAc, 99:1) to yield the
product 2 as a low melting solid (1.05g, 45%).
NMR (400 MHz, CDCl3) 6 0.90 (t, J=7.04 Hz, 6H)
1.28 (br s, 48H), 1.47-1.55 (m, 2H), 2.22-2.31 (m, 2H),
2.34-2.39 (m, 2H), 6.45 (t J=7.44Hz, 1H), 9.35 (s,
1H); MS (ESI) caled for C;,Hg,O mi/z 462.4, found
463.5 (MH)".

4.2. Compound 4

To a solution of the amine 3*! (0.2 g, 0.3 mmol) in anhy-
drous methanol (8 ml) at room temperature were added
anhydrous MgSOy (ca. 1 g) and a solution of the alde-
hyde 2 (0.2 g, 0.43 mmol) in anhydrous THF (4 ml).
The resulting mixture was stirred at room temperature
overnight, followed by addition of methanol (4 ml)
and NaBH, (60 mg, 1.6 mmol). After stirring for an-
other 4 h, the reaction mixture was concentrated under
reduced pressure, the residue was dissolved in CHCl;
(50 ml) and washed with water (2 x 5 ml). The organic
layer was dried over Na,SOy, solvent removed under
vacuum, and the residue purified by flash column chro-
matography (CH,Cl,/MeOH/NH4OH = 95:5:1) afford-
ing the product 4 (0.14 g, 42%) as an oily liquid. 'H
NMR (400 MHz, CDCl3) ¢ 0.88 (t, J=6.6 Hz, 6H),
1.27 (br s, 50H), 1.46 (s, 38H), 1.70-1.74 (br m, 6H),
2.02-2.14 (br m, 6H), 2.71(br s, 2H), 3.05- 3 35 (br m,
17H), 5.29 (br t, J=6.68Hz, 1H); '*C NMR
(100.6 MHz, CDCly); 14.0, 22.6, 25.9, 27.5, 28.3, 28.4,
28.5, 28.8, 29.2, 29.4, 29.5, 29.6, 29.9, 31.8, 31.9, 37.2,
43.8, 44.1, 44.6, 46.4, 46.7, 55.3, 78.8, 79.2, 126.3,
137.5, 155.3, 1554, 156.0; MS(ESI) caled for
C65H127N508 m/z 1106.7 found 1107.0 (MH)+

4.3. Compound 5

Removal of the Boc-protecting groups was carried out
by treatment of compound 4 (50 mg, 0.045 mmol) with
an excess of trifluoroacetic acid (6 mL) and stirring the
solution at room temperature overnight. Concentration
of the reaction mixture under reduced pressure, followed
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by trituration of the residual liquid with methylene chlo-
ride, provided the product 5 as a white powder (35 mg,
61%). 'H NMR (400 MHz, DMSO-ds) § 0.85 (t,
J=6.6 Hz, 6 H), 1.25 (br s, 50H), 1.55-1.65 (br s, 4H),
1.85-2.12 (br m, 10H), 2.88-3.05 (br m, 18H), 5.55 (br
s, 1H), 7.85 (br s, 2H), 8.75-9.05 (br m, 4H); B¢
NMR (100.6 MHz, DMSO-ds) 13.1, 22.2, 22.4, 22.6,
28.6, 28.7, 29.0, 31.3, 36.2, 43.5, 43.8, 44.1, 54.4, 54.8,
130.7, 133.1; MS (FAB) calcd for C45sHysN5 (free amine)
m/z 705.7 found 706.9 (MH)".

4.4. Compound 6

To a room temperature solution of the N-alkenyl poly-
amine 4 (139 mg, 0.126 mmol) in methanol (10 ml) was
added the Pearlman catalyst (200 mg), and the mixture
stirred under H, atmosphere (balloon) overnight. The
solution was filtered through Celite and the residue
washed thoroughly with methanol. The combined fil-
trate was concentrated and the residue purified by flash
column chromatography (CH,Cl,/MeOH/NH4OH,
95:5:1) affording the product 6 (0.1 g, 72%) as an oily li-
quid. "H NMR (400 MHz, CDCl5) 6 0.87 (t, J = 6.2 Hz,
6H), 1.26 (br s, 52H), 1.45 (s, 43H), 1.59-1.82 (br m,
6H), 1.93-2.19 (br m, 2H), 2.62-2.83 (m, 4H), 3.04-
343 (br m, 18H), 491 (br s, 1H); *C NMR
(100.6 MHz, CDCly); 14.1, 22.7, 25.5, 26.1, 28.4, 28.5,
28.6, 29.4, 29.6, 29.7, 29.9, 31.4, 31.9, 37.3, 43.3, 44.6,
459, 46.8, 52.9, 78.9, 79.5, 80.8, 155.5, 155.4, 156.1;
MS(ESI) calcd for CgsHi29NsOg m/z 1108.7 found
1109.0 (MH)™.

4.5. Compound 7

A solution of the tetra-Boc-amine 6 (32 mg,
0.028 mmol) in trifluoroacetic acid (6 ml) was stirred at
room temperature overnight. Removal of the solvent
under reduced pressure, followed by trituration of the
residual oily liquid with methylene chloride, provided
the product 7 as a white powder (27 mg, 77%). 'H
NMR (400 MHz, DMSO-ds) ¢ 0.85 (br s, 6H), 1.24
(br s, 56H), 1.63 (br s, 5H), 1.89-2.02 (m, 6H), 2.72—
3.0 (br m, 18H), 7.94 (br s, 2H), 8.59 (br s, 1H), 8.69
(br s, 1H), 8.90 (br s, 1H), 9.13 (br s, 1H); *C NMR
(100.6 MHz, DMSO-dg) 13.9, 22.1, 22.2, 22.4, 22.6,
23.8, 25.2, 28.7, 28.8, 28.9, 29.0, 30.2, 31.3, 34.6, 36.1,
439, 44.0, 44.1, 44.7, 46.1, 50.9; MS (FAB) calcd for
C4sHo7N5s (free amine) m/z 707.7 found 708.8 (MH)™.

4.6. Compound 8

To a solution of the amine 3 (138 mg, 0.2 mmol) and 16-
hentriacontanone (113 mg, 0.25 mmol) in anhydrous
benzene (10 ml), two drops of glacial acetic acid were
added and the solution refluxed overnight. After cooling
the reaction mixture to room temperature, methanol
(5 ml) was added to it, followed by addition of sodium
borohydride (37 mg, 1 mmol). After stirring the result-
ing mixture at room temperature for 4 h, solvent was re-
moved under reduced pressure. The residue was
dissolved in chloroform (50 ml), washed with water,
dried over anhydrous Na,SO,, and concentrated. Purifi-
cation of the residue by flash column chromatography

(CH,Cl,/MeOH/NH4OH, 95:5:1) afforded the product
8 (129mg, 59%) as an oily liquid. 'H NMR
(500 MHz, CDCl3) 6 0.88 (t, J = 6.6 Hz, 6H), 1.25 (br
s, 52H), 1.44 (s, 42H), 1.61-1.83 (br m, 8H), 1.95-2.56
(2m, 3H), 3.09-3.33 (br m, 15H), 5.34 (br s, 1H); '*C
NMR (125.7 MHz, CDCly); 14.1, 22.7, 25.8, 28.4,
28.5, 29.4, 29.5, 29.6, 29.7, 31.9, 32.8, 37.3, 44.7, 46.4,
46.8, 544, 60.4, 63.0, 79.4, 80.1, 1554, 156.1;
MS(FAB+) caled for Cg4H 57N50g m/z 1094.7 found
1095.1 (MH)".

4.7. Compound 9

A solution of the tetra-Boc-amine 8 (120 mg,
0.11 mmol) in trifluoroacetic acid (10 ml) was stirred at
room temperature overnight. Removal of the solvent
under reduced pressure, followed by trituration of the
residual oily liquid with methylene chloride, provided
the product 9 as a white powder (113 mg, 81%). 'H
NMR (400 MHz, DMSO-dg) 6 0.86 (t, J=6.6 Hz,
6H), 1.24 (br s, 54H), 1.45-1.77 (m, 7H), 1.84-2.03 (m,
SH), 2.74-3.11 (m, 17H), 7.98 (br s, 2H), 8.70 (br s,
1H), 8.81-9.31 (br m, 3H); MS (FAB+) caled for
C44HosN5s (free amine) m/z 693.7 found 694.8 (MH)".

4.8. Compound 10

To a solution of the amine 3 (0.40 g, 0.61 mmol) and
acetic acid (5 drops) in dry methanol (20 ml) was added
hexadecylaldehyde (0.073 g, 0.30 mmol), followed by so-
dium cyanoborohydride (0.02 g, 0.30 mmol) in one por-
tion. The colorless solution was stirred at room
temperature for 24 h. Concentrated hydrochloric acid
(2 drops, pH 2) was added, and the solution was basified
to pH 12 (solid sodium hydroxide). Methanol was re-
moved under reduced pressure. The basic residue was
extracted with ether (3 x 50 ml), and the organic layers
were combined and washed with saturated aqueous so-
dium chloride and dried over sodium sulfate. After puri-
fication by flash column chromatography (CH,Cl,/
MeOH/NH,4OH, 95:5:1 as eluent), pure 10 was obtained
as a colorless oil (0.22g, 79%). '"H NMR (CDCls,
400 MHz) 6 0.89 (t, J=8.0Hz, 3 H), 1.32-1.27 (m,
26H), 1.46 (br s, 42H), 1.74-1.66 (m, 6H), 2.61 (br s,
4H), 3.25-3.16 (m, 15H); ')C NMR (CDCl;,
125.7MHz) ¢ 14.1, 22.7, 27.3, 28.5, 29.4, 29.5, 29.6,
29.7, 31.9, 37.4, 44.2, 44.8, 46.8, 50.0, 79.3, 155.5,
156.1; HRMS (ESI) calcd for C49HogNsOg (MH+) m/z
884.7515, found 884.7525.

4.9. Compound 11

The Boc-protected lipopolyamine 10 (150 mg,
0.17 mmol) was dissolved in trifluoroacetic acid (15 ml)
and stirred at room temperature for 20 h. Excess solvent
was removed under reduced pressure and the residue
was thoroughly triturated with dichloromethane and
diethyl ether to obtain the product 11 as a white flaky
solid (157 mg, 88%). '"H NMR (DMSO-d,, 400 MHz)
0 0.86 (t, J=8.0 Hz, 3H), 1.26 (br s, 26H), 1.64-1.57
(m, 6H), 1.96-1.90 (m, 6H), 2.99-2.89 (m, 18H), 7.93
(br s, 2H), 8.97-8.67 (m, 4H); '*C NMR (DMSO-d,,
125MHz) 6 14.2, 22.8, 23.0, 24.2, 25.8, 26.3, 28.9,
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29.2, 29.3, 29.4, 31.7, 36.6, 39.5, 39.7, 40.1, 40.4, 40.6,
44.3, 44.5, 46.5, 47.2; HRMS (ESI) calculated for
CaoHgsNs (MH™) m/z 484.5318, found 484.5326.

4.10. Compound 12

To a solution of the monoalkylated amine 10 (0.23 g,
0.26 mmol) in dry benzene (8 ml) at room temperature
was added hexadecyl iodide (60 mg, 0.17 mmol) and
the mixture refluxed for 36 h. After removal of the sol-
vent under reduced pressure, the residue was purified
by flash column chromatography (hexane/EtOAc, 3:1)
to afford the N,N-dialkylated product 12 (132 mg 46%)
as a colorless oil. "H NMR (400 MHz, CDCl5) ¢ 0.86
(t, J=6.6 Hz, 6H), 1.26 (br s, 54H), 1.45 (br s, 42H),
1.65-1.74 (br m, 6H), 2.39 (br s, 4H), 3.1-3.3 (m,
16H); '*C NMR (100.6 MHz, CDCl5) 14.1, 22.7, 25.5,
25.8, 26.8, 27.6, 28.4, 28.5, 29.2, 29.6, 31.9, 43.7, 44.1,
447, 46.4, 46.8, 51.5, 54.0, 79.2, 79.5, 155.4, 155.6; MS
(ESI) caled for CgsH129NsOg m/z 1108.7 found 1109.0
(MH)".

4.11. Compound 13

The tetra-Boc-dialkylated amine 12 (44 mg, 0.04 mmol)
was dissolved in trifluoroacetic acid (5 ml) and stirred at
room temperature overnight. Excess solvent was
removed under reduced pressure and the residue was
triturated with dichloromethane to afford the N,N-dial-
kylated lipopolyamine 13 as a white flaky solid (38 mg,
75%). '"H NMR (400 MHz, DMSO-dg) 6 0.85 (br s,
6H), 1.25 (br s, 48H) 1.5-1.65 (m, 10H) 1.85- 2.05
(br m, 8H), 2.80-3.10 (br m, 20H), 7.90-8.01 (br s,
1H), 8.81-9.12 (br m, 3H); '*C NMR (100.6 DMSO-
de); 13.5, 23.7, 24.6, 25.1, 25.3, 25.8, 28.7, 28.8, 29.0,
31.2, 36.1, 40.6, 43.7, 46.1, 51.9, 54.8; MS (FAB) calcd
for C4sHo7Ns (free amine) m/z 708.2 found 709.0
(MH)".

4.12. Compound 15

To a room temperature solution of the tetra-Boc pro-
tected diamine 14?' (100 mg, 0.14 mmol) in dry THF
(15ml) were added MgSO, (ca. 0.6 g) and the o,p
unsaturated aldehyde 2 (258 mg, 0.5 mmol). After stir-
ring the mixture for § h, methanol (10 ml) and NaBH,
(206 mg, 5.4 mmol) were added and stirring continued
for another 5 h. After removal of the solvent, the resi-
due was dissolved in CHCls;, washed with water, and
the organic layer was dried over Na,SO,4. Removal of
solvent under reduced pressure and purification of the
residue by flash column chromatography (CH,Cl,/
MeOH/NH,OH) (95:5:1) afforded the bis-alkenyl
amine 15 as an oily liquid (92 mg, 41%). '"H NMR
(400 MHz, CDCl;) o 0.88 (t, J=7Hz, 12H), 1.27 (br
s, 96H), 1.46 (br m, 44H), 1.60-1.75 (m, 12H), 2.00-
2.04 (br m, 6H), 2.30-2.80 gbr m, 4H), 3.36 (br m,
20H), 5.29-5.46 (m, 2H); '*C NMR (100.6 MHz,
CDCl;) 6 14.0, 22.6, 25.9, 27.5, 28.3, 28.3, 28.5, 28.8,
29.2, 29.3, 29.5, 29.52, 29.6, 29.8, 31.8, 37.2, 44.6,
46.3, 46.7, 55.3, 78.7, 79.2, 126.3, 137.4, 155.3, 1554,
156.0; MS (FAB) calculated for C;o0H;96NgOg; mi/z
1609.5 found 1610.7 (MH)".

4.13. Compound 16

The Boc-protected dialkenyl amine 15 (50 mg,
0.03 mmol) was dissolved in trifluoroacetic acid (6 ml)
and stirred for 18 h at ambient temperature. Excess sol-
vent was removed under reduced pressure and the
resulting sticky residue was washed thoroughly with
dry methylene chloride to obtain the desired amine 16
as a white flaky solid (38 mg, 68%). 'H NMR
(400 MHz, CDCl5) 6 0.85 (br s, 12H), 1.23 (br s, 94H),
1.72 (br m, 10H), 1.91-2.12 (br m, 16H), 2.85-3.15 (br
m, 24H), 5.52 (br t, 2H) 8.7-9.0 (br m, 6H); '*C NMR
(125.7 MHz, DMSO-dg) ¢ 13.9, 22.0, 22.1, 22.2, 22.3,
23.0, 24.0, 27.5, 27.8, 28.6, 28.7, 28.9, 29.0, 31.2, 36.0,
43.6, 43.9, 46.1, 51.4, 130.7, 133.1. MS (ESI-TOF) calcd
for CgoHig4Ng (free amine) m/z 1209.302; found
1210.321 (MH)".

4.14. Compound 17

To a solution of the tetra-Boc protected diamine 14
(156 mg, 0.21 mmol) in dry benzene (8 ml) at room tem-
perature were added 16-hentriacontanone (245 mg,
0.542 mmol) and 2 drops of glacial acetic acid. The
resulting solution was refluxed overnight. After cooling
to room temperature, methanol (10 ml) and NaBH4
(380 mg, 10 mmol) were added to the reaction mixture
and stirring continued at room temperature for another
3 h. After removal of solvent, the residue was dissolved
in CHCl;, washed with water, and the organic layer
was dried over Na,SO,. After removal of solvent, the res-
idue was purified by flash column chromatography
(CH,Cl,/MeOH/NH40H, 95:2:1) to afford the branched
chain dialkylated product 17 as an oily liquid (226 mg,
68%). '"H NMR (400 MHz, CDCls) 6 0.87 (t, J =7 Hz,
12H), 1.26 (br s, 108H), 1.45 (br s, 44H), 1.61-1.74 (br
m, 8H), 2.56-2.58 (br m, 6H), 3.1-3.3 (br m, 16H), 3.62
(br s, 2H); '>*C NMR (100.6 MHz, CDCl;) 6 14.1, 22.7,
25.6, 25.7, 28.5, 29.3, 29.6, 29.6, 29.7, 30.0, 31.9, 34.0,
37.4,44.6,57.7,72.0,79.3, 155.5; MS (FAB+) calculated
for C98H196N608 m/z 1586.6 found 1587.7 (MH)+

4.15. Compound 18

The Boc-protected bis alkyl polyamine derivative 17
(115 mg, 0.072 mmol) was dissolved in 6 ml of trifluoro-
acetic acid and stirred for 12 h at ambient temperature.
Excess solvent was removed under reduced pressure and
the resulting sticky residue was washed thoroughly with
dry methylene chloride to obtain the desired alkyl
branched lipolljolyamine 18 as a white flaky solid
(91 mg, 67%). "H NMR (400 MHz, CDCl;) ¢ 0.83 (br
s, 12H), 1.17 (br s, 102H), 1.55-1.71 (br m, 12H),
1.82-1.95 (br m, 10H), 2.98-3.12 (br m, 22H), 9.09-
9.24 (br m, 6H); '*C NMR (125.7 MHz, DMSO-dg) ¢
14.3, 22.4, 23.0, 24.3, 29.0, 29.1, 29.3, 29.4, 31.6, 37.1,
42.1, 44.2, 44.3, 46.5, 57.6; MS (FAB+) calculated for
CsH64Ng 1186.18 found 1186.8.

4.16. Binding affinity measurements

The BC displacement assay for quantifying binding
affinity has been described previously.?>2*30 Briefly,
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to the first column (16 wells) of a Corning Nonbinding
Surface 384-well flat-bottomed black fluorescence
microplate were added 80 ul aliquots of 1 mM stock
solutions of DS-96 or polymyxin B (reference com-
pound) in quadruplicate, and were serially diluted two-
fold across the remaining 23 columns in 50 mM Tris
buffer, pH 7.4, using a Precision 2000 automated
microplate pipetting system, achieving a final dilution
of 0.112 nM in a volume of 40 pl. Forty microlilter ali-
quots of a mixture of 50 pg/ml of LPS and 5 uM BC in
buffer were added to each well of the plate using the
Precision 2000 instrument. Fluorescence measurements
were made at 25°C on a SpectraMax M2 multifunc-
tion plate reader (Molecular Devices, Sunnyvale, CA)
with excitation and emission wavelengths at 580 and
620 nm, respectively. Relative binding affinities were
measured as the effective displacement of 50% of
bound probe (EDsg) using standard four-parameter lo-
gistic curve fitting subroutines in Origin version 7.0
(OriginLab, Northampton, MA). E. coli O111:B4
smooth LPS was used as the ligand in the BC displace-
ment experiment, and as stimuli in all in vitro activity
assays.

4.17. In vitro XTT cytotoxicity assay

The determination of cell viability was accomplished by
the addition of an XTT’® solution to murine macro-
phage J774A.1 cultures treated with graded concentra-
tions of the test compounds. Cell culture and plating
procedures were performed as described below for nitric
oxide measurement. Cytotoxicity was measured the fol-
lowing day by the addition of 80 pl/well XTT/ Phenazine
methosulfate (PMS) solution (XTT solution, 2 mM in
PBS, pH 7.4, pH adjusted to 6.0-6.5; PMS solution,
0.92 mg/ml in PBS, pH 7.4; solutions mixed at a ratio
of 8 ml XTT solution to 200 pl PMS solution) followed
by an incubation time of 1.5 h at 37 °C. Absorbance was
read at 490 nm with scatter correction at 690 nm.

4.18. Hemolytic activity

Hemolysis was quantified using extremely diluted, aged
human whole blood such that the effects of the com-
pounds binding to plasma proteins would be negligible,
and the hemolytic activity would be magnified because
of increased osmotic fragility of the erythrocytes as a
consequence of depleted Na* K™ ATPase activity.”® Di-
lute erythrocyte suspensions were prepared by diluting
I-week-old whole blood obtained by venipuncture
from healthy human volunteers 1:1000 in isotonic
(0.9 g/100 ml) saline solution to which were added
graded doses of compound. Absorptimetric determina-
tion of hemoglobin released from such a dilute erythro-
cyte suspension was not reliable. The samples were
therefore examined with a Beckman-Coulter Vi-Cell™
Cell Viability Analyzer (Beckman-Coulter, Hialeah,
FL). This instrument implements an automated intravi-
tal Trypan blue exclusion method using real-time auto-
mated video microscopy. Measurement parameters for
erythrocytes were gated appropriately on control eryth-
rocytes to specify thresholds of cell recognition and via-
bility. Data on total number of cells/ml and viable cells/

ml were collected through 50 captured images per sam-
ple with a counting accuracy of +3%.

4.19. Measurement of nitric oxide release in murine
macrophages

Nitric oxide (NO) was measured as total nitrite in
murine macrophage J774.A1 cells using the Griess re-
agent system’”-’® as described previously.?!2? J774.A1
cells were grown in RPMI-1640 cell-culture medium
containing L-glutamine and sodium bicarbonate and
supplemented with 10% fetal bovine serum, 1% L-gluta-
mine—penicillin—streptomycin solution, and 200 pg/ml
L-arginine at 37 °C in a 5% CO, atmosphere, and plated
at ~10° cells/ml in a volume of 80 pwl/well, in 384-well,
flat-bottomed, cell culture-treated microtiter plates until
confluency and subsequently stimulated with 10 ng/ml
lipopolysaccharide (LPS). Concurrent to LPS stimula-
tion, serially diluted concentrations of test compounds
were added to the cell medium and left to incubate over-
night for 16 h. Polymyxin B was used as reference com-
pound in each plate. Positive- (LPS stimulation only)
and negative-controls (J774.A1 medium only) were in-
cluded in each experiment. Nitrite concentrations were
measured adding 50 pl of supernatant to equal volumes
of Griess reagents (50 pl/well; 0.1% NED solution in
ddH,0 and 1% sulfanilamide, 5% phosphoric acid solu-
tion in ddH,0O) and incubating for 15 min at room tem-
perature in the dark. Absorbance at 535nm was
measured using a Molecular Devices Spectramax M2
multifunction plate reader. Nitrite concentrations were
interpolated from standard curves obtained from seri-
ally diluted sodium nitrite standards.

4.20. Multiplexed cytokine assay ex vivo in human blood
and in in vivo murine blood

One hundred microliter aliquots of fresh whole blood,
anticoagulated with EDTA, obtained by venipuncture
from healthy human volunteers with informed consent
and as per guidelines approved by the Human Subjects
Experimentation Committee, were exposed to an equal
volume of 200 ng/ml of E. coli 0111:B4 LPS, with graded
concentrations of test compounds diluted in saline for
4h in a 96-well microtiter plate as described previ-
ously.?!?> The effect of the compounds on modulating
cytokine production was examined using a FACSArray
multiplexed flow-cytometric bead array (CBA) system
(Becton-Dickinson-Pharmingen, San Jose, CA). The
system uses a sandwich ELISA-on-a-bead principle,”®-3°
and is comprised of six populations of microbeads that
are spectrally unique in terms of their intrinsic fluores-
cence emission intensities (detected in the FL3 channel
of a standard flow cytometer). Each bead population
is coated with a distinct capture antibody to detect six
different cytokines concurrently from biological samples
(the human inflammation CBA kit includes the follow-
ing analytes: TNF-a, IL-1f, IL-6, 1L-8, IL-10, and IL-
12p70). The beads are incubated with 30 ul of sample,
and the cytokines of interest are first captured on the
bead. After washing the beads, a mixture of optimally
paired second antibodies conjugated to phycoerythrin
is added which then forms a fluorescent ternary complex
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with the immobilized cytokine, the intensity (measured
in the FL2 channel) of which is proportional to the cyto-
kine concentration on the bead. The assay was per-
formed according to protocols provided by the vendor.
Standard curves were generated using recombinant cyto-
kines provided in the kit. The data were analyzed in the
CBA software suite that is integral to the FACSArray
system. The CBA multiplexed assay was also used to
quantify cytokine production in mouse blood samples
(see below) using the mouse inflammation CBA kit
which includes the following analytes: TNF-a, IL-6,
IL-10, macrophage chemotactic protein-1 (MCP-1),
IFN-vy, and IL-12p70.

4.21. Inhibition of LPS-induced NF-kB induction

The inhibition of induction of NF-«kB (a key transcrip-
tional activator of the innate immune system) was quan-
tified using human embryonic kidney 293 cells
cotransfected with TLR4 (LPS receptor), CD14 and
MD?2 (co-receptors), available from InvivoGen, Inc.
(HEK-Blue™, San Diego, CA), as described elsewhere.8!
Stable expression of secreted alkaline phosphatase
(seAP) under control of NF-«kB/AP-1 promoters is
inducible by LPS, and extracellular seAP in the superna-
tant is proportional to NF-kB induction. HEK-4 cells
were incubated at a density of ~10° cells/ml in a volume
of 80 ul/well, in 384-well, flat-bottomed, cell culture-
treated microtiter plates until confluency was achieved,
and subsequently stimulated with 10 ng/ml lipopolysac-
charide (LPS). Concurrent to LPS stimulation, serially
diluted concentrations of test compounds were added
to the cell medium using a rapid-throughput, automated
protocol employing a Bio-Tek P2000 liquid handler as
described above, and left to incubate overnight. Poly-
myxin B was used as reference compound in each plate.
Positive- (LPS stimulation only) and negative-controls
(HEK-detection medium only) were included in each
experiment. seAP was assayed spectrophotometrically
using an alkaline phosphatase-specific chromogen (pres-
ent in HEK-detection medium as supplied by the ven-
dor) at 620 nm.

4.22. Phosflow™ flow cytometric assay for p3SMAPK

One milliliter aliquots of fresh whole blood, anticoagu-
lated with heparin (obtained by venipuncture from
healthy human volunteers with informed consent and
as per guidelines approved by the Human Subjects
Experimentation Committee), were incubated with
25 ul of a mix of 8 ug/ml of E. coli 0111:B4 LPS and
graded concentrations of test compounds diluted in sal-
ine (typically serially diluted from 800 uM) for 15 min at
37 °C. This resulted in final concentrations of 100 ng/ml
of LPS and 200 uM of compound (at the lowest dilu-
tion). Positive (LPS alone) and negative (saline) controls
were included in each experiment. Erythrocytes were
lysed and leukocytes were fixed in one step by mixing
200 pl of the samples in 4 ml pre-warmed Whole Blood
Lyse/Fix Buffer (Becton-Dickinson Biosciences, San
Jose, CA). After washing the cells at 500 g for 8 min in
CBA buffer, the cells were permeabilized in ice-cold
methanol for 30 min, washed twice in CBA buffer and

transferred to a Millipore MultiScreen BV 1.2p filter
plate, and stained with either phycoerythrin (PE)-conju-
gated mouse anti-p38MAPK (pT180/pY182; BD Biosci-
ences) mAb, or a matched PE-labeled mouse 1gG; «
isotype control mAb for 60 min. The cells were washed
twice in the plate by aspiration as per protocols supplied
by the vendor. Cytometry was performed using a BD
FACSArray instrument in the single-color mode for
PE acquisition on 20,000 gated events. Post-acquisition
analyses were performed using FlowJo v 7.0 software
(Treestar, Ashland, OR).

4.23. Murine in vivo experiments

Dose-response and time-course experiments in a
D-galactosamine sensitized mouse model of endotoxic
shock were performed as described elsewhere?!-?? using
a supralethal (twice the LDy, dose, i.e., 200 ng/mouse)
of LPS. All animal experiments were carried out with
prior institutional IACUC approval. Female, outbred,
9- to 11-week-old CF-1 mice (Charles River, Wilming-
ton, MA) weighing 22-28 g were used in all studies.
Experiments designed to analyze the temporal profile
of in vivo cytokine levels in animals treated with com-
pound were performed as follows. Cohorts of five ani-
mals per group were administered graded doses of
EVK-203 (or vehicle) subcutancously at time = —1 h.
At ¢ =0 h, either 200 ng LPS in saline (twice the LD
dose) or vehicle alone was administered intraperitone-
ally. Following lethal LPS challenge, animals were anes-
thetized with halothane and blood samples were
obtained by terminal cardiac puncture at =1, 2, and
3 h. Plasma samples were processed for cytokine analyses
using the CBA assay (Mouse Inflammation CBA Kit,
BD Biosciences) as described above. For toxicity studies,
mice received EVK-203 (40 mg/kg) dissolved in 0.2 ml
isotonic saline containing human serum albumin at
66 mg/ml subcutaneously in the lower flank in a volume
of 0.2 ml, each day for 5 days (200 mg/kg EVK-203 total
dose) and were monitored for abnormal external charac-
teristics. Blood was harvested on day 6 via cardiac punc-
ture under anesthesia into heparin tubes, centrifuged at
4000 rpm for 10 min. Plasma samples were submitted
for testing to University of Missouri Research Animal
Diagnostic Laboratory (Columbia, MO).
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