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CHARACTERIZATION
OF A STANDARDIZED
LOW-DOSE
ENDOTOXEMIA

| CHALLENGE TEST AS A
. PHARMACODYNAMIC
TOOL IN
DEVELOPMENT OF
DRUGS PROTECTING
THE ENDOTHELIUM

EP van Poclgeest, MR Dillingh, KE Malone, EM Kemper, ESG Stroes,
J Burggraaf, M Moerland. Characterization of immune cell, endothelial,
and renal responses upon human low-dose experimental endotoxemia.
Journal of Pharmacological and Toxicological Methods 2018; 89: 39-46.
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ABSTRACT

BACKGROUND  Although the effects of relatively high concentrations of
endotoxin on endothelial activation/dysfunction and kidney markers has been
described in literature, detailed insight in the LPs concentration-effect relation-
ship, the magnitude, variability and timing of the response, and potential effects of
endotoxemia on the kidneys is lacking. A study was performed to assess the effects
of low- to moderate dose (0.5, 1 or 2 ng/kg) endotoxemia on the endothelium and
kidneys as measured by a panel of novel highly sensitive kidney injury markers.

METHODS This was a randomized, double-blind, placebo-controlled study
with single ascending doses of LPs (0.5, 1 or 2 ng/kg) administered to healthy male
volunteers (3 cohorts of 8 subjects, LPS:placebo 6:2). Endothelial measures includ-
ed selectins, cell adhesion molecules, and thrombomodulin. Renal measures
included novel, sensitive and specific biomarkers of acute kidney injury.

RESULTS Endotoxin exposure resulted in consistent LPS dose-dependent
responses in inflammatory markers, E- and P- Selectin, veaM1, 1cAM1, and throm-
bomodulin. The observed biological responses were transient, reaching a level
of significance of at least <o.o1 in the highest dose group and with an effect size
which was dependent on the administered LPS dose. LPs-induced inflammatory
and endothelial effects did not translate into a change in renal damage biomarkers,
although at 2 ng/kg LPs, subtle and transient biomarker changes were observed
that may relate to (subclinical) tubular damage.

DISCUSSION  We demonstrated that administration of a single Lps dose of 2
ng/kg to healthy volunteers results in significant inflammatory and endothelial
responses, without inducing clinically relevant signs of kidney injury. These find-
ings support the application of the human endotoxemia model in future clinical
pharmacology studies.
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INTRODUCTION

The human endotoxemia model is a well-established model for investigation of
the physiological mechanisms of systemic inflammation. In this experimental set-
ting, purified lipopolysaccharide (LPs, also referred to as endotoxin) from the cell
membrane of Escherichia Coli is administered intravenously to healthy volunteers
resulting in flu-like signs and symptoms, and increased levels of inflammatory
markers (cytokines and acute phase reactants). Recently, we published the results
of a clinical study characterizing the inflammatory response at low to moderate
LPs doses (0.5, 1, and 2 ng/kg) administered to healthy volunteers, focusing on
clinical signs and symptoms and cytokine responses [1]. We demonstrated that
this human endotoxemia model is a safe and robust methodological tool, feasible
for use in clinical pharmacology studies to assess the anti-inflammatory effect of
new investigational compounds.

Whereas the effect of iz vivo endotoxin exposure on clinical signs and cyto-
kine release in humans has been described extensively [2-4], limited information is
available on the effect of lower LPs doses on the human endothelium and kidneys.
This is in contrast with the detailed knowledge on the effects of endotoxin at a
molecular/cellular level: LPs induces an inflammatory response via stimulation of
Toll-like receptors (TLRs), innate immune receptors activated by tissue damage or
by molecules associated with pathogen-associated molecular patterns (PAMPs) on
invading microorganisms. Subsequent activation of multiple intracellular inflam-
matory pathways (c.g. MYD88-dependent and TRIF-dependent pathways) results
in pro-inflammatory cytokine/chemokine release by leucocytes. LPs-induced
cytokine/chemokine release leads to selectin-mediated rolling of leucocytes, firm
adhesion of the leucocytes to the endothelium via cellular adhesion molecules
and integrins, and transmigration of these cells through the endothelium to fight
infection [s,6]. This protective inflammatory response, however, is accompanied
by collateral tissue damage through inflammatory factors and reactive oxygen spe-
cies secreted by cytokine-activated immune cells. The balance between protection
and damage inflicting inflammation is delicate, and in various pathological condi-
tions the beneficial effect of the inflammatory response may be outweighed by its
harmful effects. In sepsis, for example, systemic inflammation and microvascular
dysfunction ultimately leads to acute kidney injury (akI1) [7].

There are reports showing that LPs doses of 2-4 ng/kg activate the endothe-
lium, reflected by an acute increase in circulating P and E-Selectin, vascular cell
adhesion molecule (vcAam)1, intercellular adhesion molecule (1cam)i, and
thrombomodulin levels [7,8]. However, systematically collected and quantitative
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data providing detailed insight in the relationship between LPs dose and vascu-
lar response are lacking. Moreover, data linking endotoxin-induced activation of
the human vasculature and (subclinical) kidney injury are not readily available
in the public domain. A human iz vivo model with controlled and transient
activation of the endothelium could qualify the human endotoxin challenge as
a pharmacodynamic model for the early clinical development of new drugs, and
non-pharmacological interventions such diet and life-style. This model would
not only be relevant for new therapies targeting immune cells, but potentially also
for compounds developed to improve or maintain integrity of the endothelium.
Endothelial dysfunction is recognized as a key process in various pathological
conditions including atherosclerosis [9-11], diabetes, insulin resistance [12] and
sepsis-associated kidney injury [13], so pharmacological protection of the endo-
thelial lining may be an important future target. Since LPs-induced systemic
inflammation and endothelial activation may ultimately affect renal function, it
is of importance that also the potential effects of the iz vivo LPs challenge on the
human kidney are quantified, to assure that this response is limited and transient.

We investigated the effect of an endotoxin challenge on endothelial activation,
renal function and kidney injury markers. Healthy human volunteers were exposed
to a single dose of LPs (os,10r2 ng/kg, or placebo). The effects on the endothe-
lium and the kidneys were quantified, in relation to the inflammatory response
(cytokine release; presented earlier [1]). Endothelial activation measures includ-
ed selectins, cell adhesion molecules, and T™. Renal measures included routine
blood (e.g. creatinine, blood urea nitrogen) and urine (e.g. fractional excretion of
sodium, sediments) markers of kidney injury, but also more sensitive and specific
biomarkers for carly detection of acute kidney injury (e.g. kidney injury molecule 1
(k1M1)) [14-16].

MATERIAL AND METHODS

Study setup  The characteristics of our study have been published previously
[1]. In short, 24 healthy male volunteers aged 18-28 years with normal kidney
function (Modification of Diet in Renal Disease (MDRD) calculated creatinine
clearance >60 mL/minute) and no abnormalities in urinary screen participated
in this study, which was performed at the Centre For Human Drug Research in
Leiden, The Netherlands. Participants were pre-hydrated with 1500 mL 2.5% glu-
cose/saline (2.5% glucose/0.45% sodium chloride) for 2hrs. Subsequently, they
received an intravenous single LPs dose (Escherichia Coli 113:H, 10:K negative,
US. Standard Reference Endotoxin lot#3) or placebo (0.9% sodium chloride).
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The ratio LPS : placebo per dose group was 6 : 2, and doses comprised 0.5, 1 or
2 ng/kg bodyweight. Volunteers and investigators were blinded for LPs/placebo.
Subjects were hydrated with 150 mL/hr glucose/saline by intravenous drip for a
period of Ghrs after LPS/placebo administration. Blood samples were collected
frequently over time at predefined time points. Urine samples were collected pre-
dose, and during the o-4hrs, 4-8hrs, 8-12hrs and 12-2 4hrs post-dose time intervals.
All subjects provided written informed consent prior to study participation. The
study was approved by the Medical Ethics Committee of the Amsterdam Medical
Center, The Netherlands, and conducted in compliance with Dutch law on exper-
iments in humans.

Bioanalysis  Endothelial activation was measured using MesoScale Discovery’s
vascular injury panel 1 and V-PLEX™ vascular injury panel 2 (ICAM)1, ICAMS3,
(veaMm)r, T™, E-Selectin and P-Selectin). An enzymatic method was used to
measure serum creatinine, and glomerular filtration rate was estimated using the
4-variable MDRD formula [17] and the chronic kidney discase epidemiology (CkD-
EPI) equation (assumed to perform better than the MDRD formula in normal kidney
function) [18]. Analysis of exploratory kidney injury biomarkers was performed
for urinary betaz-microglobulin (B2MG; Immulite” 2000, a solid-phase two-side
chemiluminescent immunometric assay), alpha-gluthatione S-transferase (aGST;
Argutus Medical Alpha GST E1A enzyme immunoassay), N-acetyl-3-D-Glucos-
aminidase (NAG; N-acetyl-B-D-Glucosaminidase assay, Diazyme Europe GmbH),
and k1M1 (Quantikine® human TIM-1/KIM-1/HAVCR immunoassay), and the
MesoScale Discovery human Kidney Injury Panel V, containing Cystatin C, epi-
dermal growth factor (EGE), neutrophil gelatinase-associated lipocalin (NGAL/
Lipocalin-2), osteopontin (0PN), and uromodulin (UMOD; placebo and 2 ng/
kg Lps groups only). For aGST measurement and the kidney injury panel, 100 uL
of stabilizing buffer (B1085sTB, Argutus Medical) was added to 400 pL of urine.

Statistics  All parameters are graphically presented as absolute readings per treat-
mentgroup. Repeatedly measured parameters were analyzed after log-transformation,
using a mixed model of variance with treatment, time, and treatment by time as fixed
factors, subject as random factor and the baseline measurement as covariate. Treat-
ment effects were calculated for each parameter for the time period from baseline up
to 24hrs, except for the circulating cytokines for which the period was restricted to
6hrs post-dose. Contrasts (LPS versus placebo) were reported with the estimated dif-
ference, the 95% confidence interval (C1), and the p-value. All statistical analyses were
performed using sAs for Windows Version 9.1.3 (sAs Institute, Inc., Cary,NC, Usa).
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RESULTS

Demaographics, safety and circulating cytokines  Demographicand baseline charac-
teristics showed no significant differences between groups (Table 1). Administra-
tion of LPS resulted in a transient inflammatory response, as published by our group
previously [1]. In short, Lps administration dose-dependently increased body tem-
perature (+1.5°C for 2 ng/kg LPs) and heart rate (+28 bpm for 2 ng/kg LPs). LPs
exposure resulted in elevated levels of C-reactive protein (CRP) and circulating cy-
tokines, with clearly distinctive increases from placebo already at the lowest Lps
dosclevel tested [0.5 ng/kg, contrast for timeframe o-6hrs: tumor necrosis factoral-
pha (TNFa), +413%; interleukin 6 (1L6), +288%; and interleukin 8 (1L8), +254%;all
p<0.0001]. Maximal cytokine concentrations were measured in the 2 ng/kg group
at 1.s-3hrs after LPS administration (TNFa: 222+68; 1L6: 315+130; IL8: 329484 pg/
mL). CRP concentration was still increasing 2 4hrs after LPS dose administration.

Endothelial activation markers  In the placebo-treated subjects (Figure 1a-E), all
endothelial activation markers remained relatively stable over time. LPS admin-
istration dose-dependently increased endothelial activation markers (Figure 1,
Table 2). An immediate increase after LPs dose administration was observed for
circulating levels of vcaM1, TM, and P-Selectin. At an Lps dose of 2 ng/kg, for all
these markers the responses reached a level of significance of at least <0.01 (Table
2). ForrcaMr and E-Selectin, a lag time of at least 2 hours was observed. The max-
imal responses in the 2 ng/kg LPs group for T™, E-Selectin and P-Selectin were
reached at 6 hours after LPS administration, and amounted 4.1+0.5, 107438 and
40%6 versus 3.310.7,15+3 and 2414 ng/mL at baseline, respectively. For 1cam1
and vcaMm1 the maximal response was only reached at 24 hours after LPs infusion
andamounted ss1+44 and 66524, versus 320+57 and 432429 ng/mL respective-
ly at baseline. The response of ICAM3 to LPS administration was limited, and did
not reach alevel of statistical significance at any of the LPs dose levels tested.

Renal function and renal activation markers When expressed as urinary mass
per hour (Figure 24), effects of study-related hydration and diurnal effects were
observed. In the placebo-treated group, baseline serum creatinine levels after
prehydration amounted 7844 pmol/L. Levels decreased in the course of the
morning, to reach a minimum of 69 pmol/L observed at 6 hours after placebo
administration (Figure 2B). In the subsequent hours, serum creatinine returned to
baseline. In the LPs-treated subjects, serum creatinine levels followed a non-dose
dependent pattern. No clear indications for an LPs-dependent effect on serum
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creatinine levels were observed (Table 2, Figure 2B). In the placebo-treated group,
the estimated GFR (eGFR; calculated using the MDRD formula) after prehydration
was 10946 mL/min/1.73m” at baseline, increased in the course of the morningand
reached a maximum increase to 126 umol/L at 8 hours after placebo administra-
tion (Figure 2¢). In the subsequent hours, eGFR returned to baseline. No clear
indications for an LPs-dependent effect on eGFR were observed (Table 2, Figure
2C).

Bascline urinary B2MG concentration (Figure 34, left panel) was 1847 pg/L
in the placebo-treated subjects, which is in line with previous published data
(range in healthy volunteers 20 to 83 ug/L 19). Urinary B2MG concentration
increased during the day in the placebo-treated subjects. Maximal concentration
amounted 39+16 ug/L and was reached at 24 hours. This may be explained by rel-
ative hypovolemia after overnight fasting (see methods and discussion sections).
Administration of 2 ng/kg LPs resulted in elevated urinary B2MG concentrations
in the 8-24hrs time interval after LPS administration. This elevation amounted
a maximum of 84+66 ug/L at 12hrs after LPS administration. The estimated dif-
ference over the 0-24hrs interval versus placebo was +88%, p=0.003 (Table 2).
Correction for urinary creatinine excretion (Figure 3A, right panel) blunted this
effect, although the LPs effect remained statistically significant (estimated differ-
ence over the 0-24hrs interval versus placebo +31%, p=0.03; Table 2).

Bascline urinary K1M1 and OPN concentrations (Figures 3B and 3¢, left panel,
respectively) were 0.18+0.07 and 389+288 ug/L, respectively in placebo-treated
subjects. Urinary KIM1 and OPN concentrations increased over day in the pla-
cebo-treated subjects. Maximal concentrations were reached at 24 hours after
placebo administration, amounting 0.s8+0.2 and 883+ 413 pug/L for k1M1 and
OPN, respectively. Administration of 2 ng/kg LPs resulted in elevated urinary
KIMI and OPN concentrations in the interval from 8 hours to 24 hours after LPS
administration. This elevation amounted a maximum of 1.27+0.8 ug/L at 24
hours for k1M1, and of 1520+ 941 pg/L for OPN, respectively. The estimated dif-
ferences over the 0-24hrs interval versus placebo were 121%, p=0.003 for K1Mm1,
and 85%, p=0.04 for 0PN (Table 2). Correction for urinary creatinine excretion
(Figures 3B and c, right panel) blunted this effect. For X1M1 this corrected LPs
effect remained statistically significant (estimated difference over the o-24hrs
interval versus placebo 44%, p=0.006, whereas for OPN, there was no statistically
significant effect anymore (estimated difference over the 0-24hrs interval versus
placebo 23%, p=0.5; Table 2).

Also for other renal activation markers (NAG, Cystatin C, UMOD, EGF, NGAL;
Figures 3D to 3H), an increase in urinary concentration over day was observed
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in the placebo-treated subjects. For these markers, no significant effects of LPs
treatment could be observed (Table 2). However, for NAG, UMOD and EGF, the
estimated contrasts between LPS and placebo (Table 2) and the graphical time
courses (Figures 3D, 3F and 3G, respectively) did suggest the possibility of Lps-
dependent effects: the estimated differences between 2 ng/kg LPs and placebo
amounted 51% (p=0.1), 36% (p=0.08), and 44% (p=0.07) for NAG, UMOD and
EGF, respectively (Table 2). For a considerable number of urinary NGAL and aGST
measurements (33% and 89% of total, respectively), readings were below the limit
of quantification (6 and 6.25 ug/L, respectively). Therefore, statistical analyses
are not presented for these parameters. When evaluated on an individual basis,
though, we observed that in the placebo and 0.5 and 1 ng/kg LPs dose groups there
were almost no measurable GST concentrations, whereas in the 2 ng/kg Lps
group 3 out of 6 individuals showed measurable levels of @GST excretion at 12hrs
after LPS administration, ranging from 10.6 to 84.3 ng/mL (range in healthy vol-
unteers L1 to 64 ng/mL) [20].

DISCUSSION

LPs administration dose-dependently increased endothelial activation markers.
Although it has been described previously that administration of 2 and 4 ng/kg
LPS increases the circulating levels of P- and E-Selectin, vcaM1, 1ICAMI, and T™
[7,8], the quantitative and temporal effects of lower LPs doses on these markers
are unclear. We provided these insights, and demonstrated that veam1, T™, P-Se-
lectin, 1caM1 and E-Selectin are suitable measures for monitoring LPs-induced
endothelial activation. P-selectins promote endothelial activation. E-selectins
are expressed on activated endothelial cells and mediate the adhesion of immune
cells at sites of inflammation. 1ICAM1 and VCAMI interact with leucocytes and are
involved in subsequent transmigration into the tissues. T™ is a cell surface-ex-
pressed glycoprotein present on vascular endothelial cells with an important role
in coagulation and complement regulation. The explored markers all demon-
strated a very low variability over day, with changes from baseline not exceeding
5% in the placebo group. For most parameters the maximal LPS response was
observed at 6hrs post-dose, with the exception of vcam1 which required a lon-
ger period (24hrs) to reach its maximal response upon LPs exposure. For ICAMI
and E-Selectin a lag time in LPS response was observed which most likely relates
to cytokine-induced gene transcription [20,21]. The response of ICAM3 to LPS
administration was limited, which probably relates to the fact that 1cAM3 is con-
stitutionally expressed on resting leucocytes but not on endothelium [22], and its
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expression is not increased by inflammation [23]. Power calculations were per-
formed which showed that for E-Selectin in a parallel study design, at an LPs dose
level of 2 ng/kg, a sample size of 3 per treatment group will have a power of 0.82
to detect a 70% inhibition; a sample size of 15 per group will have a power of 0.82
to detect a 30% inhibition using a two-sample t-test with a 2-sided significance
level of 0.0s. Under the same conditions, it would be possible to demonstrate
a 70% and 30% inhibition with a sample size of 6 and 28 per treatment group,
respectively, with a power of 84% and 81%, respectively for vcaM1. These power
calculations support the application of low to moderate Lps dose-induced endo-
thelial response as methodological tool for monitoring of drug effects in future
pharmacology studies, even though our study was based on a relatively small sam-
ple size of 6 subjects per treatment arm. This is valuable information, since the
pharmacological inhibition of adhesion molecules has been demonstrated so far
predominantly in preclinical studies[24-28], and sporadically in human studies
with generally high LPs doses (4 ng/kg) [29].

In addition to the effect on endothelial activation markers, we also explored
whether exposure to a single low to moderate dose of LPS would translate into
an effect on the kidneys, as endothelial alterations are important in the etiolo-
gy and progression of renal damage [30]. Since experimental endotoxemia may
occasionally result in vasovagal collapse [31], we decided to administer glucose/
saline to all study participants from 2hrs pre-dose up to 6hrs post-dose. In the pla-
cebo-treated group, urinary volume doubled and eGFR increased by 17% within
the first 4-8hrs and had normalized within 12hrs post-dose; serum creatinine levels
decreased by a maximum of 12% 6hrs post-dose and had also normalized with-
in 12hrs post-dose. Obviously, the glucose/saline infusion comprising of a total
volume of 2.4L over 8hrs may have played an important role in these responses.
In the LPs treated subjects, no clear indications were observed for Lps-related
changes in kidney function, underlining the renal safety when considering the
LPs challenge a methodological tool for future pharmacology studies. However,
parameters like urinary volume, serum creatinine and GFR are relatively crude
measures when assessing potential effects of an intervention on the kidneys. For
example, even administration of 4 ng/kg LPs did not change traditional kidney
function measurements creatinine and urea clearance, fractional sodium excretion
and total 2 4hr urinary volume in healthy volunteers [32,33]. These traditional kid-
ney function measurements lack sensitivity and fail to detect early subtle signs of
kidney injury [34], while the extent of injury and poor outcomes associated with
acute kidney injury worsen with delayed recognition of impending damage. We
therefore selected an extensive panel of sensitive and early kidney injury markers
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to provide insight into the functionality of different anatomical locations of the
nephron. Important issues to consider regarding our renal injury marker data are
the effects of overnight fasting and (pre-) hydration that may have influenced
urinary concentrations of these markers. After overnight fasting there is relative
hypovolemia resulting in elevated concentrations of serum creatinine and solutes
in the urine due to decreased urinary volume. (Pre-) hydration restores intravas-
cular volume, leading to an increase in glomerular filtration and increased urinary
output, and therefore decreased serum creatinine and solutes in the urine. These
diurnal and hydration effects were indeed observed for urinary mass (volume),
serum creatinine, ¢GFR, and urinary concentration of most kidney biomarkers
in both the placebo and LPs treated groups. However, there appears to be an
untoward effect of the 2 ng/kg LPs dose as significant increases in urinary con-
centrations of B2MG, KIM1 and OPN were observed in the time interval 8-24hrs
after LPS administration. B2MG, which is shed from lymphocytes, is filtered freely
across the glomerulus and completely reabsorbed by proximal tubular cells [35].
KIMI is a transmembrane protein expressed by proximal tubular epithelial cells
with phagocytic capacity [35], and a sensitive marker for renal injury [36]. 0PN
is a secreted phosphoprotein with renal expression that is induced in the distal
tubule upon inflammation [37,38]. Because of these characteristics, the observed
changes in B2MG, KIM1 and OPN may be indicative of subtle tubular damage.
Importantly, however, we observed that correction for urinary volume blunt-
ed this effect (absolute B2MG, k1M1 and 0PN excretion did not differ between
treatment groups). For NaG, Cystatin C, UMOD, EGF, no significant effects of LPS
treatment could be observed, although for some of these measures the estimated
contrasts between LPS and placebo and the graphical time courses did suggest the
possibility of LPs-dependent effects. In summary, an LPs dose of 2 ng/kg does not
result in transient kidney dysfunction or overt expression of kidney injury mark-
ers, but it does induce some injury responses with borderline significance. Possibly,
afurther increase in LPS exposure may result in more distinct kidney effects. These
dataare in line with the observation that administration of 4 ng/kg LPs to healthy
volunteers did result in significant increases in B2MG excretion over time [33]. In
the same study, NAG excretion was enhanced. This is indicative of tubular dysfunc-
tion, and clinical data indicate that NAG can be considered an early marker of mild
tubular injury [39]. It may also be useful to compare the observed responses in
kidney injury markers with the responses reported in literature in case of overt
kidney injury. For example, reported urinary B2MG and KIM1 concentrations in
drug-induced and septic AKI were ~3 to 4 fold higher than in our study [40,41].
Moreover, urinary KIMI levels corrected for urinary creatinine levels in patients
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with AKI from various ctiologies (including, but not limited to nephrotoxicity
and sepsis) amounted 3-10 ng/mg creatinine [ 42-44]. In our study, the highest Lps
dose increased KIMI excretion to a maximum of 0.8 ng/mg creatinine (data not
shown). These comparisons indicate that the observed responses in our study are
only moderate. For aGST it was difficult to draw conclusions on LPs effects due
to a considerable number of measurements below the limit of quantification (6.2
ug/L). Itisknown that in healthy volunteers urinary ¢GST concentrations are very
low, since aGST is a general detoxification enzyme that is produced in situations of
cellular stress/inflammation. An increased aGST excretion may reflect toxicity-in-
duced tubular dysfunction/injury [ 45,46]. This is in line with our findings: aGsT
was undetectable except for 3 out of 6 individuals in the 2 ng/kg LPS group at 12hrs
after LPS administration. An enhanced GST excretion upon LPS administration
(2 ng/kg) has been described before in a group of healthy volunteers [33].

In summary, we demonstrated that administration of a single low to moderate
dose of LPS to healthy volunteers is well-tolerated and induces a sufficiently robust
inflammatory [1] and metabolic [ 47] response that is apparently devoid of untow-
ard renal effects. Also, we showed a dose-dependent transient endothelial response
(E- and P-Selectin, vcaMy, 1cAM1, and T™), reaching a level of significance at a
dose level of 1-2 ng/kg. These findings support the application of the human endo-

toxemia model in future clinical pharmacology studies.
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Table 1. Demographic characteristics.

LPS Placebo
0.5 ng/kg (N=6) 1ng/kg (N=6) 2 ng/kg (N=6) (N=6)
Age (yrs) 23 (4) 22(2) 24(3) 22(2)
Weight (kg)  72.6(6.8) 67.1 (10.1) 73.0(8.s) 74.3 (9.3)
BMI (kg/m2) 22.1(1.3) 20.7(1.5) 22.2(2.2) 21.4(2.4)

BMI = body mass index; D = standard deviation; N=number of subjects in treatment group;

*Placebo subjects were pooled for the three different cohorts.

Table 2. Group contrasts. Data are presented as estimated treatment effect (with 95% confidence inter-

val) for 0.5, 1and 2 ng/kg LPs versus placebo (pooled for the three different cohorts) from baseline up to

24 hours post-dose.

0.5 ng/kg LPs vs placebo 1 ng/kgLps vs placebo 2 ng/kgLPs vs placebo
ENDOTHELIAL ACTIVATION MARKERS
Thrombomodulin -6 (-15-5)% p=0.3 8 (-4—21)% p=o0.2 16 (5 -29)% p=0.008
ICAMI 13 (3 —23)% p=o0.01 30(19 - 42)% p<.ooor 42 (30-55)% p=<.0001
ICAM3 -10(-23 - 4)% p=o.1 6(-9-23)% p=0.4 10 (-8-32)% p=0.3
VCAMI 8 (-3 —20)% p=o0.1 20(9 —32)% p=0.001 25 (13- 38)% p=0.0001
E-Selectin 35 (2-79)% p=0.03 110 (56— 182)% p<.0001 280(186 404)% p=<.0001
p-Selectin -5 (-26—21)% p=o0.7 17(-10-51)% p=0.2 42 (11-82)% p=0.009

RENAL FUNCTION
Urinary mass
Serum creatinine

€GFR (MDRD)

-28 (-64 - 47)% p=0.3
7 (-0.2- 16)% p=0.06
-9 (-18--0.5) p=0.04

KIDNEY INJURY MARKERS

-10(-53-72)% p=0.7
-3 (-9~ 4)% p=0.4
3(-6-11) p=0.5

-47 (-73 - 3)% p=0.06
6(-1-13)% p=o0.1
-7(-15-1.6) p=o.1

Urinary B2MG 30(-12-91)% p=0.2 19 (-19 — 74)% p=0.4 88 (27-178)% p=0.003
B2MG/Creat -4.6(-26-23)%p=0.7  20(-6-53)% p=0.12 31 (3-67)% p=0.03
Urinary KIM 1 32 (-25-132)% p=0.3 9 (-34-79)% p=0.7 121 (38-256)% P=0.003
K1M1/Creat 12 (-15 - 47)% p=0.4 15 (-10-48)% p=0.2 44 (13 — 83)% p=0.006
Urinary NAG -18 (-54 - 47)% p=o0.5 69 (-8-210)% p=0.08  s51(-14-167)% p=0.1
NAG/Creat -19 (-49 - 28)% p=0.3 65 (0.9-171)% p=0.05  11(-31-80)% p=0.7
Urinary CystatinC -- -- 20(-57-231)% p=0.6
Cystatin/Creat o(-44-79)% p=0.99
Urinary oPN -- -- 85 (3-235)% p=0.04
0oPN/Creat 23(-39-145)% p=0.5
Urinary UMOD -- -- 36 (-4-94)% p=0.08
uMOD/Creat -9.8 (-42 - 40)% p=0.6
Urinary EGF -- -- 44 (-4-116)% p=0.07
EGF/Creat -4(-37-47)% p=0.83

1caM1 indicates intercellular adhesion molecule 1; 1cAM3, intercellular adhesion molecule 3; veami,
vascular cell adhesion molecule 1; eGFR, estimated glomerular filtration rate; MDRD, modification of
diet in renal disease; B2MG, beta2-microglobulin; k1M1, kidney injury molecule 1; NAG, N-acetyl-B-D-
glucosaminidase; 0PN, osteopontin; UMOD, uromodulin and EGF, epidermal growth factor.
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Figure 1. Serum concentrations * SD (error bars) of endothelial activation markers: 1cam1 (a),

vcami (B), E-Selectin (c), P-Selectin (D), and T™ (E). LPS administration was at T=o.
For readability, only the standard deviations of the two extremes are shown.
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Figure 2. Absolute urinary mass + sD (error bars) in grams of collected urine excreted per hour

(a), and serum concentrations of renal function measurements serum creatinine (umol/L)

(B) and estimated glomerular filtration rate + sD (error bars) according to the MDRD formula

(mL/min/1.73m?) (C). LPS administration was at T=o. For readability, only the standard deviations

of the placebo and 2 ng/kg LPS group are shown in pancls B and c.
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Figure 3. Urinary concentration of renal injury markers B2MG (A), KIM1 (B), OPN (C), NAG (D),
CysC (E), uMOD (F), EGF (G) and NGAL (H), in absolute values (left panels), and corrected for
urinary creatinine concentration (right panels) £ sD (error bars).
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Fig. 3. (continued)
E 60 CYSC 70 CYSC/CREAT
50 60
40 50
N 50 40
= RS
B 30 2 30
20 // 20 + 1
10 4 10
0 0
0 6 12 18 24 0 6 12 18 24
Time (hours) Time (hours)
F 5000 UMOD 7 UMOD/CREAT
4000 g
?Q 3000 —a &‘? 4
= 2000 | %3 S D S S —
2
1000 [~ 1
0 0
0 6 12 18 24 0 6 12 18 24
Time (hours) Time (hours)
G 20 EGF 25 EGF/CREAT
15 20
2 015
10 )
=) = 10
4 - — ¢
S — 5 1
0 0
0 6 12 18 24 0 12 18 24
Time (hours) Time (hours)
H 20 NGAL 50 NGAL/CREAT
16 40
a 12 Y ®30
8 —— 20 N
4 10 —_,—
0 0
0 6 12 18 24 0 6 12 18 24
Time (hours) Time (hours)
M placebo 2 ng/kgLrs

Lrsadministration wasat T=0.For readability, only thestandard deviations of the two extremesare shown.

FUTURE DRUGS IN ATHEROSCLEROTIC CARDIOVASCULAR DISEASE

— 106 —

REFERENCES

10

I1

12

13

Dillingh MR, van Poelgeest EP, Malone KE, et al.
Characterization of inflammation and immune cell
modulation induced by low-dose LPs administration
to healthy volunteers. Journal of Inflammation-London
2014311

Andreasen AS, Krabbe KS, Krogh-Madsen R, Taudorf
S, Pedersen BK, Moller K. Human endotoxemia as
amodel of systemic inflammation. Curr Med Chem
2008;15:1697-705.

Kox M, de KS, Pompe JC, et al. Differential ex vivo and
in vivo endotoxin tolerance kinetics following human
endotoxemia. Crit Care Med 2011;39:1866-70.

van der Poll T, Coyle SM, Moldawer LL, Lowry SE.
Changes in endotoxin-induced cytokine production by
whole blood after i vivo exposure of normal humans to
endotoxin. ] Infect Dis 1996;174:1356-60.

Schouten M, Wiersinga WJ, Levi M, van der Poll T.
Inflammation, endothelium, and coagulation in sepsis. J
Leukoc Biol 2008;83:536-45.

Cohen J. The immunopathogenesis of sepsis. Nature
2002;420:885-91.

Jilma B, Blann A, Pernerstorfer T, et al. Regulation of
adhesion molecules during human endotoxemia. No
acute effects of aspirin. Am J Respir Crit Care Med
1999;159:857-63.

Graninger M, Marsik C, Dukic T, Wagner OF, Blann
AD, Jilma B. Enalapril does not alter adhesion molecule
levels in human endotoxemia. Shock 2003;19:4.48-51.
Szmitko PE, Wang CH, Weisel RD, Jeffries GA,
Anderson T7J, Verma S. Biomarkers of vascular disease
linking inflammation to endothelial activation - Part 11.
circulation 2003;108:2041-8.

Decaterina R, Libby P, Peng HB, et al. Nitric-

Oxide Decreases Cytokine-Induced Endothelial
Activation - Nitric-Oxide Selectively Reduces
Endothelial Expression of Adhesion Molecules and
Proinflammatory Cytokines. Journal of Clinical
Investigation 1995;96:60-8.

Bonetti PO, Lerman LO, Lerman A. Endothelial
dysfunction - A marker of atherosclerotic risk.
Arteriosclerosis Thrombosis and Vascular Biology
2003;23:168-75.

rajendran P, Rengarajan T, Thangavel J, et al. The
Vascular Endothelium and Human Diseases.
International Journal of Biological Sciences
2013;9:1057-69.

Segal MS, Baylis C, Johnson R]. Endothelial health and
diversity in the kidney. Journal of the American Society
of Nephrology 2006;17:323-4.

20

21

22

23

24

25

26

27

KoynerJL, Vaidya VS, Bennett MR, et al. Urinary
biomarkers in the clinical prognosis and early detection
of acute kidney injury. Clin ] Am Soc Nephrol
2010;5:2154-65.

Nguyen MT, Devarajan P. Biomarkers for the early
detection of acute kidney injury. Pediatr Nephrol
2008;23:2151-7.

Vaidya VS, Waikar SS, Ferguson MA, et al. Urinary
biomarkers for sensitive and specific detection of acute
kidney injury in humans. Clin Transl Sci 2008;1:200-8.
Levey AS, Bosch JP, Lewis ] B, Greene T, Rogers N, Roth
D. A more accurate method to estimate glomerular
filtration rate from serum creatinine: a new prediction
equation. Modification of Diet in Renal Disease Study
Group. Ann Intern Med 1999;130:461-70.

Levey AS, Stevens LA, Schmid CH, et al. A new
equation to estimate glomerular filtration rate. Ann
Intern Med 2009;150:604-12.

Brott DA, Adler SH, Arani R, Lovick SC, Pinches M,
Furlong ST. Characterization of renal biomarkers for
use in clinical trials: biomarker evaluation in healthy
volunteers. Drug Des Devel Ther 2014;8:227-37.

Myers CL, Wertheimer SJ, Schembri-KingJ, Parks

T, Wallace RW. Induction of IcCAM-1 by TNF-

alpha, 1L1 beta, and LPS in human endothelial

cells after downregulation of Pkc. Am J Physiol
1992;263:C767-C72.

Kansas GS. Selectins and their ligands: current concepts
and controversies. Blood 1996;88:3259-87.

de Fougerolles AR, Springer TA. Intercellular adhesion
molecule 3, a third adhesion counter-receptor for
lymphocyte function-associated molecule 1 on resting
lymphocytes. ] Exp Med 1992;175:185-90.

Patey N, Vazeux R, Canioni D, Potter T, Gallatin
WM, Brousse N. Intercellular adhesion molecule-3

on endothelial cells. Expression in tumors but not in
inflammatory responses. Am J Pathol 1996;148:465-72.
CollinsRG, Velji R, Guevara NV, Hicks MJ, Chan

L, Beaudet AL. P-Selectin or intercellular adhesion
molecule (1cAM)-1 deficiency substantially protects
against atherosclerosis in apolipoprotein E-deficient
mice. ] Exp Med 2000;191:189-94.

Cybulsky MI, liyama K, Li H, et al. A major role for
VCAM-1, but not ICAM-1, in early atherosclerosis. ]
Clin Invest 2001;107:1255-62.

Chen FT, Liu YC, Yang CM, Yang CH. Anti-
inflammatory effect of the proteasome inhibitor
bortezomib on endotoxin-induced uveitis in rats. Invest
Ophthalmol Vis Sci 2012;53:3682-94.

Zhu S, XuX, LiuK, Gu Q, Yang X. pApep, a small

peptide derived from human pancreatitis-associated

CHAPTER 6 —

- 107 —



28

29

30

31

32

33

34

35

36

37

38

39

protein, attenuates corneal inflammation 77 vivo and
in vitro through the 1KK alpha/beta/IkappaBalpha/
NE-kappaB signaling pathway. Pharmacol Res
2015;102:113-22.

Yoshida T, Yamashita M, Iwai M, Hayashi M.
Endothelial Kruppel-Like Factor 4 Mediates the
Protective Effect of Statins against Ischemic aki. ] Am
Soc Nephrol 2016527:1379-88.

Fijen JW, Tulleken JE, Kobold AC, et al. Inhibition of
p38 mitogen-activated protein kinase: dose-dependent
suppression of leukocyte and endothelial response
after endotoxin challenge in humans. Crit Care Med
2002;30:841-5.

Guerrot D, Bellien J. Editorial: renal endothelial
dysfunction: evolving concepts and perspectives.
Cardiovasc Hematol Disord Drug Targets 2014;14:1-2.
van Eijk LT, Pickkers P, Smits P, Bouw MP, van der
Hoeven JG. Severe vagal response after endotoxin
administration in humans. Intensive Care Med
2004330:2279-81.

Heemskerk S, Pickkers P, Bouw MP, et al. Uprcgulation
of renal inducible nitric oxide synthase during human
endotoxemia and sepsis is associated with proximal
tubule injury. Clin J Am Soc Nephrol 2006;1:853-62.
Zijlstra ]G, Tulleken JE, Ligtenberg]]J, de BP, van

der Werf TS. p38-MAPK inhibition and endotoxin
induced tubular dysfunction in men. ] Endotoxin Res
2004;10:402-5.

van ML, Moerland M, Cohen AF, BurggraafJ. Urinary
kidney biomarkers for early detection of nephrotoxicity
in clinical drug development. Br J Clin Pharmacol
2014;77:947-57.

Hoffmann D, Fuchs TC, Henzler T, et al. Evaluation
of aurinary kidney biomarker panel in rat models

of acute and subchronic nephrotoxicity. Toxicology
2010;277:49-58.

Amin RP, Vickers AE, Sistare F, et al. Identification of
putative gene based markers of renal toxicity. Environ
Health Perspect 2004;112:465-79.

O’Regan A, Berman JS. Osteopontin: a key cytokine in
cell-mediated and granulomatous inflammation. Int J
Exp Pathol 2000;81:373-90.

Madsen KM, Zhang L, Abu Shamat AR, Siefgried S,
ChaJH. Ultrastructural localization of osteopontin in
the kidney: induction by lipopolysaccharide. ] Am Soc
Nephrol 1997;8:1043-53.

Ouchi M, Suzuki T, Hashimoto M, et al. Urinary
N-acetyl-beta-D-glucosaminidase levels are positively
correlated with 2-hr plasma glucose levels during oral
glucose tolerance testing in prediabetes. ] Clin Lab Anal
2012;26:473-80.

40

+

4

»

Bagshaw SM, Langenberg C, Haase M, Wan L, May
CN, Bellomo R. Urinary biomarkers in septic acute
kidney injury. Intensive Care Med 2007;33:1285-96.
Wood SM, Shah SS, Steenhoff AP, Meyers KE, Kaplan
BS, Rutstein RM. Tenofovir-associated nephrotoxicity
in two HIV-infected adolescent males. AIDS Patient
Care STDS 2009;23:1-4.

Han WK, Waikar SS, Johnson A, et al. Urinary biomark-
ers in the early diagnosis of acute kidney injury. Kidney
Int 2008;73:863-9.

Shinke H, Masuda S, Togashi Y, et al. Urinary kidney
injury molecule-1 and monocyte chemotactic protein-1
are noninvasive biomarkers of cisplatin-induced neph-
rotoxicity in lung cancer patients. Cancer Chemother
Pharmacol 2015;76:989-96.

44 Vaidya VS, Waikar SS, Ferguson MA, et al. Urinary

4

VA

N

4

47

biomarkers for sensitive and specific detection of acute
kidney injury in humans. Clin Transl Sci 2008;1:200-8.
Bruning T, Sundberg AG, Birner G, et al. Glutathione
transferase alpha as a marker for tubular damage after tri-
chloroethylene exposure. Arch Toxicol 1999;73:246-54.
Sundberg A, Appelkvist EL, Dallner G, Nilsson R.
Glutathione transferases in the urine: sensitive methods
for detection of kidney damage induced by nephrotoxic
agents in humans. Environ Health Perspect 19943102
Suppl 3:293-6.

Patel PN, Shah RY, Ferguson JF, Reilly MP. Human
experimental endotoxemia in modeling the pathophysi-
ology, genomics, and therapeutics of innate immunity in
complex cardiometabolic diseases. Arterioscler Thromb
Vasc Biol 2015;35:525-3 4.

FUTURE DRUGS IN ATHEROSCLEROTIC CARDIOVASCULAR DISEASE

- 108 -



